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2. Summary / Zussammenfassung 

2.1      Summary 

 Echinococcosis is one of the most important zoonosis both for human and veterinary 

medicine. The causative agent of Alveolar Echinococcosis (AE) is Echinococcus 

multilocularis. Metacestode vesicles, the larval stage of this parasitic helminth can infiltrate 

into the liver and grow asexually like malignant tumors. This can be lethal without 

appropriate treatments. 

 The treatment of human AE is limited to surgery and chemotherapy, but surgery is 

applicable only for smaller percentage of the patients diagnosed in the early stage. Most of 

patients can only depend on chemotherapy with Albendazole (ABZ). However, ABZ works 

parasitostatically only, and cannot cure the disease. Therefore, ABZ needs to be taken for 

longer periods, although it accompanies side effect. Thus, development of new, parasiticidal 

and selective drug against AE is required. Because the undifferentiated stem cell population 

of E. multilocularis play key role in its longevity and regenerative capacity, stem cell-targeted 

chemotherapy is important. 

 In this work, in vitro screening of various inhibitors against kinases and tubulins were 

performed. The screening result demonstrated that inhibitors against human PIM kinases 

proved to have strong detrimental effects on E. multilocularis. Through yeast two hybrid 

assay, the interaction of parasite PIM kinase (EmPIM) with its cell division cycle 25 

(EmCDC25) was indicated and through in situ hybridization, the partial localization of EmPIM 

in the stem cells was observed. Therefore, EmPim is likely to be a positive regulator of cell 

cycle progression, the same as human Pim1. In addition, 20 compounds against EmPIM 

were selected through high throughput in silico screening and synthesized. One of them has 

a detrimental effect on E.multilocularis comparable to commercially available human pan-

PIM inhibitors, but has much weaker toxicity on human cell lines.  
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 Furthermore, triclabendazole (TCBZ), which is approved for another flatworm disease 

Fascioliasis and target β-tubulins, was tried on E.multilocularis., together with its metabolite 

triclabendazole-sulfoxide (TCBZSX) With two stem cell markers, EdU labelling and in situ 

hybridization against EmTRIM, damage to stem cells by TCBZSX  was shown. In addition, 

primary cells from treated vesicles could never regenerate new vesicles and the damage to 

stem cells proved to be irreversible. 

 Since the early 1980s, ABZ-based chemotherapy has greatly improved the life expectancy 

of human AE patients. However, it also has the problem of compromising patients' quality of 

life, due to adverse side effects and lack of parasiticidal effect. The high-throughput in silico 

screening method used in my research of EmPim kinase might identify compounds with 

selectivity and can overcome the side effect problem in ABZ-based chemotherapy. On the 

other hand, my research of TCBZ has the potential to develop a practical parasiticidal 

chemotherapy by combining TCBZ and ABZ. 
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2.2      Zusammenfassung 

Die Echinokokkose ist eine der wichtigsten Zoonosen sowohl für die Human- als auch für die 

Veterinärmedizin. Der Erreger der alveolären Echinokokkose (AE) ist Echinococcus 

multilocularis. Metazestode Bläschen, das Larvenstadium dieses parasitären Helminthen, 

können in die Leber eindringen und ungeschlechtlich wie bösartige Tumore wachsen. Dies kann 

ohne geeignete Behandlung tödlich sein. 

 Die Behandlung von AE beim Menschen beschränkt sich auf Chirurgie und Chemotherapie, 

aber die Chirurgie ist nur bei einem kleinen Prozentsatz der Patienten anwendbar, die im 

Frühstadium diagnostiziert werden. Die meisten Patienten können sich nur auf eine 

Chemotherapie mit Albendazol (ABZ) verlassen. ABZ wirkt jedoch nur parasitostatisch und kann 

die Krankheit nicht heilen. Daher muss ABZ über einen längeren Zeitraum eingenommen 

werden, obwohl es mit Nebenwirkungen einhergeht. Daher ist die Entwicklung eines neuen, 

parasitentötenden und selektiven Medikaments gegen AE erforderlich. Da die undifferenzierte 

Stammzellpopulation von E. multilocularis eine Schlüsselrolle für seine Langlebigkeit und 

Regenerationsfähigkeit spielt, ist eine auf Stammzellen abzielende Chemotherapie wichtig. 

 In dieser Arbeit wurde ein In-vitro-Screening verschiedener Hemmstoffe gegen Kinasen und 

Tubuline durchgeführt. Das Ergebnis des Screenings zeigte, dass Inhibitoren gegen humane 

pim-Kinasen starke schädliche Auswirkungen auf E. multilocularis haben. Durch ein Hefe-Zwei-

Hybrid-System wurde die Interaktion der Parasiten-Pim-Kinase (EmPIM) mit der 

Zellteilungszyklus 25 (EmCDC25) nachgewiesen, und durch In-situ-Hybridisierung wurde die 

teilweise Lokalisierung von EmPIM in den Stammzellen beobachtet. Daher ist es wahrscheinlich, 

dass EmPim ein positiver Regulator der Zellzyklusprogression ist, genau wie menschliches 

Pim1. Darüber hinaus wurden 20 Verbindungen gegen EmPIM durch Hochdurchsatz-Screening 

in silico ausgewählt und synthetisiert. Eine von ihnen hat eine schädliche Wirkung auf E. 
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multilocularis, die mit der von handelsüblichen menschlichen pan-PIM-Inhibitoren vergleichbar 

ist, aber eine viel geringere Toxizität auf menschliche Zelllinien aufweist.  

 Darüber hinaus wurde Triclabendazol (TCBZ), das für eine andere Plattwurmkrankheit, die 

Fascioliasis, zugelassen ist und auf β-Tubuline abzielt, zusammen mit seinem Metaboliten 

Triclabendazol-Sulfoxid (TCBZSX) an E.multilocularis getestet. Mit zwei Stammzellmarkern, 

EdU-Markierung und In-situ-Hybridisierung gegen EmTRIM, wurde eine Schädigung der 

Stammzellen durch TCBZSX nachgewiesen. Darüber hinaus konnten Primärzellen aus 

behandelten Vesikeln keine neuen Vesikel regenerieren, und die Schädigung der Stammzellen 

erwies sich als irreversibel. 

 Seit Anfang der 1980er Jahre hat die Chemotherapie auf ABZ-Basis die Lebenserwartung von 

Patienten, die an AE erkrankt sind, erheblich verbessert. Sie bringt jedoch das Problem mit sich, 

dass sie die Lebensqualität der Patienten aufgrund der unerwünschten Nebenwirkungen und der 

fehlenden parasitentötenden Wirkung beeinträchtigt. Die Hochdurchsatz-In-silico-Screening-

Methode, die in meiner Forschung zur EmPim-Kinase eingesetzt wird, könnte Verbindungen mit 

Selektivität identifizieren und das Problem der Nebenwirkungen bei der ABZ-basierten 

Chemotherapie lösen. Andererseits hat meine Forschung zu TCBZ das Potenzial, durch die 

Kombination von TCBZ und ABZ eine praktische parasitizide Chemotherapie zu entwickeln. 
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3. Introduction 

3.1 Echinococcosis 

3.1.1 Epidemiology 

Echinococcosis is one of diseases listed in WHO’s neglected tropical diseases. This list 

includes communicable diseases which affect larger population but have not been controlled 

enough. Echinococcosis is roughly divided into two, alveolar echinococcosis (AE) and cystic 

echinococcosis (CE). The causative reagent of human AE is the larval stage of tapeworm 

named Echinococcus multilocularis and that of CE is Echinococcus granulosus. The 

diseases are characterized by cystic (CE) or tumor-like, infiltrative (AE) growth of the 

parasite’s metacestode larval stages within the host’s inner organs. Both AE and CE can be 

lethal without appropriate treatment (Brunetti et al., 2010; Kern, 2010). 

E. multilocularis is distributed in the Northern hemisphere (Torgerson et al., 2010). On the 

other hand, CE distributes all over the world except for Antarctica. According to the 2015 

WHO Foodborne Diseases Burden Epidemiology Reference Group (FERG), echinococcosis 

is responsible for 19300 deaths and 871,000 (CE: 184,000 and AE: 688,000) disability-

adjusted-life-years (DALYs) each year. The mortality of CE is 1% (non-treatment seeking) 

and 2% (treatment seeking). The mortality of AE is 2-5% in North America, Central Europe 

and Northern Europe, but it is 20-30% in Eastern Europe (WHO, 2015). The costs for 

treatment and loss in the livestock industry also can be enormous. Other than E. granulosus 

and E. multilocularis, three other pathogens for echinococcosis, E. oligarthrus, E.Shiquicus 

and E. vogeli are known but the number of patients is rather small (Spickler, 2020). 
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3.1.2 Phylogeny 

Genus Echinococcus belongs to family Taenidae, which also includes the pork tapeworm 

Taenia soleum. The family Taenidae belong to Cestoda (tape worms), the same as 

Sparganum proliferum or Diphyllobothrium. Cestoda is one of three groups of neodermata. 

All members of Neodermata are parasitic. Other two major groups in Neodermata are 

Trematoda (fluke) and Monogenea. Trematoda includes important parasites such as 

Fasciola hepatica and Schistosoma mansoni. Neodermata is part of Neoophora. Neoophora 

also includes Tricladida, such as planaria (Schmidtea mediterranea) and terrestrial planaria. 

Different from Neodermata, all members of Tricladida are free living organisms. Neoophora 

is part of Platyhelminth (flatwoms) and other groups in Platyhelminthes are Macrostomida 

and Polycladida (Collins and Newmark, 2013). 

  

 

Figure 1: Schematic image of phylogeny in plathyhelminthes 

Schematic image of phylogeny based on the figure 2 of Collins and Newmark 2013 
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Platyhelminthes constitutes Lophotrochozoa, together with Annelida (including earthworms) 

and Mollusca (including octopuses and snails). Lophotochozoa constitutes Protostomia, 

together with Ecdysozoa (Olson et al., 2012). Ecdysozoa is the group of nematoda (including 

Caenorhabditis, Strongyloides and Haemonchus) and Arthropoda (Engelhardt et al., 2022). 

Protostomia constitutes Bilateria together with Deuterostomia, and Deuterostomia include 

verterbrata such as Homo sapience (Lartillot and Philippe, 2008). Bilateria belongs to 

Metazoa, and Metazoa belongs to Opisthokonta together with fungi such as Saccharomyces 

cerevisiae and Aspergillus nidulans. 

 

 

 

 

 

Figure 2: Schematic image of phylogeny in Bilateria 

Schematic image of phylogeny , based on the figure 1 in Olson et al. 2012 



Introduction 
 

14 
 
 

3.1.3 Life cycles and body structure of Echinococcus multilocularis 

 The definitive hosts of E. multilocularis are carnivores of family Canidae such as foxes and 

dogs. The eggs are spread to the environment with feces of the definitive hosts. The egg 

shape is round and around 30µm in diameter and a larva of the first stage called oncosphere 

has already developed in it. The oncosphere have 3 pairs of hooks (Thompson and Eckert, 

1982). The oncospheres in the egg are taken by the intermediate hosts orally through 

contaminated food or water. Various mammals including horses, pigs and primates can be 

the hosts, but natural and best intermediate hosts are small animals like rodents (Eckert and 

Deplazes, 2004). In the intermediate hosts, the oncospheres hatches in the intestine and 

penetrate the epithelium. Through the blood stream, the oncosphere can move to various 

inner organs, but usually settle in liver. They metamorphose into the stage called 

metacestodes or metacestode vesicles (Brehm et al., 2006). The body structure of this stage 

is atypical as larvae of tapeworms. They look like sphere of up to several centimeters in 

diameter and they do not have dorsal-ventral nor anterior-posterior axis. Two layers, 

laminated layer and germinal layer, constitute metacestode vesicles. Laminated layer is the 

outer acellular layer of carbohydrate network, and host proteins are attached on the surface.  

The inner layer, germinal layer includes alive cells such as muscle cells, nerve cells and 

stem cells. These stem cells are also called germinative cells. The interior of the cysts is 

filled with hydatic fluid, a complex mixture of host and parasite factors (Brehm, 2010a). The 

vesicles grow in number by budding, and infiltrate into the host tissue locally, and sometimes 

experience metastatic spread like malignant tumors. Once the metacestode vesicles are 

established, they seem to be immunologically tolerated by the host (Dixon, 1997).  

 In the optimal hosts like rodents, brood capsules are formed by the invagination of the 

germinal layers. Inside of the brood capsule, the final larval stage protoscolex is formed 

(Brehm, 2010b; Koziol et al., 2016). This protoscoleces develop basic structure of the heads 

of adult worms, and already have hooks and suckers. When the protoscoleces are taken by 
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carnivores through the food chain, the surrounding tissues are digested. The difference in 

the composition of bile is considered to be important for the host specificity, only carnivores’ 

bile can activate protoscoleces (Smyth, 1968).  The protoscoleces attach on the small 

intestine with their hooks and suckers (Thompson and Eckert, 1983). In the intestine, at the 

posterior part of the body axis, multiple new segments called proglottids are developed distal 

to the protoscoleces. E. multilocularis develop only 3-5 proglottids and their overall worm 

length is 4.5 mm. Different from Fasciola or Schmidtea, cestodes do not have digestive 

organs and absorb nutrients directly through the surface. The eggs are produced in the 

matured proglottids and released into the intestine together with the proglottids. When 

humans take the egg accidentally, the metacestode vesicles can grow slowly but massively. 

The same as typical intermediate hosts, the oncosphere can settle and grow into 

metacestode vesicles in the liver. However, even decades after the infection, brood capsules 

or protoscoleces are rarely formed in human patients, presumably because humans are not 

optimal intermediate hosts.  

 

 

Figure 3: Life cycle of Echinococcus multilocularis 

Schematic image of E. multilocularis’s life cycle. Chemotherapy against each stages are also shown. 
All photographs are taken/drawn by myself or free materials from silhouette AC. 
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3.1.4 Symptom and treatment of alveolar echinococcosis 

 Canine patients with adult worms normally shows weaker or no symptoms. The 

chemotherapy for adult worms is Praziquantel. In most cases, worms are exterminated after 

taking just one time medication. (Haller et al., 1998). 

 Praziquantel paralyzes worms and force them to detach from the tissues and they are 

removed by the immune systems. It works well when the patients are definitive hosts with 

adult worms. Because the body structure and gene expression pattern are different from that 

of adult worms, praziquantel is not effective to metacestode vesicles in human patients. 

 In the case of human patients, Echinococcosis is usually diagnosed 5-15 years after initial 

infection, because parasites grow slowly and they only show weak and nonspecific 

symptoms during this incubation period (Eckert and Deplazes, 2004). Smaller lesions appear 

typically on the liver first. In later stages of infection, it can spread to other inner organs 

including lungs and brains (Eckert and Deplazes, 2004). The typical symptoms in later 

stages include abdominal pain, weight loss and hepatic failure.  

 Only when the lesions are smaller and limited (approximately 20% of cases), it can be cured 

by removal of parasite tissue through radical surgery (Brunetti et al., 2010). However, in 

other cases of advanced stages, only palliative surgery is available. Regardless of the type 

of surgery, accompanying chemotherapy is usually applied. Medication should be continued 

at least for 2 years, and 10 years of monitoring is recommended because of frequent 

relapses. This problem will be described in 3.3.2. 

 Even though dogs are natural definitive hosts, they can harbor metacestode vesicles, when 

they take eggs instead of protoscoleces (Eckert and Deplazes, 2004). In such cases, 

surgical treatment and following chemotherapy (10mg/kg ABZ) for months or years are 

required (Haller et al., 1998). Eggs are detected also from the feces of domestic cats, and 
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they have the potential to be definitive hosts (Dyachenko et al., 2008; Eckert and Deplazes, 

2004). 

 

3.1.5 Stem cells in Echinococcus and other Platyhelminthes 

 Planarian (e.g. Schmidtea mediterranea) are famous for their ability to regenerate. When 

they are amputated into small pieces, every piece can grow into a new individual. This ability 

strongly depends on adult somatic stem cells called neoblast (Newmark and Sanchez 

Alvarado, 2002).  

 Parasitic flatworms have similar stem cell systems and abilities to regenerate for some 

extent, although it is not as extreme as in the case of planaria. In fact, Schistosoma mansoni 

is known to regenerate their tissues after the treatment of sublethal dose of praziquantel 

(Ross et al., 2002). Stem cells in S. mansoni are also called neoblasts. They are 

morphologically similar to planarian neoblasts, express a lot of genes which regulate 

planarian neoblasts, and have ability to produce differentiated cells (Collins and Newmark, 

2013).  

 Echinococcus multilocularis also has totipotent somatic stem cells called germinative cells. 

In fact, 25% of cells in the germinal layer are germinative cells. These germinative cells look 

morphologically homogeneous but can be divided into sub-populations at the molecular level 

(Koziol et al., 2014). Like in the case of neoblast of S. mansoni, germinative cells of E. 

multilocularis express a lot of homologues of planarian neoblast-specific markers but also 

display some remarkable differences in the gene expression profile. Through the experiment 

of stem cell depletion with hydroxyurea, their ability of self-renewal has been shown. They 

are believed to be the only population in metacestode vesicles which can proliferate, and to 

play important role for their longevity and continuous growth (Koziol et al., 2014)  
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3.1.6  E. multilocularis in laboratories 

Previous works from the AG Brehm established in vitro cultivation systems for Echinococcus 

larvae and stem cells. In these systems, the growth of the parasite within the host liver can 

be reconstituted in vitro, and major part of the life cycles from early metacestode vesicle to 

the production of protoscoleces can be mimicked (Brehm, 2010a) Co-cultivation with host 

feeder cells is especially important to produce large amount of metacestode vesicles. Some 

factors secreted from continuously proliferating mammalian cell lines seem to be necessary 

for the growth of metacestode vesicles (Spiliotis et al., 2004) In fact, several researches 

demonstrated that host-derived factors such as insulin (Hemer et al., 2014), fibroblast growth 

factor (Förster et al., 2018), or epidermal growth factor (Cheng et al., 2017; Cheng et al., 

2020) significantly stimulate parasite development in vitro. Metacestode vesicles can grow 

with cell lines from non-hepatic origins for some extent, but  rat live cell line,  Reuber  

hepatoma (ATCC no. CRL-1600) seems to be the best as feeder cells (Spiliotis et al., 2004). 

When the removal of Reuber hepatoma is necessary for the experiment in host-cell-free 

conditions, axenic condition is used. The feeder cells attached to metacestode vesicles can 

be removed by cell disruption with osmotic shock but the medium should not be fresh DMEM 

but the supernatant from the culture of Reuber hepatoma (conditioned medium) (Spiliotis et 

al., 2004).  

 This culture in host-cell-free conditions have clear advantage for the isolation of 

Echinococcus genomic DNA without contamination, or preparation of primary cells through 

trypsinization. These primary cells are rich in stem cells and useful for the stem cell 

research. These primary cells can be kept for longer period with conditioned medium, and 

they also can regenerate new vesicles in several weeks (Spiliotis and Brehm, 2009).  

 Even though it is possible to regenerate new vesicles from, the amount is by far smaller 

than the original vesicles. To maintain production of large amount of metacestode vesicles, 
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the passage in laboratory rodents is necessary. With this serial passage, strains can be 

maintained for decades (Spiliotis and Brehm, 2009). The method of serial passage will be 

described in 4.6.1. As for the laboratory animals, Mongolian gerbils (Meriones unguiculatus) 

are used in AG Brehm, because they are highly permissible hosts (Spiliotis and Brehm, 

2009). 

 Because the current chemotherapy does not have parasiticidal effect, there is demand for 

the development of new drugs. After the establishment of stable cultivation method like 

above, researchers began to consider medium-throughput in vitro screening methods to 

identify lead compounds of new drug efficiently. One of such screening methods is PGI 

assay established by AG Hemphil in Bern university. This method evaluate structural 

damage on the vesicles, through the leakage of phosphoglucose isomerase (PGI)  into the 

medium, because hydatid fluid includes plenty of PGI (Stadelmann et al., 2010). This 

method successfully screened 426 FDA- approved compounds (Stadelmann et al., 2014), 

but, there is also disadvantage. This method consumes a lot of metacestode vesicles of 

specific size and age, and preparation for the screening can cost a lot and can be time-

consuming. It also cannot identify slow-acting drugs such as ABZ.  

 

3.2  Protein kinases 

3.2.1 Function and regulation of protein kinases 

 Protein kinases are enzymes which catalyzes the transfer of gamma-phosphate groups of 

high-energy ATP/GTP to free hydroxyl groups on substrate proteins. Most eukaryotic protein 

kinases phosphorylate hydroxyl groups on serine/threonine, or tyrosine residues (Fabbro et 

al., 2015). However, there are protein kinases called dual specificity kinases which can 

target all these three (Dhanasekaran and Premkumar Reddy, 1998). Protein kinases 
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regulate target proteins through activation and inactivation, together with phosphatases 

which remove phosphate groups.  

 These kinds of  activation/inactivation play key roles in most of inter and intracellular signal 

transduction pathway in eukaryotic cells and many other cellular process, such as gene 

expression, cell cycle progression, or the rearrangement of cytoskeleton (Manning et al., 

2002). Mutations in protein kinases can result in abnormal signal transduction and eventually 

can cause serious diseases including various kind of cancers (Maurer et al., 2011).  

 Protein kinases of parasitic helminths are considered to be interesting from both biological 

and clinical points of view (Vicogne et al., 2004) for three reasons. First, a lot of scientific and 

clinical resources have been invested for the research of kinases because of the importance 

for the biology of cancers. Plenty of inhibitors against various kinases have been 

synthesized and are commercially available. Some of them are already used in hospitals or 

proceeded to clinical trials, and a lot of clinical data have been accumulated. Furthermore, 

data of 3D structure of human kinases and interacting compounds are also deposited in 

databases (Brooijmans et al., 2010). Second, these scientific resources also can be used for 

the research of kinases from non-model organisms, because the functions of protein kinases 

proved to be conserved among metazoans (Canduri et al., 2007), through the biological 

research of various organisms. Third, because of their function, all protein kinases have ATP 

binding pockets, which can be optimal targets of small molecule compounds like ATP 

competitive inhibitors (Bode and Dong, 2009).  

 

3.2.2 Major groups of protein kinases 

Most protein kinases in human genome can be categorized into 7 major groups, based on 

the similarities in catalytic and accessory domains. The major groups are CKI (casein kinase 

I), CAMK (calcium/calmodulin-dependent protein kinase), AGC (PKA+PKC+PKG), 
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TK(Tyrosine kinases), TKL (Tyrosine kinase-like), CMGC (CDKs+MAPKs+GSKs+CDC-like) 

and STE (Homologous of yeast Sterile 7/11/20 kinases) (Kanev et al., 2019). Each group 

includes multiple families. Notably, kinases in these 7 categories are also expressed in E. 

multilocularis and some of them already have been intensively studied (Cheng et al., 2017; 

Cheng et al., 2020; Förster et al., 2018; Gelmedin et al., 2008; Hemer and Brehm, 2012; 

Hemer et al., 2014; Montagne et al., 2019; Spiliotis et al., 2006; Stoll et al., 2021; Tsai et al., 

2013).   

 

 

Figure 4: Phylogenetic tree of human kinase 

 Phylogenic tree of human kinases was generated based on the alignment of kinase domain. 7 major 
groups of human kinome are shown. Amino acid sequences were gained from UniProt and kinase 
domains were detected with SMART. The alignment was made with ClustalW. The statistical 
method for the tree was maximum likelihood. The alignment and tree were processed and  
visualized with MEGA11. 
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3.2.2 Function of PIM kinases and CDC25 phosphatases 

The proto-oncogene therine threonine kinase PIM (proviral integration site for Moloney 

murine leukemia virus) constitute one family of CaMK (Ca2+/Calmodulin-dependent protein 

kinase-related) group. In the human genome, three PIM kinases homologues are encoded, 

Pim1, Pim2 and Pim3. PIM kinases are involved in various functions including transcriptional 

regulation, cell cycle progression and apoptosis. Especially, a lot of substrates of PIM 

kinases play important roles in cell cycle progression. All  three PIM kinasesare are 

oncoproteins which are overexpressed in several cancers such as prostate cancer (Chen et 

al., 2005), myeloma (Cheng et al.; Nair et al., 2017), leukemia (Chen et al., 2009; Lin et al., 

2010), non-Hodgkin lymphoma (Cohen et al., 2004) and breast cancer (Brasó-Maristany et 

al., 2016; Horiuchi et al., 2016).  

 There is one conspicuous characteristic in the structure of human PIM kinases. Both N 

terminal and C terminal amino acid sequences outside of the kinase domain are relatively 

short, and do not have any regulatory domains. Most of the kinase and phosphatases 

activate and inactivate one another, through phosphorylation and dephosphorylation 

(Johnson and Noble, 1996), but PIM kinases are believed to be constitutively active (Qian et 

al., 2005). They are only regulated by transcription, translation and proteasomal degradation 

(Amaravadi and Thompson, 2005).  

In most of the period in the cell cycle, CDK1=CDC2 (cyclin dependent kinase 1=cell division 

cycle 2) is inactivated by WEE1 and PKMYT 1(Membrane-associated tyrosine-and 

threonine-specific cdc2-inhibitory kinase) through inhibitory phosphorylation at T14 and Y15 

(Chow et al., 2011). CDC25C is also kept inactivated by C-TAK1(Cdc twentyfive associated 

kinase1). Before G2-M transition, PIM1 activates CDC25C and inactivates C-TAK1 through 

phosphorylation (Bachmann et al., 2006). Activated CDC25C removes phosphate groups of 

CDK1 at T14 and Y15. By the activated complex of cyclin B and CDK1, the cell cycle is 
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driven from G2 phase to M phase (Bachmann et al., 2006). Similarly, CDK2 and CDK4 are 

kept inactivated in most of the cell cycle through phosphorylation. Before G1-S transition, 

PIM1 activates CDC25A (Mochizuki et al., 1999), and activated CDC25A removes 

phosphate groups on T14/Y15 of CDK2 and Y17 of CDK4. The cell cycle is driven from G1 

to S phase by the activated complex of cyclinE-CDK2 and cyclinD-CDK4 (Donzelli and 

Draetta, 2003).  

 Other than cell cycle progression, kinases of PIM family have several functions. For 

example, PIM1 and PIM3 inactivate BAD and regulates apoptosis negatively. PIM1 and 

CDC25A also impede apoptosis through the inactivation of ASK1 (Gu et al., 2009; Shen and 

Huang, 2012). All 3 PIM kinases promote transcriptional activity and nuclear localization of 

Notch1 through phosphorylation at S2152 (Santio et al.).   

 SGI-1776 is an ATP competitive pan-Pim inhibitor, but it also inhibits FLT-3 and HASPIN 

(Chen et al., 2009). As an anticancer drug for non-Hodgkin’s lympohoma, prostate cancer 

and leukemia, SGI-1776 proceeded to clinical trial phase I but it had discontinued in 2010, 

because QTc prolongation was observed as a side effect.  

 CX-6258 is another ATP competitive pan-Pim kinase inhibitor (Haddach et al., 2012). It also 

has effect on FLT3 (Bogusz et al., 2017) and HASPIN (Melms et al., 2020). 
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3.3  Benzimidazoles 

3.3.1 Structure and utility of benzimidazole 

 Derivatives of benzimidazoles (BZ) such as albendazole (ABZ) are widely used 

anthelminthics, which specifically target β-tubulin component of the cytoskeleton (Gull et al., 

1987; Robinson et al., 2004) . Benzimidazole is a bicyclic compound which is literally a 

fusion of benzine and imidazole. The position number on the molecule is shown in Fig.5. 

Various derivatives of benzimidazoles have been developed, mainly by the modification of 

position 1,2,and 6.  

 

 

Their utility as anthelminthics relies on more intense binding to helminth β-tubulins than to 

those of mammals, although both molecules are up to >75% identical on the amino acid 

sequence level.  

 

Figure 5: 2D Structure of benzimidazole 

 The 2D structure was downloaded from PubChem. Red number indicates the position on the 
molecule. 
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3.3.2 Albendazole 

The standard chemotherapy for human echinococcosis is albendazole (ABZ). Since the 

beginning of 1980s, ABZ has been used for the medication against human Echinococcosis 

(Morris et al., 1983). ABZ is metabolized into albendazole-sulfoxide (ABZSX), and both ABZ 

and ABZSX have effect on parasites. 

 

 

 Other than surgeryABZ is currently the only available treatment for AE, but it accompanies 

side effects. Different from praziquantel for adult worms, ABZ does not have parasiticidal 

effect. It only has parasitostatic effect (Ingold et al., 1999; Reuter et al., 2010). Therefore, 

ABZ should be taken continuously for very long period. Because of the adverse side effect 

above, the burden of continuous medication is not negligible for patients.  In some cases, 

withdrawal of the drug is necessary because of severe side effects, but it can result in 

relapse. Therefore, new, selective, and parasiticidal drugs are necessary.  

 

Figure 6: 2D Structure of ABZ and ABZSX sulfoxide 

 The 2D structure was downloaded from PubChem.  
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3.3.3 Triclabendazole 

 Triclabendazole (TCBZ) is another derivative of benzimidazole. It is approved for 

chemotherapy against fascioliasis by liver fluke Fasciola hepatica /Fasciola gigantica and 

paragonimiasis by lung fluke Paragonimus sp (Boray et al., 1983; Keiser et al., 2005). The 

same as ABZ, TCBZ is metabolized into triclabendazole-sulfoxide (TCBZSX) and both TCBZ 

and TCBZSX have activity against parasites. It includes chloride atoms and thiomethyl group, 

but it does not have a carbamate moiety. These characteristics clearly distinguish TCBZ from 

classical BZ derivatives.  

 

 

Continuous medication is usually not required for human fascioliasis. In most cases, eggs in 

feces disappeared in 12 hours after taking tablets. TCBZ works on every stage, but ABZ only 

works on adults (Alvarez et al., 2009; Fairweather and Boray, 1999).  

Figure 7: 2D Structure of TCBZ and  TCBZSX 

 The 2D structure was downloaded from PubChem.  
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 TCBZ is also approved for livestock. In the randomized blinded trial in Cote d’Ivoire, eggs 

disappeared from 95% of cattle in 28 days after treatment with single dose of TCBZ. In contrast, 

eggs disappeared from 70% of cattle which were treated with ABZ (Kouadio et al., 2021). This 

result indicates that juvenile worms survived ABZ treatment, but they could not survive TCBZ 

treatment. This does not contradict to the cases of human fascioliasis. 

 

3.4      Colchicine binding site inhibitors 

3.4.1 Colchicine 

Colchicine is originally an alkaloid found in the seeds and bulbs of Colchicum autumnale, a 

plant in order Liliales. The same as BZs, it inhibit polymerization of tubulins. It is highly 

toxic and known to cause cell cycle arrest (Bischoff and Holtzer, 1968). Because it 

interferes cell cycle, it is used for the analysis of chromosomal karyotype (Rishi and Rishi, 

1979) and development of breed improvement of plants such as polyploid watermelons 

(Zhang et al., 2019).  

 As for clnical use, colchicine have anti-inflammatory effect because it can supresses 

neutrophils (Dalbeth et al., 2014). It was once used as a remedy for gout (Talbott, 1978). 

However, steroids or NSAIDS are preferred now because of its narrower therapeutic index 

(van Durme et al., 2021).   

 Former member of our laboratory once tried colchicine on E. multilocularis. In that 

experiment, the transport of glycoconjugates from tegument cell body to the tegumental distal 

syncytium, which is also microtubule-dependent, was inhibited by colchicine treatment (Koziol, 

personal communication).  
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3.4.2 Combretastatin 

 Combretastatin A-4 is originally isolated from plants of Combretum caffrum, a species of 

bushwillow in Africa. It also inhibits polymerization of tubulins by binding to colchicine-

binding site (Chaudhuri et al., 2000). A lot of derivatives have been developed, mainly as 

prodrugs against cancers (Sekar et al., 2022). Combretastatin A-4 phosphate affects 

cytoskeleton of immature endothelial cells in tumor vascular system by binding toa 

microtubules. It also induces cell death through apoptosis and/or mitotic catastrophe 

pathways (Jaroch et al., 2016). As vascular disrupting agent (VDA), it is expected to be used 

in combination with other chemotherapy and radiotherapy (Siemann et al., 2009).  

 

 

 

Figure 8: 2D Structure of colchicine and  combretastatin A-4 

 The 2D structures were downloaded from PubChem.  
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3.4.3 Derivatives of colchicine binding site inhibitors for flavivirus infection 

 Family Fraviviridae includes pathogens of important vector-borne diseases such as dengue, 

Zika and West Nile. Recent studies proved that microtubules and cytoskeleton are involved 

in the mechanism of flavivirus replication cycles (Foo and Chee, 2015). In the case of 

dengue, microtubules play important role for the intracellular transport of viral particles 

(Greber, 2002) , and tubulin expression was elevated in the patients of dengue hemorrhagic 

fever (Thayan et al., 2009). There are plenty of inhibitors of tubulin polymerization including 

colchicine, combretastatin and BZs, but either of them has some adverse side effect and it is 

difficult to use them for these viral infections. Therefore, Klein laboratory members in 

Heidelberg university focused on human carboxylesterase (hCE1). They synthesized 

derivatives of colchicine and combretastatin, which have moieties of cyclopentyl esters with 

phenylglycine or leucine (Needham et al., 2011). Cyclopentyl ester moieties is hydrolyzed by 

hCE1 and form cyclopentanol and the corresponding carboxylate. The toxicity of these 

prodrugs with additional moieties should have been weakened for most of cell types. 

However, in the preferential targets of flavivirus, such as lineages of monocyte and 

hepatocytes (Blackley et al., 2007; Martina et al., 2009), hCE1 is highly expressed 

(Hosokawa, 2008; Macaev et al., 2013), and the prodrugs are converted into active forms by 

hydrolysis of moieties. In the experiment of Klein laboratory, analogues with leucin-based 

moieties were successfully cleaved by hCE1, but those with phenylglycine-based moieties 

remained to be uncleaved. In the viral replication assay, the parental compounds colchicine 

and combretastatin showed the strongest activity, but some of analogues such as VB-033 

and VB-087 (supplement list 8.3) showed relatively good activity, even though their toxicities 

against HeLa and Huh-7 were much lower than parental compounds. (Richter et al., 2019). 
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3.5      Tubulins  

3.5.1 Tubulin families and their function 

 Members of tubulin families provide the backbone of many cellular substructures including 

mitotic and meiotic spindles, cytoskeletal network and axonemes of cilia and flagella 

(Findeisen et al., 2014). Especially, α-tubulin and β-tubulin form heterodimer and the 

heterodimers form microtubuli. When BZs attach to β-tubulins, the conformation of domains 

are changed and dimerization with α-tubulins will be inhibited (Robinson et al., 2004). On the 

other hand,  colchicine-binding domains spans both  α-tubulin and β-tubulin, and colchicine 

binding site inhibitors inhibits polymerization of the heterodimer (Massarotti et al., 2012). 

 

3.5.2 Residues in β-tubulin corelated with benzimidazole resistance 

 Because benzimidazoles are widely used for fungi, helminth, or some other pests, a lot of 

resistant strain appeared. The mutant strains of  Haemonchus contortus,  a nematode which 

causes displaced abomasum in ruminants, have been studied in detail. Resistant strain with 

conserved mutation F200Y  in HcTubB1 (Kwa et al., 1994), and other resistant strains with 

F200Y in HcTubB2 were reported independently (Prichard, 2001). Also in fungi, multiple 

resistant strains of Aspergillus nidulans with mutation in benA (β-tubulin) have been found. 2 

out of 18  have F200Y mutation, 4 out of 18 strains have another mutation E198A and 12 out 

of 18 strains have H6Y or H6L mutation (Jung et al., 1992).  

 In addition, A165V mutation of benA makes Aspergillus nidulans supersensitive to 

carbendazim, nocodazole and benomyl, but resistant to thiabendazole (Jung and Oakley, 

1990). The difference between carbendazim and thiabendazole is only position 2 carbon, 

and this indicated that the 165th residue interact with position 2 carbon of benzimidazole. 
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 Saccharomyces cerevisiae with mutation F167Y in tub-2 (β-tubulin) are 3-4 folds resistant to 

carbendazim and nocodazole, but 8 folds more susceptible to benomyl. The difference 

between benomyl and carbendazim is position 1 carbon, and this experiment indicated that 

the 167th residue interact with position 1 carbon of BZs (Li et al., 1996). On the other hand, 

benomyl-resistant Neurospora crassa had F167Y mutation (Orbach et al., 1986). These 

results look contradicting because the same mutation in two different species had opposite 

effect on the resistance to benomyl. However, both examples support the importance of 

167th residue for the interaction with BZs. 

 Robinson et. al. positioned ABZSX manually around BZ resistance-correlated positions of 

H. contortus’s β-tubulin model. 6th, 165th, 167th, 198th, 200th residues appeared in the 

examples above, form a cluster within a small volume of molecular structure in the model 

(Robinson et al., 2004). 

 

 

 

 

Figure 9: 2D structure of carbendazim, benomyl and thiabendazole 

 2D structure was downloaded from PubChem. The white arrow indicate position 1 and 
black arrow indicates position 2. 
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3.5.3 β-tubulins of Homo sapiens 

There are 9 different β-tubulins encoded in human genome. 8 out of 9 isotypes have Tyr200 

or Ala198, which are correlated with resistance against BZs. Only HsTubB8, does not have 

any residues associated with resistance. In fact, in the experiment by Garge et al, HsTubB8 

is proved to be more susceptible to thiabendazole than the control HsTubB4. (Garge et al., 

2021) 

 

 

 

3.5.4 β-tubulins of E. multilocularis 

In the genome of Echinococcus multilocularis, there are ten β-tubulins encoding genes (Tsai 

et al., 2013). Three out of ten are identified and named as tub-1, tub-2 and tub-3 (Brehm et 

al., 2000), but in this dissertation, we call them EmTubB1, EmTubB2 and EmTubB3, to 

distinguish them from tubulins of other organisms. Results of several experiments and 

analyses below strongly suggest that EmTubB2 is expressed specifically in stem cells. 

 

 

 

Figure 10: Alignment of human β-tubulin and amino acid of human β-tubulins 

All β-tubulins  encoded in human genome were aligned with ClustalW . Grey highlights indicate  
consensus . Black arrowheads indicate positions  correlated  to BZ  resistance . Red  arrow  indicates  
HsTubB8, which is  susceptible  to  thiabendazole.   
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1. EmTubB2 shows the strongest expression throughout the life cycle (Koziol and Brehm, 

2015; Tsai et al., 2013).  

2. EmTubB2 transcripts peak in primary cell culture day 2 of cultivation, when the 

percentage of stem cells is especially high (Koziol and Brehm, 2015; Tsai et al., 2013). 

3. When metacestode vesicles treated with HU or Bi2536 to eliminate stem cell 

compartment specifically, the expression level of EmTubB2 dropped. Such patterns 

were not observed with EmTubB1 or EmTubB3 (Brehm, personal communication). 

4. When metacestode vesicles were stained with EmTubB2-specific antibody and in situ 

hybridization probe of  EmTRIM, almost 100% signals from EmTubB2 and EmTRIM 

were co-localized (Brehm, personal communication). EmTRIM is a cell-cycle 

independent marker of stem cells (Koziol et al., 2015). 

  

 EmTubB2 has Tyr200 but EmTubB1/EmTubB3 have Phe200. (Koziol and Brehm, 2015). 

Later the importance of Tyr167 of EmTubB2 were also discussed. From the sequence, we can 

expect that EmTubB2 is likely to be more resistant against ABZ than EmTubB1/EmTubB3. 

 

 

Figure 11: Alignment of β-tubulins of E.mutilocularis  and amino acid residues corelated with 
resistance 

3 β-tubulins strongly expressed in metacestode vesicles of E. multilocularis were aligned with 
ClustalW . Grey highlights  indicate  consensus . Black arrowheads  indicate  positions  correlated  to 
BZ resistance.  
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3.5.5 β-tubulins of Fasciola hepatica 

The common liver fluke Fasciola hepatica expresses 6 β-tubulins in the adult stage. 

FhTubB1-3 have Tyr200, FhTubB5 has Leu200 and FhTubB4/6 have Phe200. 

  The expression level of FhTubB1 is the strongest among 6 β-tubulins in adult worms, and 

its expression is also specific to the adult. Therefore, Fuchs et al. discussed that FhTubB1 is 

likely to be expressed in reproductive organs (Fuchs et al., 2013). In fact, single cell RNA 

seq data indicate specific expression of FhTubB1 in the testes (Häberlein, personal 

communication).  

 Especially in 4 weeks old migrating juveniles in definitive hosts, only 3 β-tubulins, FhTubB2, 

FhTubB3 and FhTubB4 are expressed (Fuchs et al., 2013). Because ABZ does not work on 

juveniles (Alvarez et al., 2009; Fairweather and Boray, 1999; Kouadio et al., 2021), these 

three isotypes are expected to have lower affinities with ABZ. However, in the experiment of 

affinity purification, ABZ has affinity with FhTubB2 and this isotype is likely to be the target of 

ABZ (Chambers et al., 2010). FhTubB2 has Tyr200, which is correlated with ABZ-resistance 

(Jung et al., 1992; Prichard, 2001). This result of the affinity purification looks contradicting 

from the sequence information and ABZ resistance.

 

 

 

Figure 12: Alignment of β-tubulin of F. hepatica and amino acid residue corelated with resistance 6 

β-tubulins expressed in adult stage of F. hepatica were aligned with ClustalW. Grey highlights 
indicate consensus. Black arrowheads indicate positions correlated to BZ resistance.  
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 TCBZ-resistance Fasciola hepatica was found in Australia in 1995 (Overend and Bowen, 

1995). Since then, a lot of worms with resistance have been found in cattle, sheep and 

human in Europe, South America and Australia (Fairweather et al., 2020). There are many 

hypotheses how they acquire drug resistance. Some people suspected that mutations of β-

tubulin weakened the interaction between the drug and the target tubulins. However, no 

difference in the amino acid sequence or expression level of β-tubulins between resistant 

strains and susceptible strains has been found (Fuchs et al., 2013; Robinson et al., 2002). 

  

3.5.6 Colchicine binding site 

 Colchicine binds to non-polymerized tubulin subunits. Different from BZs, its binding site 

spans both α-tubulin and β-tubulin and generally called colchicine binding site. Massarotti et 

al. identified three zones of colchicine binding site on α/ β-tubulins. Zone 1 is located at the 

α/β subunit interface. Zone 2 and zone 3 are located at the β-subunit but zone 3 is buried 

deeper in the subunit (Massarotti et al., 2012).  

 Massarotti et al. used crystal structures of mammalian tubulin for his models, but Ranjan et 

al. applied these zones to Haemonchus contortus’s β-tubulin. According to his analysis, ABZ 

and ABZSX interact with zone 3, but TCBZ interact with zone 2 (Ranjan et al., 2017). In 

Fig.13, green arrowheads (zone 3 in Ranjan’s model) overlap black arrowheads (ABZSX 

binding site in Robinson’s model). 
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 In fact, colchicine and several BZs are known to be competitive each other. When tubulin 

homogenates from Fasciola hepatica are treated in vitro with ABZ first, the binding efficiency 

of colchicine was lowered. On the other hand, the binding efficiency of colchicine was not 

lowered by TCBZ (Fetterer, 1986; Robinson et al., 2001). This does not contradict to the 

analysis with Ranjan’s model. 

 

Figure 13: Comparison of Robinson’s model and Ranjan’s model 

3 β-tubulins from E. multilocularis  and 1 β-tubulin from H. contortus  were aligned with ClustalW. 
Grey  highlights  indicate  residues  identical  to  HcTubB 2.  Black  arrowheads  indicate residues which 

from  ABXSX  binding  site  in  the  model  of  Robinson  et al (2004 ). Red , blue and green arrowheads 

indicate  residues  which  form  zone 1,  zone  2 and zone  3 respectively in the model of Ranjan et al.                 
(2017).  
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3.6       Purpose of this research 

Current chemotherapy against AE depends on ABZ, but ABZ has two problems. It works 

only parasitostatically and it accompanies adverse side effects. The fundamental purpose of 

this research is, finding new compounds which can overcome these problems. More specific 

questions are, 

・How can we perform screening of compounds more efficiently? 

・How can we identify and evaluate compounds with selective toxicity? 

・How can we identify and evaluate compounds with parasiticidal effect?  
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4 Materials and methods 

4.1      Ethical statement 

In vivo propagation of parasite material was performed in Mongolian jirds (Meriones 

unguiculatus), which were raised and housed at the local animal facility of the Institute of 

Hygiene and Microbiology, University of Würzburg. This study was performed in strict 

accordance with German (Deutsches Tierschutzgesetz,TierSchG, version from Dec-9-2010) 

and European (European directive 2010/63/EU) regulations on the protection of animals. The 

protocol was approved by the Ethics Committee of the Government of Lower Franconia 

(Regierung von Unterfranken) under permit numbers 55.2–2531.01-61/13 and 55.2.2-2532-2-

1479-8. 

 

 

4.2 Equipment and devices 

Usage Product name Manufacturer 

Transilluminator TFX 35M VILBER LOURMAT 

Analytical balance ABT 120-50M KERN 

Benchtop centrifuge Mikro 200 Hettich 

Benchtop centrifuge (angle) ROTINA 380R Hettich 

Benchtop centrifuge (plates) Megafuge 1.0R Heraus 

Benchtop centrifuge (swing) Bactifuge Heraeus CHRIST 
Biological Safety Cabinet for 

Echinococcus 
Nu-437-400E NUARE  

Biological Safety Cabinet for yeast MSC-ADVANTAGE Thermo 

Cell density meter CO8000 WPA 

Colony Counter ProtoCOLSR SYMBIOSYS 

Confocal microscope Eclipse Ti2E Nikon 

Confocal Scanner Unit CSU-W1 Yokogawa 

constant temperature dryer FD240 Binder 

DC power supply Power Pack P25 T Biometra 

DC power supply El. Phor Powerpack P24 Biometra 

Deep freezer minus 86 ULT Freezer Thermo Forma 

Electrophoresis chamber Agagel Standard Biometra 
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Usage Product name Manufacturer 

Freezer GS5216 LIEBHERR 

Heat Block 50126101 Liebisch 

Heat Block DB-3 Techne 

Haemocytometer Neubauer precicolor depth 
0.1mm, 0.0025mm2 

Neubauer 
Hemocytometry 

Imaging System ChemiDocTM MP Bio-Rad 

Incubator for E. coli kelvitron®t Heraeus instruments 
Incubator for 

Echinococcus/mammalian 
Cell240 HERA 

Incubator for 
Echinococcus/mammalian 

INC0246med Memmert 

Incubator for 
Echinococcus/mammalian 

DHD AUTOFLOW NUARE 

Incubator for yeast kelvitron®t Heraeus 

Laser Unit LightHub+ Omicron 

Lateral shaker at cold room  DE24 DESAGA 

Lateral shaker at room temperature KL2 Edmund Buehler GmbH 

Light microscope Eclipse Ts2 Nikon 

Microcentrifuge C1301B-230V Labnet international 

Microwave MWS 1820 Duo Bauknecht 

pH meter  Lab850 SCHOTT Instrument 

Pipetman 0.5-10µl Pipette 0.5-10µl Eppendorf 

Pipetman 100-1000µl Pipette 100-1000µl Eppendorf 

Pipetman 10-100µl Pipette 10-100µl Epperndorf 

Refrigerator profil line LIEBHERR 

Shaking incubator for E. coli TH30(shaker)+SH30(Heater) Edmund Buehler GmbH 

Shaking incubator for yeast G24 
New Brunswick 

Scientific 
Thermal Cycler T1 Thermocycler Biometra 

Thermal Cycler T Gradient Biometra 

Thermomixer 5436 Eppendorf 

Vacuum pump   ILMVAC 

Voltex HY-210/1 Heidolph 

Water bath WB7 Memmert 
Table 1 
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4.3  Chemicals and reagents 

4.3.1 Commercially available kinase inhibitors 

List 1  
Kinase 
inhibitor Provider 

GNE-0877 Selleckchem 

FRAX597 Tocris 

AZ-191 Selleckchem 

CHIR-99021 Tocris 

Dasatinib Selleckchem 

Tanzisertib Selleckchem 

Advosertib Selleckchem 

KN-62 Selleckchem 

SGI-1776 Selleckchem 

Tozasertib Selleckchem 

BX-912 Selleckchem 

Sotrastaurin Selleckchem 

Y-27632 Selleckchem 

Cabozantinib Selleckchem 

Table 2  

  
List2  
Kinase 
inhibitor Provider 

CHIR-99021 Selleckchem 

Dacomitinib abcr GmbH 

Danusertib abcr GmbH 

GSK690693 Tocris 

Imatinib Sigma-aldrich 

Palbociclib Selleckchem 

Ponatinib abcr GmbH 

SGI-1776 Selleckchem 

Sorafenib abcr GmbH 

SP600125 Selleckchem 

Bi2536 Axon Medchem 

Tozasertib Selleckchem 

Table 3  
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List3  
Kinase 
inhibitor Provider 

A-92 Axon Medchem  

AZD1208 Selleckchem 

Afatinib Cayman chemical 

CX-6258 Cayman chemical 

Hesperadin Cayman chemical 

Lapatinib Cayman chemical 

Nilotinib Selleckchem 

PIM447 Selleckchem 

Sunitinib 
Hölzel Diagnostika 
Handels 

Volasertib Cayman chemical 

YKL-05-099 
Hölzel Diagnostika 
Handels 

Table 4 

4.3.2 Commercially available inhibitors of tubulin polymerization 

inhibitor of tubulin polymerization  Provider 

Triclabendazole Vetrenal 

Triclabendazole-sulfoxide Vetrenal 

Albendazole Fluka 

Albendazole-sulfoxide Vetrenal 
Table 5 

4.3.3 Kits 

Kit Manufacturer 

Nucleospin® Gel and PCR clean-up Macherey-Nagel 

Nucleospin® Plasmid Macherey-Nagel 

PureLinkTM RNA Mini kit Invitrogen 

Superscript ® IV Reverse transcriptase  Invitrogen, Darmstadt 

CloneJetTM PCR Cloning KIT Fermentas 

KOD Hot Start DNA Polymerase Toyobo 

Click-iT® EdU Alexa Fluor ®555 Imaging Kit Life technologies 
Table 6 
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4.3.4 Reagent/media for Echinococcus/mammalian 

Product Manufacturer 
Dulbecco's Modified Eagle Medium, high glucose(4.5g/l) 
GlutaMAX Life Technologies 

Fetal Calf Serum Invitrogen 

L-Cystein Sigma-Aldrich 

Bathocuproine disulfonic acid Sigma-Aldrich 

β-Mercaptoethanol Sigma-Aldrich 

Penicillin/Streptomyucin Invitrogen 

Trypsin/EDTA solution Biochrom 

Dimethyl sulfoxide  
Table 7 

4.3.5 Reagent/media for yeast 

Product Manufacturer 

DO supplement -Ade/-His/-Leu/-Trp Clontech 

DO supplement -Leu/-Trp Clontech 

Adenine hemisulfate Sigma-Aldrich 

DifcoTM Yeast Nitrogen Base w/o Amino Acids 
Becton Dickinson and 
Company 

Yeast extract Thermo fishers 

Pepton Merck 

Glucose monohydrate Merck 

Ecotainer® Sterile water for irrigation B. Braun 
Table 8 

 

 

 

 

 

 

Sigma-Aldrich
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4.3.6 Reagent/media for E. coli and plasmid construction 

Product Manufacturer 

CutSmart Buffer New England Biolabs 

XhoI New England Biolabs 

PspOMI New England Biolabs 

BamHI-HF New England Biolabs 

Carbencilin Invitrogen 

Kanamycin sulfate Sigma-Aldrich 

Taq polymerase New England Biolabs 

LB Broth mix 
Beckton Dickinson and 
Company 

Difco Agar 
Beckton Dickinson and 
Company 

Agarose, biological grade Roth 

Midori Green Advance Nippon Genetics Europe 

Gel Loading Purple New England Biolab 

Smart Ladder Eurogentec 
Ecotainer® Sterile water for 
irrigation 

B. Braun 

Table 9 
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4.3.7 Reagents /antibodies for imaging analysis 

Product Manufacturer 

Fluoprep Biomerieux Nutringen 

Formamid Sigma-Aldrich 

Heparin Sigma-Aldrich 

NHS-Fluorescein Sigma-Aldrich 

nuclease-free water Qiagen 

Paraformaldehyde Sigma-Aldrich 

Sheep serum Sigma-Aldrich 

DIG RNA labeling mix 10× Roche 

Protease K Fermentus 

RQ1 Rnase-Free Dnase Promega 

SP6 polymerase New England Biolabs 

T7 polymerase New England Biolabs 

Denhardt solution Sigma-Aldrich 

Diethyl procarbonate Applichem 

Anti-digoxigenin, AP conjugated Roche 
Anti-Digoxigenin, POD 
conjugated 

Roche 

Anti-Acetylated α‐Tubulin, 
mouse antibody 

Santa Cruz 

FITC-conjugated anti mouse goat 
antibody 

Jackson Immunoresearch 

TRITC-conjugated phalloidin Sigma-Aldrich 

Torula RNA Sigma-Aldrich 

Triton® X-100 Sigma-Aldrich 

Trizol® Reagent Invitrogen 

Tween® 20 Sigma-Aldrich 

β-Mercaptoethanol Sigma-Aldrich 

Albumin fraction V Blotting grade Applichem 
Table 10 
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4.4  Oligonucleotides 

All oligonucleotides below were purchased from Merck. 

4.4.1 Primers for both projects 

name of plasmid name of primer 5'-sequence-3' 

pJet1.2 pJet1.2-Fw CGA CTC ACT ATA GGG AGA GCG GC 

pJet1.2 pJet1.2-Rev AAG AAC ATC GAT TTT CCA TGG CAG 

pJet1.2 T7 Plus2 AGA AGA GTA ATA CGA CTC ACT ATA GG 

pJet1.2 5-Sp6+pJet1.2 Rev-3 
ATA ATT TAG GTG ACA 
CTA TAG AAC ATC GAT TTT CCA TGG CAG 

Table 11 

4.4.2 Primers for kinase projects 

name of plasmid name of primer 5'-sequence-3' 

pGBKT7-EmPim pGBKT7cloning_rev caggtcctcctctgagatcagc 

pGBKT7-EmPim pGBKT7cloning_fwd ataactagcataaccccttggggc 

pGBKT7-EmPim pGBKT7-EmPimF ctcagaggaggacctgGCAGTCGACCATTCAAGAGAC 

pGBKT7-EmPim pGBKT7-EmPimR 
caaggggttatgctagttatcTAAAATTTACGCGGTTTAGA 
GCTAC 

pGADT7-
EmCdc25 

pGADT7-EmCdc25F ccgggtgggcatcgatacggGGAAAGGGAAATGACTATG 

pGADT7-
EmCdc25 

pGADT7-EmCdc25R atctacgattcatctgcagcTCACGATTTACACGAAGG 

pJet-EmPim pJet-EmPimF CGACCATTCAAGAGACGTGA 
pJet-EmPim pJet-EmPimR CCCGAACGAACAGTAATGGA 

pGBKT7/pGADT7 T7 sequencing primer TAATACGACTCACTATAGGGC  

pGBKT7 
3' DNA BD sequencing 
primer 

TAAGAGTCACTTTAAAATTTGTAT 

pGADT7 3' AD sequencing primer AGATGGTGCACGATGCACAG 
Table 12 
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4.4.3 Primers for tubulin project 

name of plasmid name of primer 5'-sequence-3' 

pCMV-chimericEmTubB1 pCMVTubB1IGVPsXhF 
gctgcggaattgtacccgcgATGCGTGAAATT 
GTGCAC 

pCMV-chimericEmTubB1 EmTubB1-QQYQ_rev ccgtggcgtcCTGGTACTGTTGGTACTC 

pCMV-chimericEmTubB1 SyncHsTubB2BF1 
acagtaccaggacgccacggccgacgaacaaggggagt 
tcgaggaggaggagggcgaggacgaggcgtagggtacc 
gcggccgcggggatc 

pCMV-chimericEmTubB2 pCMVTubB2PsXhF 
gctgcggaattgtacccgcgATGCGTGAGAT 
TGTTCATATTC 

pCMV-chimericEmTubB2 EmTubB2-QQYQ_rev ccgtggcgtcCTGATACTGCTGATACTC 

pCMV-chimericEmTubB2 SyncHsTubB2BF2 
gcagtatcaggacgccacggccgacgaacaagggga 
gttcgaggaggaggagggcgaggacgaggcgtaggg 
taccgcggccgcggggatc 

pCMV-
chimericEmTubB1/2 

SyncHsTubB2BR 
gatccccgcggccgcggtaccctacgcctcgtcctcgcc 
ctcctcctcctcgaactccccttgttcgtcggccgtggcgtc 

pCMV-chimericEmTubB3 pCMVTubB3PsXhF 
gctgcggaattgtacccgcgATGCGTGAGCTT 
GTTCATATG 

pCMV-chimericEmTubB3 EmTubB3-QQYQ_rev 
ccgtggcgtcTTGATACTGCTGATATTCA 
CTAATC 

pCMV-chimericEmTubB3 HsTubB2BforEmTubB3F 
gcagtatcaagacgccacggccgacgaacaagggga 
gttcgaggaggaggag 

pCMV-chimericEmTubB3 HsTubB2BDATA-rev 
gatccccgcggccgcggtaccctacgcctcgtcctcgccc 
tcctcctcctcgaac 

pCMV pCMV-Fwforseq TGTCTTTTATTTCAGGTCCCGGA 
pCMV pCMV-Fwforseq AAAACCTCCCACACCTCCCC 

Table 13 

167th or 200th amino acids are far from the beginning and the end of tubulin. Therefore, the 

same primer can be used both for pCMV-chimericEmTubB2wt and pCMV-chimeric 

EmTubB2mut. 
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4.5  Other consumables 

Product Manufacturer 

TC-Plate 6well, Standard, F  SARSTADT AG & Co. KG 

TC-Plate, 12well, Standard, F SARSTADT AG & Co. KG 

TC-Plate, 96 well, Standard, F SARSTADT AG & Co. KG 

Microplate 384 well PS F-Bottom, µCLEAR® 
Black, High binding, sterile 

Greiner bio one 

Lid, PS, High Profile(9MM) clear, sterile, 
single packed 

Greiner bio one 

Microplate 96 well, PS, F-bottom (Chimney 
well), µClear®、Black, Med. Binding 

Greiner bio one 

EASYSTRAINER 40µl, for 50ml tubes Greiner bio one 

0.2ml 8-Strip PCR Tube, Individually Attached 
Flat Caps 

STARLAB international GmbH 

Nylon membrane, positively charged Roche 

Safe-lock tubes 0.5ml Epperndorf 

Safe-lock tubes 1.0ml Epperndorf 

Safe-lock tubes 2.0ml Epperndorf 

Semi-micro cuvettes SARSTADT AG & Co. KG 

Sterile tubes 15ml Greiner bio one 

Sterile tubes 50ml Greiner bio one 

Disposable Syringes and canula Braun Melsungen AG 

Pipette tip 20µl SARSTADT AG & Co. KG 

Pipette tip 200µl SARSTADT AG & Co. KG 

Pipette tip 1000µl SARSTADT AG & Co. KG 

gel nail colour 01 glass N' ROLL Essence 

Microscope Cover Glasses Deckglaeser 

Microscope Slides 
Paul Marienfeld GmbH & Co. 
KG 

Table 14 
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4.6  In vitro cultivation 

4.6.1 In vitro cultivation of E.multilocularis 

In this doctral dissertation, parts done by someone else are shown in bold letters. In 

our laboratory, Dirk Radloff, a technitian is doing weekly maintainance and production 

of metacestode vesicles.  

In vitro cultivated Echnooccus multilocularis isolate H95 was used for the experiments of in 

situ hybridization and drug treatment on matured vesicles. In the experiments of drug 

treatment on primary cells, another isolates GH09 was also used. H95 was originally isolated 

from a naturally infected fox found in Germany (Jura et al., 1996) and GH09 was originally 

isolated from a captive bred crab-eating macaque (Macaca fascicularis) in German primate 

center (Göttingen, Germany) (Tappe et al., 2007). Mongolian gerbils (Meriones 

unguiculatus) were sacrificed for in vivo propagation of the parasite through 

intraperitoneal passages as described in  previous papers (Spiliotis and Brehm, 2009; 

Spiliotis et al., 2004). Bridfly, echinocccal tissues isolated from laboratory rodents are 

cut into small pieces and strained with tea strainer. These tissues are washed and 

treated with antibiotics. After antibiotics treatment, the tissues are washed again and 

transferred into DMEM culture together with Reuber hepatoma. Approximately after 5 

weeks continuous maintenance including exchange of medium and feeder cells, new 

vesicles around 3mm in diameter will be found. The same tissues after antibiotics 

treatment can be intraperitoneally inoculated into another laboratory rodents 

 In vitro cultrues of metacestode vesicles were maintained in aerobic condition at 37℃ 

with 25-175cm2 culture bottles. Feeder cells and medium were rat  cell line Reuber-

hepatoma and DMEM (Dulbecco’s Modified Eagle Medium) + GlutaMAX-I (life 

technologies) including 10% Fetal Bovine Serum Superior (life technologies) . The 

medium and Reuber hepatoma are exchanged weekly. 
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4.6.2 In vitro cultivation of mammalian cells 

 Cryostock tubes of HEK293T (DuBridge et al., 1987) cells and HepG2 (Aden et al., 1979) 

cells are stored in -80℃. Several weeks before the experiments, cryostock tubes are thawed 

as rapidly as possible with 37℃ water bath, and centrifuged shortly. The supernatant 

including DMSO is removed, and cell pellets are resuspended with DMEM+GlutaMAX-

I+FBS. The resuspension is moved to 25cm2 bottle with 10ml DMEM and incubated at 37℃ 

until they grow semiconfluent. After they grew semiconfluent, they are subcultured and 

maintained with the methods of ATCC until the use of experiments. 

 

4.6.3 In vitro cultivation of Saccharomyces cerevisiae 

Saccharomyces cerevisiae Gold strain (Clontech) was kindly provided by AG Grevelding in 

Justus-Liebig university in Gießen. They are stored as colonies of stationary phase on YPD 

plates at 4℃ for maximal one month. After one month, one colony is picked up and 

inoculated in 6ml of liquid YPD. The tube is incubated at 30℃, 200rpm for 16hours. After 16 

dhours, 10 µl is diluted by 100 times with fresh YPD. 100ul of diluted culture is inoculated on 

a new YPD plate and the plate is incubated at 30℃ for two or more days, until the diameter 

of colony exceeds 2mm. After the diameter exceeds 2 mm, the plate will be stored up to one 

month. 
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4.7  In vitro screening  

4.7.1 Matured vesicle assay 

 In matured vesicle assay, 10 matured metacestode vesicles were treated with inhibitors in 

2mL of conditioned medium (100% A6 medium, 12 well plates) under axenic condition for 21 

or 28 days as described in (Gelmedin et al., 2008; Hemer and Brehm, 2012; Spiliotis et al., 

2008). The number of structurally intact vesicles were counted under an optical microscope 

(Nikon eclipse Ts2-FL) with 2×Objective lens. Most of the experiments were performed with 3 

biological replicates, except for the initial screening of newly syntehsized compounds against 

EmPIM and Colchicine binding site inhibitors, because there were too many candidates and it 

was impossible to prepare enough vesicles for replicates. The medium and inhibitors were 

exchanged every 3 or 4 days. For the experiment with biological replicates, the percentages 

of structurally intact vesicles were statistically analyzed with one-way ANOVA with Dunnet’s 

multiple comparison tests in Graphpad prism 9.3.1 (Graphpad software). In this analysis, all 

concentrations were compared with the negative control DMSO. 

A6 medium was prepared by seeding 1.0×106 rat Reuber hepatoma cells  (Spiliotis and 

Brehm, 2009) in 175cm2 culture flask with 50mL DMEM+GlutaMAX-I including 10% FBS and 

incubated for 6 days under aerobic condition. The supernatant was filtrated to remove 

hepatocytes and used as A6 medium. 
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4.7.2 Vesicle formation assay 

 Primary cells were isolated from matured metacestode vesicles with the protocol described 

in  (Spiliotis et al., 2010) and the density of primary cells in the resuspension in Phosphate 

Buffered Saline (PBS) were measured indirectly by densitometry. The definition of 1 Unit 

primary cells is the amount which increases the value of OD600 by 0.01. 100 Units of 

isolated primary cells (～1.5×104 cells) /well were seeded into 96 well plates with 200μL of 

conditioned medium (50% A6 medium + 50% B4 medium) for 21 days under axenic 

condition with nitrogen atomosphere. Three biological replicates with each three technical 

replicates were performed for the experiment of commercially available inhibitors. For newly 

synthesized compounds, three technical replicates were prepared.  

 The number of newly formed vesicles were counted under an optical microscope (Nikon 

eclipse Ts2-FL) with 2×Objective lens. Kruskal-Wallis test followed by Dunn’s multiple 

comparisons test was used for statistical analysis with GraphPad Prism version 9.3.1 

(Graphpad software). In this analysis, all concentrations were compared with the negative 

control DMSO. Half of the medium (100µl/well) and inhibitors were exchanged every 3 or 4 

days. 

 B4 medium was prepared similarly as A6. The difference is, the number of Reuber 

hepatoma ( 1.0×107 ) and incubation period (4 days) 
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4.7.3 Cell viability assay of E.multilocularis 

 15 Units of isolated primary cells (～2.25×103 cells)/well were seeded into 384 well plates 

with 100μL of conditioned medium (50% A6 medium + 50% B4 medium) including each 

concentration of inhibitors. The plates were incubated at 37℃ under axenic condition. After 3 

days, cell viability was measured with cell titer glo (Promega), basically with the protocol of 

the manufacture, but 1% TritonX was added to the mixture of the CellTiter-Glo reagent 

before it is added to samples. The luminescence was measured by Spectramax iD3 Multi-

mode Microplate reader (Molecular Devices). Three technical replicates are prepared for 

each concentration/inhibitor combination. The measured luminescence unit was normalized 

to that of the control (DMSO treated) of each test, and visualized as heatmaps with 

GraphPad Prism version 9.3.1 (Graphpad software).  

 

4.7.4 Screening with mammalian cell lines 

 The toxicity of inhibitors against mammalians was evaluated through the treatment on 

commonly used mammalian cell lines, HEK293T (DuBridge et al., 1987) and HepG2 (Aden 

et al., 1979). Semi-confluent cultured cells up to ten passages after thawing the cryostock 

were trypsinized and 1.0×103 cells were seeded into 384 well oparue-wall plates with 50μL 

of DMEM+GlutaMAX-I including 10% FBS. After 24 hours, 50μL of DMEM+GlutaMAX-I+FBS 

including 0-60µM inhibitors, so that final concentrations are 0-30μM. These plates were 

incubated for 3 days aerobically, and cell viability was measured with cell titer glo 

(Promega), with the protocol of the manufacture. The luminescence was measured by 

Spectramax iD3 Multi-mode Microplate reader (Molecular Devices). Three independent 

experiment were prepared in triplicates for both of two cell lines. The value of luminescence 

unit was normalized with the control DMSO of each independent experiment, as percentage 
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of luminescence unit. One-Way-ANOVA test followed by Turkey’s multiple comparison test 

was applied with GraphPad Prism version 9.3.1 (Graphpad software) for statistical analysis, 

but only comparisons between the same concentration are shown on the graph. 

 

4.7.5 Transfection of mammalian cell line and following cell viability assay 

 Dr. Spiliotis, a former member of our working group, made plasmids of wildtype and 

mutated (Y167F+Y200F) EmTubB2. The position and sequence of mutation is shown below 

(Fig.14). I constructed pCMV-myc based plasmids for transient expression in mammalian 

cells, by useing his plasmids as templates.  

 

 

Figure 14: Sequence of EmTubB2wt and EmTubB2mut 

DNA and amino acid sequence around 167th and 200th AA positions are shown. Sequences and the 
feature were visualized with SnapGene viewer. EmTubB2wt stands for wildtype EmTubB2 and 
EmTubB2mut stands for mutated EmTubB2. The position of 167th and the 200th residues are 
shown in red and blue features, respectively.  
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   EmTubB2 has high similarity with human tubulins until 430th position (QQYQDATA), but its 

similarity is lowered at C-terminus. C-terminus of EmTubB1 and EmTubB3 are even more 

different from human tubulins like the alignment below. In Fig.15, HsTubB2B is aligned with 

tubulins of E. multilocularis, because it is most abundantly expressed in HEK293T cells. 

Because C terminus is important for the interaction with α-tubulins, full-length tubulins from 

E. multilocularis might not be able to form dimer with human α-tubulins in HEK cells and 

might not be successfully integrated into microtubule (Fig.15).  

 

  

Therefore, C terminal regions of these Echinococcus tubulins were exchanged by that of 

human tubulin isotype HsTubB2B. The plasmid map of constructs and exchanged part of 

tubulin is shown in Fig.16. The junction and structure of plasmid is largely the same also in 

other constructs. QQYQ of Echinococcus tubulins were fused to DATA of HsTubB2B. The 

primer sequence and detailed method of plasmid construction is described in 4.4.3 and 4.9.    

 

Figure 15: Comparison of HsTubB2B and 3 tubulins of E. multilocularis  

3 β-tubulins from E. multilocularis and 1 human β-tubulin were aligned with ClustalW. 
Grey

 
highlights indicate residues identical to that of HsTubB2B. Red rectangle indicates C 

terminal region which is important for the interaction with α-tubulins. 
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Figure 16: plasmid map and sequence of exchanged part 

Upper: plasmid map of pCMV-chimericEmTubB1 

Lower: plasmid sequence of pCMV-chimeric EmTubB1  

The sequence and features were visualized with SnapGene Viewer. The indigo feature indicates 
C terminal part after DATA from HsTubB2B and the red-purple feature indicates EmTubB1 until 
QQYQ connected to the fragment of HsTubB2B. The junctions between HsTubB2B are the same 
also in other 3 constructs. 
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 The protocol for the transfection is basically the same as the instruction of the manufacture. 

Semi-confluent HEK293T cells were trypsinized and inoculated in 96 well plate with opaque 

wall ( 2×104cells in 200ul of DMEM+GlutaMAX-I with 10% FBS) one day before  the 

transfection. Next day, lipofectamine 3000 (0.15µl × total well number) was diluted by DMEM 

+ GlutaMAX-I WITHOUT FBS ( 5µl × total well number).  In different eppendorf tube, 

plasmid (0.2µg × well number of each plasmid) and P3000 reagent (0.4µl × well number of 

each plasmid) are diluted by DMEM+GlutaMAX-I WITHOUT FBS (5µl × well number of each 

plasmid). The diluted lipofectamine were dispensed into each tube of plasmid (50%:50%) 

and the mixtures were incubated at room temperature for 5 minutes. After the incubation, the 

mixture were added to 96 well plate of HEK293T cells (10µl/well).  

 2 days after transfection, 100ul of the medium was removed from each well and inhibitors in 

fresh 100µl DMEM with 10% FBS ( 2 × final concentration) were added. 4 days after the 

transfection, 150µl of the medium was removed from each well and 50µl of Cell titer glo 

mixture was added. After this, the plates were incubated and chemiluinescence was 

measured, with the condition of user’s guide from the manufacture. The value of 

chemiluminescence unit was normalized with that of DMSO-treated transfectants of the 

same plasmid as percentage. Non-linear regression curves were drawn with Graphpad 

Prism 9.3.1 (Graphpad software) and IC50 of 12 combinations of inhibitors and transfectants 

were culculated.  
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4.8      Bioinformatic analysis and handling of nucleic acids 

4.8.1 Bioinformatic analysis 

 For kinase project, amino acid sequence of various human kinases, histon H3, CDK1/2 and 

HsCDC25A-C were acquired from UniProt  (Bateman et al., 2021) through KEGG database 

Genomenet (Kanehisa et al., 2002). Amino acid sequences of PIM kinases and CDC25 

phosphatases from other model organisms were also acquired from UniProt. If multiple 

transcript variants are deposited, isoform 1 was picked up for that protein. Kinase domain of 

each proteins were detected by SMART8.0 (Letunic and Bork, 2018; Letunic et al., 2015; 

Letunic et al., 2021). Amino acids sequences of various human kinases were aligned  with 

CLUSTALW2.1 (Thompson et al., 1994) in MEGA11 (Tamura et al., 2021). The setting was, 

Gap Opening Penalty=10.00, Gap Extension Penalty=0.20, Delay Divergent Cutoff=30%. 

Based on these alignments, phylogenic tree was generated by MEGA11. The statistical 

method for this tree was maximum likelihood, substitution model was Jones-Taylor-

Thompson model, ML Heuristic method was Nearest-Neighbor Interchange. 

 Amino acid sequences of human PIM kinases , CDC25 phosphatases, HASPIN, FLT3, 

histon H3 were used as queries for BLASTP (Altschul et al., 1997)  analysis against protein 

database of E. multilocularis and S. mansoni through WormBase ParaSite (Howe et al., 

2016; Howe et al., 2017). After identifying EmPIM, EmCDC25, SmPIM, SmCDC25A/B and 

EmHASPIN1/2 they were used as queries for BLASTP analysis against human genome 

through genomenet. The setting for both BLASTP analysis were default. The domains of 

proteins were detected by SMART8.0, aligned by MEGA11, with the same setting described 

above. The alignment was visualized with SnapGene Viewer (SnapGene software). Based 

on the alignments, phylogenetic trees were generated by MEGA with the same setting above 

and percent identity / similarity were culculated through Sequence manipulation suite 

(Stothard, 2000).  The transcripts of empim kinase and emcdc25 phosphatase from the data 
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of Tsai et al (Tsai et al., 2013) were browsed with Integrative Genomics Viewer (Robinson et 

al., 2011; Thorvaldsdóttir et al., 2013) to see whether amino acid sequences available in 

UniProt are correctly predicted. The actual sequences cloned for yeast-two-hybrid were also 

compared with the prediction of EmPIM and EmCdc25.   

For tubulin project, 10 β-tubulins encoded in the genome of E. multilocularis were already 

identified in the preceding research (Koziol and Brehm, 2015). Also β-tubulins in 

Fasciola/Caenorhabditis genomes were identified and named in the preceding researches. 

Therefore, I simply could acquire their amino acid sequences from UniProt, together with that 

human β-tubulins. HcTubB2 was identified by blastp analysis. The sequence on the figure  3 

of Robinson et al. Was used as query (Robinson et al., 2004).  Multiple sequence alignment 

were performed with CLUSTALW 2.1 in Mega11 with the same setting above. The alignments 

were visualized with SnapGene Viewer. Based on these alignments, percent identity/similarity 

was calculated though Sequence manipulation suite and phylogenetic trees were generated 

with MEGA11, with the same setting descirbed above.  
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4.8.2 In silico screening of compounds 

In this doctoral dissertation, experiment/analysis by collaborators are described in bold 

letters. The analysis in this paragraph is done by Dr. Kim, Dr. Zhang, Dr. Becker, Dr. 

Hannus, and Dr. Sennhenn. 

 To identify compounds which potentially bind to EmPIM, Dr. Kim and Dr. Zhang of 

Immunerring corporation (MA/CA/NY)  employed a proprietary deep learning -based 

platform named Fluency (Kim et al., 2020) which can predict binding strength between 

small compounds and proteins as predicted dissociation constant (nM). The query 

was kinase domain of EmPim, which was predicted by Pfam. The libraries were the 

Enamine Hinge Binders library (Enamine) (n=24,000) and Enamine Diverse REAL 

drug-like library version 2021q1-2 (Enamine), further filtered for drug-like properties 

based on Lipinski’s rule of 5 (Lipinski et al., 2001) (n=21.4M). Two versions fluency 

models trained with various data sets and settings, v2c24 and v2c27 were applied for 

the predictions. In total 4 sets of predictions (2 libraries × 2 models) were performed 

and affinity of all molecules were ranked from strongest to weakest. From those 

predictions, the first list of 400 compounds was made, by combining the top ranked 

200 compounds from each library (Appendix 8.1). Based on this list, 20 compounds of 

final lists (Appendix 8.2) were chosen with four criteria below, by Dr. Sennhenn, Dr. 

Hannus and Dr. Becker. 

1. Fluency screening score 

2. Diversity of structure 

3. SeeSAR analysis of the ATP pocket binding mode, intermolecular clashes and 

torsion quality with BioSolvelT (version 11.2) (BioSolveIt GmbH) 

4. Actural availability and budget 
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SIA Enamine (Riga, Latvijas) synthesized compounds of the final list in small scale and 

these compounds were used for in vitro screening of E. multilocularis and human cell lines. 

 

4.8.3 In silico analysis of affinity between HsPim1 and inhibitors  

In this dissertation, description with bold letters are results analyzed by someone else. 

The analysis in this paragraph was done by Dr. Sennhenn. 

The binding strength between HsPIM1 and two inhibitors were analyzed with 

modeling software SeeSAR Version 12.0.1 (BioSolveIt GmbH), based on 3D structure 

of HsPIM1 available online. The integrated analyzer mode in the software identified 

poses which were clash-free and  accompany statistically typical torsions (Schärfer et 

al., 2013). 
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4.9      Handling of nucleic acids 

4.9.1 PCR with KOD DNA polymerase 

When we are cloning DNA sequencing into plasmids, we use proofreading DNA polymerase. 

In our laboratory AG Brehm, KOD DNA polymerase (Toyobo, Kyoto, Japan) is used. In 

general, the pJG4-5 based library made by Hubert et al (Hubert et al., 2004) has been used 

as template. The mixture and program in the thermal cycler with KOD DNA polymerase are 

like below.  

PCR mix with KOD DNA polymerase (1sample)  
  Concentration Volume 

10×KOD reaction buffer   5µl 

Forward primer 10µM 1.5µl 

Reverse primer 10µM 1.5µl 

dNTP mix  2mM each 5µl 

MgSO4  25mM 3μl 

KOD DNA polymerase   1μl 

template DNA   depends on template 

 Distilled water   up to 50µl 
Table 15 

Thermal cycler program for KOD DNA polymearase   
Procedure Temperature Time Cycle 

Initial denature 95℃ 3min ×1 

Denature 95℃ 20sec   

Annealing depend on primer pair 20sec ×40 

Extension 70℃ 20sec/kbp   

final extension 50℃ 
20% longer than 
extension ×1 

Hold 4℃ ∞ ×1 
Table 16 
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Plasmids provided from Dr. Spiliotis or AG Brehm was used as templates for EmTubB 

constructs. Because C terminus fragment of HsTubB2B was too short, no templates were 

necessary and double strand DNA fragments were synthesized just by annealing of forward 

and reverse primers. The combinations of templates and primers are below. 

Plasmid Template 

pCMV-chimericEmTubB1 pCFJ601-TubB1-23 K1 (gelb1) 

pCMV-chimericEmTubB2wt  pCFJ601-TubB2-31K4 (gelb4)  

pCMV-chimericEmTubB2mut pCFJ601-TubB2 2x Y-F mutiert (gelb42) 

pCMV-chimericEmTubB3 pCFJ601-TubB30-1K4 (gelb5) 
Table 17 

Plasmid Forward Reverse 

pCMV-chimericEmTubB1/2 SyncHsTubB2BF2 SyncHsTubB2BR 

pCMV-chimericEmTubB3 HsTubB2BforEmTubB3F HsTubB2BDATA-rev 

Table 18 

 

4.9.2 Gel electrophoresis  

1% agarose gels of Tris-acetate-EDTA (TAE) are prepared before the end of the PCR. To 

visualize the band, Midori Green Advance (Nippon Genetics Europe) is mixed before the 

gels are solidified (1:25000). The PCR products are mixed with loading dye (2µl of dye +5µl 

of PCR product) and loaded into the gel. Smart ladder (Eurogentec) is also loaded into the 

gel to estimate the size of PCR products. After 20 min or longer (depends on the size of the 

PCR product and gel) electrophoresis in TAE buffer at 125V, the bands of PCR products 

were visualized under ChemiDoc MP System (Bio-Rad). If there is a single band of desired 

size, the leftover of the PCR products will be purified. In case there are extra bands other 

than the band of desired size, all leftover of PCR products is loaded new Agarose gel. After 

electrophoresis again, only the band of desired size is excised from the gel and this part of 

gel will be used for the purification. 
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4.9.3 Purification and cloning of PCR products 

The leftover of PCR products or gel including the band of desired size are purified with 

NucleoSpin® Gel and PCR clean-up (Macherey Nagel GmbH) with the procedure of its 

user’s manual. After purification, the PCR products are quantified with nanodrop. 

In the case of pJet1.2 based plasmids, the PCR fragments are cloned into pJet1.2 with 

CloneJETTM PCR Cloning kit with the procedure of its user’s manual. In the case of other 

backbones, PCR fragments were integrated into linearized vectors with the method of aqua 

cloning described in (Beyer et al., 2015)  

 

4.9.4 Transformation of chemically competent E. coli 

In our laboratory AG Brehm, chemically competent E. coli strain TOP10 is regularly used. 

Aliquots of competent cells are thawed on crashed ice, and 2.5µl（CloneJETTM PCR Cloning 

kit or 10µl (aqua cloning) of the reaction mixtures are added to the tubes. After 30 minutes of 

incubation on the crashed ice, the tubes are moved to heat block and heat-shocked at 42℃ 

for 45 seconds. After the heat shock, the tubes are moved into the crashed ice and 

incubated for 5 minutes. After 5 minutes, the tubes are centrifuged at room temperature, 

6000 × g for 1 minutes and the supernatants are removed. The E. coli pellets are 

resuspended with 100µl of SOC medium and incubated on thermomixer at 37℃, 200rpm for 

up to 1 hour. After 1 hour, all 100µl are inoculated on LB plates with selection marker 

(Kanamycin: 50mg/ml, Carbenicillin: 100mg/ml) and incubated at 37℃ overnight. 
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4.9.5 Colony PCR 

After overnight incubation at 37℃, colonies on selection plates come out. These colonies are 

picked up with sterile tips and resuspended into 30µl of ultrapure water independently. 9µl of 

PCR mix below are added to 1 µl of the resuspension in 8 strips.  

PCR mix for Taq DNA polymearase (10 samples )  
  Concentration Volume 

5×Midori PCR buffer   20µl 

Forward primer   1µl 

Reverse primer 50µM 1µl 

Taq DNA polymerase   1µl 

Distilled water   65µl 
Table 19 

Primer pair   
Backborn plasmid Forward Reverse 

pJet1.2 pJet1.2 Fw pJet1.2 Fw 

pGBKT7 T7 pGBKT7-Rev 

pGADT7 T7 pGADT7-Rev 

pCMV-myc pCMV_Fwforseq pCMV_Revforseq 
Table 20 

The sequences of each primer are written in 4.4. tables. 

The 8 strips are moved into the thermal cycler and moved with the program below. 

Thermal cycler Program for Taq polymerase   
Procedure Temperature Time Cycle 

Initial denature 94℃ 3min ×1 

Denature 94℃ 20sec   

Annealing depend on primer pair 20sec ×25  

Extension 72℃ 1min/kbp   

final extension 72℃ 
20％ longer than 
extension ×1 

Hold 4℃ ∞ ×1 
Table 21 

The size of PCR products is evaluated through electrophoresis.  

50µM
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4.9.6 Amplification of plasmid 

If there is colony with PCR products of appropriate size, 10µl of colony resuspension is 

inoculated into a sterile tube with 5ml of LB media including antibiotics (Kanamycin 50mg/ml 

or Carbenicillin 100mg/ml). The tubes are incubated at 37℃ 200pm for 16hours. After 

16hours, the plasmids are purified with Nucleospin ® plasmid (Macherey Nagel GmbH) and 

quantified with nanodrop. 

   

4.9.7 Sequencing of plasmid 

The plasmid was mixed with primer like below and sent to the sequencing service of 

Mycrosynth SeqLab (Göttingen, Germany). The primers for sequencing are basically the 

same as those for colony PCR, but when inserts are too long to be covered by a pair of 

primers (approximately over 2000bp), additional primers need to be designed and ordered. 

sequencing sample Concentration Amount 

Plasmid   up to 500ng 

Primer 5µM 5µl 

ultrapure water   up to 10µl 
Table 22 
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4.9.8 Synthesis of probes for in situ hybridization 

For the synthesis of DIG-labelled riboprobe for in situ hybridization, pJet1.2-based plasmids 

including maximum 1000kbp cDNA sequences from the gene of interest were constructed 

with the procedure above. After clarifying that desired sequences are included through 

sequencing, use the plasmid for the next PCR as template. The same as 4.7.2.1, PCR with 

KOD polymerase is necessary.  

 

  Concentration Volume 

10×KOD reaction buffer   5µl 

Forward primer 10µM 1.5µl 

Reverse primer 10µM 1.5µl 

dNTP mix   5µl 

MgSO4   3μl 

KOD DNA polymerase   1μl 
Template pJet1.2 based 
plasmid   5 l 

 Distilled water   28µl 
Table 23 

Backborn plasmid Forward Reverse 

pJet1.2 T7 plus2 5-Sp6+pJet1.2 Rev-3 
Table 24 

 

 

 

 

 

 

μ

25mM
2mM each
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The sequence of each primer is written in 4.4 tables. 

The thermal cycler program is completely the same as KOD PCR described above. 

The PCR fragments should include both T7 and Sp6 sites. The size of PCR products should 

be checked by electrophoresis. The leftover of PCR products is purified as 4.7.2.3. 

The purified PCR products are used as template for the synthesis of riboprobes with T7 and 

SP6 RNA polymerases. Depending on the direction of insertion, one will be the riboprobe 

(antisense) the other will be the control probe (sense) 

The mixture for in vitro RNA transcription is like below. The polymerase should be added the 

last.  

In vitro transcription mix (1 probe, 20μl) 

  Volume 

10×NEB in vitro transcription buffer 2µl 

10×DIG Mix 2µl 

RNA polymerase 2µl 

RNAse inhibitor 0.5µl 

10×BSA 2µl 

Template DNA 1µg 

RNAse free water up to 20µl 
Table 25 

These mixes are incubated at 37℃ for 2 hours. After 2 hours, add 1ul of RQ1 DNAse to 

each tube and incubate 15 more minutes at 37℃. 

2µl of the transcribed RNA is mixed with 6×2µl of loading dye（New England Biolabs）and 

loaded into 1% agarose gel. The same as 4.9.2.2., the size of products need to be 

evaluated. If the product size is appropriate, the leftover of transcribed RNA will be purified 

with the  kit and its quality was evaluated through dot blot, as described in Koziol et al. 

(Koziol et al., 2014) by comparing signal from control DIG-labelled RNA (Roche). 
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4.10      Yeast-two-hybrid 

In AG Brehm, Matchmaker Gold Yeast Two Hybrid System (Takara) has been used for 

decades. The primer pairs were designed based on the sequence information from 

WormBase ParaSite (Howe et al., 2016; Howe et al., 2017; Tsai et al., 2013), so that full-

length cDNA of EmPIM and EmCDC25 are amplified. Their sequences of primers are shown 

in the table of 4.5.2. and vector construction process is described in 4.9. 

  Saccharomyces cerevisiae Gold strain (Takara) are transformed with plasmids by one step 

protocol described by Tripp et al in (Tripp et al., 2013) and were inoculated on the -Leu/-Trp 

double dropout agarose plates. After the incubation at 30℃ for 2 days, three colonies were 

picked up from each transformants and inoculated independently into 2ml of liquid -Leu /-Trp 

medium and incubated at 30℃, 200rpm until they grew above OD660=1.0. These yeasts are 

diluted so that the density is approximately equivalent to the level of OD660=1.0, 0.1 and 

0.01. The diluted yeast was inoculated on -Leu, -Trp, -Ade triple dropout plates and -Leu/ -

Trp/ -Ade /-His quadruple dropout plates as 5µl droplet. After 48 to 72 hours of incubation at 

30℃, the pictures of plates were taken with ProtoCOL SR colony counter (Synbiosis) and 

the growth was compared with the transformants of positive control ( pGADT7-

AntigenT+pGBKT7-p53)  and negative control (pGADT7-AntigenT+pGBKT7-LamC) 

 The pictures were converted into gray scale, and processed with Fiji/imageJ (Schindelin et 

al., 2012), with the protocol described in (Petropavlovskiy et al., 2020). The level of growth 

on quadruple dropout plates with the inoculation density OD660=1.0 was quantified as gray 

value. The quantified level of growth was statistically analyzed with one-way ANOVA 

followed by Tukey’s multiple comparison tests in Graphpad prism 9.3.1(Graphpad software). 

In this analysis, all plasmid combinations were compared one another but only the 

comparisons with corresponding controls are shown on the graph. 
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4.11      Imaging analysis 

4.11.1 Whole-mount in situ hybridization 

 For kinase project, the construction process of pJet1.2-based plasmid for probe synthesis is 

described in 4.9.1-4.9.7. Following process of synthesizeing in situ hybridization probes is 

described in 4.9.８. 

 In vitro cultivated untreated metacestodes vesicles (H95) were incubated in 

DMEM+GlutaMAX-I including 50μM 5-ethynyl-2'-deoxyuridine (EdU, included in invitrogen’s 

Click-iT cell proliferation assay kit) and 10% Fetal Bovine Serum Superior (life technologies) 

at 37℃ for 5 or 8 hours. The plates were gently tapped every 1 hour. After labeling, the 

vesicles were moved into DEPC-PBS and were torn with forceps to wash out hydatid fluid. 

After washing, the vesicles were fixed in 4％ PFA in DEPC-treated PBS at 4℃ overnight. 

The next day, fixed vesicles were washed three times with DEPC-treated PBS and 

dehydrated gradually with 25%, 50% and 100% methanol. After dehydration, the samples 

were stored at -20℃. 

The procedure of WISH was performed in the protocol described in (Koziol et al., 2014) . 

After the procedure of in situ hybridization, EdU developing procedures and 4’, 6-diamidino-

2-phenylindole (DAPI, Thermo Fisher) staining were carried out with the protocol of Koziol et 

al (Koziol et al., 2014). After DAPI staining, vesicles were washed 5 timese with PBS and 

mounted on slide glasses together with histology mounting medium Fluoroshield (Sigma-

aldrich).  

 Nikon eclipse Ti2E conjugated to the Laser Unit LightHub+ (Omicron) and Confocal 

Scanner Unit CSU-W1(Yokogawa) was used to observe these slides. Series of pictures 

were taken at randomly chosen sections of the germinal layer of 5 metacestode vesicles with 

40 × objective lens as Z-stack. Among the picture of each Z-stack, the layer of strongest 
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signal was selected by the function of Z project in Fiji/ImageJ and processed (Schindelin et 

al., 2012).  

 EdU positive cells, WISH positive cells and double positive cells were counted manually and 

independently. The number of cells with each signal were calculated to cell number per mm2 

on the germinal layer. 

 For tubulin project, vesicles were treated with 30µM TCBZS or DMSO for 10 days before 

fixation. The pJet1.2-based plasmid including EmTRIM sequences was constructed by Dr. 

Koziol (Koziol et al., 2015) and was still stored in -20℃. The process of probe syntehsis is 

described in 4.9.8. The process between fixation and acquision of Z-Stack images is totally 

the same as kinase project.  

 After the layer of strongest signal was extracted with Fiji, the image was splitted into 3 

channel. Threshholds are set for both green and blue channel independently, and area 

(mm2) with green (WISH) signal and area with blue (DAPI) signal are independently 

measured. By normalizing green area (WISH signal which reflects EmTRIM positive cell 

number) with Blue area (DAPI signal which reflects total cell number), the ratio of EmTRIM  

positive cells was quantified. The normalized values from each Z stack were statically 

analyzed with Mann Whitney test in GraphPad Prism 9.3.1 (GraphPad software). 

 

 

 

 

 

 

 



Materials and methods 
 

71 
 
 

4.11.2 Whole-mount immunofluorescence assay 

 Vesicles treated with inhibitors for 10 days were torn in PBS and washed to remove hydatid 

fluid. After washing, they were fixed with PBS including 4% PFA at 4 ℃ overnight. The next 

day, the vesicles were washed three times with PBS, and dehydrated with 50%, 75% and 

100% methanol gradually. The vesicles were stored at -20℃ until use. 

On the 1st day of experiment, the vesicles were rehydrated with 100%, 75% and 50% 

ethanol gradually. After washing 3 times with PBSTx (including 0.3% TritonX-100), the 

vesicles were permeabilized with PBS including 1% SDS at room temperature for 20 min. 

After permeabilization, the vesicles were washed 3 times again with PBSTx, and blocked 

with PBSTx including 3% BSA and 5% sheep serum for 2 hours. After blocking, the vesicles 

were incubated in PBSTx including 3% BSA and the primary antibody (100 times diluted anti 

Acetylated α-tubulin mouse antibody) at 4℃ overnight.  

 On the 2nd day of the experiment, the primary antibody was washed with PBSTx 5 times and 

incubated in PBSTx including 3% BSA and the secondary antibody (100 times diluted FITC-

conjugated anti mouse goat antibody) at 4℃ overnight.  

 On the 3rd day of the experiment, the vesicles were washed with PBSTx once, and stained 

in PBS including 1% BSA, 1µg/ml DAPI and 40 times diluted TRIC-conjugated Phalloidin at 

room temperature for 30 minutes. After staining with DAPI and phalloidin, washed with 

PBSTx 4 times and mounted on the slide glasses, the same as samples of WISH. The slides 

were observed under a confocal microscope and series of pictures were acquired as Z 

stack, the same as the sample of WISH. The number of cells with AcTub signal were 

calculated to cell number per mm2 on the germinal layer, similarly as WISH against PIM. 



Materials and methods 
 

72 
 
 

4.11.3 EdU labeling and analysis of EdU positive cells 

 For the evaluation of BZs’ effect on EdU cells, metacestode vesicles were treated with BZs 

for 10 days, and fixed with 4% PFA overnight after labeling with 50µM EdU for 5 hours, the 

same as 4.11.1. Next day, the vesicles were washed and dehydrated. On the day of 

development, the EdU was developed with the protocol of Koziol et al. (Koziol et al., 2014). 

The process from DAPI staining to images acquisition was almost the same as 4.11.1., but 

images from 10 metacestode vesicles were acquired. The layers of the strongest signals 

were extracted with Z project of Fiji/imageJ (Schindelin et al., 2012) and saved through a 

macro customized by myself. The threshold was set with NIS-element AR (Nikon, Tokyo, 

Japan) and EdU positive cells were counted with object count function in the software. The 

ratio of EdU positive cells (cell number /mm2) were statistically analyzed with Kruskal-Wallis 

test followed by Dunn’s multiple comparison test in Graphpad Prism in 9.3.1 (Graphpad 

Software) and all combinations of BZs-treatment were compared with DMSO. 
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5. Results 

5.1  In vitro screening with kinases inhibitors 

 Protein kinases are considered to be good targets for chemotherapy because of several 

characteristics (3.2.1). Therefore, AG Brehm, TransMedChem and Intana Bioscience acquired 

budget for the research of Echinococcus kinase, Kinase Inhibitoren als Therapeutika gegen 

Echinokokkose (KITE). The first expereiment of the project was screening with commercially 

available inhibitors. Through the research of transcriptmics, it was already known that E. 

multilocularis has kinases in all 7 groups of human kinome (Tsai et al., 2013). The first list of 

kinase inhibitors (Table 2) was made so that it covers all 7 major groups. 

 

Figure 17: Screening result of kinase List1 

The right heatmap shows  luminescence units of primary cells treated with kinase inhibitors for 3 
days. They are shown as percentage after normalizd with that control, DMSO. The left table shows 
names of inhibitors in the list1, which target kinases in 7 major groups. 
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 I measured the effect of inhibitors as cell viability of primary cells, which include high 

percentage of geminative stem cells (Koziol et al., 2014). The primary cells were incubated for 

3 days with 10µM of each inhibitors before the measurement of cell viability. There were 14 

inhibitors in the first list. SGI-1776, a commercially available pan-PIM inhibitor showed 

outstanding detrimental effect among these 14 inhibitors (Fig.17). 

 The second list for screening (Table 3) includes inhibitors against kinases which have been 

studied in previous research in AG Brehm (Gelmedin et al., 2008; Gelmedin et al., 2010; 

Hemer and Brehm, 2012; Montagne et al., 2019; Schubert et al., 2014). These inhibitors 

already have tried in in various methods by each researcher and proved to have some 

detrimental effect against E. multilocularis in vitro, or at least their target kinases are important 

for E. multilocularis. The advantage of cell viability assay is that many inhibitors can be tried 

in shorter time with smaller consumption of parasitic material, but none of the previous 

researchers have tried this method and its validity was questionable. Resazurin assay has 

already been tried (Herz and Brehm, 2021) and it is also categorized into cell viability assay, 

but it is different from our assay. Our assay measures ATP concentration and resazurin 

measures oxidation-reduction reaction. Therefore, I tried SGI-1776, which showed the 

strongest toxicity in the 1st list, together with the inhibitors already tried by other researchers. 

However, GSK690693 and Palbociclib were exception. Previous researchers in AG Brehm 

have never published about AKT, CDK4 or CDK6. They were planned to be included in the 

first list, but simply they were delivered months later than the initial schedule and could not be 

used together with kinase inhibitors in the first list.  
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 As I expected, PLK inhibitor or EGFR inhibitor showed stronger toxicity, the same as SGI-

1776 and the result of cell viability assay with the first list was validated (Fig.18). Through the 

screening with two lists, we therefore decided to focus on PIM kinase and EGFR.  

 Because we decided to focus on PIM kinase and EGFR, the 3rd list (Table 4) includes multiple 

inhibitors against PIM kinase and EGFR, and against kinases closer to them. Because the 

toxicities of BCR-ABL inhibitors and Aurora kinase inhibitors in the 1st and 2nd list were different, 

additional inhibitor against them were also included into the 3rd list. 

Figure 18: Screening result of List2 

The right heatmap shows  luminescence units of primary cells treated with kinase inhibitors for 3 
days. They are shown as percentage after normalizd with that control, DMSO. The concentration 
of inhibitors are shown under the heatmap. The left table shows names of inhibitors in the list 2, 
which target kinases studied by previous resesarchers in AG Brehm. 
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There were several exceptions, but multiple inhibitors both against EGFR and PIM kinases 

showed stronger detrimental effect (Fig.19). Therefore, we decided to focus on these kinases, 

especially PIM kinase. 

 

 

 

Figure 19: Screening result of List3 

The right heatmap shows  luminescence units of primary cells treated with kinase inhibitors for 3 
days. They are shown as percentage after normalizd with that control, DMSO. The concentration 
of inhibitors are shown under the heatmap. The left table shows names of inhibitors in the list 3.  
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5.2  PIM kinases 

5.2.1 Characterization of EmPIM 

 During in vitro screening with kinase inhibitors in 7 major groups (5.1), at least two pan-Pim 

kinase inhibitor, SGI-1776 and CX-6258, showed outstanding detrimental effect on the cell 

viability of the primary cells. The original targets for these inhibitors are three isoforms in 

human genome, PIM1, PIM2, PIM3 (Cuypers et al., 1984; Konietzko et al., 1999). When I 

performed BLASTP analysis against protein database of E. multilocularis (Tsai et al., 2013), 

only one protein, EmuJ_000197100, had homology with the three queries, HsPim1, HsPim2 

and HsPim3.  Especially the similarity in the kinase domain of this protein and human PIM 

kinases were high. This protein also has homology with PIM kinases of other model 

organisms, PSK2 of Caenorhabiditis and PRK2 of Saccharomyces. When I performed 

BLASTP analysis against genome of Schistosoma mansoni with the three queries, HsPIM1, 

HsPIM2 and HsPIM3, again only one protein, Smp_090890 was identified. We named them 

EmPIM and SmPIM, respectively. 

 Immediately after I identified EmPIM and SmPIM, I analyzed domains of full length of 

EmPIM, SmPIM and HsPIM1-3 through SMART (Letunic and Bork, 2018; Letunic et al., 

2015; Letunic et al., 2021). All three human Pim kinases have only shorter sequences 

outside of kinase domain, both at N terminus and C terminus. On the other hand, EmPIM 

has long sequences at C terminus, after its kinase domain. SmPIM also has long sequences 

after kinase domain (Fig.20). No domain or motifs was detected in the lengthy C terminus tail 

of EmPIM and SmPIM, therefore the function of these longer C terminal tail is unknown.  
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 Next, I aligned amino acid sequence of kinase domains (Fig.21).  

 

 

Figure 20: Schematic image of domains in PIM kinases  

Domains detected by SMART and length of EmPIM, SmPIM, and human PIM kinases (HsPIM1-
3). The total length of the proteins is shown to the right. The positions of the kinase domain are 
indicated. 

Figure 21: Alignment of kinase domain of PIM kinases 

Amino acid sequenceof the kinase domains of EmPIM, SmPIM, HsPIM1-3 were aligned with 
ClustalW. Grey highlights indicate residues identical to HsPIM1. DFG motifs and the hinge regions 
are shown under the alignment. 14 residues important for the interaction with CX-6258 (Bougus et al.) 
are shown with black arrowheads. The alphabet and number next to the arrowheads indicate the residue 
and position in HsPIM1.  
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 Based on the alignment (Fig.21), a phylogenetic tree of kinase domains was generated 

(Fig.22). According to the phylogenic tree, EmPIM is not especially closer to any of three 

human kinases.  

 

 

 

 

 

 

 

Figure 22: Phylogenetic tree of PIM kinases  

Phylogenetic tree was generated based on the alignment of kinase domains of EmPIM, SmPIM, all 
thre human PIM kinases (HsPIM1-3), PRK2 from Caenorhabditis, and PSK2 from Saccharomyces. 
The statistical method for the tree was maximum likelihood, substitution model was Jones-Taylor-
Thompson model, ML Heuristic method was Nearest-Neighbor Interchange. The tree was 
visualized with MEGA11. 
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5.2.2 Expression of empim in stem cells 

 HsPIM1 is a positive regulator of cell cycle progression (Morishita et al., 2008). In E. 

multilocularis, stem cells (germinative cells) are only mitoticallly active (Koziol et al., 2014). 

Therefore, I expected that empim are expressed in stem cells and play a similar role as 

HsPIM1. To estimate the expression level of empim in stem cells, I analyzed the expression 

data of Tsai et. al. (Tsai et al., 2013). The expression level of empim is lower in metacestode 

vesicle without brood capsules than in primary cells 2 days after isolation (Fig.23). Because 

the most of primary cells remain undifferentiated  in 2 days after isolation (Koziol et al., 

2014), the expression profile of primary cells day2, is considered to reflect that of stem cells. 

This indicates that empim expressed more in stem cells than differentiated cells. However, 

the difference in the expression level of empim between metacestode vesicles and primary 

cells is less clear than that of emplk1, which is known to be expressed specifically in primary 

cells (Schubert et al., 2014). 

 From the expression profile, the expression of empim in stem cells was indicated. 

Therefore, to see co-localization of empim mRNA and actively proliferating stem cell marker 

(EdU), I tried in situ hybridization. In AG Brehm,  metacestode vesicles for in situ 

hybridization are labelled with EdU for 5 hours, according to the standard protocol of the 

laboratory (Koziol et al., 2014). 
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 However, very limited number of cells show co-localization of EdU and WISH signal. 

Therefore, I prolonged the incubation to 8 hours and 16 hours. The vesicles incubated for 16 

hours were too fragile to keep their structure during the in situ hybridization process, which 

include repetitive wash and boiling at 57-60℃ over 24 hours. Approximately 25% of WISH 

positive signals co-localized with EdU signals in the samples of 8 hours incubation (Fig.24).  

Figure 23:  Expression level of EmPim 

Expression data here were extracted from Tsai et al. Gene expression level (Transcripts Per kilobase of 
exon per Million transcripts mapped, TPM) of EmPim kinase and EmPlk1, in primary cell isolated after 
2days and in metacestode vesicles without brood capsules (bc). Plk1 is specifically expresssed in stem 
cells and its expression level is shown to compare with that of EmPim. 
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Figure 24 Co-localization of empim and stem cell marker 

(Left) WISH sample observed under a confocal microscope. Green signal is from antisense probe 
against empim, red signal is from EdU (actively proliferating stem cells in S phase) and blue signal 
is from DAPI (nucleus). Red arrow indicates EdU positive cells, green arrow indicates WISH 
positive cells, and brown arrow indicates cells with both signals. The length of scale bar is 25µm. 

(Right) Mean number of cells with each signals per mm2 observed in WISH samples under confocal 
microscope. The error bars represent standard deviation. 
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5.2.3 Interaction between EmPIM and EmCDC25C 

 Human PIM1 positively regulate cell cycle progression through activation of CDC25 

phosphatases (Bachmann et al., 2006; Mochizuki et al., 1999). CDC25 phosphatases are 

well-conserved among members of opisthokonta (metazoa and fungi), although the number 

of gene varies from spieces to spieces. After being activated by HsPIM1, CDC25A/C 

removes inhibitory phosphates from cyclin-CDK complexes and the signals for cell-cycle 

progression are transmitted (Bachmann et al., 2006; Chow et al., 2011; Donzelli and Draetta, 

2003; Mochizuki et al., 1999).  If EmPIM is a positive regulator of cell cycle progression 

similarly as HsPIM1, CDC25 phosphatase should be encoded in the genome of E. 

multilocularis. Blastp analysis against protein database of E. multilocularis identified only one 

protein EmuJ_001174300, which had high similarity with the queries, human CDC25A, 

CDC25B and CDC25C. Similar blastp analysis against protein database of S. mansoni 

identified two proteins with homologies with human CDC25s. We named them EmCDC25, 

SmCDC25A and SmCDC25B respectively. When we analyzed amino acid sequences of 

these proteins with SMART (Letunic and Bork, 2018; Letunic et al., 2015; Letunic et al., 

2021), rhodase homology domain (RHOD) were detected. RHOD domain is a hallmark of 

CDC25 family (Bordo and Bork, 2002).  However, differnt from human CDC25s, M phase 

phosp domain was not detected in EmCDC25 and SmCDC25s (Fig.25)
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Figure 25: Schematic image of domains in CDC25 phosphatases from three spiecies 

Pfam domains detected through SMART are shown in this schematic image. The position of each 
domain and total lenght of the protein are shown. 



5. Results 
 

85 
 
 

When I made an alignment of RHOD domain, one characteristic of EmCDC25 was found. 

EmCDC25 has insert between DCR motif and Active site in its RHOD domain, and such 

inserts do not exist in huan CDC25s. SmCDC25A shares this characteristic, but SmCDC25B 

does not have the last and longer insert (Fig.26).  

 

 

 

 

 

 

 

 

 

 

Figure 26: Alignment of rhodanese homology domain 

The RHOD domains of each phosphatase were detected through the analysis with SMART and 
aligned with ClustalW. Gray highlights indicate consensus of residues on four or more phosphatases.  
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Based on the alignment, a phylogenetic tree of CDC25 was generated. EmCDC25 and 

SmCDC25A are adjacent to each other in the phylogenic tree, but SmCDC25B are far from 

EmCDC25 and SmCDC25A (Fig.27) , probably because of different pattern of inserts. 

 

 

 

 

 

 

 

Figure 27: Phylogenetic tree of rhodase homology domains  

The phylogenetic tree was generated based on the alignment of RHOD domains of CDC25 
phosphatases. TWE and STG are CDC25s of Drosohpila, MIH1 is CDC25 of Saccharomyces, and 
CeCDC25s are 4 CDC25s from Caenorhabditis. The statistical method for the tree was maximum 
likelihood, substitution model was Jones-Taylor-Thompson model, ML Heuristic method was 
Nearest-Neighbor Interchange. The tree was visualized with MEGA11  
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 To verify whether EmPIM and EmCDC25 have interactions like human PIM1-CDC25A , I 

tried yeast-two-hybrid assay. The transformant with pGBKT7-empim and pGADT7-emcdc25 

clearly grew better on both triple dropout plate (moderate stringency) and quadruple dropout 

(high stringency) plate than the control transformants with empty vectors (Fig.28). This 

indicates that there is a specific interaction between these two proteins. 

 

 

When I quantify the growth of each transformants on quadruple dropout (inoculation density 

OD660=1.0), the differences between pGBKT7-empim x pGADT7-emcdc25 and controls with 

empty vectors were also significant (Fig.29). 

 

Figure 28: Yeast growth on selection plates   

Pictures of yeast transformants grown on double dropout (-Leu/-Trp), triple dropout (-Leu/-Trp/ 
-His), quadruple dropout (-Leu/-Trp/-His/-Ade) after being inoculated with three densities above 
and plasmid combination of each transformants are shown at the left. The pictures were converted 
into grayscale and the background was subtracted with the algorism of sliding paraboloid. 
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The target of human CDC25A/CDC25C are HsCDK2/HsCDK1 (Bachmann et al., 2006; 

Donzelli and Draetta, 2003). EmCDK1 has already been identified in the expression data of 

Tsai et al (Tsai et al., 2013). When I aligned EmCDK1 with human CDC25A and CDC25C, 

the amino acid sequence around Thr14/Tyr15, the target reidues of human CDC25s, are 

relatively well conserved (Fig.30).  

Figure 29: Quantified growth level of yeast 

Mean level of growth was quantified as gray value. The error bars represent standard deviation. 
One way ANOVA followed by Tukey’s multiple comparison test was used to compare all 
plasmid combinations, but only the comparisons of corresponding control are shown. P values 
less than 0.0001 are summarized with ****. 
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Figure 30: Alignment of human CDK1/2 and EmCDK1 

Full-length human CDK1/2 and EmCDK1 are aligned with ClustalW. Gray highlights indicate 
consensus of residues. The red rectangular indicates target residues of HsPKMYT1, HsWEE1 
and HsCDC25A/C.  
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5.2.4 Effects of SGI-1776 and CX6258 on E. multilocularis 

In the cell viability assay with primary cells (5.1), two pan-PIM inhibitor, SGI-1776 and CX-

6258 showed clear detrimental effect. The advantage of cell viability assay is, that we can 

perform screening of many inhibitors at once with smaller amount of parasite samples. On 

the other hand, it has the disadvantage of being far away from the state of natural 

infection.Therefore, I tried these inhibitors on metacestode vesicles in vitro, a state closer to 

the natural infection. Both inhibitors had toxicity against matured metacestode vesicles and 

altered their structural integrity in dose dependent manner. Especially after 28 days 

incubation with 10µM inhibitors, the laminated layers and germinative layers were 

completely detatched (Fig.31).  

 

Stem cells (germinative cells) of E. multilocularis have totipotency and they can regenerate 

metacestode vesicles. This ability is likely to be correlated with the relapses of AE and 

impeding vesicle regeneration is important (Brehm and Koziol, 2014). Therefore, I tried 

vesicle formation assay and evaluated the ability of these two inhibitors to stop vesicle 

regeneration from primary cells, which include high percentage of stem cells. Without any 

inhibitor, stem cells in primary cells can differentiate and regenerate new metacestode 

vesicles even in vitro. However, the number of new vesicles were significantly smaller after 

21 days incubation with 10µM and 30µM of CX-6258. In the case of SGI-1776, the difference 

was not statistically significant with 10µM but no vesicels were regenerated with 30µM 

(Fig.32). 
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Figure 31: Damage on matured metacestode vesicles by commercially available inhibitors 

Matured vesicles were treated with commercially available inhibitors for 28 days. 

Left; The bar graph shows mean number of structurally intact vesicles. The error bars represent 
standard deviation. One way ANOVA followed by Dunnet’s multiple comparison test was used to 
compare with the control group, DMSO. P values less than 0.0021 are summarized with **. 

Right; The picture of structurally altered metacestode vesicles observed under an optical 
microscope. 
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 In 5.2.1 and the experiments above (Fig.31-32), SGI-1776 and CX-6258 showed clear 

detrimental effect on matured vesicle and primary cells of E. multilocularis. However, both 

inhibitors are known to inhibit two kinases far away from CAMK group, receptor tyrosine 

kinase FLT3 and HASPIN (Chen et al., 2009; Haddach et al., 2012; Melms et al., 2020). 

When I used HsFLT3 for the queery of blastp analysis, no protein was identified in the 

protein database of E. multilocularis. In contrast, two proteins (EmuJ_000667600.1, 

EmuJ_001165000.1) were identified when I used HsHASPIN as the query. I named them 

HASPIN1 and HASPIN2, respectively. According to the expression data from Tsai et al, the 

Figure 32: Inhibition of the vesicle regeneration by commercially available inhibitors 

Primary cells were incubated with commercially available inhibitors for 21 days. The bar graph shows 
the number of newly formed vesicles. The error bars represent standard deviation. Kruscal-Wallis 
test followed by Dunn’s multiple comparison test is used to compare with the control group, DMSO. 
P values less than 0.0332 are summarized with *. 
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expression level of HASPIN1 was relatively stronger, but that of HASPIN2 was negligible 

(Tsai et al., 2013).  

 There is no previous research about the interaction between SGI-1776 and HsPIM1, but the 

interaction between CX-6258 and HsPIM1 already has been studied (Bogusz et al., 2017). 

They identified that 14 resdues are especially important for the interaction. To consider 

whether CX-6258 inhibits EmPIM, I detected kinase domain of HsFLT3 by SMART analysis 

(Letunic and Bork, 2018; Letunic et al., 2015; Letunic et al., 2021) When I aligned it with 

kinase domain of PIM kinases, at least gatekeepers and DFG motifs of PIM kinases and 

HsFLT3 were aligned like below (Fig.33). 

 

 

 

Figure 33: Alignment of kinase domain of HsFLT3 and PIM kinases 

Kinase domains of HsPIM1, EmPIM, and HsFLT3 were aligned with ClustalW. Grey highlights 
indicate residues identical to HsPIM1. DFG motifs is shown under the alignment. 14 residues important 
for the interaction with CX-6258 (Bougus et al.) are shown with black arrowheads. The alphabet and 
number next to the arrowheads indicates the residue and position in HsPIM1. 



5. Results 
 

94 
 
 

The same as alignment with HsFLT3, I detected HASPIN kinase domain of HASPINs  by 

SMART analysis and aligned them with kinase domain of PIM kinases (Fig.34). 

 

 

As indicated in 3.2.2 (Fig.4), the strucuture of HsHASPIN is quite different from other 

kinases. Most of kinses have DFG motifs, but HASPINs are exception. 

Figure 34: Alignment of kinase domain in PIM kinases and haspin kinase domain in HASPINs  

Amino acid sequence of the kinase domains and haspin kinase domains were aligned with ClustalW. 
Grey highlights indicate residues identical to HsPim1. DFG motifs and the hinge region of HsPIM1 are 
shown under the alignment. 14 residues important for the interaction with CX-6258 (Bougus et al.) are 
shown with black arrowheads.The alphabet and number next to the arrowhead indicates the residue and 
position in HsPIM1. 
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 Among 14 residues important for HsPIM1-CX-6258 interaction, 9 residues are identical in 

EmPIM (Fig.21). However, only 7 residues were identical in HsFLT3 (Fig.33). Therefore, we 

can expect that EmPIM has stronger affinity to CX-6258 than HsFLT3, which is known to 

interact weakly with CX-6258. On the other hand, 2 or 3 out of 14 residues were identical, 

when I compare HsPIM1 and HASPINs. As for the similar residues, 11 out of 14 residues in 

EmPIM are similar or identical to HsPIM1, but 4-6 residues in HASPINs are similar or 

identical (Fig.21, Fig.34). The similarities/identities of 14 important positions of each protein 

shonwn in three alignments (Fig.21, Fig.33, Fig.34) are summerized in Table 26 below. 

 HsPIM1 HsPIM2 HsPIM3 EmPIM SmPIM HsFLT3 
HsHASPI

N 
EmHASPIN

1 
EmHASPIN

2 
 L44 L38 L44 V54 F47 L616 I490 I299 M101 

 F49 F43 F49 F59 F52 F621 F495 Y304 Y106 

 V52 V46 V52 V62 V55 V624 V498 V307 V109 

 A65 A59 A65 V75 V68 V637 K511 K317 K120 

 K67 K61 K67 K77 K70 I639 I513 F319 I122 

 E89 E83 E90 E100 E93 E661 E527 E333 E136 

 I104 I100 I107 S114 V107 V675 V549 R356 D165 

 L120 L116 L123 M130 M123 F691 G567 G379 G183 

 V126 A122 A129 V137 T130 S762 L574 T381 L190 

 D128 D124 D131 D139 D132 D764 A576 A383 A192 

 D131 D127 D134 D142 D135 E767 H579 K386 Q195 

 L174 L170 L177 S185 R178 L175 A623 R428 Q237 

 I185 I181 I188 I196 I189 C828 A634 L439 L248 

 D186 D182 D189 D197 D190 D829 S635 S440 A249 

identical 
residues 

14 13 13 9 8 7 3 2 2 

similar 
residues 

0 1 1 2 2 2 6 4 4 

IC50 of                
CX-6258 

(nM) 
5 25 16     134 

      
  IC50 of            

SGI-1776 
(nM) 

7 363 69     44 34 
    

 

 

Table 26: 14 residues important for HsPIM-CX-6258 interaction in different kinases. 

The  number  of identical  or similar  residues  in PIM  kinases , HASPINs  and  FLT 3 are  shown . 
Identical  residues  are indicated  in yellow highlights  and similar residues are indicated  in   green  
highlights . The total  numbers  of  identical /similar  residues  in  each  protein  are  shown  in  the  middle  of

 the  table.  IC50  of  two  inhibitors  against  each  protein  is  shown  in  the  below  of  the  table.  
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The target of HsHASPIN is Thr3 of HsHiston3. When I used human Histon H3.1-3.3 as 

queries of blastp analysis, only one protein was identified in the protein database of E. 

multilocularis. I named it EmHiston H3. These proteins were highly conserved and percent 

identity was over 96% regardless of the combination. Especially, percet identity and percent 

similarity between  HsHiston H3.3 and EmHiston H3 were 99.26% and 100% respectively. 

Overall sequences, including those around the target residue Thr3 were very well-conserved 

(Fig.35). When human histon3 is translated, Thr3 and Ser10 are 4th and 11th residues, but 

the initiation methionine is removed later (Chen et al., 2021). Therefore, they are generally 

called Thr3 and Ser10. 

 

 

Figure 35: Alignment of human and Echinococcus Histon H3 

Full-length Histon H3 from E. multilocularis and human are aligned with ClustalW. The black 
arrowheads indicate postions of Thr3 and Ser10.  
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5.2.5 In silico screening of EmPIM inhibitors 

 In this doctoral dissertation, analysis described in bold letters is done by our 

collaborators. 

 SGI-1776 and CX-6258 showed toxicity strong enough to damage metacestode vesicles to 

stop regeneration from primary cells. However, their toxicities are also high to human and 

chemotherapeutic approach with pan-PIM kinase inhibitors accompanies adverse side effect 

(Chen et al., 2011; Cortes et al., 2018; Raab et al., 2019). SGI-1776 once proceeded to 

clinical trial of leukemia and non-hodgkin’s lymphoma, but because of the adverse side 

effect such as QT-elongation, both clinical trials have been aborted (NCT00848601, 

NCT01239108). CX-6258 even has not proceeded to clinical trial. Therefore, clinical use of 

these inhibitors for the treatment of AE is clearly impractical. To target EmPIM as a 

parasiticide, it is necessary to develop compounds with selective toxicities. As described in 

4.8.2, Dr. Kim and Dr. Zhang in the United States analyzed EmPIM in silico and made 

the first list of compounds (Appendix 8.1) which potentially have affinities to EmPIM. 

Based on the first list, Dr. Becker, Dr. Sennhenn and Dr. Hannus made the final list of 

20 compounds and ordered SIA Enamine to synthesize them in small scale. The 

structure and detailed information of these 20 compounds are included in Appendix 8.2. In 

the first screening, 20 compounds are tested on matured vesicles in small scale without 

replicates. 4 out of 20 compounds (Z30898879, Z196138710, Z65225039, Z354576500) 

which showed some toxicities on the matured vesicles (Fig.36 left). They are also tested on 

primary cells and only Z196138170 among the 4 compounds inhibited vesicle regeneration 

with the concentration of 10µM (Fig.36 right).  
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 Because of the inhibition of vesicle regeneration, we focused on Z196138170 (N-(4-

(difluoromethoxy)-3-methoxybenzyl)-thieno-[3,2-d]-pyrimidin-4-amine)  and tried it on 

matured vesicles (Fig.37 left) and primary cells with 3 biological replicates (Fig.37 right). This 

compounds showed toxicity against matured vesicles and primary cells comparable to 

commercially available inhibitor SGI-1776.  

 

 

 

Figure 36: Screening of newly synthesized compounds with E. multilocularis in vitro 

(Left) Newly synthesized 20 compounds are tested on matured vesicles with small scale. The 
percentage of structurally intact vesicles after 28 days of incubation are shown in the heatmap. 

(Right) 4 compounds which showed relatively stronger toxicity on metacestode vesicels were 
tested on primary cells, together with DMSO and 10µM SGI-1776 to evaluate the effect on 
vesicle regeneration. Mean number of regenerated vesicles after 21 days of incubation is shown. 
The error bar represents standard deviation. 
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 Because Z196138710 showed satisfactory toxicity against both matured vesicles and 

primary cells, I decided to evaluate its toxicity against human cell lines, HEK293T and 

HepG2. Several studies have shown that cell viability of these cell lines is likely to be 

correlated with functional PIM kinases (Herzog et al., 2015; Kronschnabl et al., 2020; Yu et 

al., 2014). The toxicity was evaluated with cell viability assay after 3 days of incubation with 

inhibitors. The toxicity against human cell lines HEK293T (Fig.38 left) and HepG2 (Fig.38 

right) of the Z196138170 was relatively limited, compared with the severe toxicities of SGI-

1776 and CX-6258. In fact, with all concentration from 3µM to 30µM, Z196138160 showed 

Figure 37: The effect of newly synthesized compound Z196138710 and commercially available 
inhibitor SGI-1776 against E.multilocularis 

(left) The effect of Z196138710 on the matured metacestode vesicles was evaluated after 28 
days of incubation. Mean number of structurally intact vesicles are shown. The error bar 
represents standard deviation. One way ANOVA followed by Dunnet’s multiple comparison 
test was used to compare with the control group, DMSO. P values less than 0.0001 are 
summarized with **** and p values less than 0.0332 are summarized with *. 

(right) The effect of Z196138710 on the regeneration of vesicles from primary cells was 
evaluated after 21 days of incubation. Mean numbers of regenerated vesicles are shown. The 
error bar represents standard deviation. 
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significantly weaker toxicity than both commercially available inhibitors. From the 

experiments of Fig.36-38, we can conclude that Z196138170 has selective toxicity. 

 

 

 The effect of Z196138710 on cell viability of human cell lines was relatively limited. 

However, cell viability just reflects number of alive cells, and it is difficult to conclude from 

this data that the affinity of Z196138710 against human PIM kinases is weaker than that of 

commercially available inhibitors. Therefore, I asked our collaborator to analyze affinities 

between HsPIM1 and Z196138710 in silico. For in silico analysis, 3D data of the protein was 

necessary. 3D data of EmPIM1 are not available, but the data of HsPIM1 are deposited in 

the databases. Therefore, only the affinity against HsPIM1 was predicted. 

Figure 38: Effect of newly synthesized compound Z196138710 and commercially available 
inhibitor SGI-1776 against mammalian cell lines 

After three days of incubation with SGI-1776, CX-6258 and Z196138710, the cell viability of 
mammalian cell lines HEK293T (left) and HepG2 (right) was measured. The relative cell viability 
normalized with DMSO is shown as percentage. The error bar represents standard deviation. P 
values less than 0.0021, 0.0002, and 0.00001 are summarized with **, *** and **** respectively. 
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 Dr. Sennhenn used SeeSAR modelling analysis with the deposited 3D data of 

HsPIM1. The affinity of SGI-1776 against ATP binding pocket of PIM1 was nM level. 

This does not contradict to the previous research (Chen et al., 2009). In contrast, the 

affinity of Z196138710 was µM level and it was weaker than that of SGI-1776 (Fig.36-

38). Therefore, we can conclude that Z196138710 has lower toxicity to HsPIM1 than SGI-

1776. 

 

Figure 39: SeeSAR modeling analysis of binding to HsPIM1. 

(A) Estimated binding affinity of SGI-1776 and Z196138710 to the ATP-binding pocket of 
HsPIM1. 

(B) Model of SGI-1776 binding to the ATP-binding pocket of HsPIM1. 

(C) Model of Z196138710 binding to the ATP-binding pocket of HsPIM1. 
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5.3  Tubulins 

5.3.1 Comparison of Echinococcus tubulins and Robinson’s model of H. contortus 

 To consider which residues are important for the interaction of benzimidazoles and β-tubulins 

of E. multilocularis, I analyzed amino acid sequences of β-tubulins once more. The comparison 

of 200th position has been shown previously (Koziol and Brehm, 2015) and they focused on 

also to 167th position later, but not only 167th and 200th position is correlated with BZ resistance.  

 Robinson et. al. made a model of interaction between albendazole-sulfoxide (ABZSX) and 

Haemonchus contortus’s β-tubulin (deposited in theoretical models section of the RCSB 

Protein Data Bank, PDB entry: 1OJ0). In this model, residues which form the putative binding 

site are shown. Most of them are also residues correlated to BZ resistance. These residues 

are also They described that tubulin as isotype 12-16 (Robinson et al., 2004). However, no 

protein data was deposited in WormBase ParaSite under that name. I analyzed the sequence 

on his paper with blastp and that tubulin proved to be identical to Haemonchus contortus β-

tubulin isotype2 (tbb-isotype-2 HCON_00043670). Therefore, the sequence is used for the 

alignment here as HcTubB2.  
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Figure 40: Comparison of Echinococcus tubulins with Robinson’s model with HcTubB2 

HcTubB2 and 3 tubulins of E.multilocularis were aligned with ClustalW. The black arrowheads 
indicate the position of HcTubB2’s residues which from the putative ABZSX binding site. 
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Based on the alignment (Fig.40), I summarized residues at important positions for the 

interaction between ABZSX and HcTubB2. 

Position 6 50 134 165 167 198 200 257 

HcTubB2 H Y Q S F E F M 

EmTubB1 H Y Q N F E F M 

EmTubB2 H Y Q V Y E Y M 

EmTubB3 H Y Q T F E F M 

 

 

 Other than 167th and 200th position, the difference in 165th might be important. Asn and 

Thr at 165th position of EmTubB1/EmTubB3 belong to the same group as Ser on HcTubB2, 

but Val at 165th position belongs to different group. 

  

 

 

 

 

 

Table 27: Comparison of important residues in tubulins of E. multilocularis with Robinson’s 
model of HcTubB2 

Residues of HcTubB2 which form ABZSX binding site and residues in Echinococcus tubulins of 
those positions are shown. Yellow highlights indicate residues identical to those of HcTubB2, and 
green highlights indicate residues similar to those of HcTubB2. This table is based on the 
alignment of Fig.40 
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5.3.2 Effect of TCBZ on metacestode vesicles 

5.3.2.1 EdU positive cells and structural alternation detectable under an optical 

microscope 

 From the experiments of former members in AG Brehm, expression of EmTubB2 in stem 

cells and resistance of stem cells against ABZ have already been indicated (Brehm, 

personal communication). Therefore, AG Brehm members have looked for compounds 

which damage stem cells.  

 As we see in 5.3.1, the position around 165th - 200th in β-tubulins are generally important for 

the interaction with ABZSX and most of other benzimidazoles (BZs), and EmTubB2 has 

several residues important for BZ resistance (3.5).  

 Triclabendazole (TCBZ) and ABZ seems to interact with different regions in β-tubulin 

(Fetterer, 1986; Ranjan et al., 2017; Robinson et al., 2001). One β-tubulin isotype of 

Fasciola hepatica FhTubB1 has Tyr200, and this residue is correlated with BZ-resistance. In 

the experiment by Stitt and Fairweather, TCBZSX inhibited mitosis of spermatogenic cells in 

the testes of adult Fasciola hepatica (Stitt and Fairweather, 1992). According to the recent 

data from single cell RNA seq analysis of adult F. hepatica, FhTubB1 is expressed 

specifically and strongly in testes (Häberlein, personal communication). These results and 

analysis indicate that TCBZ works on FhTubB1 with Tyr200 in spermatogenic cells of F. 

hepatica. Therefore, we expected that TCBZ might have effect on EmTubB2 in stem cells, 

regardless of the sequences around 165th-200th. 

 As the first experiment of this project, triclabendazole-sulfoxide (TCBZSX, TCBZ is 

metabolized into TCBZSX in mammalian hosts) and combination of ABZ/TCBZSX on 

metacetode vesicles were tried, since we already had the idea of combining ABZ and TCBZ 

for AE treatment. 
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 Matured metacestode vesicles were treated with 0-30µM TCBZSX for 10 days, with or without 

0-10µM ABZ. 30µM TCBZSX treatment without ABZ did not result in structural disintegration, 

even though this concentration is lethal for Fasciola hepatica in vitro. At least under an optical 

microscope, no detectable phenotypes were observed. In contrast, regardless of the 

concentration of TCBZSX, the structure of metacestode vesicles were severely altered by 

10µM ABZ. Especially germinal layer and tegument of the vesicles were completely 

disintegrated after the treatment with 10µM ABZ + 30µM TCBZ (Fig.41). 
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 It is impossible to estimate the damage to stem cells just by observing veiscles through an 

optical microscope. To evaluate the damage to actively proliferating stem cells, I labelled these 

vesicles with 5-Ethynyldeoxy-2’-uridine (EdU), the marker of proliferating cells in S phase. 

After the development of EdU, clear phenotype was visualized through a confocal microscope 

(Fig.42).  

Figure 41: Matured vesicles treated with TCBZSX and ABZ 

The vesicles were treated with 0-30µM TCBZSX and 0-10µM ABZ for 10 days. ABZ 0µM + 
TCBZSX 0µM means treatment with DMSO. 
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Figure 42: Matured vesicles labelled with EdU after BZ treatment 

Red signals are from EdU (marker of actively proliferating cells in S phase) and blue signals are 
from DAPI (marker of nuclear DNA). 0µM ABZ + 0µM TCBZSX means DMSO treatment. 
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  The number of EdU positive cells in the germinal layer of each vesicles were counted 

independently and the density of EdU positive cells in germinal layer was calculated (Fig.43). 

 

 

 From this experiments, treatment with 30µM TCBZSX for 10 days can eliminate most of 

EdU positive cells but it did not alter the structure. In contrast, 10µM ABZ treatment for 10 

days was enough to destroy the structure of vesicles, but the damage against actively 

proliferating stem cells seems to be limited. 

 Next, I simply incubated the vesicles with TCBZ and TCBZSX, to try severer conditions. 

10days was not enough to change the structure but the structures of the vesicles were 

damaged after 14 days and 28 days. The number of intact vesicles are shown in the figures 

below (Fig.44). 

Figure 43: EdU positive cells after treatments with BZs 

Metacestode vesicles were treated with TCBZSX 0-30µM, ABZ 0-10µM and combinations of 
them for 10 days. The number of EdU+ cells were counted and calculated as cell number per mm2. 
The error bars represent standard deviation. Kruskcal-Wallis test followed by Dunn’s multiple 
comparison test was used to compare with the control group, DMSO. P values less than 0.0002 are 
summarized with *** and p values less than 0.0001 are summarized with ****. 
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 These results indicate that 30µM TCBZSX can cause structural damage with longer 

incubation, although ABZ can damage the structure with lower concentration and shorter 

time. 

 

 

 

 

Figure 44: Damages of matured vesicles treated with 3 benzimidazoles 

Left: 14th day of treatment   Right: 28th day of treatment 

The number of structurally intact vesicles are shown in the bar graph. The error bars represent 
standard deviation. One-way ANOVA followed by Dunnet’s multiple comparison test is used to 
compare with the control group, DMSO. P values less than 0.0021, 0.002 and 0.0001 are 
summarized with **,*** and **** . 
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5.3.2.2 TRIM positive cells 

 EdU only can label stem cells in S phase. In the experiment of 5.3.2.1, there were almost no 

EdU positive cells after 10 days of 30 µM TCBZSX incubation. This result just means that 

there are no actively dividing cells and does not necessarily mean that all stem cells were 

depleted. To clarify whether there are still inactive stem cells, I tried in situ hybridization with 

EmTRIM. EmTRIM is another marker of stem cells, and different from EdU, it can visualize 

stem cells regardless of the cell cycle (Koziol et al., 2015). Fortunately, the same plasmid 

used in the TRIM paper was still left in the freezer and I could synthesize probes from it. 

I incubated 20 vesicles for 10 days with 30µM TCBZSX or control DMSO and used them for 

in situ hybridization. There were almost no signal with the sample of control probe (sense 

probe) but with antisense probe, there were very strong signals both with TCBZSX and 

DMSO samples (Fig.45). The series of images were acquired as Z stack, and layers of the 

strongest signal are extracted and analyzed. 
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Figure 45: In situ hybridization with EmTRIM probe on vesicles treated with TCBZSX 

EmTRIM is a marker of stem cells. Different from EdU, EmTRIM is expressed regardless of the 
cell cycles. 
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 Because the signal was too strong, it was impractical to count cells with green signal. 

Therefore, I divided the images into RGB and measured green and blue area independently. 

The green area (correlated with the number of EmTRIM positive cells) was normalized with 

blue area (DAPI signal, correlated with the total cell number). The difference between DMSO 

and TCBZS treated samples were statistically significant (Fig.46). 

 

 

Combined with the result of 5.3.2.1, 30µM TCBZSX can stop cell cycles in 10 days, but stem 

cells had not been completely depleted in 10 days. Although their number was decreased, 

some stem cells were alive and were continuously expressing EmTRIM. 

Figure 46: Comparison of EmTRIM signal from treated and untreated vesicles 

The area with EmTRIM signal (correlated with stem cell number) was normalized with the area of 
DAPI signal (correlated with total cells number) and shown in the bar graph. 

The error bars represent standard deviation. Mann Whitney test is used to compare with the control 
group, DMSO. P values less than 0.0021 is summarized with **. 



5. Results 
 

114 
 
 

5.3.2.3 Nerve cells 

 As far as I observed under an optical microscope, the effect of TCBZSX against 

differentiated cells in the metacestode vesicles looked limited. Therefore, we tried a marker 

of nerve cells, as an example of differentiated cells. Acetylated α-tubulin (AcTub) is a marker 

of stable microtubule. In the stage of metacestode vesicles, only nerve cells include stable 

microtubule. Koziol et al showed that commercially available AcTub antibody also can 

recognize nerve cells of E. multilocularis and Mesocestoides corti (Koziol et al., 2010; Koziol 

et al., 2013). I treated vesicles with 30µM TCBZ, 30µM TCBZSX or control DMSO for 10 

days and stained them with DAPI and anti AcTub antibody. The images were acquired as a 

series of layers as Z stack and layers with the strongest signal were extracted and analyzed. 

The images of each condition were like below (Fig.47). Cell bodies of nerve cell were 

manually counted and calculated as cells per mm2 (Fig.48). 
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Figure 47: Whole-mount immunofluorescence assay with acetylated α-tubulin on metacestode 
vesicles treated with TCBZSX and TCBZ 

Acetylated α-tubulin (green) is a marker for nerve cells and DAPI (blue) is a marker of nuclear 
DNA 
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 There were differences in the number of AcTub positive cells between DMSO and TCBZSX 

treated vesicles. On the contrary to my expectation, TCBZSX seems to have some 

detrimental effect on nerve cells. I also tried to stain metacestode vesicles with phalloidin to 

evaluate the effect on muscle cells, but even the control vesicles, which were treated with 

DMSO, were not stained appropriately. 

 

 

 

 

Figure 48: Comparison of the signal from nerve cells between treated and untreated vesicles 

The density of cell bodies of nerve cells is shown in the bar graph. The error bars represent 
standard deviation. Kruskal-Wallis test followed by Dunn’s multiple comparison test is used to 
compare treated groups with the control group, DMSO. P values less than 0.0332 is summarized 
with *. 
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5.3.3 Effect of TCBZ on the ability of regeneration 

 From the EdU labelling experiment in 5.4.2.1, we concluded that TCBZSX eliminated actively 

dividing cells. However, we could not know whether stem cells were irreversibly inactivated, 

or the cell cycle was transiently blocked. Therefore, I treated metacestode vesicles with 30 µM 

TCBZSX for 10 days and isolated primary cells from these vesicles. After isolation of primary 

cells, no inhibitor was added. If stem cells were not irreversibly inactivated, they should 

aggregate and regenerate new vesicles. However, even after 28 days, no aggregation nor 

regeneration was observed in the well of primary cells from treated vesicles. On the other 

hand, vesicles were newly regenerated in the control well (Fig.49).  
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It was obvious even without calculation, but there was significant difference between treated 

and control groups (Fig.50). 

Figure 49: Vesicle regeneration out of primary cells from treated and untreated vesicles 

Metacestode vesicles were treated with 30µM TCBZSX or DMSO for 10 days. The primary cells 
isolated from these vesicles were incubated for 28 days without any inhibitors. The pictures were 
taken on 4 the days to evaluate aggregation, and on 28 days to evaluate regeneration. 
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Figure 50: Number of newly formed vesicles from treated and untreated vesicles 

Number of newly formed vesicles per well were counted and average number of vesicles are 
shown. The error bars represent standard deviation. Mann-Whitney test is used for the comparison.  

P values less than 0.0002 is summarized with ***. 
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5.3.4 Effect of TCBZ on isolated primary cells 

 Next, I tried TCBZSX on isolated primary cells. Opposite to the experiment in 5.4.3, the 

vesicle had never been treated with any inhibitors. Instead, primary cells after isolation were 

treated with TCBZSX for 21 days. The number of regenerated vesicles is shown in the figure 

below (Fig.51). The same as the experiment on vesicles with TCBZSX (5.3.2), 10µM seems 

to be not enough for both TCBZ and TCBZSX to completely inactivate stem cells. 

 

 

 

Figure 51: Number of newly formed vesicles from treated and untreated primary cells The bar 

graph shows the number of regenerated vesicles per well. The error bars represent standard 
deviation. Kruskal-Wallis test followed by Dunn’s multiple comparison test is used to compare 
with the control group, DMSO. P values less than 0.0332 is summarized with *. 



5. Results 
 

121 
 
 

5.3.5 Interaction between BZs and each β-tubulin of E. multilocularis 

 To analyze the effect of ABZSX and TCBZSX on each tubulin independently, we transfected 

HEK293T cells with expression vectors of 3 wildtype tubulins (EmTubB1, wild type 

EmTubB2=EmTubB2wt, EmTubB3) and 1 mutated tubulin (mutated 

EmTubB2=EmTubB2mut, Tyr167Phe+Tyr200Phe). The procedure of plasmid construction 

was described in 4.9 and the primer sequences for the plasmid construction were described 

in 4.4. The design of these vectors and the detailed procedure of transfection / inhibitor 

treatment are described in 4.7.5.  

  2 days after the transfection of expression vectors, 30, 10, 3 µM of benzimidazoles were 

added to the wells of transfectants. 4 days after transfection, the growth level (cell viability) 

was quantified as ATP concentration with Promega Cell titer glo. Chemiluminescence unit 

was normalized with that of DMSO treated wells of the transfectants with the same plasmids. 

I took the logarithm of these normalized value and draw nonlinear regression curves. IC50 

was calculated with these regression curves.  

 The result with TCBZSX was unclear, because the toxicity against HEK293T cells without 

plasmid was unexpectedly high (Fig.53). However, IC50 of ABZSX on EmTubB1 and 

EmTubB2 transformants were clearly smaller than that of others (Fig.52). 
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Figure 52: IC50 of ABZSX for each transfectants and control 

2 days after transfection, 3 concentrations of ABZSX were added and transfectants were treated 
with ABZSX for 2 days. The cell viability was normalized with chemiluminescence of DMSO 
treated cells as percentage. The error bar represents standard deviation. 
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Figure 53: IC50 of TCBZSX for each transfectants and control 

2 days after transfection, 3 concentrations of TCBZSX were added and transfectants were treated 
with TCBZSX for 2 days. The cell viability was normalized with chemiluminescence of DMSO 
treated transfectants as percentage. The error bar represents standard deviation. 
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5.3.6 Trial of colchicine binding site inhibitors on E. multilocularis in vitro 

 Viruses in family Flaviviridae including Zika virus, West Nile virus and Dengue virus 

preferably target cells with high carboxylesterase (hCE1) expression. Klein laboratory in 

Heidelberg university synthesized 31 colchicine-binding site inhibitors with additional 

moieties, which weakens the toxicity of parental compound. When they reached cells with 

high hCE1 expression level, they are hydrolyzed by hCE1 and additional moieties are 

removed. After the hydrolysis, these compounds show selective toxicity against targets of 

the viruses. Hepatocytes also express hCE1 abundantly and are preferable target of such 

viruses (Richter et al., 2019).  

Initially, I tried all 31 compounds at 10µM on matured metacestode vesicles for 28 days 

without any replicate (Fig.54).  

 

 

Figure 54: Initial screening of colchicine/combretastatin derivatives with matured vesicles 

The vesicles were incubated with 10µM compounds for 28 days. The ratios of structurally intact 
vesicles (%) are shown in the heatmap.  
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Based on the result of the 1st screening, I picked up 14 compounds and tried again on 

matured vesicles with three technical replicates. The period was one week shorter, 21 days. 

 

 

All vesicles  treated  with MR-065, MR-082, MR-339cis 3S, 4S-TD-95 (trans ), VB-033, 

were structurally  altered . Most  of vesicles  treated  with MR-164 and VB-008 were also 

severely damaged (Fig.55). 

 

 

Figure 55: Secondary screening of colchicine/combretastatin derivatives with matured vesicles 

The vesicles were treated with 10µM compounds for 21 days. Structurally intact vesicles (%) after 
21 days treatment is shown in the bar graph. The error bar represents standard deviation. 
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6 Discussion 

6.1      In vitro screening with kinase inhibitors 

 Current chemotherapy against Alveolar Echinococcosis (AE) works only parasitostatically, 

and the development of parasiticidal drug is necessary. Kinases can be attractive targets for 

drugs against AE for three reasons. First, through the biological research of free-living or 

parasitic invertebrate species, it has been proven that the functions of kinases are relatively 

well-conserved (Canduri et al., 2007). Second, a lot of human kinase inhibitors have been 

developed and even clinical data of such inhibitors and 3D structure of human kinases are 

available (Brooijmans et al., 2010), because a lot of scientific resources have been invested 

for the research of human kinases, as main targets of anticancer reagents. Third, every 

kinases has an ATP binding pocket, which is especially suitable as target of small molecule 

inhibitors (Bode and Dong, 2009).   

 Therefore, I tried screening of human kinase inhibitors against E. multilocurlaris in vitro. 

Through screening, pan-PIM inhibitors and EGFR inhibitors showed relatively good toxicity. 

I tried 4 inhibitors against PIM kinase and EGFR. 2 out of 4 PIM kinase inhibitors showed 

stronger effect and 3 out of 4 EGFR inhibitors showed stronger effect. These two pan-PIM 

kinase inhibitors, SGI-1776 and CX-6258, will be discussed in 6.2.1. The kinase inhibitors 

which target multiple kinases such as Ponatinib or Sunitinib damageed E. multilocularis 

severely, but we did not work on them at this moment, simply because it is difficult to identify 

the targets in parasites. In addition, CDK4/CDK6 inhibitor Palbociclib also showed stronger 

effect, but we could not purse the possibility, because its toxicity is too high also for humans. 

As for EGFR inhibitors, I will publish an independent paper (Fig.17-19). 
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6.2      PIM kinases 

6.2.1 Characterization of EmPIM 

 The characteristic of EmPIM is, the length of C-terminal tail. As for the full length 

comparison, EmPIM is more than twice longer than any of three human PIM kinases 

(Fig.20). Initially we suspected that the sequence available in UniProt is wrongly predicted. 

However, when we browsed the transcript data from Tsai et al (Tsai et al., 2013) through 

Integrated Genomics Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013), it proved to 

be correctly predicted. In addition, the sequence cloned into pGBKT7 for yeast two hybrid 

was identical to the prediction. Therefore, I concluded that EmPIM actually has the long C-

terminal tail. I also analyzed the domain of EmPim with SMART to predict the function of the 

long C-terminal tail, but any domain was not detected. Therefore, the function of its C-

terminal teil is unknown. Interestingly, SmPIM, PIM kinase of Schistosoma mansoni also 

seems to have the long C-terminal tail but no domain was detected there.  

 In contrast to EmPIM or SmPIM, human PIM kinases have very short sequences outside of 

the kinase domains. Human PIM kinases do not have regulatory domains and are 

considered to be constitutively active. Their activity is regulated by transcription, translation 

and proteosomal degradation (Amaravadi and Thompson, 2005; Qian et al., 2005). The long 

C terminal tails of EmPIM or SmPIM might include phosphorlation sites for more 

sophisticated regulation. There is limitation on predction tools such as SMART, because 

these programs are based largely on the data of mammalian or limited number of model 

organisms. Therefore, the accuracy of prediction tends to be lower when we analyzed 

proteins from non-model organisms.  

 If there are any reliable genome editing protocol or methods of overexpression for E. 

multilocularis, we  might be able to make strains expressing EmPIM with shortened C- 

terminal tail and observe phenotype, but such method has not been established.  
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 10 yeasr has passed since the potential of CRISPR-Cas9 system for genome-editing has 

been shown (Jinek et al., 2012). During these 10 years, genome-editing protocols of 

protozoon and nematodes have been greatly developped (Adams et al., 2019; Sidik et al., 

2014). In contrast, there are still limited number of successful experiments of genome editing 

with platyhelminthes (Ittiprasert et al., 2019). In the case of E. multilocularis, there are some 

examples of genetic manipulations (Spiliotis et al., 2008), but these protocols are still not as 

practical as those for protozoans or nematodes. The development of protocols for reverse 

genetics in platyhelminthes, esperically protocols for genome-editing, will broaden the range 

of possible experiments. 

 

6.2.2 Expression of empim in stem cells 

 Because HsPIM1 plays a key role in cell cycle regulation, I expected expression of EmPIM 

in stem cells, which is only mitotically active in E. multilocularis. When I tried whole mount in 

situ hybridization (WISH), approximately 25% of WISH positive cells were also positive with 

EdU (Fig.24).  

 The majority of WISH positive cells were negative for EdU signal. The reason might be cell-

cycle dependent expression of EmPIM. HsPIM kinases are constitutively active and cannot 

be inactivated when they are not necessary. They need to be regulated by transcription, 

translation or proteosomal degradation (Amaravadi and Thompson, 2005; Qian et al., 2005). 

HsPIM1 is positive regulator of cell cycle progression from G1-S and G2-M. Therefore, 

HsPIM1 is likely to be transcribed/translated more in these two phase transitions. In human 

chronic myelogenous leukemia, the expression level of HsPIM1 is elevated exactly around 

G1-S and G2-M, but it is dropped in S phase (Liang et al., 1996).  
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 EdU is an analog of thymidine that labels only cells in S-phase but it remains in the nucleus 

for some time after S phase ends. If the expression level of EmPIM is elevated only at the 

G2-M or G1-S transition, similarly as that of HsPIM1, co-localization of both signal can be 

seen in only smaller fraction of stem cells. This is because such cells should have completed 

S phase during incubation with EdU and should have reached G2-M transition when vesicles 

were fixed with paraformaldehyde. On the other hand, if cells are in G1-S phase transition 

when the vesicles were fixed, only signal of WISH is likely to be observed in such cells. No 

one have tried to measure how long it takes for stem cells to complete cell cycle, but 

incubation time with EdU should have been much shorter than the duration of complete cell 

cycle of E. multilocularis, as far as I guess from the increase of stem cell number during 

clonal expansion (Koziol et al., 2014). This also can explain why the number of double 

positive cells were even smaller when the incubation time was 5 hours. In 5 hours, majority 

of the cells with EdU signal mut be still in S phase or G2 phase, and had not reached to G2-

M transition. However, as I discussed in 6.2.1, if the long C terminus tail includes regulation 

domains and EmPIM can be inactivated through phosphorylation, this explanation will be 

less convincing. 

 In addition, there were plenty of WISH positive cells without signal of EdU. Some part of 

such cells can be stem cells in G1-S transition, but differentiated cells might be included. In 

fact, HsPIM kinases have functions other than cell cycle regulation, such as negative 

regulation of apoptosis (Gu et al., 2009). Furthermore, the difference in expression level of 

EmPIM between primary cells (enriched in stem cells ) and metacestode vesicles is clearly 

smaller than that of EmPLK1, which is known to specifically expressed in stem cells (Fig.23) 

(Schubert et al., 2014; Tsai et al., 2013). It would not be too surprising even if EmPIM is 

expressed also in differentiate cells and has functions other than cell cycle regulation. To 

show the expression of EmPIM in differentiated cells, double-in situ hybridization of EmPIM 

and EmTRIM, which is a cell-cycle-independent marker of stem cells, would be necessary.  
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6.2.3 Interaction between EmPIM and EmCDC25 

 Because HsPIM1 regulates cell cycles through interaction with CDC25A/C, I expected that 

CDC25 like phosphatases should be encoded in the genome of E. multilocularis. Through 

blastp analysis, only one CDC25-like protein was identified. 

 When I suppose that EmCDC25 remove inhibitory phosphrylation from CDKs in E. 

multilocularis, one question comes out. Can just one CDC25 phosphatase control both G1-S 

and G2-M transition? As far as I searched through BLASTP analysis, most of model 

organisms and Schistosoma mansoni have multiple CDC25-like protein (Fig.27). As for this 

question, it seems to be not impossible at least for mammals. Knockout mice of cdc25a is 

lethal but the knockout mice of cdc25b and cdc25c survived (Ferguson et al., 2005). The 

result of this research indicates that CDC25C and CDC25B are dispensable and can be 

substituted by CDC25A or other phosphatase. Another study showed that CDC25C usually 

work on CDK1 during G2-M transition but CDC25A also can interact with CDK1 (Donzelli 

and Draetta, 2003). Therefore, it is not that strange to suppose that two phase-transitions 

are regulated by one CDC25 phosphatase. 

RHOD domain of EmCDC25 and SmCDC25A includes large insertions (Fig.26). Similarly 

as C terminal tail of EmPim, we suspected that EmCdc25 phosphatase is wrongly predicted, 

but it proved to be correct. These inserts also included in the cloned sequence in pGADT7 

and in the transcript data from Tsai et al. (Tsai et al., 2013) browsed through Integrated 

Genomics Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013). Different from long C 

terminal tail of EmPIM, these insertions are located in the middle of functional domain. In 

addition, M phase inducer phospho domain was not detected in the sequence of EmCDC25 

and SmCDC25s during SMART analysis (Fig.20).Therefore, I am not sure whether 

EmCDC25 might have the same function as HsCDC25s. It might be interesting if I could 

remove these insertions and observe phenotype, but it is currently impossible, as I 
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discussed in 6.2.1. I also would like to try CDC25 inhibitor to see phenotype, but there were 

not any commercially available CDC25 specific inhibitor.  

Anyhow, this strange insertions in RHOD domain might be important if we try to develop 

selective inhibitor against EmCDC25 phosphatase, but we did not purse such a  possibility, 

because we are working on the budget from Kinase Inhibitoren als Therapeutika gegen 

Echinokokkose (KITE), not from Phosphatase Inhibitoren als Therapeutika gegen 

Echinokokkose.  

If EmCDC25 plays a similar role as human CDC25s in cell cycle regulation, its substrate is 

most likely to be EmCDK1 and amino acid sequences of substates also should be similar. 

HsCDC25C removes inhibitory phosphorylations at T14 and Y15 on HsCDK1 (Bachmann et 

al., 2006) and HsCDC25A removes them on HsCDK2 (Mochizuki et al., 1999).  EmCDK1 

has T19/Y20 and amino acid sequences around there were well-aligned with those of 

T14/Y15 of HsCDK1/HsCDK2 (Fig.30).   

 In yeast-two-hybrid assay, interaction between EmPIM and EmCDC25 was indicated 

(Fig.28, Fig.29). Together with the localization of EmPim kinase in stem cells and amino acid 

sequence of EmCDK1, these data can indicate that EmPIM and EmCDC25 regulate G1-S or 

G2-M cell cycle transision, similarly as HsPIM1 and HsCDC25A/C. If I plan additional 

experiment to support this possibility, validating interaction between EmCDC25 and 

EmCDK1  through yeast-two-hybrid might be interesting. 

 Planarians are free-living platyhelminthes and famous for the ability to regenerate. Their 

adult stem cells named neoblasts play key roles for the regeneration capacity (Newmark and 

Sanchez Alvarado, 2002). In one study of gene expression pattern of planarians during the 

process of regeneration, three pim kinases are categorized into “immediate early 

genes“ whose expression levels are elevated soon after amputation (Wenemoser et al., 
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2012). This indicates that these planarian pim kinases can be important for the regeneration. 

Of course regeneration process accompanies rapid cell divisions. If planarian pim kinases 

control cell-cycle transition during the regeneration process,  EmPIM also might control cell-

cycle transition, because stem cells of E. multilocularis have a lot in common with planarian 

neoblasts. On the other hand, different from PIM kinases, HsCDC25-like-phosphatases were 

not included in the list. This difference might be attributed to the difference in the regulation 

of PIM kinases and CDC25 phosphatases. At least in mammals, CDC25 phosphatases can 

be inactivated thorough phospholylation (Bachmann et al., 2006; Mochizuki et al., 1999) but 

PIM kinases only can be regulated through transcription, transcription, and proteosomal 

degradation (Amaravadi and Thompson, 2005; Qian et al., 2005). 

  

6.2.4 Effects of SGI-1776 and CX6258 on E. multilocularis 

 In addition to the initial screening of 5.1., I tried two comercially available pan-PIM inhibitors 

on E. multilocularis with replicate. Both inhibitors showed detrimental effect to matured 

vesicle and vesicle formation from stem cells (Fig.31-32).  

Both CX-6258 and SGI-1776 have affiinities also to HsHASPIN and HsFLT3 (Chen et al., 

2009; Haddach et al., 2012; Melms et al., 2020). However, HsFLT3-like protein was not 

identified in the protein database of E. multilocularis by blastp analysis. This does not 

contradict to the fact that FLT3 kinases have evolved after the lineage of protostomes 

(including platyhelminthes) and deuterostomes (including vertebrates) was separated 

(Grassot et al., 2006). On the other hand, two HsHASPIN-like protein, EmHASPIN1 and 

EmHASPIN2 were identified from the protein database of E. multilocularis. 

 EmPIM1 has more residues identical or similar to the 14 residues important for the 

interaction between HsPIM1 and CX-6258, than EmHASPIN1/2, other potential CX-6258 
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targets. Therefore, we can expect that the toxicity of CX-6258 on E.multilocularis comes, at 

least partially from the affinity between CX-6258 and EmPIM (Fig.21, Fig.33-34, Table26). 

 Melms et. al. showed that CX-6258 and SGI-1776 have off-traget effect against HsHASPIN. 

On the other hand, other pan-PIM kinase inhibitors, AZ1206 and PIM447 were also tried in 

their paper and did not show such off-target effects (Melms et al., 2020). When I see the 

screening data of list 3 kinase inhibitors (Fig.19) again, AZ1206 and PIM447 showed lower 

toxicity against primary cells of E. multilocularis than CX-6258. Therefore, it is still possible 

that CX-6258 showed detrimental effect not only from the affinity against EmPIM1 but also 

from that against EmHASPIN1/2. 

To show actual interaction between CX-6258/SGI-1776 and EmPIM, I considered to try a 

kinase activity assay, the same as Melms et al. did in their paper (Melms et al., 2020). However, 

there are no available combination of substrates for EmPIM and commercially available 

antibodies which can recognize phosphrylation of the target residue on that substrate. To try 

a kinase assay without such antibodies, [γ32P]ATP and an appropriate facilities to handle 

radioisotopes are required. Therefore, it is difficult to demonstrate wether SGI-1776 and CX-

6258 actually inhibit EmPIM. In contrast, Histon H3, the substrate of HASPIN, is extremely 

well conserved among metazoa (Fig.35) and commercially available Histon H3 is likely to be 

phosphorylated also by EmHASPIN. In fact, previous work in our laboraotry shouwed that 

phosphorylation of Ser10 on H3 could be recognized by a commercially available antibody for 

mammals/fruit flies (Koziol et al., 2014). In addition, antibodies which recognize 

phosphorylation of Thr3 of HsHASPIN is commercially available. It might be interesting to try 

kinase activity assay with recombinant EmHASPIN. If such an experiment deny inhibition of 

EmHASPIN by SGI-1776 and CX-6258, inhibition of EmPIM by these inhibitors might be 

shown indirectly. However, this experiment is too time consuming to be included in our PIM 

paper and it should be tried for another independent paper. 
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6.2.5 In silico screening of EmPim inhibitors 

 Because of the lack of parasiticidal effect in current chemotherapy with albendazole (ABZ) , 

the development of new drug against alveolar echinococcosis (AE) is necessary. To find 

lead compounds for new drug effectively, several methds of medium-throughput in vitro 

screening have been developped. One of them is PGI assay of Hemphil laboratory in Bern. It 

actually could handle hundreds of compounds (Stadelmann et al., 2014), but  it can be time-

consuming to prepare metacestode vesicles of approprite age and size for this assay and it 

is difficult to identify slow-acting drugs like ABZ. To deal with such problems, narrowing 

down candidates compounds before proceeding to in vitro experiments is necessary. 

Fortunately, the publicly available transcriptome (Tsai et al., 2013) and development of 

computational platforms such as Fluency (Kim et al., 2020) allowed us to try high-throughput 

in silico screening. 

 Through the experiment until 5.2.4, I concluded that EmPIM can be a good target. However, 

it is impractical to apply commercially available PIM inhibitors for the patients of AE. In fact, 

some of PIM kinase inhibitors proceeded to clinical trial, but none of them has reached to the 

practical use for the patients. I would like to try high throughput screening to identify 

compounds with selective toxicity against EmPIM, but at the same time, I would like to 

downsize the list of candidate compounds because of the limitation of available resources. 

By in silico analysis with Fluency model and SeeSAR analysis of our collaborators, we 

successfully downsized the list from 21.4 million to 20. The 20 compounds are actually 

synthesized and tried on E. multilocurlaris in vitro. One out of 20,  Z196138710, showed 

comparable toxicity against matured vesicle and primary cells as that of commercially 

available inhibitors (Fig.37). In addition, the toxicity against mammalian cell lines were 

clearly different (Fig.38). Furthermore, in silico analysis with SeeSAR predicted that SGI-

1776 has stronger affinity against HsPIM1 than Z196138710 (Fig.39). I believe that this in 
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silico high throughput screening method showed enough potential for the development of 

compounds with selective toxicities. 

 

6.2.6 Summary of kinase project and how this research advance the field  

Currently ABZ is used for chemotherapy against Echinococcosis. It prolonged life 

expectancy of patients, but it also compromises the quality of life, because of its side effects. 

To identify compounds with less side effect, several methods for screening had been tried on 

in vitro cultivated E. multilocularis, but all of them were relatively time-consuming. 

  In this study, through in vitro trial, pan-PIM kinase inhibitors proved to have strong toxicities 

against E. multilocularis. EmPIM, a PIM kinase of E. multilocularis was identified and it had 

relatively high percent similarity to human PIM kinases. However, commercially available 

pan-PIM kinase inhibitors are also highly toxic to the host. Therefore, high-throughput in 

silico screening was employed to identify compounds with selective toxicity against E. 

multilocularis and one compound, Z196138710 actually showed selective toxicity. 

 The discovery of Z196138710, can be a good example that it is not impossible to identify 

promising compounds with selective toxicity against well-conserved targets. This research 

paved a way to more efficient screening method, and I hope this method will be developped 

further. It might be interesting to try this in silico approach to other kinases, which showed 

relatively good toxicity during the initial screening of 5.1 in the near future. 
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6.3  Tubulins 

6.3.1 Comparison of Echinococcus tubulin and Robinson’s model of H. contortus 

 Since 1980s, ABZ prolonged life expectancy of AE patients, but there is demand for new 

drugs, because ABZ only works parasitostatically. Because stem cells are responsible for 

the regenerative capacity and longevity of E. multilocularis, toxicity to stem cells is of 

particular importance in the development of new anthelmintics (Koziol et al., 2014). 

Expression data indicates that EmTubB2 is expressed in stem cells (Koziol and Brehm, 

2015; Tsai et al., 2013). In addition, the combination of immunofluorescence and in situ 

hybridization showed co-localization of EmTubB2 and EmTRIM, a cell cycle-independent 

marker of stem cells (Brehm, personal communication; Koziol et al., 2015). When we try 

compounds against tubulins on E. multilocularis, the analysis of their sequence is especially 

important. 

 The importance of 200th residue of β-tubulins, has already been discussed in former 

publication of AG Brehm (Koziol and Brehm, 2015) and that of 167th residue was also 

discussed later. As for another important position in the model of H. contortus by Robinson et 

al (Robinson et al., 2004), 165th residue might be worth noting. EmTubB1, EmTubB3, 

HcTubB2 have Asn165, Thr165, Ser165 respectively. These Ser, Asn and Thr belong to the 

same group of polar, uncharged amino acids. However, EmTubB2 has Val165, and Val 

belongs to another group of aliphatic amino acids (Fig.40, Table 27). Val165 in EmTubB2 also 

can be important for the resistance, because it is impossible for ABZSX to form hydrogen bond 

at 165th position with hydrophobic residue like Val. In addition, A165V mutation of benA make 

Aspergillus nidulans supersensitive to carbendazim, nocodazole and benomyl, but resistant 

to thiabendazole (Jung and Oakley, 1990). It might be interesting to try carbendazim on 

E.multilocularis in vitro. However, carbendazim is not approved for medical or veterinary use 
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but for various crops as fungicide. Even if E. multilocularis is supersensitive to carbendazim, 

it must be difficult to use carbendazim for clinical purpose. 

  

6.3.2 Effect of TCBZ on metacestode vesicles 

 Because several experimental data indicates that triclabendazole (TCBZ) works on 

FhTubB1, which has similar residues correlated with benzimidazole (BZ) resistance as 

EmTubB2 in stem cells, we tried TCBZ on E. multilocularis.  

 

6.3.2.1  EdU incorporation and structural alternation under optical microscope 

 Because EmTubB2 is expressed in stem cells, and we expected that TCBZSX affect 

EmTubB2, I labelled metacestode vesicles with stem cell marker EdU, after drug treatment. 

Structural disintegration of matured vesicles was not found after 10 days treatment with 

30µM TCBZSX as far as I observed them under the optical microscope (Fig.41). However, 

almost no EdU positive cells were found under the confocal microscope. On the other hand, 

there was not statistically significant difference between the control and vesicles treated with 

10 µM TCBZS. 30µM sounds high, but this is almost the same concentrations lethal to 

Fasciola in vitro (Fairweather et al., 1984; Robinson et al., 2002). This result indicates that 

30 µM TCBZSX can make stem cells mitotically inactive, at least temporary. In the 

experiment of combined treatment with ABZ and TCBZSX, clear disintegration in the vesicle 

structure was detected.  However, 30 μM TCBZSX was still required to reduce the number 

of EdU-positive cells with or without ABZ (Fig.42-43). This result also indicates that ABZ 

affects differentiated cells but does not affect stem cells.  

 I would like to try various treatment periods to determine the minimum duration of treatment 

to remove EdU positive cells. This information is important to consider the conditions for in 
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vivo experiments, especially because TCBZ treatment for Fascioliasis is relatively shorter 

and information on side effect after longer period of TCBZ treatment is limited. 

 When we incubate vesicles with TCBZ or TCBZSX for longer period, structural 

disintegration was observed (Fig.44). People in Ulm university hospital already have tried 

TCBZ in vitro, and the necessary concentration to cause structural disintegration in their 

experiment was largely similar (Richter et al., 2013). Even if TCBZ or TCBZSX do not affect 

differentiated cells directly, the vesicles cannot sustain its structure without normal mitotic 

activity of stem cells, presumably because the maintenance and renewal of differentiated 

cells are impossible without stem cells.  

 

6.3.2.2  TRIM positive cells 

 To evaluate the effect of TCBZ/TCBZSX against stem cells not in S phase, I tried cell-cycle 

independent stem cell marker, EmTRIM (Koziol et al., 2015). The difference between control 

vesicles and TCBZS treated vesicles were statistically significant, but there were still clear 

signals from EmTRIM on the treated vesicles (Fig.45-46). On the other hand, in the previous 

experiment, EdU positive cells had been mostly disappeared in 10 days (Fig.42-43). This 

indicates that TCBZSX stops stem cell proliferation faster than it stops EmTRIM expression. 

  

6.3.2.3  Nerve cells 

  In the experiments of 5.3.2.1, the effect of TCBZSX on differentiated cells looked limited. 

To evaluate actual effect of TCBZ/TCBZSX on differentiated cells, I stained nerve cells with 

anti-acetylated α-tubulin antibody, as an example of differentiated cells. At least TCBZSX 

had detrimental effect on nerve cells. It was unknown whether TCBZSX affected directly or 

indirectly. In contrast, there were no statistically significant difference between DMSO and 
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TCBZ (Fig.47-48). TCBZSX is a metabolite of TCBZ, but the effect of TCBZ and TCBZSX 

against helminths might be slightly different at least in vitro. In fact, as for the comparison of 

TCBZ and TCBZSX, there is interesting description in the paper of Fairweather et al. TCBZ 

caused an overall inhibition of Fasciola’s movement in vitro. In contrast, TCBZ-SX stimulated 

activity initially but caused long-term decline in physical activity (Fairweather et al., 1984). 

This difference in the motility of flukes might come from the difference in damages of nerve 

cells. However, before concluding like that, reproducibility is necessary to be confirmed. 

 

6.3.3 Effect of TCBZ on the ability of regeneration 

 Through the experiment of 5.3.2, TCBZSX proved to eliminate mitotically active stem cells 

(Fig.42). To clarify whether TCBZSX stops cell cycles just temporary or irreversibly, I tried 

vesicle formation assay with primary cells isolated from TCBZSX-treated vesicles. Because 

stem cells are only mitotically active, and vesicle regeneration accompanies cell division, 

regeneration of vesicles should be impossible if the stem cells were damaged irreversibly. In 

fact, no aggregation or regeneration of vesicles had been observed in the primary cells from 

treated vesicles, even after 28 days incubation (Fig.49-50). Therefore, even though stem 

cells still could express EmTRIM after 10-day treatment (Fig.45-46), TCBZS had already 

inactivated mitotic activity of stem cells irreversibly. 

 

6.3.4 Effect of TCBZ on isolated primary cells 

 To evaluate the effect on the ability of vesicle regeneration, I treated primary cells from non-

treated metacestode vesicles, with TCBZ/TCBZSX. In the wells of 30 µM TCBZ or TCBZSX 

treatment , no regenerated vesicles were observed . However , in the samples with 3-10 µ M 

TCBZ/TCBZSX, small  number  of  regenerated  vesicles  were  observed.  The  same  as  the  
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experiment with matured vesicles (Fig.42-43), higher concentration seems to be necessary 

to inactivate mitotic activity of stem cells (Fig.51). As for the number of regenerated vesicles, 

the difference between control DMSO and 3 µM samples were insignificant, but the vesicles 

in control DMSO looked bigger in diameter. It might be interesting to measure and compare 

the diameter and calculate the growth speed as another criterion of toxicity. 

 The expression pattern of β-tubulins can be different from stage to stage. In metacestode 

vesicles without brood capsules, only EmTubB1, EmTubB2, EmTubB3 shows stronger 

expression. However, in primary cells 11 days after isolation, the expression level of another 

β-tubulin, EmuJ_000955100, is higher than EmTubB1 (Koziol and Brehm, 2015). Because 

visible vesicles appear from approximately 10 days after isolation, it is possible that these 

newly regenerated vesicles express this tubulin. This tubulin has Asn165, Phe167, Glu198 

and Tyr200, but further experiments are necessary to see localization of this tubulin and to 

estimate the affinity of TCBZ/TCBZSX and this tubulin. 

 

6.3.5 Interaction between BZs and each β-tubulin of E. multilocularis 

 To evaluate the effect of benzimidazoles on three EmTubBs independently, human cell line 

HEK293T were transfected with expression vector encoding these tubulins. The effect of 

TCBZSX was unclear, because HEK293T cells were more susceptible to it than I expected 

(Fig.53).  

 In contrast, there were clear difference in IC50 between cells with with pCMV-c-Myc (control) 

and those with pCMV-chimericEmTubB1/EmTubB3. This indicates that these chimeric 

tubulins were successfully integrated, and they are likely to be more susceptible to ABZ than 

human β-tubulins. In contrast, there were no clear differences in IC50 among pCMV- c-Myc 

and pCMV-chimericEmTubB2wt/EmTubB2mut (Fig.52). Possible explanations for the 

insignificant difference between wildtype and mutant constructs are, 
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1. In addition to Tyr167 and Tyr200 there are other important residues for the resistance 

against ABZSX 

2. The partner α-tubulin from human cells affect the resistance against ABZSX 

3.  The chimeric tubulins of EmTubB2 were not integrated. 

 Both for 1st and 2nd explanations, there is example of FhTubB2. FhTubB2 has Tyr200, but it 

is most probable target of ABZ (Chambers et al., 2010). In addition, there are countless 

reports on resistant strains of Fasciola hepatica, but no clear difference in amino acid 

sequences of tubulins between resistant and susceptible strains have been found (Fuchs et 

al., 2013; Robinson et al., 2002). Tyr200 and Tyr167 are correlated with the resistance, but 

they might not be the only important factor for the resistance.  

 As for the 1st explanation, Val165 in EmTubB2 might be important, the same as I discussed 

in 6.3.1. Asn165 in Haemonchus contortus’s β-tubulin is known to form hydrogen bond with 

ABZSX (Robinson et al., 2004). When asparagine, a polar residue is exchanged with a 

hydrophobic residue like valine, the affinity between tubulins and ABZSX can be weakened. 

 As for the 2nd explanation, there is example. In the genome of baker’s yeast 

(Saccharomyces cerevisiae) there are only two α-tubulins. By knocking out one of them, 

ScTub3, the yeast became susceptible to thiabendazole (Garge et al., 2020). This means 

that not ScTub2(β-tubulin) but ScTub3 is responsible for the resistance, at least in the 

case of wildtype yeast.  

 As for the 3rd explanation, it is impossible to verify it through IFA with our EmTubB2 specific 

antibody. This antibody has affinities to C-terminus of EmTubB2. However, in this 

experiment, C-terminus of EmTubB2 is exchanged with that of HsTubB2B to encourage 

integration with the partner α-tubulin from human cells. However, EmTubB2 is more likely to 

be integrated to human microtubule than EmTubB1 and EmTubB3, because EmTubB2 has 
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higher percent identity / similarity with HsTubB2A-C, HsTubB4 and HsTubB5. The percent 

identity and similarity of EmTuB2 and these 5 human tubulins are, 93.9-95.5% and 97.3-

98.7% respectively. In the case of EmTubB1, percent identity and similarity are 88.2-90.6% 

and 93.1-94.4%. EmTubB3’s percent identity and similarity are 76.5-79.7% and 84.7-88.1%. 

 There is another experiment with Caenorhabditis elegans about susceptibility of mutated 

EmTubB2 against ABZ. In this doctoral dissertation, experiments done by collaborators 

are written in bold letters. This experiment was done by people in Stigloher laboratory 

of Würzburg university. Caenorhabditis’s β-tub4 (CeTubB4) has high percent similarity 

with EmTubB2. CeTubB4 is expressed in the cilia of sensory neurons and together with 

CeTubA6 and CeTubA9, it is required for the optimal response behavior (Hurd et al., 2010; 

Nishida et al., 2021). When EmTubB2wt and EmTubB2mut were introduced into 

nematodes instead of CeTubB4, regardless of the 167th/200thresidues, these 

nematodes could gather to the source of smell (optimal response behavior). However, 

when ABZ was added, nematodes with EmTubB2wt could gather to the source of 

smell but nematodes with EmTubB2mut could not (Stigloher and Brehm, personal 

communication) 

 This result clearly contradicts to the result of my experiment. However, if we think about the 

effect of α-tubulin like the 2nd explanation, we can solve this contradiction. In the experiment 

with nematode, the partner of EmTubB2 to form heterodimer should be an α-tubulin from 

nematodes. In the experiment with HEK293T cells, the partner is an α-tubulin from human. 

Because the partner is different, the susceptibility could be different. 

 Other than these explanations, there is one difference between the nematode experiment 

and HEK293T experiment. As far as I heard, nematodes were treated with ABZ but 

HEK293T cells were treated with ABZSX. I am not sure whether this difference affected to 

the results. As for this point, I had to adjust the condition when I planned my experiment. 
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 I believe that the 2nd explanation sounds the most plausible. However, to prove it, further 

experiment is necessary. In fact, my experiment with HEK293T had several important 

problems below.  

1. It was difficult to exclude the effect of tubulins originally expressed in human cells. 

Human genome includes 8 β-tubulins and 9 α-tubulins. It was impractical to knock 

out or knock down all 8 β-tubulins, and it is difficult to consider the effect of 9 α-

tubulins on the resistance.  

2. Even though HEK 293T cells can be transfected with high efficiency, there should be 

plenty of cells without plasmids. It was impossible to remove them because there 

was no selection marker. 

3. HEK293T is an adherent cell line, and it was impossible to quantify its growth 

noninvasively. In our experiment, I used cell viability assay (measurement of ATP 

concentration), but it includes invasive procedure (lysis of the cells). Therefore, 

repetitive measurement of growth level was impossible. With mammalian floating cell 

lines, the growth level can be quantified easily, noninvasively, and repeatedly by 

measuring optical density, but there are no floating mammalian cell lines with higher 

transfection efficiency. 

 All three problems can be solved by using genome editing with Saccharomyces cerevisiae.   

As for the 1st problem, Saccharomyces have only one β-tubulin (Garge et al., 2020) and if it 

is replaced with tubulins from E. multilocularis by genome editing, there is no other β-

tubulins. In addition, as I discussed above, only two α-tubulins are encoded in the genome of 

S. cerevisiae and ScTub3, the one which affect drug resistance, is not essential. Also 

through genome-editing, ScTub3 can be knocked out. As for the 3rd problem, yeasts can be 

cultured in a shaking incubator, and growth level can be quantified easily, noninvasively, and 

repeatedly. I am planning this yeast experiment after I submit my doctoral dissertation. 
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 If we would like to predict the interaction between each tubulin and BZs, generating 

homology models of EmTubBs might be interesting. If we try to acquire real 3D data of 

protein binding, X-ray crystallography will be required, and it costs a lot. However, Robinson 

et. al. did not have 3D data of Haemonchus’s β-tubulin (HcTubB2). They generated the 

model structure by combining bovine αβ-tubulin dimer atomic structure (PDB entry 1JFF) 

and the amino acid sequence of HcTubB2 (Robinson et al., 2004). Once the homology 

models of Echinococcus tubulins are constructed, we might be able to calculate interaction 

score. In fact, Ranjan et al. calculated interaction scores between HcTubB2 and various BZs 

through FlexX docking algorithm in LeadIT (Ranjan et al., 2017). LeadIT is not supported 

anymore, but FlexX is still available as one component of SeeSAR (BioSolveIT GmbH). 

According to their calculation, the interaction scores with ABZ, ABZSX and TCBZ are -18.16, 

-17.96 and -5.13kJ/mol respectively (Ranjan et al., 2017). Even though the model was not 

based on real X-ray crystallography, this computation does not look contradicting to the fact 

that TCBZ generally does not show strong effect against nematodes (Coles, 1986; Guralp 

and Tinar, 1984; Wolff et al., 1983). 

 

6.3.6 Trial of colchicine binding site inhibitors on E. multilocularis in vitro 

 To evaluate toxicities of colchicine binding site inhibitors from Klein laboratory, I tried them 

on E. multilocularis in vitro. MR-065, MR-082, MR-339cis, 3S, 4S-TD-95 (trans), and VB-

033 showed stronger toxicity against matured metacestode vesicles. The toxicity of MR-164 

and VB-008 was slightly weaker (Fig.54-55).  

 In their paper, Richter et al. picked up VB-033 and VB-087. Both of them are derivatives of 

colchicine and showed good activity in viral replication assays, while its cytotoxicity is much 

lower than parental compound colchicine. Especially VB-033 showed considerable antiviral 

activity. On the other hand, its effect on tubulin polymerization itself was marginal. They 
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discussed that antiviral activity might come from other kind of microtubule dynamics or 

interactions with other host cellular mechanisms (Richter et al, 2019). I do not know how 

they worked on E. multilocularis, but in the case of E. multilocularis, VB-033 had strong 

effect and VB-087 showed weaker activity. 

 When I tried these compounds, I just arrived at Germany, and I did not have the mental 

capacity to design an experiment based on the background. Therefore, I did not ask 

anything about the background then to people in Klein laboratory. The postdoctoral fellow 

who synthesized them already have left Klein laboratory, and no one knows his intention 

now. However, I can guess from the design of compounds now. These compounds are 

designed to have weakened toxicity until they are hydrolyzed by human carboxylesterase 1 

(hCE1). These compounds were sent to our laboratory presumably because both 

flaviviruses and E. multilocularis have organ tropism toward the liver (Förster et al., 2018), 

where hCE1 is strongly expressed. I tried them under axenic condition without feeder cells. 

However, I should have tried them with Reuber hepatoma to evaluate toxicity after 

hydrolysis if I could have considered the background of this experiment. 
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6.3.7 Summary of tubulin project and how this research advance the field                                                                                                          

Although ABZ has been used for chemotherapy against Echinococcosis since the 1980s, it 

has a problem that it does not have parasiticidal effect. 

In this study, TCBZ, which is approved for the treatment of Fascioliasis, proved to damage 

stem cells of E. multilocularis irreversibly. After 10 days of treatment, stem cells lost their 

ability to proliferate and could not regenerate the vesicles anymore.  

Since ABZ damages differentiated cells and TCBZ damages stem cells, these two BZs can 

complement each other. This study may lead to the development of practical and 

parasiticidal chemotherapy for echinococcosis. 
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8 Appendix and curriculum vitae 

8.1      List of 400 compounds against EmPim 

Compound ID Library SMILES 

Z991902128 enamine_hinge CC(C)c1nc(C)cc(N(CC2)CCN2c2ncnc3c2cc[nH]3)n1 

Z4072835003 
enamine_diver
se CC1=C([C@@H]2C[C@H]2NC2=NC(C3CC3)=NC=C2C#N)C=NN1C 

Z1678860120 enamine_hinge O=C(c1c(C2CCCC2)ncs1)Nc1cc(-c2ccncc2)n[nH]1 

Z3888246969 
enamine_diver
se COCC1CCN(C2=CC=C(C(=O)NC3=CC(C4=CC=NC(C)=C4)=N[NH]3)C=C2)C1 

Z1679672955 enamine_hinge CN(CCCc1n[nH]c(N)c1C#N)c1nnc(-c2ncccc2)s1 

Z4229921168 
enamine_diver
se CN1C=C(CNC(C)(C)C2=N[NH]C(C3=CC=CS3)=N2)N2N=CC(C#N)=C12 

Z979287238 enamine_hinge O=C(c1cn(-c(cc2)ccc2Cl)nc1)Nc1cc(-c2ccncc2)n[nH]1 

PV-002785215900 
enamine_diver
se O=C(NCCC1(NC2=NN=CO2)CCC1)C1=C(C2=CC=CS2)[NH]N=C1 

Z2053652475 enamine_hinge COC(CC1)(CCN1c1ncnc2c1cc[nH]2)c1nc(C2CCOCC2)no1 

PV-002995981769 
enamine_diver
se CC1=CC=C(F)C2=C1C=C(C(=O)NC1=CN(C)N=C1C1=CC=NN1C)O2 

Z1039064876 enamine_hinge FC(c(cc1)cn2c1nnc2C(CCC1)CN1c1ncnc2c1cc[nH]2)(F)F 

Z3606267270 
enamine_diver
se CCN(C1=CC=C(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)C=N1)C(C)C 

Z2272316662 enamine_hinge O=C(NC1CC1)NC(CC1)CN1c1ncnc2c1c(cccc1)c1[nH]2 

Z4341639935 
enamine_diver
se N#CC1=CC=C(NCC2=NC3=C(CCCC3)[NH]2)C=C1C1=CC=NC=C1 

Z2997391675 enamine_hinge COCC1(CC1)c1noc(-c2c3nc(CC4CC4)[nH]c3ncc2)n1 

PV-002877018476 
enamine_diver
se CC1=CC2=C(C=C1C#N)[NH]N=C2NC(=O)C1=CSC(C2=CN=C[NH]2)=N1 

Z3686137214 enamine_hinge CN(C)c1nccc(N(C[C@H]2NC(NC3=O)=NC=C3Cl)C[C@@H]2OC)n1 

Z3299201507 
enamine_diver
se CC(C)C1=NC(C(C)NC(=O)CC2=C[NH]C3=NC=CC(Cl)=C23)=N[NH]1 

Z298641114 enamine_hinge CC(C)C(C(N(CC1)CC=C1c1c[nH]c2c1cccn2)=O)NC(c(c(F)ccc1)c1F)=O 

Z4353162286 
enamine_diver
se 

O=C(NC1=CC=C(F)C(C2=CC=NC=C2)=C1)[C@H]1CC[C@H](C2=NC=N[NH]2)
CC1 

Z651752060 enamine_hinge O=C(c(cc1)cc(N2)c1OCC2=O)Nc(cc1)cc2c1[nH]c(-c(cc1)ccc1F)n2 

Z4436022980 
enamine_diver
se CCN1C(=O)N(CC)C2=CC(NC3=NC(C4CC4)=NC=C3C#N)=CC=C21 

Z3144202871 
enamine_diver
se CCCOC1=CC=C(C(=O)NC2=CN([C@@H]3COC[C@@H]3N)N=C2)C=C1C(C)C 

Z2951705193 enamine_hinge O=C1NC(CN(CCC2)CC2c2c[nH]c3c2cccn3)=Nc(cc2)c1cc2Cl 

Z4145387080 
enamine_diver
se CN1N=CC(CN)=C1NC(=O)C1=CN(C(C)(C)C)N=C1C1=CC=C(F)C=C1F 

Z2067253656 enamine_hinge Cc(ccc(NC(C1CC1)=O)c1)c1NC(c1cc(NC(C2CC2)=O)ncc1)=O 

Z1671544587 enamine_hinge O=C(Nc1c[nH]nc1-c1ncccc1)N(CCCC1)C1c1c[nH]nc1 

Z4272323057 
enamine_diver
se CCCN(CC1=CC=C(F)C=C1F)C(=O)NC1=CN(C)N=C1C1=CC=NN1C 

Z1432828032 enamine_hinge CN(CCOC)c(cc1)cnc1NC(c(cc1)ccc1-c1nc(C2CC2)n[nH]1)=O 

PV-002931613198 
enamine_diver
se N#CC1=CC=C(NC(=O)NC2=NN3CCCCC3=C2)C=C1C1=CC=NC=C1 

Z2365128081 enamine_hinge C[C@](C1)(C[C@@H]1Nc1nccc(-c(cc2)ccc2OC)n1)O 

PV-002732961802 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=CC=C(C(=O)O)C(N4C=NN=N4)=C3)C=C12 

Z4074472362 
enamine_diver
se CN1C=CN=C1C(NC1=NC(C2CC2)=NC=C1C#N)C1=CC=C(F)C=C1F 
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Z4081605925 enamine_hinge COc(ccc(-c1ccncc1)c1)c1-c1nc(N2CCNCCC2)ncc1 

Z3094888956 enamine_hinge CC(C1)N(Cc2ccccc2)CCN1c1nnc(-c2cnc3[nH]ncc3c2)n1C 

Z4239013469 
enamine_diver
se CN1C=C(CNC2=CC=C(Cl)C(NC(=O)C3CC3)=C2)N2N=CC(C#N)=C12 

Z1280614515 enamine_hinge CNC(c1cccc(C(Nc2cc(-c3ccncc3)n[nH]2)=O)c1)=O 

PV-002744692403 
enamine_diver
se N#CC1=CC=C(NC(=O)C2=C(O)N3N=CC=C3N=C2)C=C1C1=CC=NC=C1 

Z2365085666 enamine_hinge CN(C(CC1)C2)C1CC2Nc(nc1-c2cscc2)ncc1F 

PV-002834442825 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=CC(C4(C(=O)OC)CC4)=CC(F)=C3)C=C12 

Z4150465616 
enamine_diver
se CC(C)CC1=N[NH]C2=CC=C(C(=O)NC3=CN(C)N=C3C3=CC=NN3C)C=C12 

Z1147318407 enamine_hinge O=C(c1c[nH]nc1-c1cnccc1)Nc(cc1)ccc1-c1n[nH]cc1 

Z3144195577 
enamine_diver
se 

CN1CCN(C2=CC=C(C(=O)NC3=CN([C@@H]4COC[C@@H]4N)N=C3)C=C2F)C
C1 

Z3772051498 enamine_hinge Cc1nn(CC(F)(F)F)cc1Nc(nc1)nc(NCCCNC(C2CCC2)=O)c1Br 

Z3649641075 
enamine_diver
se CC1(O)CCN(C2=CC(NCC3=N[NH]C4=CC=C(Cl)C=C34)=NC=N2)CC1 

Z1039080880 enamine_hinge C(CN(CC1)c2ncnc3c2cc[nH]3)C1c1c[nH]c2c1cccn2 

Z1349148161 enamine_hinge COCCN(CCC1)CC1Nc(cc1)nn2c1nnc2C1CC1 

Z4343145856 
enamine_diver
se C[C@@H](NC1=NC=C2SC(N[C@H](C)C3=CC=NN3C)=CC2=N1)C1=CC=NN1C 

Z2143800551 enamine_hinge FC(Oc1cc(C(C2)OCCN2c2ncnc3c2cc[nH]3)ccc1)(F)F 

PV-002814907453 
enamine_diver
se O=C(NCCC1(NC2=NN=CO2)CCC1)C1=CC=NC(C2=NC=C[NH]2)=C1 

Z1863838555 enamine_hinge OC[C@H](C1)C=C[C@H]1Nc(nc(N[C@@H]1C=C[C@H](CO)C1)nc1)c1Cl 

Z3606265204 
enamine_diver
se CN1CCC(=O)NC2=CC(C(=O)NC3=CN(C)N=C3C3=CC=NN3C)=CC=C21 

Z4055346469 
enamine_diver
se 

CC1(C(=O)NC2=CN([C@@H]3COC[C@@H]3N)N=C2)CCN(C2=CC=NC=C2)CC
1 

Z2770864932 enamine_hinge C(C(CC1)CCN1c1ncnc2c1cc[nH]2)c1nc(cccc2)c2[nH]1 

Z1631504029 enamine_hinge O=C(c1cc(-c2ncn[nH]2)ccc1)Nc1nccc(C(F)(F)F)c1 

Z3888247203 
enamine_diver
se CC1=CC(C2=N[NH]C(NC(=O)C3=C(C)N(CC4CCCOC4)C(C)=C3)=C2)=CC=N1 

Z1801657178 enamine_hinge CC(N(CC1)CCN1c1ccc(CNc2nn3c(-c(cccc4)c4F)nnc3cc2)cc1)=O 

Z2190156351 
enamine_diver
se CN1C=C(NC(=O)NC2=NN(C3=CC=C(C#N)C=C3Cl)C=C2)C(C2CC2)=N1 

Z1139201870 enamine_hinge CC(CN(CC1)c2ncnc3c2cc[nH]3)N1c(cc1)nn2c1nnc2 

Z3712341675 
enamine_diver
se CCN1CCN(C2=CC=C(C(=O)NC3=NN(C4=CN(C)N=C4)N=C3)C=C2F)CC1 

PV-002919752942 
enamine_diver
se CC1=C[NH]C2=NC=C(C(=O)NC3=CC(C4=CN(C)N=C4)=CC=N3)C=C12 

Z641415982 enamine_hinge Cn1c(-c2c(-c3ccccc3)nc(NC(c3n[nH]c4c3CCC4)=O)s2)ncc1 

Z1743912850 enamine_hinge O=C(c(cn[nH]1)c1N1)N=C1N(CC1)CCN1c1cc(C2CC2)n[nH]1 

PV-002785833291 
enamine_diver
se CC1=CC=C2C(C(=O)NC3=CN(C)N=C3C3=CC=NN3C)=CC=NC2=C1 

Z1230400425 enamine_hinge O=C1NC(CN(CC2)CCC2c2c[nH]c3c2cccn3)=Nc(cc2)c1cc2Cl 

PV-002917326625 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=C(F)C=C4NC(=O)C(C)(C)C4=C3)C=C12 

Z2630815440 enamine_hinge CCC(C=C1C(Nc2n[nH]c(C3CCCCCC3)c2)=O)=CNC1=O 

Z4008303813 
enamine_diver
se CC1=CC=C(NCC2=NC=C(C(=O)OC(C)(C)C)N2C)C2=C1C(C#N)=C[NH]2 

Z1979301510 enamine_hinge Cc1cc(C(Nc(cc(CCC(N2)=O)c2c2)c2F)=O)nc(NC)n1 

PV-002965683171 
enamine_diver
se N#CC1=CC=C(N2N=CN=C2NC(=O)C2=CC(C3CC3)=CC=C2F)C=C1 

Z1534432517 enamine_hinge C=CCNc1ncc(C(Nc2n[nH]c(cc3)c2cc3[N+]([O-])=O)=O)s1 
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PV-003018051685 
enamine_diver
se N#CC1=CC=C(NC(=O)NC2=C3NCCCN3N=C2)C=C1C1=CC=NC=C1 

Z1715352094 enamine_hinge Cn1c(-c2n[nH]c3c2ccc(C(O)=O)c3)nc2c1cccc2OC 

Z3175745907 
enamine_diver
se CC1=CC=C(NC(=O)NC2=CN(C)N=C2C2CC2)C2=C1C(C#N)=C[NH]2 

Z1423688478 enamine_hinge O=C(c1cnccc1)Nc1cc(-c2cccc(F)c2F)n[nH]1 

Z3833067008 
enamine_diver
se CC1=NC(NC2CCCN(C3=CC(=O)[NH]C=N3)C2)=CC(C2=CC=NC=C2)=N1 

Z2890437514 enamine_hinge O=C(C1=CC(COCC2)=C2NC1=O)N(CC1)CC=C1c1c[nH]c2c1cccn2 

PV-002982183422 
enamine_diver
se CC1=CC=C(CNC2=C(C(N)=O)C(C(C)C)=N[NH]2)C(C2=CN(C)N=C2)=C1 

Z1725346549 enamine_hinge O=C(c(cn[nH]1)c1N1)N=C1N(CC1)CCC1c1c[nH]c2c1cccn2 

PV-002886983380 
enamine_diver
se CN1C=C(C2=CC=NC(NC(=O)C3=CC=C4[NH]C=C(C#N)C4=C3)=C2)C=N1 

PV-002866207541 
enamine_diver
se CC(C)C1=N[NH]C2=CN=CC(C3=CC(S(N)(=O)=O)=CC=C3Cl)=C12 

Z1241143852 enamine_hinge O=C1NC(CN(CC2)CC=C2c2c[nH]c3c2cccn3)=Nc(cc2)c1cc2Cl 

Z1242163269 enamine_hinge Cc1ccc(-c2n[nH]c(NC(C3=CC(CCCCC4)=C4NC3=O)=O)c2)s1 

PV-002814491924 
enamine_diver
se CC(C)(C)C1=C(C2=NC(C3=CC(C(N)=O)=C[NH]3)=NO2)N2CCCCC2=N1 

Z2076067815 enamine_hinge O=C(C1CC1)Nc1nccc(C(Nc2c[nH]nc2-c(cccc2)c2F)=O)c1 

PV-002804071204 
enamine_diver
se CC1=NC2=C(C#N)C=NN2C(NC2=CC=C3CC(C)(C)CC3=C2)=C1 

Z3847603739 enamine_hinge C(CNc1c(C2CC2)cnc(Nc2cccc(CN3CCOCC3)c2)n1)c1c[nH]cn1 

Z4272309690 
enamine_diver
se COC1=CC=C(C(OC)C(C)NC(=O)NC2=CN(C)N=C2C2=CC=NN2C)C=C1 

Z3884859974 enamine_hinge CNc(nc(Nc(cc1)cc2c1OCCN2C)nc1)c1Cl 

PV-002747354668 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)NC2=C3CCCCN3N=C2)=C1 

Z1671815711 enamine_hinge Cn1c(-c2nn(C)c(NC(NC(CC3)Cc4c3[nH]nc4)=O)c2)ncc1 

Z3506642551 
enamine_diver
se COC1=CC(C2=CC3=C(N4CCC4)N=C(C)N=C3S2)=CN=C1C#N 

Z4521999237 enamine_hinge CC(C(N(C1)C[C@@H](C2)[C@H]1CN2c1ncnc2c1cc[nH]2)=O)n1cncc1 

PV-002920142336 
enamine_diver
se CC1=NC(C2=CC=NC(NC(=O)C3=CSC(C4=CN=C[NH]4)=N3)=C2)=N[NH]1 

Z4148638379 
enamine_diver
se CC(C)CC1=N[NH]C2=CC=C(C(=O)NC3=CC(C4CCCOC4)=NN3C)C=C12 

Z1897709996 enamine_hinge Cc1cc(F)c(CS(Nc2cc(-c3ccncc3)n[nH]2)(=O)=O)cc1 

Z224669120 enamine_hinge CCn(c1nc(-c2cccs2)c2)ncc1c2C(Nc1nc(CCN(C)C2)c2s1)=O 

PV-003025269455 
enamine_diver
se N#CC1=C2CCCC2=CN=C1NCC1=N[NH]C2=CC=C(Cl)C=C12 

Z785206520 enamine_hinge O=S(CCC1)(N1c(cc1)cc(Nc2nc(C(F)(F)F)ccn2)c1F)=O 

Z4429422034 
enamine_diver
se CN1C=C(NC(=O)C2=CC=C3CC(N)CCC3=C2)C(C2=CC=NC=C2)=N1 

Z1723428223 enamine_hinge CN(CCC1CNC(c2cc(C(C=C3N4C)=CNC3=NC4=O)ccc2)=O)C1c1cccs1 

Z3384716171 
enamine_diver
se CN1C=C(C2=CC=NC(NC(=O)C3=CSC(N4CCNCC4)=N3)=C2)C=N1 

Z2052377024 enamine_hinge Cn1nccc1[C@@H]1OCC[C@H]1CNc1c[nH]nc1-c1ncccc1 

Z4064028866 
enamine_diver
se CC1=NC(C2=CC(NC(=O)C3=C4CNCCN4C=C3)=CC(C(F)(F)F)=C2)=N[NH]1 

Z1872361171 enamine_hinge Cc1cnc(C(CC2)CCN2c2ncnc3c2cc[nH]3)s1 

PV-002944532109 
enamine_diver
se CC1=CC(C2=N[NH]C(NC(=O)NC3=NC=C(C#N)C=C3C)=C2)=CC=N1 

Z1527067014 enamine_hinge FC(Oc1cc(C(C2)OCCN2c2ncnc3c2cc[nH]3)ccc1)F 

Z4185241582 
enamine_diver
se FC1=CN=CC=C1C1(CNC2=NC=C(F)C(C3=CSC=C3)=N2)CCNCC1 

Z1070433012 enamine_hinge Clc(ccc(C(C1)OCCN1c1ncnc2c1cc[nH]2)c1)c1Cl 
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PV-002746815583 
enamine_diver
se CNC1=CC(NCC2=N[NH]C3=CC=C(Cl)C=C23)=NC(C2=COC=C2)=N1 

Z44542174 enamine_hinge O=C1NC(CNc2cc(CCC3)c3cc2)=Nc2c1c(-c(cccc1)c1Cl)cs2 

PV-002588600081 
enamine_diver
se CN1C=C(CNC2=C(C#N)C(C3CC3)=N[NH]2)C(C2=CC=NN2C)=N1 

Z1953282117 enamine_hinge O=C(C(COCC1)N1C1CCCC1)Nc1n[nH]c2c1ccc(F)c2 

PV-002738249423 
enamine_diver
se 

N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)[C@H]2C[C@H](N3C=CN=N3)C2)=C
1 

Z1661110183 enamine_hinge NC(N(CCC1)CC1Nc1cc(C#N)c(cc(cc2)Cl)c2n1)=O 

PV-002900331067 
enamine_diver
se COC(=O)C1=C2CN(C(=O)C3=CC=C4[NH]C=C(C#N)C4=C3)CCN2C=C1 

Z3606258171 
enamine_diver
se CC(C)C1=CC(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)=C(C(C)C)[NH]1 

Z1874227393 enamine_hinge Cc1cc(C(CCC2)Nc3c(cc(cc4)S(C)(=O)=O)c4ncn3)c2cc1 

Z2198299248 enamine_hinge Cc1n[nH]c(-c2ccccc2)c1NC(c1cc(NC(C2CC2)=O)ncc1)=O 

Z4233590640 
enamine_diver
se CC1=CC(NCC2CCN(C3=NC=NC4=C3C=C[NH]4)CC2)=C(C#N)C=N1 

Z1533617251 enamine_hinge O=S(CCC1)(N1c(cc(cc1)NCc2ncc[nH]2)c1F)=O 

PV-002870224141 
enamine_diver
se COC1=CC(C#N)=CC=C1C(=O)NC1=CC(C2=CC=NC(C)=C2)=N[NH]1 

Z2722929943 enamine_hinge C[C@H]1NCCO[C@@H]1c(cc1)ccc1-c1cnc2[nH]ccc2c1 

Z3562247574 
enamine_diver
se CC(C)(C)[C@@H]1C[C@H](NC2=NC=C(C#N)C3=C2SC=C3)C(=O)N1 

Z2762045227 enamine_hinge Cc1c(C)[nH]c2c1c(N(C[C@@H]1COCC3)C[C@]13C(NC)=O)ncn2 

PV-002907578606 
enamine_diver
se CC(C)C1=NC(C2=CC=C(C3=CN4N=CC(C#N)=C4N=C3)C=C2)=N[NH]1 

Z229742824 enamine_hinge CC(C)n1ncc(c(C(Nc2nc(CC(N)=O)cs2)=O)c2)c1nc2-c1c(C)sc(C)c1 

Z4025846504 
enamine_diver
se 

O=C(NC1=CN(C2=C(F)C=CC=C2F)N=C1)[C@@H]1CCCO[C@H]1C1=NC=C[N
H]1 

Z1357562157 enamine_hinge Cc(c1c2)n[nH]c1ncc2NC(C(CC1)C(c2cn(C)nc2)N(C)C1=O)=O 

PV-002743070947 
enamine_diver
se N#CC1=CC=C(NC(=O)NC2=CN(CCF)N=C2)C=C1C1=CC=NC=C1 

Z1696310077 enamine_hinge CC(C)n1ncc2cc(CNc3nc(cc(cc4)F)c4n3C)cnc12 

Z4272307227 
enamine_diver
se CC(C1CC1)N1C=C(NC(=O)NC2=CN(C)N=C2C2=CC=NN2C)C=N1 

Z1958597427 enamine_hinge Cc1nc(cccc2)c2n1C(CC1)CCN1c1ncnc2c1cc[nH]2 

PV-002781563131 
enamine_diver
se CN1N=CC2=C1SC(C(=O)NC1=CC=C(C#N)C(C3=CC=NC=C3)=C1)=C2 

Z1642775153 enamine_hinge N#Cc1c(NC(CC2)CCN2c(cc2)ncc2C#N)nc2n1cccc2 

Z4013386833 
enamine_diver
se CN1CCN(C(=O)NC2=CN(C3=C(F)C=CC=C3F)N=C2)CC1C1=NC=C[NH]1 

Z2274404638 enamine_hinge FC(c1cc(C(C2)CN2c2ncnc3c2cc[nH]3)ccc1)(F)F 

PV-003024575700 
enamine_diver
se CN1C=C(CNC2=NC3=CC(C#N)=CC=C3N2C)C(C2=CC=NN2C)=N1 

Z2761199587 enamine_hinge Cc1c(C)[nH]c2c1c(N(C[C@@H]1CCC3)C[C@]13c1nnc(C)o1)ncn2 

Z3888246704 
enamine_diver
se COC1(C2=CC=CC(C(=O)NC3=CC(C4=CC=NC(C)=C4)=N[NH]3)=C2)COC1 

Z3772051632 enamine_hinge Cc1nn(CC(F)(F)F)cc1Nc1nc(NCCc2cnc[nH]2)c(C2CC2)cn1 

PV-002796152175 
enamine_diver
se CC1(C)COC2=CC(NC3=NC(C4CC4)=NC=C3C#N)=CC=C21 

Z3950742997 enamine_hinge CNc(nc(Nc(cc1)cc2c1ncs2)nc1)c1Cl 

PV-002763471892 
enamine_diver
se CCCC1=N[NH]C2=CC=C(C(=O)NC3=NN(CC)C(C4CC4)=C3)C=C12 

Z2272518272 enamine_hinge CS(C(CCCC1)CN1c1ncnc2c1c(cccc1)c1[nH]2)(=O)=O 

PV-003009688818 
enamine_diver
se CC1=CC(N2C=CN=C2C)=CC=C1CNC1=C(C2=CC=NN2C)[NH]N=N1 

Z1623354286 enamine_hinge Cc1ccc(-c2n[nH]c(NC(c3cnc4n(C)cnc4c3)=O)c2)s1 
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Z4274715050 
enamine_diver
se CC1=C[NH]C(C2(NC(=O)NC3=CN(C4=C(F)C=CC=C4F)N=C3)CCC2)=N1 

Z4414586244 
enamine_diver
se CC1(C2=NOC(C3=NC=NC4=C3C(Br)=C[NH]4)=N2)CCNCC1 

Z26215952 enamine_hinge Cc(cccc1)c1Nc1nc(N)nc(COn2nnc(cc3)c2cc3S(C)(=O)=O)n1 

Z229257634 enamine_hinge FC(c1nnc(cc2)n1nc2Nc(cc1)cc2c1nc(N1CCCC1)s2)(F)F 

PV-000578091755 
enamine_diver
se O=C(NC1CCCN(C(=O)C2=N[NH]C(C3CC3)=C2)CC1)C1=NC=C[NH]1 

Z3686278238 enamine_hinge CN(C(C=C(N1)N(CC2)C[C@@H]2Nc2nccc(-c(cccc3)c3F)n2)=O)C1=O 

Z4449016638 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)C23COC(CN2)C3)=C1 

Z224443506 enamine_hinge O=C(c1c[nH]nc1-c(cc1)cc2c1OCCO2)Nc1nc(cccc2)c2[nH]1 

Z3832851705 
enamine_diver
se CCN1N=CC2=C1CCC(NC1=NC(C3=CC=NC=C3)=NC(C)=C1C)C2 

Z2205469925 enamine_hinge Cc(cc(c(C(NCC(F)(F)F)=O)c1)NC(c(cc2nn[nH]c2c2)c2OC)=O)c1F 

Z3606252530 
enamine_diver
se COCCN1C=C(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)C=CC1=O 

Z52593003 enamine_hinge Cc1nc(Nc(cc2)ccc2C(N)=O)c(c(-c(cc2)cc(OC)c2OC)cs2)c2n1 

PV-002957303960 
enamine_diver
se CCC1=C(C(=O)NC2CCN(C3=C(C#N)C=NC(C)=C3)CC2)N=C(C)[NH]1 

Z1534432318 enamine_hinge CCNc1nccc(C(Nc2n[nH]c(cc3)c2cc3[N+]([O-])=O)=O)c1 

PV-002883150620 
enamine_diver
se CC(C)(C#N)C1=CC=CC(NC(=O)C2=CN=CC(C3=N[NH]C=C3)=C2)=C1 

Z1659270565 enamine_hinge CC[C@@H](C(Nc1cc(-c2ccncc2)n[nH]1)=O)NC(c1ccccc1)=O 

Z4255631373 
enamine_diver
se CN1C(F)=NC(Cl)=C1C1=NOC(C2=NC(C3CC3)=NC=C2Br)=N1 

Z1600302705 enamine_hinge CCc(cncc1)c1C(Nc1n[nH]c(C2CCOCC2)c1)=O 

Z2762269922 
enamine_diver
se CC1=CC=C(C2=CC=C(C(=O)NC3=C(C4CCNC4)[NH]N=C3)C(F)=C2)C=C1C 

Z1462285873 enamine_hinge O=S(CCC1)(N1c1cc(NCc2c3[nH]ncc3ccc2)ccc1)=O 

Z3809196940 
enamine_diver
se CC1=C(C2=NC(C3=C(N)N(CCC(C)C)N=C3)=NO2)C2=CC=NC=C2C=C1 

Z1723434154 enamine_hinge CN(c1c(N2)ncc(-c3cc(C(NC4CCOCC4)=O)ccc3)c1)C2=O 

PV-002980361582 
enamine_diver
se O=C(NC1=CC(CC2=CC=CC=C2)=CC=N1)C1=CC=NC(C2=NC=C[NH]2)=C1 

Z3841381688 
enamine_diver
se 

COC1=CC([C@@H]2C[C@H]2NC(=O)NC2=CN(C)N=C2C2=CC=NC=C2)=CC=
C1F 

Z3077896328 enamine_hinge CCOc1c(N(CC2)CCN2c2ncnc3c2cc[nH]3)nccc1 

Z2646616091 enamine_hinge CCn1nccc1[C@H]1OCC[C@@H]1NC(c1c2nc(C)[nH]c2ncc1)=O 

Z3337830877 
enamine_diver
se CN1C=C(CNC2=CC=C(C(N)=O)C(N3CCCCC3)=C2)C(C2=CC=NN2C)=N1 

Z2069984535 enamine_hinge Cc(ccnc1)c1NC(c1cc(NC(C2CC2)=O)ncc1)=O 

Z3367330572 
enamine_diver
se CCC(C)OC1=CC(C2=NOC(C3=CN(C)N=C3C3=CC=NN3C)=N2)=CC=N1 

Z3356046392 enamine_hinge CNC(c1nccc(Oc2cccc(NC(c3cncc4c3[nH]c(C(F)(F)F)n4)=O)c2)c1)=O 

Z4148599016 
enamine_diver
se CC(C)CC1=N[NH]C2=CC=C(C(=O)NC3=CC(C4=CN(C)N=C4)=NN3C)C=C12 

Z1614095645 enamine_hinge C(CC(C1)c2n[nH]c(-c3ccccc3)n2)CN1c1ncnc2c1cc[nH]2 

PV-003000550853 
enamine_diver
se COC1=CC=C2[NH]C=CC2=C1C(=O)NC1=CN(C)N=C1C1=CC=NN1C 

Z1576596711 enamine_hinge CC(N(C)Cc1cccc(Nc(cc2)nn3c2nnc3C(F)F)c1)=O 

Z4211227894 
enamine_diver
se CN1C=C(CNCC2=CC=CC(N3CCOCC3)=N2)N2N=CC(C#N)=C12 

Z1546984393 enamine_hinge Cc(cc(C(C1)OCCN1c1ncnc2c1cc[nH]2)cc1)c1F 

Z4217513103 
enamine_diver
se CN1C=C(CNC2=CN=C3CCC(N)CC3=C2)C(C2=CC=NN2C)=N1 

Z2973449868 enamine_hinge CCc1c[nH]c2c1c(NC[C@@H]1[C@@H](c3ccnn3C)OCCC1)ncn2 
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Z2190136975 
enamine_diver
se CC1=CN(C2=CC=C(C(N)=O)C=C2NC(=O)NC2=CN(C)N=C2C2CC2)N=C1 

Z1268225168 enamine_hinge CNC(c(cc1)ncc1C(Nc1n[nH]c(C2C(CC3)CC3C2)c1)=O)=O 

Z3832846113 
enamine_diver
se CCN1N=CC2=C1CCC(NC1=CC(C3=CC=CC=C3)=C(C)N=N1)C2 

Z3772051647 enamine_hinge Cc1nn(CC(F)(F)F)cc1Nc1ncc(C2CC2)c(NCc(cc2)ccc2S(N)(=O)=O)n1 

PV-002904720952 
enamine_diver
se CN1C=C(C2=CC=NC(NC(=O)C3=CC=CC(F)=C3C3CC3)=N2)C=N1 

Z573976144 enamine_hinge O=C(c1n[nH]c(C2CC2)c1)NCc(cc1)nn1-c(cccc1)c1F 

Z4456494918 
enamine_diver
se CC1=CN=C2CC(NC3=CC(C4=CC=CC(CO)=C4)=CC=C3C#N)CCN12 

Z1272280382 enamine_hinge O=C1NC(NC2c(cccc3)c3OC2)=Nc2c1cnn2-c1ccccc1 

Z4233590504 
enamine_diver
se CC1=NSC(NCC2CCN(C3=NC=NC4=C3C=C[NH]4)CC2)=C1C#N 

Z339154168 enamine_hinge O=C(c1cc(CCC2)c2s1)N(CC1)CC=C1c1c[nH]c2c1cccn2 

PV-002734594439 
enamine_diver
se CC1=NC=C2C=CC(C(=O)NC3=CC=C(C4=N[NH]C(CN)=N4)C=C3)=CN12 

Z1465281292 enamine_hinge CCOc1cc(CCN(C2)c3ncnc4c3cc[nH]4)c2cc1 

PV-003010455145 
enamine_diver
se CC1=CC(C2=CN3N=CC(C#N)=C3N=C2)=CC2=C1NC(=O)C2(C)C 

Z1823644534 enamine_hinge CN(C)C(CNc1c(cc(cc2)S(C)(=O)=O)c2ncn1)c(cc1)ccc1F 

PV-002877163242 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=CC(C(C)(C)C)=NN3C)C=C12 

Z2768571033 enamine_hinge Cc1c(C)[nH]c2c1c(N(C[C@H]1COC3)C[C@@]13c1nnc(C)o1)ncn2 

PV-002897667894 
enamine_diver
se O=C(NC1CC1)C1=CC=C(NC2=CN(C3=C(F)C=CC=C3F)N=C2)N=C1 

Z62737036 enamine_hinge Cc(c(-n1c(SCC(Nc2cc(C(N)=O)cc(C(N)=O)c2)=O)ncc1)ccc1)c1Cl 

Z3293603813 
enamine_diver
se COC1=CC=C(C2=CC=NC=C2)C=C1CNC1=NC=C2COC(C)(C)C2=N1 

Z298640894 enamine_hinge CC(C)C(C(N(CC1)CC=C1c1c[nH]c2c1cccn2)=O)NC(c(cc1)ccc1Cl)=O 

Z3794499819 
enamine_diver
se CC1=CC=C2C=NC=CC2=C1C(=O)NC1=CN([C@@H]2COC[C@@H]2N)N=C1 

Z1953282051 enamine_hinge Oc1cc(C(Nc2n[nH]c3c2ccc(F)c3)=O)c(C(F)(F)F)cc1 

PV-002999634520 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)NC2=NN(C3CCC3)C=C2)=C1 

Z991898772 enamine_hinge FC(c1cc(N(CC2)CCN2c2ncnc3c2cc[nH]3)ccc1)(F)F 

PV-002949767030 
enamine_diver
se CN1N=CC2=CC(C3=CC=C4C(N)=C(C#N)C=NC4=C3)=CN=C21 

Z2967714693 enamine_hinge CCc1c[nH]c2c1c(N(CCC1)CC1c1nnc3n1cccc3)ncn2 

Z3606264919 
enamine_diver
se CC(C)C1=CN=C2C=C(C(=O)NC3=CN(C)N=C3C3=CC=NN3C)[NH]C2=C1 

Z1730062884 enamine_hinge CC(C)c1cnc(CNc(cc2)ccc2N(CCN2)C2=O)s1 

Z3337740546 
enamine_diver
se COC1=CC=C(NC2=NC(C3=CN([C@H]4CC[C@@H](N)CC4)N=N3)=CS2)C=C1F 

Z1966281351 enamine_hinge O=C(c1c2)NC(c3c[nH]c4c3cccc4)=Nc1cc(Cl)c2Cl 

PV-002923008066 
enamine_diver
se CN1N=CC(C2CC2)=C1C1=CC=C2C(N)=C(C#N)C=NC2=C1 

Z1725358463 enamine_hinge O=C(c(cn[nH]1)c1N1)N=C1N1CC(CNc2ncccc2)CC1 

Z4101861755 
enamine_diver
se CC1=NN=CN1C1=CC=CC(NC(=O)C2=CC(NC3CC3)=NC=C2Cl)=C1 

Z785458586 enamine_hinge O=S(c1c[nH]c2c1cccn2)(N1CCN(Cc2nccn2C(F)F)CC1)=O 

Z4216599240 
enamine_diver
se CC1=CC=C(NCC2=C(Cl)N=C(N(C)C)N2C)C2=C1C(C#N)=C[NH]2 

Z786281110 enamine_hinge O=C1NCCCCC1Nc(cc1)nn2c1nnc2C(F)(F)F 

Z4272303629 
enamine_diver
se 

CCOC1=CC=CC([C@@H]2C[C@H]2NC(=O)NC2=CN(C)N=C2C2=CC=NN2C)=
C1 

Z1875036578 enamine_hinge CC(Nc(ccc(C(Nc1n[nH]c(C2CCOCC2)c1)=O)c1)c1F)=O 
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Z4028413203 
enamine_diver
se CC(C)(C#N)C1=CC(C(=O)NC2=C(C3CCNC3)[NH]N=C2)=CC(C(F)(F)F)=C1 

Z825782506 enamine_hinge CC(C)C(N(CCC1)C1C(Nc1cnc2[nH]nc(C)c2c1)=O)=O 

Z4163994616 
enamine_diver
se CN(C)C1=CC(C(=O)NC2=C(C(F)F)N(C3=CC=NC=C3)N=C2)=NN=C1C1CC1 

Z4027450995 enamine_hinge C[C@H](C1)O[C@H](CO)CN1c1ncnc2c1c(cccc1)c1[nH]2 

Z3606268549 
enamine_diver
se COCCN(C)C1=CC=NC(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)=C1 

Z340521968 enamine_hinge Cc(n(-c1cccc(Cl)c1)nc1)c1C(Nc(cc1)cc2c1[nH]nc2)=O 

PV-003042472738 
enamine_diver
se CN1N=CC(CN)=C1NC(=O)C1=CC(C2=CN=C3[NH]C=CC3=C2)=CC=N1 

Z1663390302 enamine_hinge Cn1c(C2CCC2)nnc1CNC(Cc1c[nH]c2c1cccn2)=O 

Z4310656126 
enamine_diver
se CN(C)C[C@@H]1CC[C@H](C(=O)NC2=CN(C)N=C2C2=CC=NC=C2)O1 

Z3547799409 
enamine_diver
se COC1=CC=CC(CN2C=CC=C(NCC3=C(Cl)[NH]N=C3C3CC3)C2=O)=N1 

Z2347721785 enamine_hinge C(CN(CC1)c2ncnc3c2cc[nH]3)C11OCCc2c1cccc2 

Z1757705914 enamine_hinge CC(NCc1nccc(OC(CC2)CN2c2ncnc3c2cn[nH]3)c1)=O 

PV-003006761255 
enamine_diver
se CN1N=CC2=CC(CNC3=C(C#N)N4C=CC(Cl)=CC4=N3)=CN=C21 

Z1317599619 enamine_hinge Cc1nc([nH]cc2)c2c(Nc(cc2)cc3c2[nH]nc3)n1 

Z4342827179 
enamine_diver
se C[C@@H](NC1=CC(C(N)=O)=NC(C2CC2)=N1)C1=CC=NC=C1Br 

Z1070432114 enamine_hinge Fc(ccc(C(C1)OCCN1c1ncnc2c1cc[nH]2)c1)c1F 

Z3562247527 
enamine_diver
se 

CC(C)(C)[C@@H]1C[C@H](NC2=NN3C(C4=CC=NC=C4)=NN=C3C=C2)C(=O)N
1 

Z106550938 enamine_hinge O=C1NC(CN(Cc(cc2)ccc2F)C2CC2)=Nc2c1c(-c1cccs1)cs2 

PV-002740943136 
enamine_diver
se CC1=CC2=C(C(C)=C1)C(NC1=NC(C3CC3)=NC=C1C#N)CC2 

Z196138710 enamine_hinge COc(cc(CNc1c2sccc2ncn1)cc1)c1OC(F)F 

PV-002875435369 
enamine_diver
se N#CC1=CC=C(NC(=O)CC2=C3CCCCN3N=C2)C=C1C1=CC=NC=C1 

Z1622152395 enamine_hinge O=C(C1NCCC1)NCc1cn(-c2ccccc2)nc1-c1ccncc1.Cl 

Z4230030431 
enamine_diver
se CCC1=NN=C(C[C@@H]2CC[C@H](NC3=CC(C)=NC=C3C(=O)OC)C2)O1 

Z1834347005 enamine_hinge Cc(n(C1CCOCC1)nc1)c1C(Nc1n[nH]c2c1ccc(F)c2)=O 

Z4144498914 
enamine_diver
se CNCC1=NC=C(C(=O)NC2=C(C)N(C3=CC(C)=CC=C3C)N=C2)C=N1 

Z2073045218 enamine_hinge Cc(ccc(CO)c1)c1NC(c1cc(NC(C2CC2)=O)ncc1)=O 

PV-003039793887 
enamine_diver
se CC(N)(CNC1=C(C#N)C=NC2=C(F)C=CC(Cl)=C12)CN1C=CC=N1 

Z2762265035 enamine_hinge Cc(c(C)c1)cc2c1occ2CC(Nc1c(C2CNCC2)[nH]nc1)=O 

PV-002719781073 
enamine_diver
se CC(NC(=O)NC1=CC2=C(C=N1)[NH]C=C2)C1=N[NH]C(C2=CC=CS2)=N1 

Z979286080 enamine_hinge CCOc(ccc(C(Nc1cc(-c2ccncc2)n[nH]1)=O)c1)c1OC 

Z3653434344 
enamine_diver
se CN1N=CC(NC(=O)C2CCCC3=CC(C#N)=CC=C32)=C1C1=CN=CC=N1 

Z1758193983 enamine_hinge CC(C)(C)[C@H]1OCC[C@@H]1c1nnc(Cc2c[nH]c3c2cccn3)o1 

Z4449016569 
enamine_diver
se 

N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)[C@@H]2CCO[C@@H]2CC2CCNCC
2)=C1 

Z1665944963 enamine_hinge Cc1ccnc(C(CC2)CCN2c2ncnc3c2cc[nH]3)n1 

Z4311251766 
enamine_diver
se CN(C)C[C@@H]1CC[C@H](C(=O)NC2=CC=C(Cl)C(N3CCNC3=O)=C2)O1 

Z1739540848 enamine_hinge Fc1cccc(F)c1C(CC1)CCN1c1ncnc2c1cc[nH]2 

PV-002729852227 
enamine_diver
se COC(=O)C1=CC2=C(C)C(C3=CN4N=CC(C#N)=C4N=C3)=CC=C2[NH]1 

Z52523797 enamine_hinge O=C(c1cccc(S(Nc(cc2)cc3c2[nH]nc3)(=O)=O)c1)Nc(cc1)cc2c1OCCCO2 
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PV-002813282580 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)N2CCC[C@H]2C2=NOC=C2)=C1 

Z2093418700 enamine_hinge Cc1n[nH]cc1C(CC1)CCN1c1ncnc2c1cc[nH]2 

Z3842727524 
enamine_diver
se CC1=CC=C(NC(=O)N2CCC(CN(C)C)C2(C)C)C2=C1C(C#N)=C[NH]2 

Z1491594831 enamine_hinge CC(C)(C)n(c(C1CC1)c1)nc1C(Nc(ncc1c2)nc1ccc2C#N)=O 

PV-002861941210 
enamine_diver
se CN1C=C(CNC2=NC3=C(C=C(Cl)C(F)=C3)[NH]2)C(C2=CC=NN2C)=N1 

Z1587709311 enamine_hinge Fc(cc1)cnc1N(CC1)CCN1c1ncnc2c1cc[nH]2 

Z4232208022 
enamine_diver
se CC1=CC(N2CCC3=C(C2)C(CO)=N[NH]3)=NC=C1C#N 

Z106498018 enamine_hinge CC(c(cc1)ccc1-n1ncnc1)N(C)CC(NC1=O)=Nc2c1oc1c2cccc1 

Z4421265565 
enamine_diver
se CN1C=C(C2=CC=NC(NC(=O)C3=CC4=C(CCNC4)N3C)=C2)C=N1 

Z1665646061 enamine_hinge COc1noc(C(Nc2cc(-c3cccc(F)c3F)n[nH]2)=O)c1 

Z3356558707 
enamine_diver
se CC(C)(C)C1=NC(CNC(=O)CC2=C[NH]C3=NC=CC(Cl)=C23)=N[NH]1 

Z1039077300 enamine_hinge Clc1cc(Cl)c(N(CC2)CCN2c2ncnc3c2cc[nH]3)nc1 

PV-002972008103 
enamine_diver
se O=C(NC1=CC(C2=NN=N[NH]2)=CC=C1F)C1=CN=C2NCCOC2=C1 

Z1537918417 enamine_hinge CCc1c(NC(c2cccc(OC)c2F)=O)[nH]nc1-c1ccncc1 

PV-002899034339 
enamine_diver
se CC1=CC(F)=CC(CO)=C1C1=CC2=C(C=C1C(F)(F)F)[NH]C=N2 

Z3383760531 
enamine_diver
se O=C(NC1=N[NH]C(C2=C(Cl)C(Cl)=CC=C2)=C1)C1CC2(CCOCC2)CN1 

Z2347732760 enamine_hinge COC(c1ccc(N(CC2)CCN2c2ncnc3c2cc[nH]3)s1)=O 

Z1302789469 enamine_hinge Cc1nn(C)c2c1c(NC(c1cc(NC3CCCC3)ncc1)=O)n[nH]2 

PV-002830448824 
enamine_diver
se CC1=CC(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)=CC2=C1[NH]C=N2 

Z2972765817 enamine_hinge CCc1c[nH]c2c1c(Nc(cc1)cc(S(C)(=O)=O)c1OC)ncn2 

Z4063779764 
enamine_diver
se NCC1(C2=CC=C(C(=O)NC3=CC(C4=CC=CC(F)=C4F)=N[NH]3)C=N2)CCC1 

Z649765000 enamine_hinge O=C1NC(CN(CCC2)C2c2ccc[nH]2)=Nc2c1ccc(Cl)c2 

Z3512028671 
enamine_diver
se CN1N=CC(C2CC2)=C1C1=CC=C2CC(N)(CO)CCC2=C1 

Z73488292 enamine_hinge O=C(C1)Nc(cc2)c1cc2-c1csc(Nc2cc(C(F)(F)F)ccc2)n1 

PV-002914165654 
enamine_diver
se CC1(C)CNC2=C1C=CC=C2C1=CN2N=CC(C#N)=C2N=C1 

Z1559985788 enamine_hinge O=C(c1n[nH]c2c1cccc2)Nc1c[nH]nc1-c1ncccc1 

PV-002729091047 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)C2CNC3=C(C=N[NH]3)C2)=C1 

Z3564291978 enamine_hinge Cc1cccc(Cl)c1NC(c1cnc(Nc2ncnc3c2CN(C)CC3)s1)=O.OC(C(F)(F)F)=O 

Z2092502849 
enamine_diver
se CC(NC1=CC(C2=CC=NC=C2)=NC(Cl)=N1)C1=CC=C(N2CCCS2(=O)=O)C=C1 

Z1759675449 enamine_hinge CN(C)c1nccc(N(C2)[C@H](CNC(c3n[nH]c4c3CCC4)=O)C[C@@H]2F)n1 

PV-002814982933 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=CC(C4=NC(C)=NO4)=CN=C3)C=C12 

Z1225949377 enamine_hinge O=C(CC1c(cccc2)c2OCC1)Nc1cc(-c2ccncc2)n[nH]1 

PV-002964238309 
enamine_diver
se O=C(NCC1=CC2=CN=CC=C2[NH]1)C1=CC=NC(C2=NC=C[NH]2)=C1 

Z237522248 enamine_hinge CC(Nc(cc1)ccc1S(N(CC1)CC=C1c1c[nH]c2c1cccn2)(=O)=O)=O 

PV-002794781466 
enamine_diver
se N#CC1=CC=C(NCC2=NC(C3CC3)=NC(O)=C2)C=C1C1=CC=NC=C1 

Z3137268093 
enamine_diver
se CC(C)C1=NC(C2=CC=CC=C2Cl)=NC=C1C(=O)NC1=NN2CCNCC2=C1 

Z236016972 enamine_hinge Cn(cc1C(N(CCC2)CC2c2nc(cccc3)c3[nH]2)=O)nc1-c(cc1)cc2c1OCCCO2 

Z1241145439 enamine_hinge C(c1nnc(-c2ccco2)o1)N(CC1)CC=C1c1c[nH]c2c1cccn2 
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PV-002733662135 
enamine_diver
se O=C(NC1=CC(C2=C(F)C(F)=CC=C2)=N[NH]1)C1=NC=C(C2CC2)O1 

Z2163277696 enamine_hinge O=C([C@@H](CC1)O[C@@H]1c1ccccc1)Nc1n[nH]c(cc2)c1cc2F 

Z4254680099 
enamine_diver
se CCC1=NC=C(Cl)C(C(=O)NCC2CCN(C3=NC=NC4=C3C=C[NH]4)CC2)=N1 

Z298640018 enamine_hinge O=C(Cc(cc1)ccc1F)N(CC1)CC=C1c1c[nH]c2c1cccn2 

Z2189829175 
enamine_diver
se CN1C=C(NC(=O)NC2=CC=C(N3N=CC(C#N)=C3N)C=C2)C(C2CC2)=N1 

PV-002709802771 
enamine_diver
se NC1=NN2C=CC=CC2=C1C(=O)NC1=CC=C(F)C(C2=CC=NC=C2)=C1 

Z62878553 enamine_hinge O=C(c1n[nH]c2c1cccc2)Nc(cc1)cc2c1nc(N1CCOCC1)s2 

Z1612627107 enamine_hinge CC(c1cc(-c2ccncc2)ccc1)Nc1cc(C(NC2)=O)c2cc1 

Z3686134492 
enamine_diver
se 

CO[C@@H]1CN(C2=CC=NC(N(C)C)=N2)C[C@@H]1NC1=CC(=O)[NH]C2=CN=
CC=C12 

Z1757781974 enamine_hinge Cn1nccc1[C@@H]1OCC[C@H]1CNc(ncc(C(N)=O)c1)c1Cl 

Z4291364166 
enamine_diver
se CC(C)(C)C1=CN=C(C(=O)NC2=CC=C(Cl)C(N3CCNC3=O)=C2)O1 

Z2073189755 enamine_hinge Oc(ccc(NC(c1cc(NC(C2CC2)=O)ncc1)=O)c1)c1Cl 

Z4233310566 
enamine_diver
se CCN1N=CC2=C1CCC(NC1=CC(C3CCCO3)=C(Cl)N=N1)C2 

Z2378442098 enamine_hinge O=C(COC1CCNCC1)Nc(c1ccc2)n[nH]c1c2Cl 

Z3606252965 
enamine_diver
se CC1=CC(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)=CC=C1N1CCNC1=O 

Z1544332989 enamine_hinge CCNc1ncc(C(Nc2cn(-c(nccc3)c3Cl)nc2)=O)s1 

Z1929584552 
enamine_diver
se CN1CCN(C2=NC=C(C(=O)NC3=C(C(F)F)N(C4=CC=NC=C4)N=C3)S2)CC1 

Z1039090602 enamine_hinge Cc1ccc(C(NC(CC2)CCN2c2ncnc3c2cc[nH]3)=O)s1 

PV-003005733604 
enamine_diver
se CNC1=CC=C(C(=O)NC2=CC3=C(C=C2C(=O)OC)[NH]C=C3)C(Cl)=C1 

Z2218223010 enamine_hinge C(c1c(C2)n(-c3ccccc3)nc1)N2c1ncnc2c1cn[nH]2 

Z3151724655 
enamine_diver
se CC(C)CN1C(C2=N[NH]C3=CC=CC=C23)=NN=C1N1CCN(CCC#N)CC1 

Z354363402 enamine_hinge Cc1nc(NCc2cc(C(NC)=O)ccc2)c(c(-c2cccs2)cs2)c2n1 

Z3990037411 
enamine_diver
se CCC1=C[NH]C2=NC=C(C3=CC=NC4=C3CN(C(=O)OC)CC4)C=C12 

Z424981970 enamine_hinge CC1Oc(ccc(NC(c2c(C)n(C(C)(C)C)nc2)=O)c2)c2NC1=O 

PV-002990544308 
enamine_diver
se CN1N=CC(NC(=O)C2CNC3=C(C=N[NH]3)C2)=C1C1=CC=CC=C1 

Z1559777197 enamine_hinge O=C(c1cc(F)cc2cccnc12)Nc1n[nH]c(C2CCOCC2)c1 

Z3834034884 
enamine_diver
se CN1CCC(N2CCC(NC3=C(C#N)C=NC4=C(F)C=CC(F)=C34)C2=O)CC1 

Z4561573892 enamine_hinge CCC(N(CC1)c2c1ccc(Nc1c(c(Br)c(C(OC)=O)[nH]3)c3ncn1)c2)=O 

Z4353161447 
enamine_diver
se 

O=C(NC1=CC=C(F)C(C2=CC=NC=C2)=C1)[C@@H]1CCCO[C@H]1C1=NC=C[
NH]1 

Z2969650561 enamine_hinge CCc1c[nH]c2c1c(NCCC(C(C)=NN1)C1=O)ncn2 

PV-002712264396 
enamine_diver
se CC1=CC2=C(C=C1NC(=O)C1=C[NH]N=C1C1=CC=C(C#N)C=C1)[NH]C=C2 

Z1658089838 enamine_hinge O=C(c1c2[nH]ncc2ccc1)Nc(cc1)cnc1C(N1CCCCC1)=O 

PV-003033371733 
enamine_diver
se NC1=NC=C2CC(C(=O)NC3=C[NH]N=C3C(=O)NC3CC3)CCC2=N1 

Z2764131426 enamine_hinge CN(C[C@H]1OCC[C@H]1c1ncn[nH]1)C(c(cc1)cc2c1[nH]nc2)=O 

PV-000265026222 
enamine_diver
se O=C(NC1CCC(CNC(=O)C2=NC=C[NH]2)C1)C1=CC2=CN=CC=C2[NH]1 

Z51869695 enamine_hinge CC(C)n(c1nc(C2CC2)c2)ncc1c2C(Nc(cc(cc1)Cl)c1-n1ncnc1)=O 

Z4385081296 
enamine_diver
se COC1=CC(NC(=O)C2=NC(C3CC3)=NC=C2Cl)=C(F)C=C1C#N 

Z1607926386 enamine_hinge N#Cc(ccc(NC(c(cc(CCC(N1)=O)c1c1)c1F)=O)c1)c1C#N 
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Z3837563367 
enamine_diver
se CC1=C(C(=O)NC2=CN=CC=C2N2CCN(C)CC2)SC(C2=NC=C[NH]2)=N1 

Z3063592964 enamine_hinge O=C(c1n[nH]c(C2CC2)c1)Nc1n[nH]c2c1ccc(C(F)(F)F)n2 

Z4272282359 
enamine_diver
se CN(CC1=NC=C(Cl)C=C1Cl)C(=O)NC1=CN(C)N=C1C1=CC=NN1C 

Z450065016 enamine_hinge O=C(c(c1c2CCC1)nn2-c(cc1)cc(F)c1F)Nc1nc(cccc2)c2[nH]1 

PV-002709745589 
enamine_diver
se CC1=CC=C2N=CC(C#N)=C(N[C@@H](CO)CNC(=O)C3=NOC=C3)C2=C1 

Z3333528035 enamine_hinge O=C(N(CC1)CCN1c1ncnc2c1c(cccc1)c1[nH]2)OCc1ccccc1 

Z4119176686 
enamine_diver
se COC(=O)C[C@H]1C[C@@H](NC2=NC(C3=CC=NC=C3Cl)=CS2)C1 

Z28536502 enamine_hinge CCn1nnc2c1ccc(C(Nc(cc(cc1)Cl)c1-n1ncnc1)=O)c2 

Z4409848142 
enamine_diver
se CC1(C)CN(C2=CC=NC(C3=CN4N=CC(C#N)=C4N=C3)=N2)CCN1 

Z1678860086 enamine_hinge Cc1nc(C(Nc2cc(-c3ccncc3)n[nH]2)=O)c(-c2ccccc2)o1 

PV-002919206869 
enamine_diver
se CN1N=C(NCC2=CC(C3=CC=NC=C3)=N[NH]2)C=C1C#N 

Z86317454 enamine_hinge Cc(cc1)ccc1-c1csc2ncnc(NCCCc3n[nH]c(N)c3C#N)c12 

PV-002747489246 
enamine_diver
se CC1=CC=C2C=C[NH]C2=C1C1=CN2N=CC(C#N)=C2N=C1 

Z2700346964 enamine_hinge O=C(c(cn[nH]1)c1N1)N=C1N(CC1)CCC1OCc(cc1)ccc1F 

PV-002912080040 
enamine_diver
se N#CC1=CC(C2=CC=NC=C2)=CC(NC(=O)C2=CC3=C(CCCC3=O)[NH]2)=C1 

Z381645104 enamine_hinge Cc(cc1)ccc1-c1cnc(-c(cccc2)c2C(Nc2c[nH]nc2)=O)o1 

PV-002829057767 
enamine_diver
se O=C(NC1=CC=C(C2=N[NH]N=C2)C=C1)C1=CC=C(C2=CC=NC=C2)[NH]C1=O 

Z1521955084 enamine_hinge O=C(c(cc1)ccc1C(Nc1n[nH]c(cc2)c1cc2F)=O)NC1CC1 

Z2869123619 
enamine_diver
se CN1C=C(NC(=O)NC2=C(C#N)C(C(C)(C)C)=CS2)C(C2CC2)=N1 

Z2504758937 enamine_hinge CNC(c1nccc(Oc(ccc(NC2c3nccn3CCC2)c2)c2F)c1)=O 

Z4264476336 
enamine_diver
se CN1N=CC(NC(=O)C2=CC=C(C3=NC=C[NH]3)N=C2)=C1CCC(F)(F)F 

Z196131726 enamine_hinge Cc1nn2c(cccc3)c3c(Nc(cc3)cc(N4)c3OCC4=O)nc2c1Cl 

Z3606260278 
enamine_diver
se CCN(CC)C1=CC=C(C(=O)NC2=CN(C)N=C2C2=CC=NN2C)C(O)=C1 

Z3048354414 enamine_hinge CC(C)(C)c1c(C(Nc2n[nH]c(cc3)c2cc3F)=O)scn1 

Z3833234996 
enamine_diver
se 

C[C@H](NC1=NC(N[C@@H](C)C2=CC=NN2C)=C(F)C(C2CC2)=N1)C1=CC=NN
1C 

Z1142722587 enamine_hinge CC(C)c1nc(CN(CC2)c3ncnc4c3cc[nH]4)c2n1C 

PV-002775997025 
enamine_diver
se CN1N=CC(NC(=O)NCC2=CC3=CN=CC=C3[NH]2)=C1C1=CC=CC=C1 

Z2732441070 enamine_hinge C[C@@H](C[C@@H](C(Nc1cncc(-c2cnc3[nH]ccc3c2)c1)=O)N1)CC1=O 

Z3081935015 
enamine_diver
se CC1=CC(C2CC2)=NC=C1C(=O)NC1=CN(C)N=C1C1=CC=NC=C1 

Z1613920204 enamine_hinge [O-][N+](c(cc(cc1)C(N(CC2)CC=C2c2c(cc[nH]3)c3ncc2)=O)c1NC1CC1)=O 

PV-002738907074 
enamine_diver
se O=C(NC1=CC=C2C=NC=C(F)C2=C1)C1=CC=CC(C2=NC=N[NH]2)=C1 

Z2002922388 enamine_hinge O=C(C(CCC1)CC1(F)F)Nc1n[nH]c(cc2)c1cc2F 

PV-002465580757 
enamine_diver
se CC1=N[NH]C2=C1N(C(=O)NC1=NN(C3=CC=CC=C3F)C(C)=C1)CCC2 

Z951386758 enamine_hinge N#Cc1c(NCc2cn(-c3ccccc3)nc2-c2ccncc2)nccc1 

PV-002931822629 
enamine_diver
se N#CCCN1C(C2=N[NH]C3=CC=CC=C23)=NN=C1N1CC[C@H](C(F)F)C1 

Z645644002 enamine_hinge FC(c1nnc(cc2)n1nc2NCCCNc1ncccc1)(F)F 

PV-002962986688 
enamine_diver
se N#CC1=CC(N2CCCC2)=CC(C2=CN3N=CC(C#N)=C3N=C2)=C1 

Z1956680261 enamine_hinge O=C(c1c2)NC(c3ccc[nH]3)=Nc1cc(Br)c2F 
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PV-002919006773 
enamine_diver
se COC1=CC=C2C=NC(C3=CN4N=CC(C#N)=C4N=C3)=CC2=C1F 

Z234513432 enamine_hinge O=C(c1cn(-c2ccccc2)nc1)N(CC1)CC=C1c1c[nH]c2c1cccn2 

Z4343432082 
enamine_diver
se CN1CCN(C2=CC(F)=CC(CNC3=NC(C4CC4)=NC=C3C#N)=C2)CC1 

Z1737110153 enamine_hinge Cn1c(CC(Nc(cc2)cc3c2[nH]c(-c(cc(cc2)F)c2F)n3)=O)cnc1 

Z3774108580 
enamine_diver
se FC(F)(F)C1=CC(CNC2=NC=C3CCOCC3=N2)=C2C=C[NH]C2=C1 

Z2834321565 enamine_hinge O=C1NC(CN(CC2)CC=C2c2c[nH]c3c2cccn3)=NC2=C1COCC2 

PV-002816656911 
enamine_diver
se CCN1N=CC2=CC=C(NC(=O)C3=CC=C(C4=NN=N[NH]4)C=C3F)C=C21 

Z2970701737 enamine_hinge O[C@H](CC1)CC[C@@H]1Nc1ccnc(N[C@H](CC2)CC[C@@H]2O)n1 

Z3585590523 
enamine_diver
se CC1=C2N=CC(NC(=O)[C@@H]3C[C@H]3C3=CC=NC=C3Cl)=CN2N=C1 

Z1757858634 enamine_hinge C(c1cc([nH]nc2)c2cc1)N(CCC1)C1c1nc(CCCC2)c2[nH]1 

PV-002877771020 
enamine_diver
se CC1CCN(C2=C(C#N)C=CC=C2C#N)CCN1C1=NC=NC2=C1C=C[NH]2 

Z203982424 enamine_hinge Clc(cc1)cc(Cl)c1-c([nH]c1c2cccc1)c2-c1ncc[nH]1 

Z4101799575 
enamine_diver
se CC1=C(NC(=O)C2=CC(NC3CC3)=NC=C2Cl)[NH]N=C1C1=CC=NC=C1 

Z1768896238 enamine_hinge CC[C@@H](CO)NC(C(CCC1)CN1C(c(cc1)cc2c1[nH]nc2)=O)=O 

PV-002911432526 
enamine_diver
se CC1=CC(C2=N[NH]C(NC(=O)NC3=CC=C(C4=C[NH]N=C4)C=C3)=C2)=CC=N1 

Z2378442101 enamine_hinge O=C(C1C(CC2)NCC2C1)Nc(c1ccc2)n[nH]c1c2Cl 

PV-002856838327 
enamine_diver
se CN1C=C(CNC2=CC3=C(C=C2F)CCNC3=O)N2N=CC(C#N)=C12 

Z3048354234 enamine_hinge O=C(C1N(CC(F)F)CCOC1)Nc1n[nH]c(cc2)c1cc2F 

Z4211361205 
enamine_diver
se NC1=CC(C2=CC3=C(CCNC3)S2)=C(C2CC2)S1 

Z298642486 enamine_hinge CCN(c(ccc(C(N(CC1)CC=C1c1c[nH]c2c1cccn2)=O)c1)c1NC1=O)C1=O 

Z3614131624 
enamine_diver
se N#CC1=CC=C(N2N=CN=C2NC(=O)C[C@@H]2CCC[C@H](C3CC3)O2)C=C1 

PV-002973422314 
enamine_diver
se C[C@H](CNC(=O)CC1CC2(CC2)C1)NC1=NC=CC(C2=CN=CC=N2)=N1 

Z1981589582 enamine_hinge O=C(c(cc1)cn2c1ncc2)Nc(cc(cc1)-c2n[nH]cn2)c1F 

Z27652417 enamine_hinge CCc1c(C)sc(N=C(c(cc2)ccc2C(Nc(cc2)ccc2NC(C)=O)=O)N2)c1C2=O 

Z4225430629 
enamine_diver
se O=C(NC1=NOC(C2=CC=CS2)=C1)[C@H]1CC[C@H](C2=NC=N[NH]2)CC1 
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8.2      List of 20 compounds against EmPim 

Structure 
Smile 

Catalog-ID 
Enamine 

Formula MW 

 

  

Cc1noc(C)c1
COc2cccc(c2
)C(=O)N3CC
C(CC3)C(=O
)N 

Z30898879 C19H23N3O4 357.40362 

 

  

CN(C)C(=O)
CN1CCN(Cc
2nc3scc(c4cc
co4)c3c(=O)[
nH]2)CC1 

Z90263347 
C19H23N5O3
S 

401.48262 

 

  

COc1cc(CNc
2ncnc3ccsc2
3)ccc1OC(F)
F 

Z196138710 
C15H13F2N3
O2S 

337.34443 

ON

O

O

N2H

O

N

S

NNH

O

O

N

N

O

N

S

NN
H

N

O

O

FF
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CN(C)C(=O)
CN1CCN(Cc
2nc3scc(c4cc
ccc4Cl)c3c(=
O)[nH]2)CC1 

Z65225039 
C21H24ClN5
O2S 

445.96556 

 

  

CCC1CN(Cc
2nc3cc(OC)c
(OC)cc3c(=O
)[nH]2)CCO1 

Z354576500 C17H23N3O4 333.38222 

 

  

Clc1ccc(cc1)
n2cc(cn2)C(=
O)Nc3cc(n[n
H]3)c4ccncc4 

Z979287238 
C18H13ClN6
O 

364.78842 

Cl

S O

NHN

N

N

O

N

racemate

ON
H

N

N

O

O

&1

O

Cl
N

N

O

N
H

N
H

N

N
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CN(CCn1ccc
n1)C(=O)c2c[
nH]nc2c3ccc
c(Cl)c3 

Z139045199
9 

C16H16ClN5
O 

329.78414 

 

  

CN(CCCc1n[
nH]c(N)c1C#
N)c2nnc(s2)c
3ccccn3 

Z167967295
5 

C15H16N8S 340.40614 

 

  

O=C(Nc1cc(
n[nH]1)c2ccn
cc2)c3scnc3
C4CCCC4 

Z167886012
0 

C17H17N5OS 339.41478 

Cl

N

NH

O

N
N

N

S
N

O

N
H

N
H

N

N

S

NN

N

N

N
NH

NN2H
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Fc1ccccc1C
C(Cc2ccccc2
F)Nc3nn4c(=
O)ccnc4s3 

Z148118501
2 

C20H16F2N4
OS 

398.42905 

 

  

Cn1nccc1[C
@@H]2OCC
[C@H]2CNc
3c[nH]nc3c4c
cccn4 

Z205237702
4 

C17H20N6O 324.3803 

 

  

C1CN(CCC1
c2c[nH]c3ncc
cc23)c4ncnc
5[nH]ccc45 

Z103908088
0 

C18H18N6 318.37572 

S

N

N
NN

H
O

F

F

this enantiomer

O
R
abs

S
abs

N
N

N
H

N

NH

N

NN

N

NH

NH

N
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CCc1c[nH]c2
ncnc(N3CCC
C(C3)n4ccnc
4)c12 

Z296919480
4 

C16H20N6 296.3702 

 

  

COc1cccc(Cl
)c1CC(=O)N
c2cn[nH]c2C
3CCNC3 

Z276227483
2 

C16H19ClN4
O2 

334.80066 

 

  

COc1ccc2c(
NC3CCCN(C
3)C(=O)N4C
CCC4)ncnc2
c1F 

Z209432453
4 

C19H24FN5O
2 

373.42456 

racemate

N

N
N

&1 NH

N

N

racemate

Cl

O
O

N
H

NH

&1

N

NH

racemate

F

N

O

N

NH

&1

N O

N
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CC(C)c1nc(C
)cc(n1)N2CC
N(CC2)c3ncn
c4[nH]ccc34 

Z991902128 C18H23N7 337.42212 

 

  

CNC(=O)C(F
)(F)C1(O)CC
N(CC1)c2ncc
c(OC)n2 

Z340965473
2 

C13H18F2N4
O3 

316.30383 

 

  

CCc1c[nH]c2
ncnc(NC[C@
H]3CCCN3S(
=O)(=O)C)c1
2 

Z297070015
6 

C14H21N5O2
S 

323.41384 

FF

O

N
H

OH
NN

N

O

this enantiomer

S O
O

NR
abs

NHN

N

NH
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CCC1CN(CC
(C)O1)c2ncn
c3[nH]ccc23 

Z117377815
2 

C13H18N4O 246.30822 

 

  

CC(CO)C(C)
Nc1nc(nc2cc
ccc12)c3ccnc
c3 

Z125242837
5 

C18H20N4O 308.3776 

 

 

 

 

 

 

 

unknown chirality

O
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N
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unknown chirality

OH?
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N

N

N
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8.3      List of 31 combretastatin/colchicine-related compounds  

In the table below, Com stands for combretastatin residue and Col stands for colchicine 

residue. 
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8.4      Accession numbers of proteins described in this doctoral dissertation 

8.4.1 Kinase project 

Human kinase  
Protein UniProt ID 
ABL1 P00519 
AKT1 Q96B36 
Aurora A O14965 
Aurora B Q96GD4 
CAMK2B Q13554 
CDK1 P06493 

CDK2 P24941 

CDK4 P11802  
CDK6 Q00534 
DYRK1B Q9Y463 
EGFR P00533 
ERK1 P27361 
FLT3 P36888 
GCN2 Q9P2K8 
GSK3B P49841 
HASPIN Q8TF76 
JNK1 P45983 
LRRK2 Q5S007 
MAPK14 Q16539 
PAK1 Q13153 
PDGFRB P09619 
PDK1 O15530  
PIM1 P11309 
PIM2 Q9P1W9 
PIM3 Q86V86 
PKCA P17252 
PLK1 P53350  
ROCK1 Q13464 
SIK1 P57059 
TIE1 P35590 
VEGFR2 P35968 
WEE1 P30291 

  
Human phosphatase 
Protein UniProt ID 
CDC25A P30304 
CDC25B P30305 
CDC25C P30307 

 

 
 
 
 
  

Human histon  
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Protein UniProt ID 
Histon H3.1 P68431 
Histon H3.2 Q71DI3 
Histon H3.3 P84243 

 

Fungi kinase     
Organism Protein/gene UniProt ID   
S. cerevisiae PSK2 Q08217   
     
Fungi phosphatase    
Organism Protein/gene Uniprot ID   
S. cerevisiae MIH P23748   
     
Insect phosphatase    
Organism Protein/gene Uniprot ID   
D.melanogaster STG P20483   
D.melanogaster TWE Q03019   
     
Nematode 
kinase     
Organism Protein/gene UniProt ID WormBase ID  
C.elegans PRK2 Q20443 F45H7.4  
     
Nematode phosphatase    
Organism Protein/gene Uniprot ID WormBase ID  
C. elegans cdc-25.1 O44552 K06A5.7  
C. elegans cdc-25.2 O44628 F16B4.8  
C. elegans cdc-25.3 P30634 ZK637.11  
C. elegans cdc-25.4 Q21762 R05H5.2  
     
Platyhelminth kinase    
Organism Protein/gene UniProt ID WormBase ParaSite GenBANK ID 
E.multilocularis EmPim A0A087W0F2 EmuJ_000197100.1  ON005010 
E.multilocularis EmHASPIN1 A0A068YA64 EmuJ_000667600.1   
E.multilocularis EmHASPIN2 A0A068XTX4 EmuJ_001165000.1   
E.multilocularis EmCDK1 A0A087VXA1 CDKD1.1   
S.mansoni SmPim G4V8L0  Smp_090890.1  
     
Platyhelminth phosphatase    
Organism Protein/gene Uniprot ID WormBase ParaSite ID GenBANK ID 
E.multilocularis EmCdc25 A0A068XY79 EmuJ_001174300.1  ON005011 
S.mansoni SmCdc25a A0A3Q0KFE7  Smp_046810.1   
S.mansoni SmCdc25b A0A3Q0KQ13 Smp_152200.1   

     
Platyhelminth histon    
Organism Protein/gene Uniprot ID WormBase ParaSite ID  
E.multilocularis EmHiston H3 A0A068Y7V0 EmuJ_000579800  
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8.4.2 Tubulin project 

Platyhelminthes tubulin   
Organism Protein/gene UniProt ID family 
E. multilocularis EmuJ_000041100 A0A087VWR6 β 
E. multilocularis EmuJ_000069900 A0A087VXD6 β 
E. multilocularis EmuJ_000202500 (EmuTubB3) Q9NFZ5 β 
E. multilocularis EmuJ_000202600 (EmuTubB1) A0A087W137 β 
E. multilocularis EmuJ_000569000 A0A068Y7X2 β 
E. multilocularis EmuJ_000617000 A0A068Y8U8 β 
E. multilocularis EmuJ_000672200 (EmuTubB2) Q9NFZ6 β 
E. multilocularis EmuJ_000955100  A0A068YEW5 β 
E. multilocularis EmuJ_001081200 A0A068YEW6 β 
E. multilocularis EmuJ_001126150  A0A068YJS2 β 
F. hepatica FhTubB1  B0B5G8 β 
F. hepatica FhTubB2 B0RZ77 β 
F. hepatica FhTubB3 B0RZ78 β 
F. hepatica FhTubB4 A0A2H1CS84 β 
F. hepatica FhTubB5 B0B5H2 β 
F. hepatica FhTubB6 A0A6G5XRL6 β 

 

Mammalian tubulin   
Organism Protein UniProt ID Family 
H.sapiens HsTubB2C Q9BVA1 β 
H.sapiens HsTubB4 P04350 β 
H.sapiens HsTubB2A Q13885  β 
H.sapiens HsTubB2B Q9BVA1 β 
H.sapiens HsTubB5 P07437 β 
H.sapiens HsTubB8 Q3ZCM7 β 
H.sapiens HsTubB3 Q13509 β 
H.sapiens HsTubB6 Q9BUF5 β 
H.sapiens HsTubB1 Q9H4B7 β 

    
Nematode tubulin    
Organism Protein/gene UniProt ID Family 
H.contortus HcTubB2 C5J0J6 β 
C.elegans CeTubB6 G5EF01 β 
C.elegans CeTubB1 O17921 β 
C.elegans CeTubB4 P41937 β 
C.elegans CeBen1 Q18817 β 
C.elegans CeMec7 P12456 β 
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