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Abstract and keywords 

Abstract and keywords 
The ubiquitin-proteasome system (UPS) is a tightly and specifically regulated system of protein 

degradation in eukaryotic cells. Inhibition of an UPS component might represent a strategy to 

control human diseases, including cancer. Modulation of the UPS can also be employed in basic 

research strategies. This thesis deals with two independent yet methodologically connected 

research aims – first, to search for the target of the newly identified UPS inhibitor CBU79, and 

second, to develop a fluorescent cell-based reporter exploiting proteasomal degradation. In the 

first part of my work, previous findings regarding the molecular mechanisms of CBU79 

inhibiton on the UPS were confirmed. In the next step, I characterized how the UPS inhibitor 

CBU79 affects protein synthesis using the metabolic labelling of proteins based on click 

chemistry. I also examined the cytotoxic effect of CBU79 treatment on different cell lines. 

Finally, I performed a CRISPR/Cas9 whole-genome enrichment screen with the aim to find a 

potential target of the inhibitor. I found out that CBU79 probably decreases levels of protein 

synthesis by triggering cellular signalling via the unfolded protein response (UPR). Using the 

screen, I found 22 potential targets of the CBU79 inhibitor that will be further validated. In the 

second part of the work I utilized previous knowledge of the UPS to establish a non-infectious 

cell-based assay to monitor viral protease activity. This system exploits a short-lived yellow 

fluorescent protein (YFP) that is targeted for proteasomal degradation through an N-terminal 

ubiquitin-fusion degradation (UFD) signal. The reporter contains a cleavage site for Zika 

protease between the YFP and the degradation signal. Hence, removal of the UFD signal upon 

cleavage of the reporter by Zika protease generates a stable YFP product that accumulates in 

cells. I have developed, tested and optimized 21 reporter variants and found a possible setup 

for further screens. In summary, both the novel UPS inhibitor and the reporter assay for Zika 

protease inhibitor screening might pave the way for promising new strategies for the treatment 

of human diseases. 

 

Keywords: Ubiquitin-proteasome system, flaviviral proteases, Zika virus, inhibition, 

fluorescent proteins 

 

 

 

 

 



Abstrakt a klíčová slova 

Abstrakt a klíčová slova 
Ubikvitin-proteazomální systém (UPS) je specificky regulovaná dráha degradace proteinů. 

Inhibice komponentů UPS může představovat budoucnost léčení lidských nemocí, zejména 

rakoviny. Modulace UPS však může být i užitečným nástrojem základního výzkumu. Práce se 

zabývá dvěma nezávislými, avšak metodologicky propojenými, výzkumnými cíli – prvním 

cílem je hledání substrátu UPS inhibitoru CBU79 a druhým cílem je vývoj buněčného 

reportérového systému pro sledování aktivity proteáz založený na proteinové degradaci. 

V první části práce jsme potvrdili dřívější poznatky mechanismu inhibice UPS. Dále jsme 

pomocí metabolického značení proteinů založeného na click chemii zkoumali, jak UPS 

inhibitor CBU79 ovlivňuje syntézu proteinů. Analyzovali jsme též cytotoxicitu inhibitoru 

CBU79 na různých buněčných liniích. Nakonec jsme provedli celogenomové testování pomocí 

technologie CRISPR/Cas9 s cílem nalezení substrátu tohoto inhibitoru. Zjistili jsme, že 

inhibitor CBU79 negativně ovlivňuje syntézu proteinů pravděpodobně přes signalizaci buněčné 

odpovědi na špatně sbalené proteiny. Pomocí tohoto testování jsme nalezli 22 možných cílů 

inhibitoru, které budou ověřeny v dalších pracích. Ve druhé části práce jsme využili znalosti 

UPS k navržení neinfekční reportérové buněčné eseje, která měří aktivitu proteázy. Esej 

využívá žlutý fluorescenční protein (YFP) s krátkou životností, který je cílem UPS díky 

degradačnímu signálu na jeho N-konci. Reportér obsahuje štěpné místo pro Zika proteázu mezi 

YFP a degradačním signálem. Pokud je proteáza aktivní, degradační signál je odštěpen a YFP 

stabilizován. Celkem jsme vytvořili, otestovali a optimalizovali 21 reportérových variant a našli 

vhodné nastavení eseje pro budoucí testování inhibitorů. V souhrnu, jak nový inhibitor UPS, 

tak buněčné eseje pro nalezení inhibitorů Zika proteázy mohou být využity jako slibné strategie 

k léčbě lidských onemocnění. 

 

Klíčová slova: Ubikvitin-proteazomální systém, flavivirové proteázy, Zika virus, inhibice, 

fluorescenční proteiny 
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1 Introduction 
The ubiquitin-proteasome system (UPS) has been described in 1978 by Aaron Ciechanover and 

Avram Hershko. They identified its major component ubiquitin (from Latin word ubique, which 

means everywhere), previously known protein with yet unknown function, serving as a tag 

identifying proteins for proteasomal degradation. For their discoveries, they were (together with 

Irwin Rose) awarded by the Nobel Prize in Chemistry in 2004. 

Ubiquitin is present in most of the eukaryotic tissues and involved in all the degradation 

processes. As many other pathways in human cells, the UPS might also be dysfunctional  

and therefore causing diseases. It seems that many of so-called “civilization diseases” are 

related to misregulation of the protein quality control (presumably due to the worn-out cell 

components connected with aging). Elevated UPS activity has been detected in many types  

of cancer. On the other hand, neurodegenerative diseases are often caused by decreased activity 

or even dysfunction of the UPS. Impaired UPS could lead in the worst cases to apoptosis  

of defected cells. This process is mostly preceded by the attenuation of protein synthesis, often 

in connection with the inhibition of proteolysis. 

 UPS is studied for more than 40 years, however only three UPS-modulating compounds 

are used in clinics. Although all three of these drugs are inhibitors of 20S proteasome, it is 

advantageous to look for compounds inhibiting other UPS pathways. 

Apart from the fundamental ubiquitin research, UPS components could also be used as a 

research tool. For example, in studies of proteolytic activity of viral proteases, which are key 

enzymes necessary for correct viral function and infectivity, the fluorescent fusion proteins are 

widely used. Here, we established an assay enabling the tracking of a proteolytic activity of a 

viral protease in cells employing the ubiquitin dependent degradation. The thesis had two aims:  

1) Finding a target of a novel UPS inhibitor and analysing its cytotoxicity. The UPS 

inhibitor CBU79 appeared as a primary hit from the high-throughput screening of a 

small molecule compound library searching for the UPS inhibitors as a potential 

alternative for cancer treatment. Libraries have been used both in the way of finding 

an inhibitor of the UPS in library of chemical compounds and in the way of finding 

a potential target of the inhibitor with CRISPR/Cas9 genome-wide screen.  

2) Utilizing ubiquitin-dependent degradation process as a tool to study activation and 

inhibition of viral proteases, specifically from Zika and Dengue. These are viral 

models used in our laboratory at the Institute of Organic Chemistry and 

Biochemistry in Prague. This assay could be further used in screening for Zika 

protease modulators in chemical compound libraries. 
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2 Literature review 
Protein quality control is an essential mechanism for maintaining cellular homeostasis. Several 

strategies, how the cells control their proteome, have been discovered. Each living cell 

encounters different stresses (such as genetic mutations, metabolic changes etc.), that may result 

in the generation of misfolded proteins. In general, there are three ways how to get rid of 

incorrectly-folded proteins: 1) Degradation through the UPS or autophagy; 2) Using chaperones 

to promote protein refolding; 3) Sequestration of misfolded proteins in aggregates, aggresome 

or inclusion bodies (Figure 1). 

 
Figure 1: Schematic representation of the key processes in protein quality control. The misfolded 
proteins are removed through sequestration, refolding or degradation using different pathways in 

cells. Created with Biorender.com 

2.1 Ubiquitin-proteasome system  
UPS is a major intracellular protein degradation system. It utilizes a series of enzymatic 

reactions that attach a small 8.6 kDa protein ubiquitin to a substrate directed for degradation in 

the proteasome. Proteasome is a multi-subunit 26S complex consisting of the 20S core particle, 

which includes four heptameric rings – two α-subunit rings and two ß-subunit rings; and usually 

two 19S regulatory particles consisting of two parts – the base and the lid (Figure 2). The ß-

subunit ring of the core particle is the main catalytic part of the whole proteasome with trypsin-
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like, peptidyl-glutamyl peptide-hydrolysing and chymotrypsin-like activity. The base is 

responsible for the recognition and unfolding proteins marked for degradation, while the lid 

deubiquitinates them (Bedford et al. 2010b). 

 
Figure 2: Schematic structure of the proteasome. First, the 20S core particle is assembled from two 
heteroheptameric rings. Then, the two regulatory particles are added. Created with Biorender.com, 

edited in Inkscape. 

The degradation process is initiated by the labelling of targeted proteins with multiple-

ubiquitin molecules. Labelled proteins are then recognized by the 26S proteasome. The 

ubiquitination pathway consists of two steps:  

1) Ubiquitin-conjugation cascade involves E1 (ubiquitin-activating enzyme), E2 

(ubiquitin-conjugating enzyme) and E3 (ubiquitin ligase). E1 is responsible for the activation 

of ubiquitin molecule, E2 binds activated ubiquitin and brings it to the E3 enzyme, which binds 

both E2 and E3 and attaches ubiquitin to the substrate (Figure 3). 

2) Proteolytic cleavage of a ubiquitin-labelled protein mediated by the proteasome core. 
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Figure 3: The ubiquitin conjugation cascade. E1 uses the energy of adenosine triphosphate (ATP) to 

bind ubiquitin (Ub). Pyrophosphate (PPi) is released during the conjugation of Ub to the E2 
enzyme. E3 binds both the E2 and a substrate and catalyses the connection of the Ub chain to the 

substrate. Created with Biorender.com 

2.2 Ubiquitin 
Ubiquitin is a 76 amino acid protein, which is conjugated to proteins determined for 

degradation. This is called monoubiquitylation. A single ubiquitin then may serve as a signal 

for attachment of other ubiquitin moieties. This happens usually on one (or more) of the seven 

lysine residues creating a ubiquitin polymer (homotypic or heterotypic – depending on the 

character of the chain). Ubiquitin serves not only as a degradation signal, but also as a post-

translational modification (PTM) in a myriad of other cellular processes, namely in the DNA 

damage response, cell cycle regulation, protein trafficking and other signalling pathways. The 

specific purpose of the ubiquitin attachment is determined by which lysin residues are used to 

create the ubiquitin chain. K6 chains serve as a signal in DNA repair (Wu-Baer et al. 2003), 

K11 in the cell cycle (degradation of cyclins and other proteins related to cell cycle) 

(Matsumoto et al. 2010) and mitophagy (special type of autophagy). K27 chain are used as a 

scaffold or molecular beacon in non-proteolytic pathways such  as aggregation of mutant 

huntingtin (Nucifora et al. 2016). K29 is the main chain used in ubiquitin-fusion degradation 

(UFD) pathway (see 2.5.1) or kinase modification (Liu et al. 2017). K33 serves for protein 

trafficking and kinase modification, while K48 is the main canonical ubiquitin chain used in 
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degradation pathways. K63 chains are used mostly in signalling pathway, namely endocytosis 

or DNA repair. Finally, Met1 forms the linear linkage and is mostly involved in signalling 

(Figure 4) (Akutsu, Dikic, and Bremm 2016).  

 
Figure 4: Different ubiquitin linkages serves for distinct pathways in cells. Ubiquitin structure (PDB 
code: 1UBQ) was created with PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. 

Created with Biorender.com 

2.3 Ubiquitin ligases 
As mentioned above, the canonical ubiquitin cascade consists of three steps. The most specific 

protein of the ubiquitin cascade is the ubiquitin ligase (E3). Thanks to many different ubiquitin 

ligases, they could operate in different contexts, respond to a various number of signals and 

ubiquitylate diverse substrates. Humans encode more than 800 types of E3s divided into three 

major groups. The first one is the RING (Really Interesting New Gene), the most abundant of 

all E3s. They consist of a RING (zinc-binding) or a U-box domain (with the same fold as RING, 

but without the zinc ion). These domains stimulate the transfer of the ubiquitin molecule from 

the ubiquitin charged E2 to a substrate. Special type of the RING E3s are cullin-RING ubiquitin 

ligases (CRLs), multi-subunit complexes that harbour scaffold protein Cullin, the RING finger 

protein, an adaptor and substrate-recognition proteins. The complex is activated by a small 
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protein NEDD8 (Neural precursor cell Expressed Developmentally Down-regulated protein 8) 

(Petroski and Deshaies 2005). The second group of the E3 ligases, called the HECT 

(Homologous to the E6AP Carboxyl Terminus), catalyse a two-step reaction: transfer of the 

ubiquitin to the cysteine of the E3 and then to a substrate. The HECT domain is responsible for 

catalysis (on the C-terminal part), while the N-terminal part recognizes the substrate. The third 

group of E3s is the RBR (RING-between RING-RING) and they use the same mechanism of 

transfer as the HECT. Besides the RBR domain, these ligases contains another domain specific 

for each ligase (Morreale and Walden 2016). 

2.4 Degrons 
Recognition of the substrate is thus provided by the E3 and depends on a specific signal for 

degradation, called degron (Varshavsky 1991). Based on the characteristic of the degradation 

signal, there are basically two major groups of degrons. The inherent degrons, presented 

originally in proteins based on the primary structure of the protein and then induced degrons, 

formed after PTMs of relevant proteins (Ella, Reiss, and Ravid 2019).  

2.4.1 Inherent degrons 
Inherent degrons are either hydrophobic sequences or amino acids on the terminal part of the 

protein. Hydrophobic sequences are therefore hidden inside the protein under normal cell 

conditions. They become reachable by E3s under different conditions that include protein 

fusion (Fredrickson et al. 2013) or fail of proper protein fold (Kats et al. 2018). In case of 

hydrophobic (or basic) amino acids localized at (in most of the cases) the N-terminus, protein 

turnover (and ubiquitination by the E3) depends on the so-called N-end rule (Bachmair, Finley, 

and Varshavsky 1986).  

2.4.2 Induced degrons 
On the other hand, induced degrons are more variable. One of the most common PTM is 

phosphorylation, occurring as a signal for degradation already in bacteria as a part of ClpC-

ClpP system (Trentini et al. 2016). In eukaryotic cells, phosphodegrons are employed mostly 

during the cell cycle, where they provide an important degradation signal of specific cyclins or 

cyclin-dependent kinases (CDKs) (Lanker, Valdivieso, and Wittenberg 1996). Ligases involved 

in this type of degradation are mainly Skp1–Cdc53/cullin–F-box protein (SCF) complexes or 

anaphase promoting complex/cyclosome (APC/C). One of the most well-known SCF ligase is 

the S-phase kinase-associated protein 2 (Skp2), which is responsible for the degradation of 

CDK’s inhibitor p27 (Carrano et al. 1999), transcription factor E2F1 (Marti et al. 1999) or DNA 
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licensing related proteins (X. Li et al. 2003; Méndez et al. 2002). Besides the cell cycle related 

proteins, the SCF complexes including specifically the beta-transducin repeats-containing 

protein (ß-TrCP), are also responsible for the degradation of the inhibitor of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) IκB or ß-catenin (Yaron et al. 1998). 

The other important PTM is hydroxylation, which plays a role in the regulation of gene 

expression under normoxia and hypoxia. In normoxic conditions, the hypoxia-inducible factor 

(HIF1) is hydroxylated on proline by proline hydroxylase within the oxygen-dependent 

degradation domain. This domain is then recognized by von the Hippel-Lindau (VHL) protein, 

the ubiquitin ligase involved in oxygen-sensing, and degraded (Ivan et al. 2001) (Jaakkola et 

al. 2001). Under hypoxia, when there is a lack of oxygen necessary for hydroxylation, HIF1 is 

stabilized, transported to the nucleus where (while being phosphorylated) it binds to DNA, and 

with the help of other transcription factors mediates the transcription of angiogenic related 

genes (Forsythe et al. 1996) or growth factors (Maxwell et al. 1997). 

The other PTMs could also use another types of ubiquitin-like molecules, such as small 

ubiquitin-like modifier (SUMO) for SUMOylation or NEDD8 (Enchev, Schulman, and Peter 

2015) for NEDDylation  

2.4.3 N-degron pathway 
As mentioned above, PTM is only one of many kinds of degradation signals. Initially, degrons 

were discovered in Saccharomyces cerevisiae at the N-termini of short-lived proteins. Those 

signals were later found also at the C-termini (C-degrons) or inside proteins. During mitosis, at 

the metaphase-anaphase transition, the subunit of the cohesin complex sister-chromatide 

cohesion protein 1 (SCC1) is cleaved by the protease separin. It results in appearance of 

destabilizing Arg at the N-terminal part of the cleaved protein. In general, N-degron is 

recognized by N-recognins. For example, SCC1 is recognized by the Ubr1 E3 ligase (Rao et al. 

2001).There are more possibilities how to direct proteins to the N-degron pathway. Most of the 

N-degrons are pro-N-degrons, modified by proteolytic cleavage, which leads to an exposure  

of a destabilizing N-terminal residue. Proteases involved in cleavage are in particular 

exopeptidases (Justa-Schuch et al. 2016), methionyl aminopeptidases (Nguyen et al. 2019) or 

already mentioned endoproteases.  

The alternative way of the N-degron creation employs the N-terminal modification of 

proteins with e.g., acetylation, arginylation, leucylation or formylation (Varshavsky 2019). 

N-degron pathway has two main branches, Arg/N-degron and Ac/N-degron. The first branch, 

Arg/N-degron pathway, recognizes unacetylated N-terminal residues. The “primary” Arg/N-

degrons include Arg, Lys, His, Leu, Phe, Tyr, Trp, Ile and Met (if followed by a hydrophobic 
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amino acid) and are recognized directly by Arg/N-recognins. The “secondary” Arg/N-degrons 

(Asp and Glu) are at first N-terminally arginylated and then recognized as primary degrons. 

The “tertiary” (Asn, Gln and Cys) go through deamidation (in case of Asn and Glu) or oxidation 

(Cys) (Hu et al. 2005) (M. K. Kim et al. 2016). Human Arg/N-recognins represent Ubr1, Ubr2, 

Ubr4 and Ubr5 E3 ligases.  

The second branch, termed Ac/N-degron pathway includes co-translational acetylation 

of proteins whose N-termini begins with Met, Ala, Val, Cys, Thr, or Ser. These gets acetylated 

after removal of the N-terminal Met by methionyl aminopeptidases (mentioned above). This 

co-translational acetylation differs from posttranslational acetylation of proteins mentioned 

above. The main difference lies in the irreversibility of the co-translational modification 

(Hwang, Shemorry, and Varshavsky 2010). These proteins are recognized by Doa1, the first 

discovered yeast E3 ligase and its human ortholog TEB4 (Park et al. 2015), as well as by other 

Ac/N-recognin Not4 (Shemorry, Hwang, and Varshavsky 2013).  

Minor N-degron pathways include Pro/N-degron pathway, with Gid4 recognin targeting 

gluconeogenic substrates in S. cerevisiae (S. J. Chen et al. 2017) and others recognins, more 

related to mitochondria and chloroplasts (J. M. Kim et al. 2018) (Figure 5). 

 
Figure 5: Schematic representation of the most common N-degron pathways. The amino acids are 

represented by 1-letter code. Recognins involved in the pathways are in blue ovals.  
Nt = N-terminal. Created in Inkscape. 

2.5 Deubiquitylation 
Antagonist enzymes of E3 ligases called deubiquitinating enzymes (DUBs) play also 

important roles in cellular protein homeostasis. Enzymatically DUBs are proteases which 

cleave the ubiquitin moiety from targeted protein to recycle ubiquitin pool in cells. They can 

be classified into two groups: cysteine proteases and metalloproteases. Each class can be further 

divided according to their catalytic domains. All DUBs harbour ubiquitin-binding domains, 
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which include the zinc finger ubiquitin-specific protease domain, the ubiquitin-interacting motif 

and the ubiquitin-associated domain (Hurley, Lee, and Prag 2006). 

The ubiquitin-specific protease group (USPs) is the most represented among DUBs and 

uses a catalytic cysteine (that is part of a classical triad) for nucleophilic attack of a substrate. 

Each amino acid involved in the catalysis is separately in its short box named Cys, His and 

Asp/Asn box.  

The other cysteine proteases include ubiquitin C-terminal hydrolases, ovarian-tumour 

proteases and Machado-Joseph domain proteases also called Josephins (Davis and Simeonov 

2015). Josephins have still only one known member, ataxin-3, whose aggregation causes 

spinocerebellar ataxia type 3, also known as Machado-Joseph disease (Herzog et al. 2020).  

The metalloproteases are represented by only one group, the JAMM/MPN+ 

(Jab1/Mov34/Mpr1 Pad1 N-terminal+) proteases, which are also subunits of the proteasome 

(Maytal-Kivity et al. 2002). 

Besides recycling the ubiquitin pool, DUBs’ role in the UPS is processing of the ubiquitin 

precursors after their translation to activate them (Amerik and Hochstrasser 2004). As 

antagonists to E3s, DUBs are highly important in signalling processes, that use ubiquitin as 

PTM. DUBs could cleave the ubiquitin from modified proteins and therefore change the 

signalling outcome. The last but not least function of DUBs is in editing of the ubiquitin chain 

(for example a change of K27 linkage to K33 and similar – see Figure 4) (Komander, Clague, 

and Urbé 2009). 

DUBs (with the E3s) thus maintain the ratio between free and conjugated ubiquitin in 

cells. However, there is one special pathway, where DUBs cannot be primarily involved (2.5.1). 

2.5.1 Ubiquitin-fusion degradation pathway 
Ubiquitin is conjugated to a substrate protein through an isopeptide bond between the C-

terminal Gly76 of the ubiquitin and the N-terminal Lys of the targeted protein. However, if the 

terminal Gly in ubiquitin is replaced with Val, DUBs cannot cleave the ubiquitin and such 

proteins are sent to proteasome-dependent degradation. This is called the ubiquitin-fusion 

degradation (UFD) pathway (E. S. Johnson et al. 1995). Mutated ubiquitin (marked as UbG76V) 

fused to a protein of interest [for example green fluorescence protein (GFP)] becomes short-

lived and serves as a tool to study proteolysis in cells (Dantuma et al. 2000) (Figure 6). 
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Figure 6: Ubiquitin-fusion degradation (UFD) of a substrate. The short-lived GFP (PDB code: 

6JGJ) with the uncleavable ubiquitin moiety is labelled by a ubiquitin chain and degraded in the 
proteasome. The PDB structure was made in the PyMOL Molecular Graphics System, Version 2.0 

Schrödinger, LLC. Figure created with Biorender.com and edited in Inkscape. 

2.6 Unfolded protein response 
As mentioned in the chapter 2, some proteins are not determined for degradation. If 

misfolded, they could be refolded again or sequestered. Cells have developed mechanisms for 

the recognition of misfolded proteins and for enhancing the expression of chaperones and 

sequestering components. The cytosolic part of the pathway that controls misfolded protein 

includes the heat-shock response, which gets activated by unfolded proteins that resulted from 

a variety of stress stimuli. There are seven classes of the heat shock proteins or stress-inducible 

proteins, which are responsible for handling misfolded proteins. Heat-shock proteins are 

functionally related to DNA damage, metabolism or cellular structures. Some of them are 

regulatory proteins, others are part of cell transport (Richter, Haslbeck, and Buchner 2010). 

Protein quality control in endoplasmic reticulum (ER) is controlled by the unfolded protein 

response (UPR) (Figure 7). The aim of this pathway is to reduce levels of protein synthesis and 

to upregulate the expression of genes involved in the protein quality control. The main sensors 

of the ER stress are transmembrane proteins such as the inositol-requiring enzyme 1 α (IRE1α), 

the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and the activating 

transcription factor 6 (ATF6).  
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Figure 7: The unfolded protein response (UPR). ATF6, PERK and IRE1 are in normal state bound 

by the binding immunoglobulin protein (BiP). When misfolded proteins in the endoplasmic 
reticulum (ER) occur, BiP binds to the misfolded proteins, unwinds from signalling proteins of the 
UPR and thus it activates them. These signalling proteins decrease levels of protein translation and 

activate the transcription of apoptosis related genes. Created in Biorender.com 

At inactivated state, PERK and IRE1α are in the monomeric form and they form 

homodimers upon activation. ATF6 stays in the ER membrane and it is cleaved upon activation 

and becomes cytosolic. Under normal non-stress conditions, the chaperone binding 

immunoglobulin protein (BiP)/Grp78 binds to the ATPase domain of IRE1α and PERK in the 

ER lumen and prevents their dimerization (Carrara et al. 2015). In the case of ATF6, BiP blocks 

the Golgi apparatus (GA) localization signal by binding the luminal domain of ATF6 (Shen et 

al. 2005). When the load of misfolded proteins increases, BiP is titrated away from PERK, 
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IRE1α and ATF6 allowing the dimerization of PERK and IRE1α; and translocation of ATF6 to 

GA, and then it binds as a chaperone to the misfolded proteins.  

IRE1α bears two catalytic activities, Ser/Thr kinase and RNase. Upon activation, it 

oligomerizes, autophosphorylates and cleaves Xbp1 mRNA at two sides, removing a 26 

nucleotide-long intron. This leads to a frameshift and creation of the fusion X-box binding 

protein 1 (XBP1) encoded by 2 independent open-reading frames (Calfon et al. 2002). XBP1 

contains a basic leucine-zipper domain and translocates to the nucleus where it serves as a 

transcription factor of the UPR target genes (Iwakoshi, Lee, and Glimcher 2003). Besides that, 

IRE1α is also involved in the process called regulated IRE1α RNA decay (RIDD), which 

doesn’t require oligomerization of IRE1α (only dimerization) and results in apoptosis (Hollien 

et al. 2009). 

ATF6, on the other hand, does not depend on oligomerization, since it is activated via its 

cleavage and translocation into the nucleus (X. Chen, Shen, and Prywes 2002). The cleavage 

occurs in the GA, via the site 1 and site 2 proteases (Ye et al. 2000). ATF6-transcribed genes 

might overlap with those activated by the XBP1 (Shen et al. 2005).  

The last branch of UPR, PERK, attenuates the translation by phosphorylation of the 

eukaryotic initiation factor 2 (eIF2α). At first it gets activated like IRE1α, dimerizes and 

autophosphorylates. Apart from the decrease in translation rate, it selectively allows translation 

of the activating transcription factor 4 (ATF4), which upregulates expression of genes involved 

in amino acid transportation and oxidative stress resistance (Harding et al. 2003), including the 

C/EBP homologous protein (CHOP). CHOP is a downstream target of so-called integrated 

stress response. Integrated stress response could be triggered in cells by different factors, but it 

leads in all cases to phosphorylation of eIF2α.  Kinases involved in phosphorylation of eIF2α 

are 1) the above-mentioned PERK, 2) the double-stranded RNA-activated protein kinase (PKR) 

in response to viruses, 3) the heme-regulated inhibitor kinase (HRI) in iron deficiency and 4) 

the general control non-derepressible-2 (GCN2) during amino acid starvation. CHOP is also 

activated by the ATF6 branch of the UPR. 

If proteins are not folded properly, they go through special type of degradation, that ends 

in the 26S proteasome, called the ER-associated degradation (ERAD) 

2.7 Inhibitors of the ubiquitin-proteasome system  
Both downregulation and upregulation of the UPS could be either a cause or 

a consequence of a disease. Several conformational diseases are caused by the accumulation of 

misfolded proteins. Down-regulation of components involved in protein quality control (mostly 

https://en.wikipedia.org/wiki/Protein_kinase_R
https://en.wikipedia.org/wiki/Heme-regulated_inhibitor_kinase
https://en.wikipedia.org/wiki/Heme-regulated_inhibitor_kinase
https://en.wikipedia.org/wiki/EIF2AK4
https://en.wikipedia.org/wiki/Gcn2
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during aging) could lead to neurodegenerative disorders such as Alzheimer’s or Parkinson’s 

disease. On the other hand, cancer cells produce more proteins to promote proliferation via 

activation of the cell cycle and to escape cell death by apoptosis. It has been described that 

some compounds could shift this equilibrium between proliferation and apoptosis more to cell 

death by inhibition of the UPS (Delic et al. 1998). This approach is promising in proliferating 

cells, which are more sensitive to protein quality control. In multiple myeloma, which is a 

malignant disease that occurs specifically in plasma cells, inhibition of the proteasome leads to 

an overload of misfolded proteins and activation of apoptosis. Plasma cells in multiple myeloma 

abnormally expand and produce large amounts of immunoglobulins. Hence, UPS inhibitors 

could selectively affect malignant plasma cells without impairing non-cancer cells. Several 

proteasome inhibitors are now used in clinics for the treatment of multiple myeloma, such as 

bortezomib (Irwin et al. 2005), carfilzomib (Demo et al. 2007) or ixazomib (Kupperman et al. 

2010). Besides that, bortezomib also inhibits constitutive expression of NF-κB and cyclin D1, 

and therefore, it has been used for the treatment of relapsed mantle cell lymphoma (Fisher et al. 

2019). Bortezomib and ixazomib are peptide boronate inhibitors that bind to the catalytic site 

of the 20S proteasome and block mainly its chymotrypsin-like activity (Irwin et al. 2005). 

Carfilzomib, on the other hand, is epoxyketone and binds irreversibly, similarly as epoxomicin 

(see 5.1), a proteasome inhibitor used in basic research. There are two other proteasome 

inhibitors [marizomib (Bergin et al. 2019) and oprozomib (Chauhan et al. 2010)] as well as one 

inhibitor of the immunoproteasome [KZR-616 (H. W. B. Johnson et al. 2018)] in clinical trials. 

The non-20S proteasome inhibitors were also developed, for instance inhibitors of some 

components of the 19S regulatory particle (Zhou et al. 2013). 

Although proteasome inhibitors are quite effective in treatment, the search for other 

compounds is more than necessary. Resistance to proteasome inhibitors occurs sooner or later 

in almost every patient (Barrio et al. 2019). Both the proteasome and upstream components of 

the pathway are potential therapeutic targets: it is the complexity of the pathway that allows us 

to not only look for direct proteasome inhibitors, but also for compounds that could modulate 

the pathways upstream of the proteasome (Sherman and Li 2020). One of these promising 

proteins could be the valosin-containing protein (VCP)/p97, which serves as a segregase, that 

separates proteins labelled with the ubiquitin chain from cellular structures before binding to 

the proteasome. Another target is the transcription factor Nrf1 (NFE2L1), that is also 

responsible for development of resistance to proteasome inhibitors (Fassmannová et al. 2020). 

Also NEDD8, the activator of CRLs, serves as a potential target.  
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2.8 UFD fluorescent reporter as a tool to study viral proteases 

2.8.1 Flaviviral protease 
Flaviviruses belong to the Flaviviridae family and cause severe diseases. They are 

classified as the mosquito-born (Dengue virus, Zika virus, West-Nile virus or Yellow-fever 

virus) or the tick-born (tick-born encephalitis virus, Powassan virus) viruses. They have caused 

large outbreaks in recent years, and in the case of the Dengue virus (DENV), each year around 

390 million of people get infected (Bhatt et al. 2013). Flaviviruses are positive single-strand 

RNA viruses with polyprotein translation strategy. Their genome encodes three structural and 

seven non-structural (NS) proteins (Figure 8). These are cleaved by the host as well as by the 

viral protease that is part of the NS3 protein. After that the virus becomes fully infectious. 

Besides the protease activity, NS3 bears also NTPase, helicase and RTPase activity. This is 

only one of the many unique characteristics of flaviviral proteases. 

 
Figure 8: Scheme of the flaviviral polyprotein and probable positions of its individual proteins on 
the ER membrane. The proteins on the inner site are in most of the cases cleaved by NS3 protease, 

while the outer parts of polyprotein are cleaved by host protease. Three structural proteins are 
capsid (C), premembrane (prM) and envelope (E) protein. Created in Inkscape. 

Proteases are activated by the hydrophilic part of the cofactor NS2B, which exhibits 

considerable conformational dynamics and they autoproteolytically cleave themselves from the 

precursor (Erbel et al. 2006; Zuo et al. 2009; Xing et al. 2020). I have focused on structural and 

functional properties of  Zika and Dengue enzymes in my bachelor thesis (reviewed in Majerová 

et al. 2019). Here, I would like to further develop the knowledge about the activation of the 

protease. 

The flaviviral protease is a serine protease with chymotrypsin-like activity that bears the 

classical catalytic triade Asp, His, Ser on the NS3 molecule. It cleaves the viral polyprotein 
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both in cis and in trans (Constant et al. 2018). The protease itself is intrinsically disordered and 

becomes stabilized by the interaction with its cofactor NS2B (Gupta, Lim, and Song 2015). 

Besides the stabilization, the catalytic activity of the NS3 protease is impaired without binding 

to NS2B. NS3 protease without the cofactor is approximately 7000-fold less efficient in its 

proteolytic activity (Yusof et al. 2000). NS2B cofactor has four transmembrane α-helices, and 

therefore, brings the protease to the ER membrane. The extramembrane part between the second 

and the third transmembrane helixes forms ß-strands upon activation of the NS3 protease and 

is sufficient for protease activation (Y. Li et al. 2015). NS2B without a substrate or an inhibitor 

bound to the active site pocket is in the “open” conformation. Upon activation it winds around 

the protease and creates the “closed”, catalytically active conformation (Figure 9). 
a) b) 

  
Figure 9: Conformational change of the NS2B-NS3 Zika protease upon binding to boronate 

inhibitor. a) “open” conformation (5T1V) of the NS3 protease (cyan) and NS2B cofactor (pink); b) 
“closed” conformation (51C0) upon binding to boronate inhibitor (green sticks). The 3D models 

were made in the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.  

To study flaviviral proteases in vitro, several fusion proteins and constructs have been 

described. In all these constructs, the hydrophilic part of the NS2B is always part of the fusion 

protein. In interaction studies and in studies of inhibitors that affect conformational dynamics 

of NS3 protease, the so-called gZiPro construct is used (J. Lei et al. 2016). It consists of the 

hydrophilic part of NS2B connected with NS3 via uncleavable (Gly)4-Ser-(Gly)4 linker. 

Another construct called the eZiPro, which was also used in this thesis, utilizes the potential of 

the natural variant of the fusion proteins. It means, it should behave similarly as in the virus 

(Phoo et al. 2016). Within the eZiPro construct is a natural cleavage site between the activating 

NS2B and the NS3 that offers autoproteolytic cleavage. For structural studies, mainly for 

crystallization, the bZiPro construct is widely used. In bZiPro, NS2B and NS3 are both cloned 

into a bicistronic plasmid, which eliminates the covalent linkage between them (Shannon et al. 

2016). 
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Although the diseases like dengue fever, West Nile fever or congenital malformations 

connected with the Zika virus (ZIKV) infection are widely spread in affected areas, there are 

no specific treatments available. The most effective treatments of viral infections in general are 

compounds that modulate either the interaction of the virus with host cells (cell entry, endosome 

escape) or the viral enzymes directly. Many of these compounds are now effectively used in 

clinics for treatment of different viral infections. An excellent example is 

emtricitabine/tenofovir (sold under the brand name Truvada®) that is a combination of the 

nucleoside reverse-transcriptase inhibitor and the nucleotide analogue reverse transcriptase 

inhibitor, respectively. Darunavir (Prezista®) is a protease inhibitor and both these approved 

drugs are used for the prevention and treatment of the human immunodeficiency virus 

(HIV)/AIDS. Another example is boceprevir (Victrelis®), which is also a protease inhibitor 

used for treatment of hepatitis C infection, before newer antiviral agents, such as sofosbuvir 

(Sovaldi®) inhibiting RNA-dependent RNA-polymerase of hepatitis C virus, came on the 

market. 

2.8.2 Models for detection of virus infection 
To study flaviviral enzymes in detail, a reliable cell-culture model is needed. For detection 

and quantification of either viral proteins or their enzymatic activity, the currently used 

approaches are immunostaining, replicons or reporter systems. Immunostaining relies on 

immunohistochemistry analysis. Using the specific antibodies against the viral proteins allows 

visualisation of these proteins in different tissues and thus studying viral tropism (Balsitis et al. 

2009). Replicons are virus-like particles, which behave like an infectious particle. They undergo 

replication and translation, but they do not release an infectious progeny. Some of their NS 

proteins are in fact replaced by reporter genes (such as GFP, luciferase). They are used for 

studying the viral life cycle in mammalian and human cell models (S. H. Li et al. 2013; 

Mosimann et al. 2010; Xie et al. 2016). To study a specific enzyme, a reporter-based system is 

the first method of choice. All reporter systems described here are based on the protease 

activity, which is responsible for the cleavage of introduced CLS into the reporter. DENV 

protease activity detection system (DENPADS) is used either for detection and titration of 

DENV infected cells or as a high-throughput screening (HTS) systems for drug discovery 

(Hsieh et al. 2017). For detection and trafficking of the ZIKV infection in real time,  

a plasmid-based reporter system called ZIKV-nuclear localization signal-GFP insensitive to 

DENV has been developed. This reporter is also based on the proteolytic cleavage of a cleavage 

site (CLS) between NS4B and NS5 and on translocation of GFP into the nucleus upon ZIKV 

infection (McFadden et al. 2018). The first fluorescence activatable reporter has been invented 
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for live imaging of infection of both ZIKV and DENV (Arias-Arias et al. 2020). In most of 

these reporters, the change in fluorescence intensity is quantitative. 

2.8.3 Screening systems 
As there is a lack of compounds inhibiting the flaviviral protease in cellulo, the reliable 

screening systems for already discovered drugs play a very important role. There have been 

several screening assays discovered that lead to identification of some potential inhibitors. In 

most of the cases, the high throughput screenings of potential flaviviral protease inhibitors are 

performed in vitro. Typically, these screenings were based on the cleavage of fluorogenic 

substrate Bz-nKRR-AMC (benzoyl-norleucine-Lys-Arg-Arg-7-amino-4-methyl coumarin) 

developed by J. Li et al., 2005 (Balasubramanian et al. 2016; Beesetti et al. 2018; Wu et al. 

2015). Similar substrate has been used for HTS of the West-Nile virus (WNV) inhibitors 

(Mueller et al. 2007, 2008). Apart from the cleavage-activable AMC, the fluorescence 

resonance energy transfer (FRET)-based substrates are used for studying the protease activity. 

DABCYL-KQRRGRIE-EDANS fluorogenic substrate contains the internal cleavage site in a 

linker connecting the donor EDANS and the quencher DABCYL. The ratio between emitted 

and transferred fluorescence is then used for quantification of the activity of the protease. 

Others are looking for inhibition of the interaction of the cofactor NS2B and the NS3 

protease by using the split luciferase complementation assay (Z. Li et al. 2017; Brecher et al. 

2017). Finally, one of the novel-approach of the drug discovery is virtual screening using 

molecular dynamics simulation (Mirza et al. 2018) and scaffold hopping (Deng et al. 2012).  
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3 Aims of the thesis 
In my diploma thesis I have focused on two proteolytic processes. The first dealt with the 

inhibition of the UPS and the second utilized the UPS components in studies of proteolytic 

activity of flaviviral proteases. 

In the first part, the effect of the low molecular weight compound CBU79 on the UPS in 

mammalian cells was characterized, following the work of Giovannucci and colleagues 

(unpublished data, Karolinska Institutet, Sweden) who identified CBU79 impairing protein 

translation. The study had two sub-aims: 

Aim 1: To inspect, whether the decrease in protein translation is the cause or the 

consequence of CBU79 treatment. To answer that, my tasks were 

• To visualize proteins synthesized upon CBU79 treatment by click-chemistry 

metabolic labelling 

• To determine the effect of co-treatment of CBU79 with other selected 

compounds on protein translation 

• To explore if the downstream proteins of the UPR are affected by CBU79 

treatment. 

Aim 2: Identification of CBU79 target/s. My tasks were: 

• To perform dose-response assays on various cell lines to determine the 

optimal concentration of CBU79 for the screen 

• To test various strategies of treatment to find the ideal conditions for the 

screen 

• To design and perform CRISPR/Cas9 whole genome enrichment screen to 

identify CBU79 target/s (together with my supervisor) 

In the second part I aimed to design and optimize the non-infectious cell-based assay 

exploiting the UPS for monitoring activity of Zika and Dengue proteases. These viruses are our 

laboratory models for studying activation of flaviviral proteases. The inspiration for the assay 

was the work of Lindsten et al. 2001 and Majerová-Uhlíková et al. 2006, perfomed on HIV. 

The subtasks of this project were: 

• To clone the double-fluorescent reporter (DFR) and its variants to track the 

protease activity using flow cytometry and western blotting 

• To establish the stable cell lines expressing desired reporter/s 
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4 Material and methods 

4.1 Material 

4.1.1 Solutions 
All the solutions (unless otherwise stated) are in Table 1. 
Table 1: The most commonly used solutions 

Solution  Abbreviation Ingredients (chemical 
name) Concentration  pH 

Phosphate-buffered saline PBS 

NaCl 
KCl 
Na2HPO4 

KH2PO4 

137 mM 
2.7 mM 
10 mM 
1.8 mM 

7.4 

Tris-buffered saline TBS Tris 
NaCl 

50 mM 
150 mM 7.5 

Tris-buffered saline + Tween® 20 TBST 
Tris 
NaCl 
Tween® 20 

50 mM 
150 mM 
0.05% (v/v) 

7.5 

(3-(N-morpholino)propanesulfonic acid) 
buffer MOPS 

MOPS free acid 
NaOAc 
Na2EDTA 

20 mM 
5 mM 
1 mM 

7.0 

Tris acetate EDTA buffer TAE 
Tris 
Acetate 
EDTA 

40 mM 
20 mM 
1 mM 

8.6 

Trypsin solution  Trypsin 
PBS 

0.25% (v/v) 
Up to 100% 

 

Transfer buffer  
Tris 
Glycine 
Methanol 

25 mM 
192 mM 
20% (v/v) 

7.6 

Tris-glycine-SDS running buffer TGS 
Tris 
Glycine 
SDS 

25 mM 
192 mM 
0.1% (v/v) 

8.3 

Modified NP-40 buffer  

NP-40 
NaCl 
HEPES 
N-ethylmaleimide (NEM) 
MG-132 

1%  
100 mM 
50 mM 
20 mM 
10 μM 

7.2 

6x SDS sample buffer  

SDS (1.2 g) 
bromophenol blue 
glycerol (4.7 ml) 
Tris (1.2 ml) 
MilliQ water (2.1 ml) 

- 
0.01% (v/v) 
- 
0.5 M 
- 

6.8 
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4.1.2 Media 
Bacterial and cell culture growth media are summarized in Table 2 and Table 3. 
Table 2: Bacterial media 
 Solution  Ingredients (chemical 

name) Concentration  pH 

B
ac

te
ri

al
 m

ed
ia

 

LB broth (Miller) (Carl Roth) 
Tryptone 
Yeast extract 
NaCl 

10 g/l 
5 g/l 
10 g/l 

7.0 

LB agar (Miller) (Carl Roth) 

Tryptone 
Yeast extract 
NaCl 
Agar-agar 

10 g/l 
5 g/l 
10 g/l 

7.0 

SOC outgrowth medium (New 
England BioLabs) 

Peptone 
Yeast extract 
NaCl 
KCl 
MgCl2 

MgSO4 

Glucose 

2% (v/v) 
0.5% (v/v) 
10 mM 
2.5 mM 
10 mM 
10 mM 
20 mM 

- 

 
Table 3: Cell culture media 
 Solution  Abbreviation Company Additives 

C
el

l c
ul

tu
re

 m
ed

ia
 

Dulbecco´s Modified Eagle´s 
Medium DMEM Thermo-Fischer 5% (v/v) fetal bovine 

serum (FBS) 

Roswell Park Memorial 
Institute 1640 Medium  
without methionine 

RPMI Thermo-Fischer 
5% (v/v) fetal bovine 
serum (FBS) 

Opti-MEM (reduced serum 
medium)  

Thermo-Fischer  

Freezing DMEM medium  Thermo-Fischer 10% DMSO, 90% DMEM 

4.1.3 Antibiotics 
Antibiotics used for selection are in Table 4. 
Table 4: Antibiotics 
Antibiotics Concentration used Company 

 
Kanamycin 50 μg/ml Sigma-Aldrich (K1377) 

Puromycin 1 μg/ml Sigma-Aldrich (P8833) 

Geneticin 1 mg/ml Sigma-Aldrich (A1720) 

Ampicillin 100 μg/ml Sigma-Aldrich (A9393) 

 

 

 



Material and methods 

33 

4.1.4 Enzymes 
The most commonly used enzymes are mentioned in Table 5. 
Table 5: Enzymes 
Enzyme Company 

 
Phusion™ High-Fidelity DNA 
polymerase 

New England Biolabs (M0530L) 

T4 DNA ligase New England Biolabs (M0202S) 

T5 Exonuclease New England Biolabs (M0363S) 

Taq DNA ligase New England Biolabs (M0208S) 

DpnI restriction enzyme New England Biolabs (R0176L) 

4.1.5 Antibodies 
Antibodies used for detection of proteins by western blotting, see Table 6. 
Table 6: Antibodies 
 Antibody Dilution Company 

Pr
im

ar
y 

Anti-GFP rabbit polclonal 1:5000 Abcam (ab209) 

Anti-tRFP rabbit poylclonal 1:2000 Evrogen (ab233) 

Anti-GAPDH mouse monoclonal 1:5000 Abcam (ab8245) 

Anti-tubulin 1:2000 Exbio (clone TU-01) 

Se
co

nd
ar

y IRDye® 680RD Goat anti-Rabbit 1:15000 LI-COR 

IRDye® 800CW Goat anti-Mouse 1:15000 LI-COR 

Goat anti-rabbit HRP 1:15000 Pierce (ab32430) 

Goat anti-mouse HRP 1:15000 Pierce (ab32460) 

4.1.6 Commercial kits 
Commercial kits are in Table 7. 
Table 7: Commercial kits 
Name Company  

Zyppy Plasmid Miniprep Kit 
GeneJet Plasmid Miniprep Kit 
Plasmid Midi Kit 
Gel Extraction Kit 

ZymoResearch 
Thermo-Fischer 
Qiagen 
Qiagen 
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4.1.7 Primers 
Primers used for the PCR and sequencing are summarized in Table 8. 
Table 8: Primers 
Name Use  Sequence 5’ to 3’ Company 

backbone_original_rev 
backbone_original_fwd 
 
Zika_protease_fwd 
Zika_protease_rev 
 
ubiG76V_fwd 
ubiG76V_rev_Zika 
 
YFP_fwd_Zika 
YFP_rev_Zika 

To create pEF1α-DFR-ZikaPro plasmid 

AGGTCCAGGGTTCTCCTCC 
TGAGGATCCACCGGATCTAGATAAC 
 
AGCTTCGAATTCTGTCGACATGTACATTGAAAGAG 
GTTATCTAGATCCGGTGGATCCTCACTTCTTCTTCAGCATCGAG 
 
CGACGTGGAGGAGAACCCTGGACCTATGCAGATCTTCGTGAAGACTC 
GGTGCCGCCGCCCCGCTTCTTCACACCAAGCTTCCCCACCAC 
 
GTGAAGAAGCGGGGCGGCGGCACCGTCGCCACCATGGTGAGC 
TTTCAATGTACATGTCGACAGAATTCGAAGCTTGAGCTCG 

IDT 

Dengue_protease_fwd 
Dengue_protease_rev 
 
ubiG76V_rev_Dengue 
 
YFP_rev_Dengue 
YFP_fwd_Dengue 

To create pEF1α-DFR-DenguePro plasmid 

AGCTTCGAATTCTGCCGATCTCGAGCTGGAG 
GTTATCTAGATCCGGTGGATCCTCACTATTACTTTCGGAAAATGTCATCTTC 
 
GTTGCCGGTGCCCCGCCGCCGCCGACCAAGCTTCCCCACCAC 
 
GCTCGAGATCGGCAGAATTCGAAGCTTGAGCTCG 
CGGCGGCGGCGGGGCACCGGCAACGTCGCCACCATGGTGAGC 

IDT 

Dengue_inv_mut_fw 
Dengue_inv_mut_rev 

To replace Ser with Gly and create pEF1α-DFR-
DengueProS137G 

*GAGGATCTCCAATCATCG 
*CCGTTCCAGGAGAAAAGTC IDT 

Zika_inv_mut_rev 
Zika_inv_mut_fw 

To replace Ser with Gly and create pEF1α-DFR-
ZikaProS137G 

*TGCAGGATAGTCCAAAGCAACTGC 
*GGAACCGGAGGATCTCCGATCC IDT 

ubiG76V_rev_Zika_C 
YFP_fwd_Zika_C To change CLS in pEF1α-DFR-ZikaPro plasmid ATACGCGCTGCCGCGGCGGGTCACACCAAGCTTCCCCACCAC 

GTGACCCGCCGCGGCAGCGCGTATGTCGCCACCATGGTGAGC 
Sigma-
Aldrich 

ubiG76V_rev_Zika_NS2A/NS2 
YFP_fwd_Zika_NS2A/NS2B To change CLS in pEF1α-DFR-ZikaPro plasmid CGGCGGCCAGCTGCGTTTGCCGCTACCAAGCTTCCCCACCAC 

AGCGGCAAACGCAGCTGGCCGCCGGTCGCCACCATGGTGAGC 
Sigma-
Aldrich 

ubiG76V_rev_Zika_NS2B/NS3 
YFP_fwd_Zika_NS2B/NS3 To change CLS in pEF1α-DFR-ZikaPro plasmid CAGCGCGCCGCTGCGTTTGCCGGTACCAAGCTTCCCCACCAC 

ACCGGCAAACGCAGCGGCGCGCTGGTCGCCACCATGGTGAGC 
Sigma-
Aldrich 
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YFP_sekv_rev 
sekv_638_sv40_rev Sequencing primer CCGTTTACGTCGCCGTCCAGCT 

CAAGTTAACAACAACAATTGC 
Sigma-
Aldrich 

Zika_mut_ser_ala_fwd 
Zika_mut_ser_ala_rev 

To replace Ser with Ala and create pEF1α-DFR-
ZikaProS137A 

GGAACCGCAGGATCTCCGATCC 
TGCAGGATAGTCCAAAGCAACTGC 

Sigma-
Aldrich 

Zika_mut_his_ala_fwd 
Zika_mut_his_ala_rev 

To replace His with Ala and create pEF1α-DFR-
ZikaProH53A 

CATGTGGGCCGTCACAAAAG 
GTGTGGAAGACTCCCTCCTG 

Sigma-
Aldrich 

Zika_mut_asp_ala_fwd 
Zika_mut_asp_ala_rev 

To replace Asp with Ala and create pEF1α-DFR-
ZikaProD77A 

CAAGCAGGCCTTGGTGTCAT 
ACATCCCCCCAGTATGGATC 

Sigma-
Aldrich 

backbone_Zika_new_hel_fwd 
backbone_Zika_new_hel_rev 
Ubi_YFP_zika_protease_fwd 
Ubi_YFP_zika_protease_rev 
helicase_fwd 

To clone helicase in pEF1α-DFR-ZikaPro and 
create pEF1α-DFR-Zikafulllength 

GAAAAAGATGAGGATCCACCGGATCTAG  
AGGTCCAGGGTTCTCCTCC  
GAGAACCCTGGACCTATGCAGATCTTCGTGAAGAC 
AGTTAGCTGCTTCTTCTTCAGCATCGAGG 
AAGAAGAAGCAGCTAACTGTCCTGGACCTGC 

Sigma-
Aldrich 

Zika_DFR_backbone_fwd 
Zika_DFR_backbone_rev 
NS2B_NS3_fwd 
NS2B_NS3_rev 
YFP_fwd 
YFP_rev 

To change the position of protease and YFP and 
create pEF1α-DFR-UPY 

CTGTACAAGTGAGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATAC 
ATGTCGACGGTGGCGACGGTGCCGCC 
CGCCACCGTCGACATGTACATTGAAAG 
TGCTCACCATCTTCTTCTTCAGCATCGAG 
AGAAGAAGATGGTGAGCAAGGGCGAG 
GATCCTCACTTGTACAGCTCGTCCATGC 

Sigma-
Aldrich 

DFR_Zika_prodel_fwd  
DFR_Zika_prodel_rev  

To delete protease in pEF1α-DFR-ZikaPro 
plasmid and create pEF1α-DFR-UbG76V-CLS-YFP 

TGTACAAGTGAGGATCCACCGGATCTAG 
TGGATCCTCACTTGTACAGCTCGTCCATG 

Generi 
Biotech 

DFRnoCLSup  
DFRnoCLSdwn 

To delete CLS in pEF1α-DFR-UbG76V-CLS-YFP 
and create pEF1α-DFR-UbG76V-YFP 

AAGGTACCATGGTGAGCAAGGGCGAG 
CCCGGGTCACACCAAGCTTCC 

Generi 
Biotech 
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4.1.8 Cell lines 
All the cell lines used are in Table 9. 
Table 9: Cell lines 
Name Description 

Mel JuSo  Human melanoma cell line, established from the primary 
tumour of a 58-year-old woman with melanoma in 1977. 

Mel JuSo UFD Human melanoma cell line with ubiquitin-fusion degradation 
signal fused to GFP 

Mel JuSo DFR clone 38 
Human melanoma cell line with double-fluorescence reporter 
containing BFP and YFP fused to CL1 degradation peptide 
(ACKNWFSSLSHFVIHL) 

MEF Mouse embryonic fibroblast cell line 
MEF CHOP -/- Mouse embryonic fibroblast cell line with depleted CHOP 

HEK 293T  Human embryonic kidney cells expressing a mutant version of 
the SV40 large T antigen. 

HEK 293T DFR Zika clone 15 Derived from HEK293T cells expressing double-fluorescence 
reporter with Zika protease 

4.1.9 Bacterial strains 
Two competent cell strains for plasmid transformation were used in this thesis (Table 10). 
Table 10: Bacterial strains 
Name Genotype 

Escherichia coli TOP10 chemically 
competent cells 

F- mcrA Δ (mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
Δ lacX74 recA1 araD139 Δ (araleu)7697 galU galK rpsL 
(StrR) endA1 nupG 

Escherichia coli DH5α competent cells 
F– endA1 glnV44 thi-
1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 
Δ(lacZYA-argF) U169, hsdR17(rK

–mK
+), λ– 

 

 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/SV40_large_T_antigen
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4.1.10 Markers 
DNA ladders were used in agarose electrophoresis, the protein marker was used in SDS-PAGE 

(see Table 11 and Figure 10: Markers used for agarose electrophoresis or SDS-PAGE.). 
Table 11: Markers 
 Name Company  

D
N

A
 

m
ar

ke
r 

GelPilot 100 bp Plus Ladder (A) 
GelPilot 1 kb Ladder (B) Qiagen 

Pr
ot

ei
n 

m
ar

ke
r 

Precision Plus Protein™ All Blue Prestained Protein Standard (C) Bio-Rad 

   
A B C 

Figure 10: Markers used for agarose electrophoresis or SDS-PAGE. 

4.1.11 Plasmids 
The maps of plasmids mentioned in this chapter are in Supplementary figure 3. 

Other plasmids that were made during this project are summarized in Figure 36. 

pET-ZIKA-NAT 

Plasmid derived from a pET-16b plasmid that contains 6x HisTag and tobacco etch virus (TEV) 

CLS fused to hydrophilic part of the NS2B from ZIKV. There is a natural CLS in between 

NS2B and NS3 as in the eZiPro construct mentioned in chapter 2.8.1. The plasmid bears an 

ampicillin resistance. This construct was made by Pavel Novotný from our laboratory at IOCB 

Prague. 

pET-DEN-NAT 

Plasmid derived from a pET-16b plasmid that contains 6x HisTag and tobacco etch virus (TEV) 

CLS fused to hydrophilic part of the NS2B from DENV. There is a natural CLS in between 

NS2B and NS3 as in the eZiPro construct mentioned in chapter 2.8.1. The plasmid bears an 

ampicillin resistance. This construct was made by Pavel Novotný from our laboratory at IOCB 

Prague. 
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pET-ZikaHelicase 

Plasmid derived from a pET-16b plasmid that contains 6x HisTag and tobacco etch virus (TEV) 

CLS fused to hydrophilic part of the NS2B from ZIKV. There is a covalent CLS in between 

NS2B and NS3 as in the gZiPro construct mentioned in chapter 2.8.1 but with a full-length NS3 

gene containing the helicase. The plasmid bears an ampicillin resistance This construct was 

made by Pavel Novotný from our laboratory at IOCB Prague. 

pUFD 

Plasmid derived from the EGFP-N1 plasmid with a cytomegalovirus (CMV) promoter that 

expresses mutated ubiquitin fused to N-terminus of YFP. The Gly 76 in ubiquitin is mutated to 

Val. The plasmid bears kanamycin resistance and a neomycin selection marker (Menéndez-

Benito, Heessen, and Dantuma 2005). 

pEF1α-DFR-YFP-CL1 

Plasmid derived from the YFP-CL1 plasmid (Menéndez-Benito, Heessen, and Dantuma 2005). 

The plasmid contains BFP fused to histone 2A for controlling efficient expression. CL1 is a 

short degradation peptide. The plasmid bears a kanamycin resistance and a neomycin selection 

marker. The plasmid was made by Maria Gierisch in the laboratory of Nico Dantuma at the 

Karolinska Institutet, Sweden. 

AAVS EF1α-DFR-YFP-CL1 

Plasmid derived from the YFP-CL1 plasmid (Menéndez-Benito, Heessen, and Dantuma 2005). 

The plasmid bears the same genes as pEF1α-DFR-YFP-CL1 but of a different backbone, 

providing the use of specific integration into the AAVS locus in human cells with the 

CRISPR/Cas9 method. The plasmid bears a kanamycin resistance and a puromycin selection 

marker and was made by Maria Gierisch according to plasmid pMK232 (CMV-OsTIR1-PURO 

- Addgene #72834) in the laboratory of Nico Dantuma at the Karolinska Institutet, Sweden. 

pX330 AAVS1 CRISPR 

This plasmid was used to integrate the reporter system to the AAVS locus by CRISPR/Cas9. 

The system was developed by Natsume et al. 2016. The plasmid was provided from Addgene, 

#72833. 
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4.2 Methods 

4.2.1 Work with DNA 

4.2.1.1 Primer phosphorylation 

Primers for ligation with blunted ends must be phosphorylated. The reagents for the 

phosphorylation reaction are in Table 12. 
Table 12: Primer phosphorylation reaction 
Reagents  Volume (μl) 

T4 DNA ligase buffer (NEB) 
T4 polynucleotide kinase (NEB) 
Primer 
Sterile MilliQ water 

2 
1 
2 
15 

The reaction was placed in the PCR cycler and incubated at 37 °C for 30 minutes. The reaction 

was inactivated at 65 °C for 20 minutes. 

4.2.1.2 Polymerase chain reaction 

Polymerase chain reaction (PCR) was used for amplification of desired fragments needed for 

plasmid assembly. For pEF1α-DFR-ZikaPro or -DenguePro plasmid preparation, 4 fragments 

were amplified. Primers were designed with a NEBuilder tool and checked using SnapGene 

programme. Every amplified fragment required its own optimization but in general two 

fundamental approaches (Table 13, Table 14) were used. Since many tens amplified fragments 

were prepared, only the general protocol is shown here.  

Table 13: PCR setup (final volume – 20 μl) 
 Reagents  Volume (μl) 

Fragments longer 
than 1500 bp 

GC buffer 5x concentrated 
Forward primer 10 μM 
Reverse primer 10 μM 
dNTPs (10 mM mixture) 
DMSO 
Template (1-10ng) 
Phusion polymerase 
Sterile MilliQ water 

4 
1 
1 
0.4 
0.6 
1 
0.2 
11.8 

Fragments shorter 
than 1500 bp 

HF buffer 5x concentrated 
Forward primer 10 μM 
Reverse primer 10 μM 
dNTPs (10 mM) 
Template (1-10ng) 
Phusion polymerase 
Sterile MilliQ water 

4 
1 
1 
0.4 
1 
0.2 
12.4 
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Table 14: PCR programme  
 Number of 

repetitions Temperature Time (minutes) 

Fragments longer 
than 1500 bp 

1x 98 °C 3:00 

20-30x 
98 °C 
45-72 °C 
72 °C 

0:10 
0:30 
0:20 – 3:00 

1x 72 °C 
4 °C 

10:00 
∞ 

Fragments shorter 
than 1500 bp 

1x 98 °C 0:30 

20-30x 
98 °C 
45-72 °C 
72 °C 

0:10 
0:30 
0:20 – 3:00 

1x 72 °C 
4 °C 

5:00 
∞ 

Annealing temperature of the primers was estimated with the NEB Tm Calculator tool, 

and the extension time was dependent on the length of the amplified fragment (here calculated 

as 20 s/kbp). 

Mutants of the reporter plasmid were done by modified inverse PCR. Primers were 

designed with a point mutation in one of them starting from the same place of the sequence but 

with the opposite directions. Primers were phosphorylated (described in 4.2.1.1). For the 

reaction, the same protocol for PCR was used. If the amplified fragment has the same or similar 

length as the original template (which was in the case of the point mutation always), DpnI digest 

was needed, because this restriction enzyme cleaves all the methylated DNA. DpnI restriction 

enzyme was added in the volume of 1 μl to the samples right after the PCR. The reaction was 

incubated for 1h at 37 °C.  

In addition, colony PCR was used to determine the presence of correct plasmid assembly. 

Bacteria colonies grown on agar plates (see 4.2.2.2) were picked with a micropipette tip and 

placed in the 1.5 ml tube with 20 μl of sterile MilliQ water. This solution served as a template 

for PCR. The PPP MasterMix (Top-Bio) containing Taq DNA polymerase was used (Table 15,  

Table 16). This method was used either to amplify the assembled fragment or to compare 

product length with a control. Approximately ten colonies were tested from each plate. 

Table 15: PCR using PPP Master Mix in 25 μl volume 
Reagents  Volume (μl) 

PPP Master mix 
Forward primer (10 μM) 
Reverse primer (10 μM) 
Template 
Sterile MilliQ water 

12.5 
1 
1 
1 
9.5 
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Table 16: Programme of PCR with PPP Master Mix 
Number of repetitions Temperature Time (minutes) 

1x 94 °C 1:00 

30x 
94 °C 
55-68 °C 
72 °C 

0:15 
0:15 
0:20 – 3:00 (1:00/kbp) 

1x 72 °C 
4 °C 

7:00 
∞ 

4.2.1.3 Agarose electrophoresis 

Agarose electrophoresis was used to separate PCR fragments according to their size.  

50 ml of 1% agarose solution was prepared by boiling agarose (Bioline) in TAE buffer and 

adding 5 μl of GelRed dye (Biotium); mixture was then poured to a plastic form and a comb 

was placed at the front part of the gel to create wells for loading of samples.  

DNA samples were mixed with the appropriate amount of Purple Loading Dye (NEB; in 

1:6 ratio). The Purple Loading Dye was not added in PCR samples prepared with PPP Master 

Mix, since the Master Mix already contains a dye. DNA markers were chosen according to the 

size of expected fragments, see 0), and 5 μl was loaded to the first well. Electrophoresis ran 

with constant voltage of 120 V for 45 minutes. The gel was imaged with an ultraviolet (UV) 

lamp on Quantum-ST4-1100 machine from Biotech®. The choice of wavelength was chosen 

according to the downstream application. If the fragment was cut from the gel, UV light of 

wavelength 365 nm was used to reduce the risk of DNA damage. If the gel was used for colony 

PCR samples, where the gel was only imaged and not cut, UV light of wavelength 320 nm was 

used.  

4.2.1.4 DNA isolation from agarose gel 

Fragments of desired size were cut from agarose gels with a scalpel under UV light of 

wavelength 365 nm and transferred to the 1.5 ml tube. DNA was extracted using QIAquick® 

Gel Extraction Kit according to the manufacturer’s instructions. DNA was eluted in sterile 

MilliQ water. 

4.2.1.5 DNA concentration measurement 

DNA concentration was estimated using NanoDrop® instrument (Thermo-Fischer) with sterile 

water as a blank. The absorbance was measured at 260 nm wavelength. The NanoDrop 

instrument evaluated the concentration from the premise that DNA solution of concentration 

50 μg/ml has the absorbance at 260 nm equal to one. Purity of the DNA sample was determined 

from the ratio between absorbance at 260/230 nm and 260/280 nm. 
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4.2.1.6 Plasmid assembly 

Plasmids were assembled using three different approaches. NEBuilder® HiFi DNA Assembly 

Cloning Kit was used for four-fragment assembly. The fragments were amplified with 

overhanging primers complementary with each other. The fragments were mixed in volumes 

described in 5.7.1, and the same formulas for all NEBuilder® HiFi DNA Assembly or Gibson® 

Assembly were used: 

𝑥𝑥 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢 ∙ 1000
𝑏𝑏𝑏𝑏 ∙ 650 𝐷𝐷𝐷𝐷

∙ 2(𝑑𝑑𝑑𝑑𝑢𝑢𝑏𝑏𝑢𝑢𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝑛𝑛𝑑𝑑) ∙ 1000 = 𝑥𝑥
𝑓𝑓𝑓𝑓𝑑𝑑𝑢𝑢
𝑢𝑢𝑢𝑢

, 

where x represents the DNA concentration estimated using NanoDrop and bp represents 

the length of an assembled fragment. 

Molar mass of each fragment was calculated with the NEBioCalculator webtool using 

this formula:  

𝐹𝐹𝐹𝐹𝑛𝑛𝐷𝐷𝑢𝑢 𝑣𝑣𝑑𝑑𝑢𝑢𝑢𝑢𝑓𝑓𝑑𝑑 𝐹𝐹𝑛𝑛 𝑑𝑑𝐷𝐷𝑒𝑒ℎ 𝑑𝑑𝐷𝐷𝑓𝑓𝑏𝑏𝑢𝑢𝑑𝑑 (𝜇𝜇𝑢𝑢) = 𝑓𝑓𝑑𝑑𝑢𝑢𝐷𝐷𝑑𝑑 𝑓𝑓𝐷𝐷𝑑𝑑𝑑𝑑 (𝑓𝑓𝑓𝑓𝑑𝑑𝑢𝑢)/𝑒𝑒𝑑𝑑𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑𝐷𝐷𝑑𝑑𝐹𝐹𝑑𝑑𝑛𝑛 𝑑𝑑𝑓𝑓 𝐷𝐷𝐷𝐷𝐷𝐷 (𝑓𝑓𝑓𝑓𝑑𝑑𝑢𝑢/𝜇𝜇𝑢𝑢) 

Fragments were mixed in desired ratios, and volume was adjusted with water to 10 μl. 2 μl 

of fragment mixture was added to 2 μl of NEBuilder® HiFi DNA Assembly Master Mix. The 

reaction was incubated at 50 °C for 60 minutes. The NEB DH-5α competent cells were transformed 

with 2 μl of the assembly mixture. 

Blunt-end ligation, used for introduction of a point mutation by inverse PCR (see 4.2.1.1), 

was set up according to Table 17.  

Table 17: Reagents needed for blunt-end ligation 
Reagents  Volume 

T4 DNA ligase buffer 
DNA for assembly 
T4 DNA ligase 
Sterile MilliQ water 

2 μl 
50 ng 
1 μl 
Up to 20 μl 

The blunt-end ligation mixture was incubated in a thermoblock at 37 °C for 30 min.DNA 

ligase was then inactivated at 65 °C for 20 minutes. 

In case of deletions or CLS change, one to three fragments were assembled by the Gibson 

assembly according to the manufacturer’s instructions. Gibson assembly mixture was prepared 

in our laboratory and included a preparation of 5x Isothermal Reaction Buffer according to 

Table 18. 
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Table 18: 5x Isothermal reaction buffer 
Reagents Concentration  Volume/weight 

Tris-HCl pH 7.4 
MgCl2   
Nicotinamide adenine dinucleotide (NAD)    
Dithiothreitole (DTT)    
Polyethylene Glycol 8000     
dNTP Mix 
Sterile MilliQ water 

1 M  
2 M 
50 mM 
1 M 
- 
100 mM each 
- 

3 ml 
150 μl 
600 μl 
300 μl 
1.5 g 
60 μl each 
up to 6 ml 

The reagents were mixed together on ice and kept mixing at 4 °C using magnetic stirrer. 

This solution was aliquoted in 320 μl volume and frozen. One aliquot of the isothermal reaction 

buffer was mixed with enzymes according to Table 19 to prepare the final Gibson assembly 

mixture. 

Table 19: Enzymes needed for the final Gibson assembly mixture 
Reagents Volume  

T5 exonuclease 
Phusion polymerase   
Taq ligase  
Sterile MilliQ water 

1.2 μl 
20 μl 
160 μl 
700 μl 

15 μl aliquots were prepared from the final solution on ice in PCR tubes and frozen. 

4.2.1.7 Plasmid isolation from bacteria 

Transformed bacteria (4.2.2.2) were plated on an agar plate, incubated overnight at 37 °C and 

desired colonies were picked. Colonies were seeded into 10 ml of LB medium containing the 

required antibiotics in 50 ml conical tubes, incubated at 37 °C for 8-12 hours, while shaking 

(220 RPM). Bacterial culture was centrifuged at 3500x g at 4 °C for 10 minutes. The supernatant 

was removed, and the pellet was resuspended in 600 μl of sterile water. Plasmid DNA was 

extracted using the Zyppy™ Plasmid Miniprep Kit according to the manufacturer’s 

instructions, except the initial centrifugation of the bacterial lysate, where the time of 

centrifugation was increased to 10 minutes to clearly separate the debris from the supernatant. 

DNA was eluted with sterile MilliQ water. 

For isolation of larger DNA amounts, the maxipreparation was used. Bacterial colonies 

were seeded in falcon conical as before, but after the overnight incubation, 1 ml of the 

exponential culture was added to 500 ml of prewarmed LB medium with antibiotics in culture 

flasks. Bacteria cultures were grown for another 8-12 hours and processed with Qiagen® 

Plasmid Mega Kit according to the manufacturer’s protocol. 
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4.2.1.8 DNA sequencing 

Samples for sequencing were prepared according to Table 20. 
Table 20: Reagents needed for sequencing 
Reagents Volume  

Plasmid DNA (200-500 ng/ μl) 
Sequencing primer (10 μM) 
Sterile MilliQ water 

2.5 μl 
2.5 μl 
5 μl 

The sequencing was provided by Eurofins Genomics company (GenSeq Benešov). The 

results were analysed with SnapGene and compared with known sequences using Blast 

Alignment tool. 

4.2.2 Working with bacteria 

4.2.2.1 Cultivation of bacteria  

Bacteria were cultivated overnight at 37 °C either on a solid agar plate in incubator or in liquid 

LB medium while shaking. Agar plates and LB medium contained appropriate antibiotics in 

recommended working concentration. 

4.2.2.2 Transformation 

Competent bacteria used for transformation were kept in -80 °C freezers, taken out 30 minutes 

before transformation and thawed on ice. The desired plasmid/ligation mixture/assembly 

mixture was added to the cells for another 30 minutes. The volume of bacteria and assembly 

mixture differs depending on the type of assembly. For plasmid retransformation 50 μl of 

bacteria and 1 μl of a plasmid was used. In the case of ligation, 100 μl of bacteria and 10 μl of 

a ligation mixture was added; the same volumes were used in Gibson assembly. For 

NEBuilder® HiFi DNA Assembly, 50 μl of NEB DH5α competent cells and 4 μl of the 

mixture was used.  

The cells were transformed with heat-shock (42 °C for 45 s) and returned on ice for 3 

minutes. Then prewarmed (37 °C) SOC outgrowth medium or normal LB medium was added, 

and the cells were incubated at 37 °C in a shaking incubator for 1h. Bacteria cells were plated 

on LB agar plates with antibiotics and incubated as described in 4.2.2.1. 
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4.2.3 Work with eukaryotic cell lines 

4.2.3.1 Thawing of eukaryotic cell lines 

Cryovials with cells were removed from liquid nitrogen and placed in a water bath warmed to 

37 °C. Cells were quickly thawed by slowly shaking the cryovial in the water bath. Once they 

were thawed, they were placed into a tube with prewarmed medium and centrifuged for 3 

minutes at 200 g. Freezing medium was removed with a pipette and the pellet was gently 

resuspended in growth medium. Cells were then placed into a T25 culture flask, which was 

filled up with medium up to 5 ml. The flasks were placed into a cell culture incubator with 5% 

CO2 atmosphere at 37 °C. 

4.2.3.2 Freezing of eukaryotic cell lines 

Cells were harvested as described in 4.2.3.3 and counted. They were centrifuged at 200g for  

3 minutes and resuspended in freezing medium containing growth medium DMEM with 5 % 

FBS and 10 % dimethyl sulfoxide (DMSO) to a concentration of 1x106 – 1x107 cell/ml. Cells 

were aliquoted in 1 ml in cryogenic storage vials and placed in the Mr Frosty™ Freezing 

Container (Thermo-Fischer) for slow freezing. The container was placed in -80 °C freezer 

overnight and the vials were transferred to liquid nitrogen the next day. 

4.2.3.3 Passaging 

All the cell lines were kept in T25 or T75 culture flasks (Sarstedt) in an incubator with 5% CO2 

atmosphere at 37 °C. When they reached confluence, DMEM medium was removed and cells 

were washed with 3 ml of sterile PBS. After removal of PBS, 1 ml (for T25) and 2 ml (for T75 

flasks) of trypsin solution was added, and cells were incubated for 2-5 minutes at 37 °C until 

they detached from the bottom. The flasks were filled up with DMEM up to the volume they 

had before passaging, so up to 5 ml for T25 flasks and up to 10 ml for T75 flasks. Cells were 

diluted depending on their growth rate: 

• HEK293T in ratio 1:10-1:15 

• Mel JuSo in ratio 1:6-1:10 

• MEF in ratio 1:6-1:10 

Cells were passaged every 3-4 days depending on their confluency. 
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4.2.3.4 Cell counting 

The cells were trypsinized; after cells dissociated from the plastic, the flask was filled up with 

medium up to the original volume as described in 4.2.3.3. The cells were diluted in 1:10 ratio 

with DMEM in small volume and pipetted to a 1.5 ml tube. 10 μl of this solution was pipetted 

into the Neubauer chamber and counted according to the Figure 11. Cells were counted in outer 

four squares and the total number of cells was determined using the formula: 

𝑒𝑒𝑑𝑑𝑢𝑢𝑢𝑢𝑑𝑑 𝑏𝑏𝑑𝑑𝑑𝑑 𝜇𝜇𝑢𝑢 𝑣𝑣𝑑𝑑𝑢𝑢𝑢𝑢𝑓𝑓𝑑𝑑 =  
𝑒𝑒𝑑𝑑𝑢𝑢𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑 𝑒𝑒𝑑𝑑𝑢𝑢𝑢𝑢𝑑𝑑 𝐹𝐹𝑛𝑛 𝑓𝑓𝑑𝑑𝑢𝑢𝑑𝑑 𝑑𝑑𝑠𝑠𝑢𝑢𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑

𝑛𝑛𝑢𝑢𝑓𝑓𝑏𝑏𝑑𝑑𝑑𝑑 𝑑𝑑𝑓𝑓 𝑑𝑑𝑠𝑠𝑢𝑢𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 𝑒𝑒𝑑𝑑𝑢𝑢𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑑𝑑𝑑𝑑𝑏𝑏𝑑𝑑ℎ 𝑑𝑑𝑓𝑓 𝑑𝑑ℎ𝑑𝑑 𝑒𝑒ℎ𝐷𝐷𝑓𝑓𝑏𝑏𝑑𝑑𝑑𝑑 ∙ 𝑑𝑑𝐹𝐹𝑢𝑢𝑢𝑢𝑑𝑑𝐹𝐹𝑑𝑑𝑛𝑛
 

For seeding purposes, we used the formula: 

𝑒𝑒𝑑𝑑𝑢𝑢𝑢𝑢𝑑𝑑 𝑏𝑏𝑑𝑑𝑑𝑑 𝑤𝑤𝑑𝑑𝑢𝑢𝑢𝑢
𝑣𝑣𝑑𝑑𝑢𝑢𝑢𝑢𝑓𝑓𝑑𝑑 𝑓𝑓𝑑𝑑𝑑𝑑 𝐷𝐷 𝑤𝑤𝑑𝑑𝑢𝑢𝑢𝑢

∙
1 𝜇𝜇𝑢𝑢

𝑛𝑛𝑢𝑢𝑓𝑓𝑏𝑏𝑑𝑑𝑑𝑑 𝑑𝑑𝑓𝑓𝑒𝑒𝑑𝑑𝑢𝑢𝑢𝑢𝑑𝑑𝜇𝜇𝑢𝑢

∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝑢𝑢 𝑣𝑣𝑑𝑑𝑢𝑢𝑢𝑢𝑓𝑓𝑑𝑑 𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑑𝑑𝑑𝑑 𝑑𝑑ℎ𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐹𝐹𝑛𝑛𝑛𝑛  

 
Figure 11: Scheme of the Neubauer chamber.  

4.2.3.5 Transfection 

Cells were seeded one day before the transfection and on the next day, they were transiently 

transfected (at 70% confluency) either with Lipofectamine® 2000 in a 6-well plate or with 

polyethylenimine in a 24-well plate according to the protocol below.  

For Lipofectamine® transfection, 4 μl of Lipofectamine® 2000 was mixed and vortexed with 

100 μl of Opti-MEM medium in the 1.5 ml tube. In a separate 1.5 ml tube, 1 μg of desired 

plasmid was added to 100 μl of Opti-MEM medium. Solutions from each tube were mixed 

together, vortexed and incubated at room temperature for 5 minutes. Then, 200 μl of the mixture 
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was added in each well (each well contained DMEM medium from the previous day). In 6 

hours, DMEM medium was changed for fresh one. 

When the cells were transfected with polyethylenimine, the desired expression plasmid 

(0.5 μg per well in a 24-well plate) was mixed with 25 μl Opti-MEM medium and 1.5 μl 

polyethylenimine (1 mg/ml prepared according to the manufacturer’s instructions, Polysciences 

Inc). This mixture was left at room temperature for 15 minutes and then added to cells. 

All transfections of the same plasmid were done in duplicates or triplicates. 

4.2.3.6 Generation of stable cell lines  

For stable cell lines, the same transfection protocol (4.2.3.5) was used. After the transfection, 

the cells were seeded to a 20 cm Petri dish and treated with appropriate antibiotic (geneticin or 

puromycin, see 4.1.3 for concentration used). The medium with antibiotics was changed daily 

for 14 days of treatment. After that, the cells were harvested and centrifuged in a benchtop 

centrifuge at 1000g for 3 minutes. The cell pellet was washed with PBS, centrifuged, 

resuspended in PBS and pipetted to flow cytometry tubes.  

Cells were enriched by fluorescence-activated cell sorting (FACS) using BD 

FACSAria™ III. As the sorted cells were expected to be positive in 488 nm and 405 nm 

channels, because they expressed YFP and BFP, lasers of this wavelength were used. Two 

populations of double positive cells (“bright” and “middle”, as mentioned in 5.8.1) were 

collected into flow cytometry tubes that were filled with sterile PBS. Collected cells were 

prepared for two simultaneous ways of seeding. In the first approach, three 96-well plates for 

each population were seeded with approximately 0.5 cell per well. The second strategy was to 

seed ca 100 cells into the first row of a 96-well plate, and then make 2-fold serial dilution, so 

wells in the 7th or 8th row should contain only one cell. Again, three plates of each population 

were prepared. All the plates were treated with appropriate antibiotics and were checked every 

second day to see if cells started to form colonies. Once they covered the whole well, the cells 

were harvested, centrifuged and washed as mentioned above. Expression of GFP and YFP was 

checked using BD FACSCanto™ II. If a single population of double positive cells was observed 

(that means the population was created from one clone), cells were seeded and expanded to 

bigger dishes. 

For cells, that were transfected with the CRISPR/Cas9 containing plasmid, a different 

approach was used. The cells were treated with puromycin three days after transfection for 4 

days. Seven days after transfection, cells were sorted using BD FACSAria™ III. Cells were 

seeded at approximately 0.5 cell per well (as above) and kept growing. 
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4.2.3.7 Flow cytometry 

Flow cytometry was used to analyse transfection efficiency. Transiently transfected cells were 

harvested and centrifuged in a benchtop centrifuge at 1000g for 3 minutes and washed twice 

with cooled PBS and centrifuged. Cells were transferred to flow cytometry tubes and analysed 

on BD FACSCanto™ II flow cytometer.  

Alternatively, cells transfected on 24-well plate were transferred to a 96-well plate (where 

cells from one well of the 24-well plate were transferred to one plate of the 96-well plate) 

designated for BD™ High Throughput Sampler (HTS) and analysed on BD LSRFortessa™ 

flow cytometer.  

Results were analysed with BD FACSDiva™ software using gating to distinguish cells. 

Forward versus side scatter density plot was used to identify cells according their size and 

granularity. Forward scatter height versus forward scatter area density plot distinguishes 

between singlets and doublets. The last gating used was the two-parameter density plot, which 

was used to distinguish between YFP and BFP positive cells, and the negative ones. Figures 

were edited in Inkscape or GraphPad Prism 6 programmes.  

4.2.3.8 Dose-response assays 

The readout of dose-response assays was cells viability. Mel JuSo and MEF cells were treated 

with various concentrations of CBU79 and other compounds on 96-well plates (Table 21). 

Table 21: Number of cells seeded in 96-well plate  
Name Number of cells/well 

Mel JuSo  4000 

Mel JuSo UFD 5000 
Mel JuSo DFR clone 38 5500 
Mel JuSo DFR clone 38 Cas9 6000 
MEF 5000 
MEF CHOP -/- 5000 

 In the first experiments, a wider concentration range was chosen, but after optimization, 

the concentration range was narrowed. Cells were usually treated with series of compound 

concentration in a 2-fold serial dilution beginning from 40 μM. DMSO was used as a control 

in concentration equivalent to the highest concentration of CBU79. Cells were treated for 48 

hours and analysed with WST-1 assay right after. Then they were fixed, stained and imaged. 
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4.2.3.9 The WST-1 assay 

The WST-1 method is used to analyse cellular cytotoxicity of compound treatment. The stable 

tetrazolium salt WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium) is cleaved to a soluble formazan dye. The bioreduction is dependent on the 

glycolytic production of NAD(P)H in viable cells. Therefore, it directly correlates to the number 

of metabolically active cells in the culture. The assay is designed for use in 96-well plates.  

The WST-1 reagent (10 μl) was added to 48 hours treated cells in a 96-well plate. The 

absorbance was measured on microplate reader – TECAN Infinite® M200 Pro at two 

timepoints (1 and 2 hours); cells were incubated at 37 °C during measurement. The reagent 

with the medium was removed during fixation as described in 0. 

The results were analysed in GraphPad Prism 6. The absorbance of all samples was 

normalized to the DMSO control. After normalization, the DMSO control values were equal to 

one. Compound-treated values were expected to be lower than one. Concentration range values 

and results from microplate reader normalized to DMSO control were converted to logarithm 

values and fitted with a nonlinear regression fit curve with four parameters: X value, Y value, 

Top and Bottom, Hill slope and logIC50 according to the formula (Motulsky and Christopoulos 

2004): 

𝑌𝑌 = 𝐵𝐵𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 +  (𝑇𝑇𝑑𝑑𝑏𝑏 − 𝐵𝐵𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓)/�1 + 10[(𝐿𝐿𝐿𝐿𝐿𝐿𝐼𝐼𝐼𝐼50−𝑋𝑋)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐿𝐿𝐻𝐻𝐻𝐻]�, 

where Y is the percentage of the inhibition and X the inhibitor concentration. 

4.2.3.10 Fixation and staining 

After the WST-1 assay was finished, medium was removed, and cells were washed with PBS. 

After removal of PBS, the cells were fixed using 4% paraformaldehyde (PFA) in 1x PBS for 

20 minutes (100 μl of PFA for each well of a 96-well plate). Cells were washed twice with PBS 

and incubated with Hoechst 33342 solution (1:5000 in 1x PBS) for 10 minutes. Cells were again 

washed twice with PBS. 

4.2.3.11 Automated fluorescence microscopy 

Fixed and stained cells were imaged by PerkinElmer high-content screening microscope 

Operetta CLS™ with 20x W objective. Cells were imaged with 405 nm (Hoechst) and 488 nm (GFP) 

lasers and analysed using Harmony™ software. Images were analysed using CellProfiler™ 3.0 and 

dose-response assays were statistically evaluated in GraphPad Prisma 6 – see 4.2.3.9. 
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4.2.3.12 Click-chemistry experiment 

The principle of the experiment lies in copper (I)-catalyzed azide-alkyne cycloaddition 

(CuAAC). The alkyne is represented here with Click-iT® homopropargylglycine (HPG), 

a methionine analogue that is incorporated into proteins for the time of treatment. A fluorescent 

dye bearing an azide moiety is added after the end of treatment. Because we have depleted all 

methionine needed for protein synthesis by incubating the cells in medium without methionine 

and then added HPG, all proteins synthetized during treatment have incorporated the 

methionine analogue and therefore were labelled. The cycloaddition is catalysed by copper (I) 

that is prepared in situ by reduction of copper (II) catalysed by sodium ascorbate. The copper 

is added to the reaction in form of CuSO4. This reaction also includes some additives, such as 

aminoguanidine and Tris(3-hydroxypropyltriazolyl-methyl)amine (THPTA). Aminoguanidine 

is recommended for suppression of side reactions between reaction products and protein 

residues. THPTA protects biomolecules from hydrolysis by Cu (II) by-products and prevents 

oxidation of protein side chains by radicals produced in click reaction (Figure 12). 

 
Figure 12: Metabolic labelling of nascent proteins by click chemistry. A probe bearing an azide 

moiety is clicked to HPG bearing an alkyne moiety introduced to nascent proteins produced during 
treatment of cells with CBU79. Created with Biorender.com, edited in Inkscape. 

Mel JuSo UFD cells were seeded in a 6-well plate from a T75 confluent flask in 1:6 

dilution. The next day, medium was removed, cells were washed three-times with prewarmed 

PBS to remove all DMEM medium from cells. Cells were then incubated in RPMI medium 

without methionine with 5% FBS for 30 minutes. After this time cells were treated as follows:  

• HPG (methionine analogue) 50 μM + CHX 5 μg/ml (control for downregulation 

of protein synthesis) 

• HPG 50 μM + DMSO 0.1% 

• HPG 50 μM + CBU79 10 μM 

• DMSO 0.1% (control for fluorophore background) 
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Other conditions were included after the first series of experiments and these included: 

• HPG 50 μM + ISRIB (integrated stress response inhibitor) 100 nM 

• HPG 50 μM + GSK 5 μM 

• HPG 50 μM + ISRIB 100 nM + CBU79 10 μM 

• HPG 50 μM + GSK 5 μM + CBU79 10 μM 

Cells were treated for 30 min, 1 hour, 2 and 4 hours to get the optimal time of treatment. 

After the treatment medium was removed and the cells were washed in PBS. The cells in each 

well were harvested with 250 μl of modified NP-40 buffer containing 20 mM NEM and 10 μM 

MG-132. NEM is a detergent used widely for its inhibitory effect on DUBs. Moreover, it also 

blocks vesicular transport. MG-132 is the proteasome inhibitor. Both these additives are added 

for clearer result of the experiment. Cells were incubated in the NP-40 buffer on ice for 3 

minutes and then scraped with a micropipette tip into the 1.5 ml tube. Lysates were spun down 

for 2 minutes at 8000g in a benchtop centrifuge at room temperature to get rid of cell debris. 

Supernatants were transferred to new tubes to perform the click reaction. 

The master mix containing all the reagents was prepared for each reaction. Every samples 

contained: 

• CuSO4: 11.88 μl of 100 mM solution (in water) 

• THPTA: 23.75 μl of 100 mM solution in water (premixed with CuSO4 before 

added to the other reagents 

• Sodium ascorbate: 11.88 μl of 100 mM solution freshly prepared by dissolving 

0.0198 g of the sodium ascorbate in water 

• Aminoguanidine: 11.88 μl of 100 mM solution  

• 800CW IRDye (probe): 2.38 μl of 10 μM stock 

61.75 μl of the master mix was pipetted into each reaction containing 175.75 μl of the 

lysate. The reaction was incubated for 30 minutes, light protected. At the end, 79.2 μl of 4x 

Bio-Rad SDS sample buffer with 10% NuPAGE denaturing reagent was added. 15 μl of each 

sample was loaded on a 12% 1.0 mm gel. For the SDS-PAGE method, see 4.2.4.1 

4.2.3.13 CRISPR/Cas9 enrichment screen 

Mel JuSo DFR clone 38 Cas9 cells were treated with CBU79 according to 4.2.3.8 to determine 

IC50 and IC90 as described in 5.5. Then, it was necessary to correlate the number of cells seeded 

on 96-well plate to the number of cells needed for seeding on 150 mm dishes. 2000 of Mel JuSo 

DFR clone 38 Cas 9 cells/well were seeded in a 96-well plate (2 wells for IC50 concentration 

and 3 wells for IC90 concentration, respectively) and 4x106 cells/150 mm dish (one for IC50 and 
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the other for IC90 concentration). Cells were treated with CBU79 for 48 hours, harvested and 

counted in Neubauer chamber. 

 Transduction of single-guide RNA (sgRNA) library was performed by the Karolinska 

Genome Engineering (KGE) facility.i The library contained approximately four sgRNAs per 

gene, so 80.000 sgRNAs in total. Transduced cells were distributed into 15 ml conical tubes 

and counted. Cells were first seeded into five T175 flasks (3.5x106) and thirty 150 cm dishes 

(1.75x106). After they reached the confluency, they were pooled and reseeded again into 

60x150 cm dishes, 12x106 cells in each dish. The rest of the pooled cells were kept as a back-

up, if some experiment would fail. Cells were treated with 20 μM CBU79 in three strategies 

(see 5.5.1) and with DMSO (as a control) in concentration equivalent to 20 μM CBU79. DMSO 

cells were harvested and seeded again in more dishes every two days. These cells could not be 

discarded for the library representation maintenance. After finishing all the treatments from 

each strategy, the cells were harvested, frozen and analysed by the KGE facility.  

4.2.4 Work with proteins 

4.2.4.1 SDS-PAGE 

To prepare samples for SDS-PAGE, cells were harvested as described in 4.2.3.7. After washing 

with PBS, half of the samples was used for the flow cytometry and the other half was 

resuspended in 100 μl of solution prepared by dissolving 1 tablet of cOmplete™ Mini Protease 

Inhibitor Cocktail in 10 ml of PBS. The samples were mixed with 4x Bio-Rad SDS sample 

buffer with 10% NuPAGE denaturing reagent (or alternatively with 6x SDS reducing sample 

buffer). Samples were boiled in a thermoblock at 95 °C for 5 minutes. 

For SDS -PAGE, either precast gels (Invitrogen NuPAGE™ 4-12% gradient or 10%, Bis-

Tris protein gel) or polyacrylamide gel prepared in the laboratory (mostly 16%) were used. 

Glass plates for electrophoresis were washed with detergent and 70% ethanol and put in 

the casting stand. The running gel was prepared according to Table 22, poured in between two 

glasses to ¾ of the whole volume, layered with water and left to solidify for ca 30 minutes. APS 

and TEMED were added to the solution as the last. 

Table 22: Recipe for two 16% SDS-PAGE running gels 
Reagents  Volume 

1.5 M Tris – pH 8.8 
44% Acrylamide/Bis-acrylamide mix 
10% SDS 
10% APS 
TEMED 
dH2O 

2.5 ml 
3.6 ml 
100 μl 
100 μl 
10 μl 
Up to 10 ml 
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  The stacking gel was made according to Table 23, poured on top of the running gel, and 

a comb was placed in between the glass plates to create wells. The gel was solidified for ca 30 

minutes and placed into the electrophoresis chamber (Bio-Rad Mini-PROTEAN® Tetra Cell) 
Table 23: Recipe for two SDS-PAGE stacking gels 
Reagents  Volume 

1.5 M Tris – pH 6.8 
44% Acrylamide/Bis-acrylamide mix 
10% SDS 
10% APS 
TEMED 
dH2O 

1.75 ml 
750 μl 
50 μl 
50 μl 
10 μl 
Up to 5 ml 

The chamber was filled to the half (2 gels) or up to the top (4 gels) with Tris-glycine 

running buffer or MOPS buffer (MOPS was used at the Karolinska Institutet, while TGS was 

used at IOCB). 3 μl of Precision Plus Protein™ All Blue Prestained Protein Standard and 10 μl 

of samples (click chemistry experiments) or 15-20 μl (transfections) were loaded. The 

electrophoresis was running for 1 hour or until the bromophenol blue reached the bottom of the 

gel at voltage of 120-200 V. The gel was removed from the glass plates and either directly 

visualized as described in 4.2.4.2 or used for western blotting (4.2.4.3). 

4.2.4.2 In-gel fluorescence visualization of proteins 

For direct protein visualisation, the SDS-PAGE gel was scanned using Odyssey® CLx from 

LI-COR Biosciences in 700 and 800 nm infrared channels, and pictures (their plot profile) were 

analysed in ImageJ 1.52. 

4.2.4.3 Western blotting 

The SDS-PAGE gel was removed from glass plates, and western blot sandwich was assembled: 

The gel holder cassette (Bio-Rad Mini Trans-Blot® Cell) was placed into a glass dish with 

transfer buffer. Foam pads and two sheets of Whatman® paper (GE Healthcare Life Sciences) 

were soaked in transfer buffer. The foam pad was placed on the cassette, next Whatman paper, 

gel, nitrocellulose or PVDF (GE Healthcare Life Sciences) membrane (previously activated in 

100% methanol), again Whatman paper and at the end the second foam pad. The sandwich was 

closed and placed into the chamber (Bio-Rad Criterion™ Blotter) with a frozen cooling unit. 

The chamber was filled up to the top with transfer buffer. Western blotting was performed at 

100 V for 1h. 
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4.2.4.4 Protein detection by chemiluminescence 

Subsequent to western blotting, membranes were blocked with 5% solution of non-fat milk in 

TBS or casein blocker (SDT, 1:5 ratio in TBS) for 1 h. Incubation with primary antibodies 

diluted in the appropriate blocking solution (milk or casein) was performed overnight at 4 °C, 

while shaking. The next day, membranes were washed 4x in TBST buffer for 5 minutes. 

Incubation with secondary antibodies diluted in the appropriate blocking solution (milk or 

casein) was performed at room temperature for 1 h, while shaking. After washing 4x in TBST 

buffer for 5 minutes, proteins were visualized using Pierce™ ECL Western Blotting Substrate 

according to manufacturer’s instructions. Membranes were imaged with chemiPRO XL 

Western Blot Imaging System (Cleaver Scientific). 

4.2.4.5 Protein detection by fluorescence 

Membranes were blocked, incubated with primary antibodies and washed in the same way as 

in 4.2.4.4. Then they were incubated with IRDye®-conjugated secondary antibodies at room 

temperature for 1 h, while shaking. After washing 3x with TBST and 1x with TBS  

for 5 min, nitrocellulose membranes were dried completely while the PVDF membranes were 

kept wet. Membranes were analysed using Odyssey CLx (LI-COR). 
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5 Results 
The result section is separated into two independent parts according to the objectives:  

1) Functional characterization of the UPS inhibitor CBU79 and 2) Development of the cell-

based assay monitoring activity of the Zika and Dengue proteases. 

Inhibitor of the UPS 

5.1 Background 
The UPS is the main research interest of Nico Dantuma’s laboratory, where I have done one 

part of the master’s thesis project during my ERASMUS internship. My work was based on 

HTS for inhibitors of the UPS, which had been done in this laboratory previously. They used 

the Mel JuSo cell line (derived from melanoma cancer) continuously expressing green 

fluorescent protein (GFP) fused to the uncleavable ubiquitin moiety (UbG76V-GFP, served as a 

UFD signal), which turns GFP (as a long-lived protein) to the short-lived and predestine GFP 

to be degraded (Figure 6) (Dantuma et al. 2000).  

 The aim of the screen was to find compounds, that modulate the degradation pathway 

through GFP stabilization. They used the Mel JuSo UFD cell line for screening of a library of 

more than 20 000 compounds from LCBU - Laboratories for Chemical Biology, Department of 

Chemistry, Umeå University and found several compounds with desired activities for further 

characterization. I started working with one of them, denoted CBU79. 

´The positive control for the screen was the proteasomal inhibitor epoxomicin (EPX), 

while DMSO was used as the negative control (Figure 13). Epoxomicin selectively inhibits all 

three proteolytic activities of the proteasome by binding to the ß-subunit ring of the 20S 

proteasome core (Meng et al. 1999). By blocking the whole range of proteasome activity, 

UbG76V-GFP cannot be degraded and accumulates in the cell. While in normal condition, upon 

DMSO treatment, GFP is quickly degraded and the fluorescence signal decreases. 
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Figure 13: Comparison of GFP fluorescence intensity between treatment with different types of 
inhibitors. Mel JuSo UFD cells were treated with EPX (100 nM), CBU79 (10 μM) and DMSO 
(concentration equivalent to CBU79), fixed, imaged with ImageXpress Micro Confocal High-

Content Imaging System (Molecular Devices) (x100) and analyzed in CellProfiler™ 3.0. Graph was 
kindly provided by Giovanucci, TA, unpublished data. 

By the time I started working on the project, they had found out, that the compound 

CBU79 inhibits some parts of the ubiquitin-proteasome pathway (but not the proteasome) as 

well as partly protein translation (Giovannucci, TA et al., unpublished data). Treatment of Mel 

JuSo UFD cells with puromycin, an antibiotic that causes premature chain termination during 

translation (Azzam and Algranati 1973), resulted in formation of ubiquitin chain at sites of 

unfolded proteins (Figure 14, middle panel). Treatmenmt of Mel JuSo UFD cells with 

cycloheximide (CHX), toxin from Streptomyces griseus which inhibits translation elongation, 

reversed the effects of puromycin. Similar effects were also observed when puromycin was 

used together with CBU79. An antibody against vimentin showed vimentin upregulation upon 

CBU79 treatment, which suggests similar effects as heat stress (Toivola et al. 2010). 
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Figure 14: Immunostaining of Mel JuSo UFD cells treated with various compounds. Puromycin and 

CBU79 were used at 10 μM, CHX in 5 ug/ml. Cells were fixed and stained with DAPI (nuclei), 
with an anti-ubiquitin chains antibody (FK2) and with an anti-vimentin antibody. The microscope 

picture was kindly provided by Giovanucci, TA, unpublished data. 

I wanted to better understand the mechanisms of translation repression upon CBU79 

treatment. As I have mentioned in the review part (2.6), a large amount of unfolded proteins in 

the ER triggers the UPR and then reduces the translation through PERK. My question was, if 

the inhibition of protein translation is the cause or consequence of the treatment with CBU79. 

5.2 Click-chemistry experiment 
To understand the mechanism of protein attenuation upon treatment with inhibitor CBU79, I 

performed click chemistry experiment with metabolic labelling of synthesized proteins (see 

4.2.3.12). I utilized the Mel JuSo UFD cell line used in previous experiments. HPG (methionine 

analogue) with an azide moiety was incorporated into nascent protein. In the first experiment I 

used three controls, CHX as a control for downregulation of protein translation, DMSO without 

HPG as a control of fluorophore background and DMSO with HPG as a control of normal 

protein synthesis. After the treatment with HPG, DMSO, CHX and CBU79 I performed the 

click reaction, loaded the samples on gel and scanned the gel using Odyssey® CLx (Figure 15). 
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Figure 15: Click chemistry fluorescent labelling of nascent proteins. The Mel JuSo UFD cell line 

was treated with or without 50 μM HPG, together with 10 μM CBU79, DMSO (equivalent amount 
as in the case of CBU79) or 5 μg/ml CHX for 2 hours.  

Decreased levels of protein synthesis were observed with 2-hour treatment with the 

inhibitor CBU79 as compared to the DMSO control. Both controls (CHX treatment and DMSo 

treatment without HPG) worked as expected. In the next step, different timepoints of treatment 

were tested. 
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Figure 16: Click chemistry labelling, different timepoints of treatment. The Mel JuSo UFD cell line 

was treated with 50 μM HPG together with or without 10 μM CBU79 and DMSO (equivalent 
amount as used in CBU79). Cells were treated for 2, 1 and 0.5 hour before harvesting. 

The levels of protein synthesis were reduced after 2 hours of treatment (Figure 16). 

Although 4-hour treatment showed even more pronounced differences, the duration of the 

whole experiment was impractical and 2-hour incubation was chosen as an ideal compromise.  

These results demonstrated that the metabolic labelling of nascent protein could be used 

for determination of protein translation levels. I optimized the time needed for treatment and I 

found out that cells treated with CBU79 showed the reduction in protein synthesis, so CBU79 

has probably an inhibitory effect on protein translation. 

5.2.1 Inhibitors of UPR 
My main question was, if the impact of CBU79 treatment on protein synthesis is a result of 

direct activity of CBU79 or of PERK-mediated UPR signalization – see 2.6. Therefore, I also 

treated cells with two PERK inhibitors. ISRIB (Integrated stress response inhibitor) is the 

inhibitor of integrative stress response as it binds to eIF2B, the guanosine exchange factor of 

its GTP-binding protein partner eIF2α. eIF2B converts inactive eIF2α-GDP to active eIF2α-

GTP. When eIF2α is phosphorylated, it tightly binds to eIF2B after formation of complex 

eIF2α-P-GDP-eIF2B. ISRIB blocks this complex; and therefore, it disrupts attenuation of 

translation (Sidrauski et al. 2015; Zyryanova et al. 2018). The second inhibitor, GSK2606414, 

acts as a direct inhibitor of PERK (Axten et al. 2012). I hypothesised, that if both inhibitors 

rescue the effects of CBU79, CBU79 probably works through UPR. I treated the Mel JuSo UFD 

cells with CBU79 in combination with ISRIB and GSK2606414 (Figure 17). 
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Figure 17: Click chemistry labelling and a plot profile graph of the SDS-PAGE gel. Cells were 

treated with 5 μg/ml CHX, 10 μM CBU79, DMSO (equivalent amount as in to 
CBU79+ISRIB/GSK), 100 nM ISRIB and 5 μM GSK alone or in combinations as depicted in the 

figure. 

Treatment with GSK2606414 rescued the effect of CBU79 to a certain extent, but 

treatment with ISRIB did not. We saw the same trend also in other experiments, with different 

concentration of ISRIB and with different schedule of treatment, for example, we tried to treat 

with CBU79 first and add ISRIB half an hour later (data not shown). All these experiments 
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show us the same trend as in Figure 17. Taken together, these data suggest that CBU79 inhibits 

protein translation at least partially via the PERK branch of UPR, as its effects could be reserved 

using PERK inhibitor. 

5.3 CHOP-mediated apoptosis 
Based on the previous click chemistry experiments (5.2), we hypothesized that CBU79 does 

not act upstream of PERK and eIF2α, but it was still not clear, what is the mechanism of cell 

death upon treatment with CBU79. It was still possible that CBU79 somehow affects 

downstream regulatory pathway of PERK. As it was mentioned it the review part, PERK allows 

selective translation of ATF4, and therefore, the expression of CHOP. The PERK/ATF4/CHOP 

is a crucial pathway in cell apoptosis induction. I wanted to know if the cells are dying through 

CHOP-mediated apoptosis. I treated wild type (wt) and CHOP knockout (CHOP-/-) mouse 

embryonic fibroblasts (MEF) with CBU79 in 2-fold serial dilution beginning from 50 μM to  

200 nM for 48 hours. I also treated the same cells with 2-fold serial dilution (from 10 μM to 40 

nM) of tunicamycin, which acts as an inducer of UPR (Y. Lei et al. 2017) and triggers apoptosis 

through CHOP, so it served as a positive control. 

I have repeated this experiment three times with similar range of errors. It looks like, that 

tunicamycin-treated CHOP -/- MEF cells died later at higher concentration of tunicamycin 

(Figure 19: Graphic representation of dose-response experiment. CHOP +/+ and CHOP -/- 

were treated with tunicamycin at concentration from 10 μM to 40 nM in serial 2-fold dilution. 

). I saw the similar trend (to a certain extend) in cells treated with CBU79 (Figure 18) suggesting 

that CBU79 could potentially act through UPR.  

 
Figure 18: Graphic representation of dose-response experiment. CHOP +/+ and CHOP -/- MEF 

were treated with CBU79 at concentrations from 50 μM to 200 nM in serial 2-fold dilution.  
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Figure 19: Graphic representation of dose-response experiment. CHOP +/+ and CHOP -/- were 

treated with tunicamycin at concentration from 10 μM to 40 nM in serial 2-fold dilution.  

5.4 Dose-response experiments 
To determine optimal concentration window for CBU79 that could be utilized in the 

CRISPR/Cas9 enrichment screen (5.5). I performed dose-response experiments in different cell 

lines. In previous experiments, I have shown MEF in response to the treatment with CBU79. 

However, I wanted to verify dose-response effects of CBU79 treatment that will be eventually 

used for the screen, the Mel JuSo cell line and its clones producing reporter genes for studying 

UPS. I treated two types of Mel JuSo cell line, each one bearing a different reporter and wt Mel 

JuSo as a control. The first reporter is the UbG76V-GFP that have been already used in click-

chemistry experiments (5.2) and the second is double-fluorescence reporter (DFR) that will be 

further described in 5.6, bearing YFP fused to CL1, a degradation peptide. I compared IC50 of 

CBU79 determined by the WST-1 proliferation assay (Table 24) with IC50 based on counting 

the number of nuclei by fluorescence microscopy (Table 25). From this analysis I choose one 

reporter cell line and my colleague introduce the Cas9 inside. First, it was necessary to optimize 

the concentration of cells for seeding, as I found out that the confluency of cells plays a role in 

response to CBU79 treatment. 

5.4.1 Viability dependency on confluency 
To optimize the right concentration of cells for seeding and the efficient concentration of 

CBU79, I treated various numbers of Mel JuSo UFD and Mel JuSo DFR clone 38 cells with 

different concentrations of the drug according to the scheme (Figure 20).  



Results 

63 

 
Figure 20: Schematic representation of the 96-well plate used in confluency experiment. Cells were 

treated with DMSO, CBU79 at shown concentrations and EPX (100 nM). Created in Inkscape. 

I analysed microscope pictures of stained nuclei using CellProfiler™ 3.0 and generated 

dose-response curves using GraphPad Prism 6 (see 4.2.3.9) (Figure 21)  

Dose-response curves shows that the confluency is a critical point of treatment with 

CBU79, especially in the case of Mel JuSo DFR clone 38. I also noticed, that sometimes after 

fast reduction of the number of viable cells, a sudden increase comes, although cells were 

treated with higher concentration of the compound (see black line 12000 in Figure 21a or blue 

line 6000 in Figure 21b). These results were consistent, however, the explanation for the 

occurring resistance, in case of higher confluency (more than 60%) of treated cells, remains 

unclear. Mel JuSo DFR clone 38 cells seem to depend on confluency more than Mel JuSo UFD 

cells. 
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Figure 21: Graphs of dose response experiments showing the effect of confluency on different cell 

lines treated with CBU79. Cells were treated according to Figure 20. a) Mel JuSo UFD, 
b) Mel JuSo DFR clone 38 treated with various concentrations of CBU79. Legend on the right 

represents numbers of cells in each well (confluency). 

5.4.2 Dose-response assays 
WST-1 assay is one of the variants of colorimetric assay measuring cell metabolic activity. 

Different amounts of cells per well (ranging from 2000 to 10000 cells per well) were seeded in 

triplicates to obtain optimal confluency (70%) for treatment. Cells were treated with CBU79 in 

2-fold serial dilution from 100 μM to 350 nM for 48 hours. As a negative control, 1% DMSO 

was used. Absorbance was measured on a microplate reader 1 and 2 hours after the WST-1 

reagent was added. 

I repeated these dose-response experiments several times, optimizing the concentration 

range (Table 24). Each experiment was done in triplicates and the most reliable IC50 (the ones 
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with the best fitting of nonlinear regression curve) are in Figure 23, together with the data from 

automated fluorescence microscopy. 

Table 24: IC50 based on the WST assay 

Cell line IC50 (μM)  R-squared 95% confidence 
intervals 

Mel JuSo wt 
Mel JuSo UFD 
Mel JuSo DFR clone 38 

1.177 
1.237 
1.488 

0.9033 
0.9701 
0.8238 

0.9523 to 1.454 
1.080 to 1.416 
1.040 to 2.128 

After WST-1 measurement, cells were fixed with 4% PFA, washed and stained with 

Hoechst dye to label DNA and visualize nucleus. Plate was imaged using automated 

fluorescence microscopy. Pictures were analysed with CellProfiler™ 3.0, and the data were 

further evaluated with GraphPad Prism 6 (see Table 25).  

Table 25: IC50 based on the nuclei counting 

Cell line IC50 (μM)  R square 95% confidence 
intervals 

Mel JuSo wt 
Mel JuSo UFD 
Mel JuSo DFR clone 38 

0.6552 
0.6882 
0.8272 

0.8240 
0.9880 
0.9591 

0.2038 to 2.106 
0.5401 to 0.8769 
0.6944 to 0.9853 

The microscope pictures show the effect of treatment on both cell lines. In Figure 22 I 

show only Mel JuSo DFR clone 38 as an example, but all cells reported similar results. Cells 

treated with 20 μM CBU79 were full of vacuoles, in a bad shape and dying. 

 
Figure 22: Microscope pictures (100x) of Mel JuSo DFR clone 38 cells treated with either DMSO 

(1%) or CBU79 (20 μM).  
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Results from both WST-1 and automated fluorescence microscopy assays are 

summarized in Figure 23. I performed several experiments for each cell line, and calculated 

IC50 based on WST-1 and nuclei from the most representative dose-response curve (all the dose-

response experiments were done in triplicates). For Figure 23 I choose only one IC50 for each 

cell line from the most reliable experiment (the one with the best fitting of non-linear regression 

curve). The standard deviation of IC50 is calculated from 95% confidence interval determined 

in Table 24 and Table 25. 

I have noticed that WST-1-based IC50 are typically higher than IC50 based on nuclei 

counting. I decided to base our observations on WST-1, because I found it more precise (see 

6.1.3). As there was no significant difference in IC50 for compared cell lines, we picked for the 

CRISPR/Cas9 experiment the Mel JuSo DFR clone 38 cell line, that was also suitable for 

research of my colleague (with whom we have planned to join the screen). 

 
Figure 23: Dose-response experiments in different Mel JuSo cell lines. Comparison of IC50 based on 
WST-1 and IC50 based on nuclei counting of fixed cells. The IC50 was calculated from one reliable 
experiment that was made in triplicates. Total number of biological replicates for each cell line was 

2 for wt, 3 for UFD and 5 for DFR clone 38. 

5.5 CRISPR/Cas9 screen 
As we wanted to find a target of the UPS inhibitor CBU79, we decided to perform 

CRISPR/Cas9 genome-wide screen with the aim to identify and further validate potential genes 

involved in the mechanism of compound’s action. The principle of CRISPR/Cas9 screens, that 

we performed, is the separation of cells with phenotype of our interest from those, which do not 

have it. Our aim was to find genes whose knock-out results in resistance of cells to compound 
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(CBU79) treatment. Resistance means, they will last the compound’s treatment and will be able 

to grow and divide.  The whole workflow of the experiment is shown in the Figure 24. 

Mel JuSo DFR clone 38 cells were transduced with Cas9 and with sgRNA library (which 

contains 4 sgRNAs per gene, so approximately 80.000 sgRNAs in total) and treated with 

CBU79 or DMSO (negative control). After the treatment, cells were lysed, sgRNAs were 

extracted and sequenced using next generation sequencing. 

 
Figure 24: Workflow of the CRISPR/Cas9 screen. Created with Biorender.com 

We collaborated with the KGE facility and ViralTech core facility at Karolinska 

Institutet. They helped us to design the screen and performed all the lentiviral transduction of 

Cas9 and sgRNAs into our Mel JuSo DFR clone 38 cells. First, we validated IC50 values 

determined in dose-response assays on cells transduced only with Cas9. We used the same 

methods for quantifying IC50 as above (5.4.2), WST-1 reagent and nuclei counting.  

For treatment of cells during the CRISPR/Cas9, I decided to use IC50 values determined 

by the WST-1 assay because they are overall more precise (see discussion in 6.1.3). Nuclei 

counting was still used as a control of confluency – if I observed more confluent wells on the 

microscope, I extract results based on these wells from WST-1 experiment. The principle of the 

screen was to analyse only survivor cells that developed resistance to compound treatment (due 

to knockout of genes involved in the pathway which the drug inhibits). I decided to treat the 

cells with concentration based on calculated IC90 of the compound. IC90 was calculated from 

the slope and IC50 using GraphPad webtool “ECanything from EC50”. 

Initially, I performed all dose-response assays in 96-well plates, but for the screen it was 

necessary to scale it up to 150 mm dishes. Therefore, I needed to experimentally verify the 

effectiveness of IC50 and IC90 on a 150 mm dish.  

IC50 based on exp. 1 and 2 were used to calculate the average IC50 and IC90, which we 

needed for the CRISPR/Cas9 screen (Table 26). 
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Table 26: IC50 and IC90 counted from the slope in two experiments done on Mel JuSo DFR clone 38 
Cas9 cells. IC50 are based on WST-1 proliferation assay and on nuclei counting of fixed cells. Mean 
was calculated from two experiments (exp. 1 and 2), ND – not determined 

Nuclei counting Exp. 1 95% confidence 
interval (exp. 1) Exp. 2 95% confidence 

interval (exp. 2) 
Mean 

(exp.1,2) 
IC50 (μM) 
slope 
IC90 (μM) 

0.038 
-5.245 
0.058 

0.0346 to 0.0418 
- 
- 

0.306 
-1.224 
1.840 

0.2174 to 0.4302 
- 
- 

(ND) 
- 

(ND) 

WST-1      

IC50 (μM) 
slope 
IC90 (μM) 

0.606 
-1.681 
2.240 

0.4202 to 0.8741 
- 
- 

0.496 
-2.306 
1.287 

0.2274 to 1.083 
- 
- 

0.551 
- 

1.764 

I seeded DFR clone 38 Cas9 cells in 96-well plate and 150 mm dishes and treated them 

with 0.6 μM (IC50) or 1.8 μM (IC90) for 48 hours. Then I harvested and counted remaining cells 

(Table 27) 

Table 27: Number of cells seeded and harvested from each plate with cells treated at IC50 and IC90 
concentrations of CBU79 
96-well plate Number of cells seeded Number of cells harvested 

IC50 (μM) 
IC90 (μM) 

4000 
6000 

7000 
75 

150 mm dish 

IC50 (μM) 
IC90 (μM) 

4·106  

4·106  
6.4·106 

1.7·106 

I wanted to know, whether the concentration of CBU79 used for treatment of Mel JuSo cells in 

a 96-well plate could be correlated to 150 mm dishes. This correlation corresponded nicely in 

cells treated with IC50 concentration, but not in cells treated with IC90 concentration of CBU79. 

Based on these results, where the concentration of 1.76 μM CBU79 was not enough to reach 

IC90, I decided to increase it for 20 μM. This number represents more than 10 fold higher 

concentration compared to the concentration determined in a 96-well plate, but corresponds to 

the empirical concentration which was already used on Mel JuSo DFR clone 38 in Figure 22. 

5.5.1 Enrichment screen 
Transduction of sgRNA library in Mel JuSo DFR clone 38 Cas9 cells was done by KGE facility. 

Optimal coverage of the sgRNA library in our cells was achieved by using four individual 

sgRNAs per gene. Since there are approximately 20.000 genes in human cell, that means, that 

the library consisted of 80.000 sgRNAs in total. The coverage means, how many times is the 

library virtually present in our cell population. The maintenance of adequate library 

representation is the most crucial step of all genetic pooled screens. Great library representation 

is more than 500x coverage of sgRNAs in cell population. If we hypothesised that there is one 



Results 

69 

sgRNA per cell, library has 80.000 sgRNA and the coverage should be 500x, we were supposed 

to seed 4x107 cells.  

Altogether we performed two trials of treatment. The first one was about choosing the 

best strategy of treatment and the second one included only one strategy and followed by 

sequencing. As we did not know, how the cells will respond to the 20 μM CBU79 treatment, 

we tested three strategies: 

• Strategy 1: two rounds of 48 hours of treatment using 20 μM CBU79 

• Strategy 2: three rounds of 48 hours of treatment using 20 μM CBU79 

• Strategy 3: two rounds of 48 hours of treatment using 20 μM CBU79, followed by 48 

hours of recovery and finished with one round of 48 hours of treatment using 20 μM 

CBU79. 

We have always treated four 150 mm dishes (4.8x107 cells in total) with CBU79 and one 

dish as a control with the equivalent concentration of DMSO in each strategy. We harvested 

and counted the cells. The DMSO treated cells were harvested and reseeded in more dishes 

every day, as they did not die and were overconfluent. We unfortunately discarded DMSO 

treated cells and kept only 2 dishes in each strategy, because we did not realize the problem 

with library representation, and we did not pool them after each harvest. After the recovery in 

strategy 3, we observed that cells were not proliferating at all and looking even worse after 

removing the compound. We decided to stop treating them and freeze them, so the original plan 

with strategy 3 was not fulfilled. Number of cells harvested from each strategy are summarized 

in Table 28 and Figure 25. 

Table 28: Number of cells harvested after each strategy 
Treatment STRATEGY 1 STRATEGY 2 STRATEGY 3 

DMSO 1st plate 
2nd plate 

9·106 

8.375·106 
5.3·106 

4.7·106 
5.9·106 

7.37·106 

CBU79  

1st plate 
2nd plate 
3rd plate 
4th plate 

8.75·105 

1.187·106 

1.812·106 

1.125·106 

1.81·105 

1.87·105 

2.56·105 

1.12·105 

1.9·105 

1.25·105 

6.25·104 

8.75·104 
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Figure 25: Number of cells harvested from each strategy – graphic representation 

In strategy 1 we harvested more cells than we wanted to and although we treated with 

CBU79 according to 10xIC90 (20 μM), we were not satisfied with the numbers and wanted less 

harvested cells. Strategy 3 was not fulfilled, and the cells died even more after recovery, so we 

did not choose this strategy either. On the other hand, strategy 2 results in optimal number of 

harvested cells and we decided to perform the second trial with strategy 2 and make it in 

duplicates. We learnt from these experiments, that the library representation is the key factor of 

the whole screen. Therefore, every time I split the DMSO treated cells, we pooled them 

altogether and reseeded to have the whole library covered. Workflow of our second trial (Figure 

26). 

 
Figure 26: Workflow of CRISPR/Cas9 whole genome enrichment screen – strategy 2 

Cells harvested from the second trial (DMSO control and CBU79 treated) were frozen 

and sent for next-generation sequencing (NGS) done by KGE. They extracted the DNA, did 

next-generation sequencing to find the sgRNAs integrated in the genome, then performed 

analysis to find enriched guides in CBU79-treated samples in comparison to DMSO-treated 

samples. We got back the data analysed by them using an algorithm adapted from RNA-

sequencing data called Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout 
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(MAGeCK). In principal, MAGeCK ranks the genes according to how each of the four sgRNAs 

used per gene are enriched (for example, if all four sgRNAs were enriched, that gene will rank 

high, as compared to the situation when only one sgRNA was enriched). 

At the sgRNA level, sgRNAs were analysed by: 

• Inspecting the average effect of four sgRNAs per replicate to see what overlaps between 

both replicates; 

• Examining eight pooled sgRNAs of the two replicates as a single sample and 

determining which genes had >4, >5, >6, >7 guides enriched; 

• Evaluating the results of both analyses and choosing the most promising genes for 

validation studies. 

Unfortunately, this work was done after I have left the laboratory. The analysis of the data 

from next-generation sequencing was made by my supervisor and KGE facility (see 

Supplementary figure 1 and Supplementary figure 2 for volcano plot of genes enriched in both 

replicates). At the end, they analysed and further validated 22 genes (Table 29), which will be 

mentioned more in the discussion (6.1.4). 

Table 29: The potential target genes of inhibitor CBU79 
Gene Protein Description 

AASDHPPT 
L-aminoadipate-semialdehyde 
dehydrogenase-
phosphopantetheinyl transferase 

It catalyses the post-translational modification of target 
proteins by phosphopantetheine. It interacts with fatty acid 
synthase. 

ADIG Adipogenine It stimulates adipocyte differentiation and development. 

BOP1 Ribosome biogenesis protein 1 
It is part of the PeBoW complex, required for maturation of 
28S and 5.8S ribosomal RNAs and thus formation of 
ribosome. 

C8ORF59 
(RBIS) Ribosomal biogenesis factor Serves as a transacting factor in ribosome biogenesis. Helps to 

efficiently produce 40S and 60S subunits 

CASP8 Caspase 8 
Apoptosis regulator protein. May act as a link between cell 
survival and cell death. Inhibits Decoy receptor 3 mediated 
apoptosis. 

CTU2 Cytoplasmic tRNA 2-thiolation 
protein 2 

It is responsible for 2-thiolation of mcm5S2U (one of tRNA 
modifications) at tRNA wobble positions of tRNA (Lys), 
tRNA (Glu) and tRNA (Gln). 

DNAJC8 
DnaJ homolog subfamily C 
member 8 Protein that suppresses polyglutamine aggregation of ataxin 3 

GTF3C5 General transcription factor 3C 
polypeptide 5 

RNA polymerase III-mediated transcription related protein. It 
is part of transcription factor III complex. 

HNRNPA2B1 
Heterogenous nuclear 
ribonucleoprotein A2/B1 

It associates with nascent pre-mRNA and package them into 
hnRNP particles. Also regulates the efficiency of mRNA 
splicing. 
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NHLRC2 NHL-repeat containing protein 2 Ubiquitous protein required for normal embryonic 
development. 

NR2C2AP Nuclear receptor 2C2-associated 
protein 

Protein acts in transcription initiation from RNA polymerase II 
promoter. It may act as a repressor of NR2C2-mediated 
transactivation. 

PGS1 
CDP-diacylglycerol glycerol-3 
phosphate 3 
phosphatidyltransferase 

It functions in the biosynthesis of the anionic phospholipids 
phosphatidylglycerol and cardiolipin. Located in 
mitochondria. 

PPM1N Probable protein phosphatase 1N Protein belonging to the protein phosphatase 2C family. 
Interactors are unknown. 

PRMT1 Protein arginine 
N-methyltransferase 1 

Arginine methyltransferase that methylates (mono and 
asymmetric dimethylation) the guanidino nitrogens of arginyl 
residues present in proteins. Regulates megakaryocyte 
differentiation or cell proliferation. 

PSMD4 26S proteasome non-ATPase 
regulatory subunit 4 

Protein component of the 26S proteasome. PSMD4 interacts 
with ubiquitin-interacting motifs and selects ubiquitin-labelled 
proteins for destruction. 

RAB42 Ras-related protein Rab42 Protooncogene, member of RAS protein family 

RARS Arginine tRNA ligase 
Forms part of a macromolecular complex that catalyzes the 
attachment of specific amino acids to cognate tRNAs during 
protein synthesis. 

RNMT mRNA cap guanine-N7 
methyltransferase 

Catalytic subunit of the mRNA-capping methyltransferase 
RNMT:RAMAC complex. It methylates the N7 position of the 
added guanosine to the 5'-cap structure of mRNAs. 

RTN4 Reticulon-4 
It regulates the membrane morphogenesis in the ER. The 
protein has 2 isoforms, which differs mostly on tissue 
dependent expression. 

SSB Lupus La protein 

Single-strand DNA binding protein. It binds to the 3’ poly(U) 
terminus of nascent RNA polymerase III transcripts. Lupus La 
protects the fragments from exonuclease digestion and 
facilitates their folding and maturation. 

TAF1B 
TATA-box binding protein 
associated-factor RNA 
polymerase I subunit B 

The protein plays a role in transcription initiation and acts as a 
TFIIB-like factor. It is a component of RNA polymerase I core 
factor complex. 

TAMM41 
Phosphatidate 
cytidylyltransferase 

Mitochondrial protein, which catalyzes the formation of CDP-
diacylglycerol (CDP-DAG) from phosphatidic acid in the 
mitochondrial inner membrane. Required for the biosynthesis 
of the dimeric phospholipid cardiolipin.  
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Cell-based assay 

5.6 Principle of the assay 
In our laboratory of Proteases of Human Pathogens at Institute of Organic Chemistry and 

Biochemistry (IOCB), we study Zika and Dengue proteases. My idea was to connect knowledge 

obtained in the previous project with our main interest, proteases and develop a cell-based assay 

to track flaviviral protease activity. I used the UFD pathway as a tool to study viral proteases.  

As a main fluorescence reporter, I used yellow fluorescence protein (YFP) destabilized 

by UbG76V (see Figure 6) fused to a viral protease. In addition, a second independent reporter, 

blue fluorescence protein (BFP), helped to quantify efficiency of protein production and 

transfection. BFP was fused to histone 2A (H2A) that is constitutively expressed in the nucleus, 

and thus, it should not be affected by cytosolic degradation. I introduced a self-cleaving peptide 

P2A derived from porcine teschovirus. It is a 19-amino acid-long sequence with a Pro-Gly-Pro 

motif on C-terminus. It serves as a ribosomal “skipping” between proline and glycine and 

separates two independent proteins that are translated from 1 mRNA (J. H. Kim et al. 2011). 

The first part of the reporter includes BFP, H2A and P2A. The second protein begins with 

mutated UbG76V as a UFD signal. The UFD signal is separated from YFP and the viral protease 

by a cleavage site specific for the protease. I introduced a cleavage site that lies between NS4B 

and NS5 according to McFadden et al. 2018; Medin et al. 2015.  

The principle of the assay lies in the proteolytic cleavage of the degradation signal from 

YFP. If the protease is active, blue and yellow fluorescence will be detected. If the proteolytic 

activity is impaired, YFP gets degraded and the YFP/BFP signal ratio, which is our readout, 

decreases (Figure 27). 

 
Figure 27: Schematic representation of the assay. Created in Inkscape. 
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5.7 Zika and Dengue reporter  

5.7.1 Construction of the reporter plasmid 
As templates for PCR, I used plasmids pEF1α-DFR-YFP-CL1, pUFD, pET-ZIKA-NAT and 

pET-DEN-NAT. I designed primers for PCR amplification of four fragments. The plasmid 

backbone with TagBFP-H2A-P2A and YFP were amplified from the pEF1α-DFR-YFP-CL1 

plasmid. UbG76V was amplified from the pUFD plasmid and both proteases (hydrophilic part of 

NS2B fused to the NS3pro via linker containing the natural cleavage site) from pET-ZIKA-

NAT and pET-DEN-NAT, respectively. The flaviviral protease cleavage site was introduced in 

primer’s overhangs from YFP and UbG76V part.  

I used NEBuilder Assembly Cloning Kit for assembly of the reporter plasmid. I decided 

to first assemble three inserts (UbG76V, YFP and protease together), amplify the product with 

PCR and then put together the amplified backbone and this new insert. I plated transformed 

cells on kanamycin plates, they have grown, so I picked 10 colonies from each plate and did 

colony-PCR to control if I obtained the desired fragment. As a positive control, I used amplified 

fragment of UbG76V from the pUFD plasmid.  

5.7.2 Transfection and flow cytometry 
I seeded HEK293T cells in a 6-well plate and transfected them with newly assembled plasmids 

pEF1α-DFR-DengueProSTOP as a negative control and pEF1α-DFR-ZikaPro using 

Lipofectamine 2000. I also transfected cells with plasmids containing plain YFP and BFP, for 

the flow cytometry optimization. The day after transfection, I treated one well of each variant 

(Zika or Dengue) with EPX for 4 hours. EPX treatment was used in order to detect an increase 

in YFP fluorescence, as it inhibits the proteasome. Upon EPX treatment, YFP could not be 

efficiently degraded, and thus stays ubiquitinated in the cytoplasm. Cells were harvested, and 

expression of YFP and BFP was verified by flow cytometry and by western blotting (Figure 

28). 

 



Results 

75 

 
 

Figure 28: Results of transient transfection of HEK293T cells with Zika and Dengue reporter 
plasmids. Cells were transfected with plasmids containing BFP, YFP, BFP fused to UbG76V and with 

newly assembled plasmids pEF1α-DFR-DengueProSTOP (DSTOP) and pEF1α-DFR-ZikaPro (Z). 
Cells were treated for 4 hours with epoxomicin (EPX), before being harvested. YFP and BFP 
expression was analysed by a) flow cytometry dot plots and b) western blot. b) Proteins were 

detected with an anti-GFP antibody. Numbers on the left correlate with size of fragments of protein 
molecular marker (kDa). 

Transient transfection of both plasmids was successful. 55% of BFP and YFP positive 

cells were detected in Zika reporter, while only 14% of double positive cells were detected in 

Dengue reporter. However, 38 % of Dengue reporter cells were only BFP positive, which 

suggest that the protease did not cleave the YFP from the degradation signal so effectively. 

I observed, that apart from a band of approximately 27 kDa, corresponding to YFP, there 

was also one strong band around 20 kDa. This band appeared both in YFP-N1 row and both 

rows of pEF1α-DFR-ZikaPro (labelled as tBFP-H2A-UbG76V-YFP-Z on the blot). It might be 

an artefact that appeared during the preparation of samples. After this experiment, I started to 

prepare my samples always with protease inhibitor cocktail (Sigma cOmplete™ Mini) and the 

band disappeared. No significant difference was seen between treated and untreated cells with 

EPX, which was expected for the construct with active protease. In ideal case, if the protease is 

active, I should detect a band of approximately 34 kDa which correlates with the size of YFP-
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NS2B. The upper fragment in Zika reporter row correlates with the size of YFP-NS2B (34kDa) 

but is fainter than the middle YFP band. In the DengueProSTOP reporter row, I observed only 

one fragment of approximately 50 kDa, which means that the protease did not cleave neither 

the cofactor NS2B, nor the YFP itself from the protease. I established also the Dengue reporter, 

harbouring the active protease, but the transfected cells still did not look promising on flow 

cytometry dot plot (data not shown). After establishing stable clones for Dengue reporter (5.8), 

I decided to focus only on the Zika reporter. 

5.8 Stable clones 
Although transient transfection brought us promising results for the Zika reporter, for screening 

systems, it is important to have cells continuously expressing a desired plasmid. Therefore, I 

decided to prepare stable cell lines with the Zika reporter using two different approaches. 

5.8.1 Antibiotic selection 
After transient transfection, mentioned in 5.7.2, I expanded cells from a 6-well plate to a 20 cm 

dish and incubated them with geneticin, which is a selection marker in my reporter plasmids. 

After 14 days of treatment, no significant colonies were formed, so I enriched two BFP-YFP 

double positive populations, “bright” and “middle bright” (Figure 29), using Fluorescent 

Activated Cell Sorting (FACS). 

 
Figure 29: Flow cytometry dot plot of two populations chosen for sorting. 

 These populations were seeded in limiting dilution on 96-well plates, where they formed 

colonies. BFP and YFP expression in formed colonies was checked by flow cytometry. At the 

end, I chose four clones, which I further analysed by flow cytometry (Figure 30) and by western 

blotting (Figure 31). 



Results 

77 

 

 
Figure 30: Flow cytometry dot plots of selected clones.  

 
Figure 31: Western blot representation of selected clones. Proteins were detected with anti-GFP and 

anti-tRFP antibody. 

According to flow cytometry data, clone 14 and 15 looked most promising, since the population 

was compact, and I detect more than 90 % of double positive cells in clone 14 and 15, in 

comparison to 82 % in clone 18 and 67 % in clone 8. On western blot I detect the strongest 
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band of approximately 27 kDa (which suggest the size of YFP) in clone 15. I decided to use 

clone 14 and clone 15 in future screens. 

5.8.2 Site-specific integration using CRISPR/Cas9 
The second approach of creating stable cell lines utilizes CRISPR/Cas9-mediated integration 

in one specific locus in HEK 293T cells. I used a plasmid prepared in the same way as the 

original pEF1α-DFR-ZikaPro, but with a different backbone derived from vector AAVS 

(adeno-associated virus site) EF1α-DFR-YFP-CL1 (Gierisch et al, unpublished data). The 

reason for this second approach is that site-specific integration allows us to introduce a one 

copy of the desired plasmid in a specific site that will not affect any gene. I assembled three 

fragments (the backbone, TagBFP-H2A-P2A and UbG76V-YFP-NS2B-NS3pro) using the 

NEBuilder Assembly Cloning Kit. This plasmid, named AAVS EF1α-DFR-ZikaPro, has two 

short homology arms for the AAVS locus (Mali et al. 2013), and in between these arms lies the 

original part of the reporter (EF1α-TagBFP-H2A-P2A-UbG76V-YFP-NS2B-NS3pro) with a 

puromycin selection marker. This construct was co-transfected to HEK 293T cells together with 

plasmid AAVS1 T2 CRISPR in pX330 (Natsume et al. 2016) that bears Cas9, the nuclease 

which creates double-strand breaks. Cas9 generates double-strand breaks in specific positions 

in the locus (based on a sequence), and the reporter is integrated into the AAVS locus by 

homology recombination between left and right AAVS arms and the target sequence.  

The cells were selected and sorted (Figure 32) 

 
Figure 32: Flow cytometry dot plots of polyclonal populations bearing Zika or Dengue DFR 

reporters integrated into the AAVS locus by CRISPR/Cas9. 

We sorted out both Dengue and Zika reporters, kept the polyclonal population and froze it. Only 

5.5% of the cells bearing Zika reporter were double positive, for the Dengue reporter it was 
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even less – 3.4% of double positive cells. The dot plots showed similar results, since the Zika 

reporter was positive more in YFP channel, while Dengue reporter less, which suggest the 

inefficient cleavage of the degradation signal from YFP in case of the Dengue reporter. Since 

Dengue reporter did not work efficiently with any approach that I have tried, I decided to focus 

on Zika reporter, try to improve its effectivity and edit some parts of the reporter to see 

differences in fluorescence intensity. 

5.9 Reporter variants 
As there is no promising inhibitor of Zika protease available, I needed to prove that the assay 

is not working, when the protease function is inhibited. I decided to keep the original reporter 

but create catalytically inactive version of the protease by a point mutation. As it was mentioned 

in the review part, Zika protease is a serine protease with catalytic triad Ser, His and Asp. First, 

I decided to change catalytic Ser 137 to Gly 137, next I changed the amino acid sequence in 

CLS, since the original pEF1α-DFR-ZikaPro plasmid contain CLS that occurs in between 

NS4B and NS5 protein in the original virus sequence. I also mutated the other parts of the 

catalytic triad, His 53 and Asp 77. Furthermore, I added the helicase part of NS3 protein and 

created pEF1α-DFR-ZikaHelicase reporter and finally, I deleted both protease and CLS were 

deleted (one at a time and then both protease and CLS). 

5.9.1 Inactive Zika reporter plasmid 
I used the original plasmid pEF1α-DFR-ZikaPro as a template for the mutated reporter. After 

some unsuccessful trials with QuikChange Site-Directed Mutagenesis Kit from Agilent I 

decided to amplify the whole plasmid by modified inverse PCR that exploits phosphorylated 

primers with a point mutation in one of them and connect the linear PCR product by a ligation. 

I transfected HEK 293T cells with pEF1α-DFR-ZikaPro and pEF1α-DFR-ZikaProS137G 

in a 6-well plate and treated them with EPX for 6 hours. Cells were harvested and prepared as 

before (5.7.2), first half of the well for the flow cytometry (Figure 33), second half of the well 

for western blots (Figure 34). Cells transfected with the inactive reporter showed overall lower 

fluorescence intensity in YFP channel than the cells transfected with the active reporter. 

Inactive Zika protease reporter cells treated with EPX reported surprisingly almost no shift to 

the right towards higher YFP fluorescence on histogram graph [red labelled population (Figure 

33b)]. However, this shift was expected, and seen later in EPX treated cells in Figure 35. 
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a) 

 
b) 

 
Figure 33: Flow cytometry dot plots and histograms. a) Cells were transfected with either pEF1α-

DFR-ZikaPro (active reporter) or pEF1α-DFR-ZikaProS137G (inactive reporter) and treated also 
treated with 100 nM epoxomicin (EPX) for 6 h. b) Merged dot plots and histograms of cells 

transfected with active or inactive Zika reporter, and Zika inactive reporter cells non-treated or 
treated with 100 nM EPX. 

Although I still detected YFP fluorescence by flow cytometry (which was not expected), 

I detected expected bands on western blot. In case of Zika DFR reporter (labelled as tBFP-H2A-

UbG76V-YFP-Z on WB) I observed only 27 kDa large band, which suggest the internal cleavage 

on the reporter also from the protease site. Inactive Zika proteaseS137G reporter and inactive 

Dengue proteaseS137G reporter (labelled as ZMUT or DMUT) reported bands of expected size 
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around 73 kDa, which corresponds to the size of the non-cleaved UbG76V-YFP-protease part of 

the reporter. The samples treated with EPX showed stronger bands than the untreated ones (in 

case of inactive reporter). I also detected a faint band of size approximately 27 kDa in case of 

Dengue DFR reporter, but no band around 73 kDa size, which means that the Dengue DFR 

reporter is not cleaved from both sites of YFP but still cleaved, as I did not detect the non-

cleaved part (UbG76V-YFP-protease) of the reporter. 

 
Figure 34: Western blot analysis of Zika and Dengue reporter variants. The western blots were 
incubated with primary antibodies against GFP, tRFP and GAPDH and the membrane was after 

incubation with secondary antibodies visualised with Pierce™ ECL Western Blotting Substrate and 
measured on chemiPRO XL Western Blot Imaging System. The figure was edited in Inkscape. 

Since the levels of YFP fluorescence intensity in inactive Zika reporter seemed still high 

for completely death protease and the window for screening for protease inhibitors might not 

be enough large, I decided to clone different variants of the inactive reporter to see, if the 

window could be magnified. Since I mutated catalytic Ser 137 to Gly 137, I also mutated the 

other key players of the protease catalytic triad, His 53 and Asp 77. I changed all amino acids 

to Ala this time. I transfected HEK 293 T cells with the desired reporters and treated them with 

100 nM EPX for 6 hours (Figure 35). It was found that all the inactive reporters treated with 

EPX reported an increase in fluorescence intensity to a certain extent, which corresponded with 

the data from western blotting in Figure 34, where I detected stronger bands in EPX-treated 

samples. 
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Figure 35: Column graph of different variants of the inactive reporter treated and non-treated with 

100 nM epoxomicin (EPX) for 6 hours. Mean fluorescence intensity was measured by flow 
cytometry and evaluated as the YFP/BFP ratio. 

5.9.2 Zika active reporter with CLS variations 
The plasmid pEF1α-DFR-ZikaPro was used as a template. I introduced cleavage sites with 

different combinations of primers. I amplified the whole plasmid and after each PCR reaction, 

the original plasmid was digested by adding DpnI restriction enzyme. For assembly of the linear 

fragment with overhangs I used Gibson Assembly MasterMix prepared in our laboratory at 

IOCB. The mixture was then transformed into TOP10 chemically competent cells and all the 

next steps were done similarly as in 5.9.1. The introduced cleavage sites were these between 

C/prM proteins (VTRR/GSAY), NS2A/NS2B (SGKR/SWPP), NS2B/NS3 (TGKR/SGAL) and 

between NS2B/NS3 in Dengue (RRRR/GTGN). None of these variants was better than the 

original CLS (VKKR/GGGT) 

5.9.3 Zika inactive reporter with CLS variations 
I have proceeded in the same way as it was shown in 5.9.1. I introduced a point mutation in Ser 

137 to change it for Gly. Plasmids with variated CLS VTRR/GSAY and SGKR/SWPP served 

as template for inverse PCR reaction. Next I tried to mutate also other amino acids in protease 

catalytic triad, His and Asp. These were changed to Ala, as well as the first mutated Ser. Overall, 

I prepared 6 different inactive versions of the reporter. The reason for making these variants 
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was to find the largest window (largest difference in YFP/BFP fluorescence) between active 

and inactive variant of the reporter.  

5.9.4 Zika reporter with different order of YFP and protease 
Considering the strong YFP band on WB of the Zika reporter (and reflecting the possibility, 

that the YFP is also cleaved from the protease on both C- and N-terminus), I suggested to 

change the positions of protease and YFP inside the plasmid (now it was UbG76V-protease-YFP 

– shortly UPY). All the cloning was made with the use of Gibson Assembly Master Mix and 

my previously made plasmids as templates. I also cloned catalytically inactive version of this 

plasmid (UPYS137G) 

5.9.5 Reporter plasmids with deletions 
At the end, I needed to know how the system will look without the protease and without the 

cleavage site. Therefore, I have deleted CLS, protease and both CLS and protease. These 

plasmids were also useful in the next approach with two-plasmid assay (see 5.11). 

5.9.6 Reporter with full-length NS3 
In our laboratory we are also working with full-length NS3 protein, that apart from protease 

bears also helicase activity. I used plasmid pET-ZikaHelicase made by my colleague for 

amplifying helicase part of NS3 protein. The other parts were amplified again from pEF1α-

DFR-ZikaPro template. The assembly, transformation and sequencing were done in the same 

way as the previous reporters. 

All these variants were summarized in Figure 36. 
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Figure 36: Reporter variants prepared for optimization of the assay. First part of the reporter 

remains the same (TagBFP-H2A-P2A), while the second part changes with different cleavage sites 
(CLS), mutations of the active site, deletions or helicase additions. Created in Inkscape. 

I cloned and 18 variants of the one-plasmid reporter system tested by flow cytometry and 

by western blotting. I found out that the best setup of the reporter is either the original variant 

with VKKR/GGGT CLS between YFP and protease or the UPY variant of the reporter. Both 

these reporters reported similar YFP/BFP fluorescence ratio (see Figure 37). I also choose the 

best variant of the inactive reporter – the lowest YFP/BFP fluorescence ration has the inactive 

Zika proteaseD77A reporter. The other versions of active (with different CLS) or inactive (with 
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different point mutation) were found to have worse YFP/BFP ratio compared to the best-chosen 

variants. 

The most relevant reporter variants are summarized in Figure 37 and Figure 38 both on 

flow cytometry data and on western blot. The flow cytometry data were represented in a column 

graph, where the ratio between YFP/BFP is the normalized signal of each reporter. I also took 

microscope picture of the most interesting variants of the reporter (Figure 39) 

 
Figure 37: Flow cytometry summary of the most relevant reporter variants in column graph. All the 

samples were prepared in triplicates and the standard deviations are represented by error bars in 
each column. 

I found out that all variants of the reporter with impaired function – helicase, which 

decreases the proteolytic activity of the protease; inactive reporter (D77A); reporter with the 

deletion of the CLS or the protease – reported similar YFP/BFP ratio, which is surprisingly still 

high, compared to the variant with deletions of CLS and protease, whose YFP/BFP ratio is close 

to zero. I expected the same ratio also from variants with inactive or deleted protease.  
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Figure 38: Western blot summary of the most reliable reporter variants. HEK 293T cells were 

transfected with different reporter plasmids and treated with 100 nM EPX for 6 hours. Proteins were 
detected with an anti-GFP antibody. Numbers on the left correlate with size of fragments of protein 

molecular marker (kDa)  

I detected the expected bands on western blot, YFP around 27 kDa, DFR ZikaPro (the 

original reporter) was again cleaved on both sides of the YFP, resulting in YFP band around 25 

kDa and YFP-NS2B of a size of 34 kDa. DFR UPY was detected at 47 kDa, as the protease 

cleave of the NS2B resulting in NS3-YFP band. The inactive variants of the reporter with 

impaired protease (DFR UPYS137G and DFR ZikaProD77A) were represented with a band around 

73 kDa, which means that the non-cleaved reporter (UbG76V-YFP-NS2B-NS3) is present in 

these samples. In the variant of Zika DFR without cleavage site, I detected 4 bands. The shortest 

one matches with the 25 kDa size band, found also in DFR ZikaPro and DFR ZikaHel (reporter 

with the full-length NS3), which again suggest cleavage of YFP from both sides of the reporter. 

The second longest band in the DFR Zika -CLS row is of size of approximately 37 kDa (UbG76V-

YFP) and matches with the band in DFR -protease row. This suggest that there is a lack of CLS 

(or lack of protease, respectively) and the size of the band corresponds with the size of UbG76V-

YFP. The longest band in the DFR Zika -CLS row corresponds with a size of UbG76V-YFP-

NS2B (44 kDa). The last two rows represent the reporter without CLS and without protease.  

I detect no bands GFP, However, the tubulin bands were detected. This means that the YFP part 

of the reporter is degraded by the proteasome, which confirmed the results obtained by flow 

cytometry (Figure 37) and by microscopy (Figure 39). 
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Figure 39: Microscope pictures of selected variants of reporter cells. HEK 293T were transfected 

with Zika DFR reporter, reporter with catalytically inactive protease (proteaseD77A) and DFR 
reporter without CLS and protease. Live cell imaging was performed on confocal microscope Zeiss 

LSM 780. 

The microscope pictures confirmed the results obtained by flow cytometry (Figure 37) 

and by western blotting (Figure 38). The signal of YFP fluorescence is most intensive in the 

original variant of the reporter, decreased in the inactive protease (D77A) version of the reporter 

and not present in the DFR reporter with deleted protease and CLS. 

5.10 Inhibitors of Zika protease 
Although I proved the protease activity and inactivity (in the case of mutant protease) in the 

assay, I also wanted to use inhibitors that are currently available on the market and others 

referred to inhibition of Zika protease with these compounds. The first compound tried was 

MH-ZD1 (Figure 40), which was kindly synthesized by Martin Hradilek according to Behnam 

et al. 2015. Apart from my cell-based assay, I have also other independent in vitro assay with 

FRET substrate mentioned in 2.8.3.  

 
Figure 40: Compound MH-ZD1 synthesized in IOCB. The structure was drawn in 

ACD/Chemsketch. 
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The other compounds were chosen according to their structural properties from flavonoid 

library and personal library of Pavel Majer. These were VZ-784, myricetin, Inh65 and Inh68. 

As I cloned in our assay also full length NS3 protein containing helicase, I have also tried the 

inhibition with compound ARDP0006, which supposed to be better inhibitor for helicase 

specifically (Constant et al. 2018). At the end, I also tried to use compounds specific for Zika 

protease, as the previous ones were shown to inhibit Dengue protease. Compound 5 and 8 were 

kindly provided to us from authors of the publication (Lee et al. 2017). 

I treated HEK293T DFR Zika clone 15 cells with 50 μM of each compound for 24 hours. 

Cells were then harvested, and the fluorescence intensity was measured on BD LSRFortessa™ 

flow cytometer. 

 
Figure 41: Column graph of the man YFP fluorescence intensity in treated cells. HEK293T DFR 

clone 15 cells were treated with various inhibitors and the fluorescence intensity was measured with 
flow cytometry. 

Unfortunately, none of these compounds significantly inhibit (or inhibits with Ki 10-folds 

higher than in the original publication) neither in in vitro assay nor in my cell-based assay as 

shown in Figure 41. I could not use the YFP/BFP ratio for analyses of protease activity, because 

some compounds were coloured and moved the BFP fluorescence toward higher intensities.  

5.11 Two-plasmid system 
Based on (Arias-Arias et al. 2020) , where they used a similar system for measuring activity of 

the protease, but they infected cells bearing the reporter with the whole virus, I have decided to 

try something similar. I established new reporters bearing protease, helicase or inactive protease 

on independent pcDNA3 plasmids and I transfected cells with the plasmid pEF1α-DFR-ProDel 
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(plasmid with deleted protease) together with one of the pcDNA3 plasmids (Figure 42). 

Unfortunately, this system did not show us better results than the one I already established 

before (with protease and reporter on the same plasmid).  

 
Figure 42: Comparison between one-plasmid and two-plasmid systems in three reporters, active 

protease, helicase and inactive protease. 

The reason for the overall lower YFP fluorescence signal in the two-plasmid system might 

be that if protease is on different plasmid than the reporter, it is more difficult for the protease 

to cleave the reporter. Also, the competition for promoters (CMV on the protease plasmid and 

pEF1α on the reporter plasmid) plays its role because the reporter might be expressed before 

the protease and degraded before the protease can cleave YFP from the degradation signal. 
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6 Discussion 
Proteolysis in both eukaryotic cells and viruses is still unexplored and useful-for-study process. 

Here I studied proteolysis mostly in the way of its inhibition, specifically inhibition of UPS – 

tightly regulated system of protein degradation in cells, and modulation of viral proteases – 

enzymes necessary for proper viral function.  

6.1 UPS inhibitor CBU79 
Inhibition of the UPS is often connected with the attenuation of protein synthesis presumably 

due to the accumulation of proteins earmarked for degradation. Misfolded proteins are the main 

inducer of the ER stress. ER is a critical site for PTMs and folding of proteins targeted to the 

secretory pathways, and therefore, it is the first place, where signals from misfolded proteins 

occur. As there is a cell protective mechanism of impaired protein synthesis following the UPS 

inhibition (Ding, Cecarini, and Keller 2007), our first question was, if this could be also the 

case of the CBU79 compound, the novel UPS inhibitor, that has been found by HTS for 

inhibitors of the UPS in the LCBU library of chemical compounds. 

6.1.1 Protein translation attenuation as a result of treatment with CBU79 
I followed the work done in laboratory of the UPS, Karolinska Institutet, where they found out 

that the accumulation of ubiquitinated defective ribosomal products caused by puromycin 

treatment (see Figure 14) could be rescued by treatment with UPS inhibitor CBU79. This 

experiment suggested a connection between UPS inhibition and impaired protein translation, 

but it was necessary to know if CBU79 does not inhibit protein translation directly by itself. 

Therefore, I performed metabolic labelling of proteins synthesized during the time of treatment 

with CBU79 by click chemistry method (Figure 15). I confirmed previous findings about 

CBU79 that levels of protein translation in cells decreased upon treatment with the inhibitor. 

As controls I used cycloheximide – control for downregulation of protein translation; and 

DMSO without HPG – technical control for fluorophore background. I found out that already 

after 2 hours of treatment, the differences in fluorescence between samples are significant 

enough. I observed, that GSK2606414, as a direct inhibitor of PERK (Axten et al. 2012), 

completely restored the effect of CBU79 treatment. On the other hand, ISRIB as the inhibitor 

of integrated stress response (Sidrauski et al. 2015), only partially restored the effect of CBU79 

treatment (Figure 17). These data are consistent with the work of Halliday et al. 2015, where 

they, among other things, tried to compare the effect of these two inhibitors on pancreatic cells. 

They used different approach of protein labelling, the SUnSET technology (surface sensing of 
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translation), that lies in the incorporation of antibiotic puromycin into nascent peptide chains. 

The puromycin is a structural analogue of tyrosyl-tRNA and its incorporation into proteins is 

detected with anti-puromycin antibodies (Goodman et al. 2011) that reflect the total amount of 

incorporated puromycin and thus also overall levels of protein synthesis efficiency. They 

treated the cells with thapsigargin, known inhibitor of sarcoplasmatic reticulum Ca2+ ATPase, 

that induce the UPR and therefore attenuates protein synthesis, and studied the restoration of 

protein synthesis upon treatment with GSK or ISRIB. They, as well as I, found out that ISRIB 

has only partially inhibitory effect on the UPR activation. On the other hand, GSK fully inhibits 

the UPR. This finding suggests that CBU79 works probably through UPR activation (similarly 

to thapsigargin), upon inhibition of a component of UPS and accumulation of misfolded 

proteins. However, the SUnSET method has some limitations – e.g. the need of western blotting 

and detection of puromycinylated proteins with antibodies. In the click-chemistry metabolic 

labelling method, all translated proteins are labelled with a fluorescent dye by the click reaction 

between the alkyne moiety in HPG and the azide moiety within the dye. The whole cell lysate 

is loaded on a gel so the proteins could be directly detected without the necessity of western 

blotting and antibody detection. I found our method more precise and more-time saving, 

moreover, the SDS-PAGE gel could be still used for western blotting and detection of other 

proteins, if needed. 

6.1.2 CBU79 action in CHOP-mediated apoptosis 
As it was mentioned in the Literature review (2.6), CHOP is the downstream target of integrated 

stress response and is involved in apoptosis upon prolonged ER stress. CHOP depleted cells 

were found to be protected from lethal consequences of ER stress induced by some compounds 

(Marciniak et al. 2004). I wanted to compare the effect of two compounds treatment on MEF 

cells to confirm the hypothesis that the UPS inhibitor CBU79 acts through the UPR. As I also 

controlled cytotoxicity of CBU79, this experiment might clarify the cell death via CHOP 

pathway. Tunicamycin, as the known inducer of UPR and of CHOP-mediated cell death, was 

used as a positive control for the experiment. I observed a significant difference between MEF 

CHOP depleted and MEF wt cells treated with tunicamycin (Figure 19). The MEF CHOP -/- 

cells died later and upon higher concentration of tunicamycin than the MEF CHOP +/+ cells. 

I confirmed the tunicamycin action through CHOP-mediated apoptosis. However, the situation 

with CBU79 was not that clear (Figure 18). Since CBU79 is not an ER-stress inducer, but rather 

activates UPR via the general UPS inhibition, it is hard to compare the action of these two 

compounds. The dose-response curve of CBU79 treated MEF CHOP -/- cells is higher than the 

dose-response curve of CBU79 treated MEF wt but the difference is not that relevant as in the 
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case of tunicamycin treated cells. Jiang and Wek 2005 propose, that upon proteasomal 

inhibition, MEF cells are not affected by ER stress as a first event but rather as a result of 

activation of CHOP via GCN2 and phosphorylation of eIF2B, but they showed general 

activation of CHOP upon proteasomal inhibition. The same results, indicating the role of CHOP 

in severe or prolonged ER stress, confirmed also Obeng et al. 2006 in their work done on 

multiple myeloma cells upon treatment with bortezomib and other proteasome inhibitors. They 

suggest that proteasome inhibitors, as well as ER-stress inducers, induce apoptosis through 

CHOP after prolonged treatment. The reason, why the MEF CHOP -/- cells treated with CBU79 

did not live significantly longer (as it was the case of tunicamycin in my experiments) could 

be, that compared to above mentioned work of Obeng et al. 2006 and Jiang and Wek 2005, 

CBU79 is the inhibitor of the UPS with unknown target, but does not affect the proteasome 

activity (Giovannucci et al., unpublished data). This may support the difference between 

treatment with tunicamycin and CBU79. The UPS inhibition caused by CBU79 is probably not 

that considerable as the inhibition caused e.g. by epoxomicin (see Figure 13). 

6.1.3 Dose-response experiments 
The study of dose-response relationship is very important to determine the effect of the 

compound treatment on cells. One of the characteristics of such relationship is the cell viability. 

The viability could be easily read as a difference between living and non-living cells, but there 

are assays which allow more precise quantification of the viability. One of these viability 

assays, based on reduction of tetrazolium salt by NAD(P)H-dependent cellular oxidoreductase 

enzymes, reflects the number of viable cells in cell culture, or rather their metabolic activity. 

The reduction of tetrazolium salt results in formation of formazan and the change of colour. 

The best variant of these assays exploits WST-1, water soluble tetrazolium salt, which is the 

most effective and the least cytotoxic variant among tetrazolium salts used for viability assays 

(Koyanagi, Kawakabe, and Arimura 2016). I compared the effectiveness of WST-1 assay with 

counting the number of fixed cells using automated fluorescence microscopy. The readout of 

WST-1 assay was easier than counting of nuclei in fluorescence microscopy, because there is 

no fixation and staining in viability assays and the metabolic activity of cells (i.e. the viability) 

is directly proportional to the change of colour. I found out that the result of dose-response 

experiments with CBU79 treatment differs according to the readout method. IC50 of CBU79 

were always higher in case of WST-1 readout (see Figure 23). The reason for this could be the 

preparation and the essence of each experiment. While WST-1 is added to treated cells right 

after the end of treatment, so all the cells (also the half-detached ones) could metabolite the 

tetrazolium salt more or less, the nuclei counting precedes washing, fixation and nuclei staining, 
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so that also half-detached cells are washed away and only full-detached cells are fixed and 

stained. But taken together, both methods allowed me to look for the effect of compound’s 

treatment on cells and helped me to determine IC90 of CBU79 on different cell lines, which was 

the necessary information for the enrichment screen.  

6.1.4 CRISPR/Cas9 whole genome enrichment screen 
CRISPR/Cas9 based genetic screens are powerful tools for genetic analysis in human cells.  

The use of lentiviral library expressing sgRNAs that covers the whole genome, allows us to 

generate knockout cells and screen them under both positive (enrichment screen) or negative 

(drop-out screen) selection (Wang et al. 2014). The principle of the enrichment screen is to find 

sgRNAs that became enriched in the treated sample compared to the untreated sample. These 

sgRNAs are likely to interfere with the potential target genes. When preparing the experiment, 

we have followed the instructions in Doench 2018. The first thing to consider was the 

concentration of CBU79 for treatment of Mel JuSo DFR clone 38 Cas9 cells. We decided to 

treat the cells in IC90 concentration of CBU79 because theoretically, only 10 % of the cells will 

survive the treatment. This approach helped us to narrow the selection of sgRNAs (and genes, 

respectively) that become enriched, although we might lose some potentially interesting genes. 

The other thing to consider was that CBU79 might target some proteins essential for the cell 

survival, so cells with knockout of these kind of genes will not survive anyway. This is 

unfortunately a fact we had to calculate with. 

As I mentioned in 5.5, the library representation is the most important part of the whole 

screen. The problem with low representation is that the library will become more spread out 

with every other passage, and the perturbations from the original distribution will become 

larger. It leads to misinterpretations of the whole dataset. When we planned the screen, we 

seeded sufficient number of cells to keep the maintenance more than 500x covered. However, 

we did not realize that we must treat the control (DMSO treated) cells in the same way. 

Unfortunately, we expanded the control cells to more plates, but we did not pool them and when 

we have enough cells to maintain the representation of the library (theoretically, 500x80.000 

cells = 4x107), we discarded the rest. Since we did not pool them whenever we reseeded them, 

we lost significant part of the library, although we have enough DMSO treated cells (in terms 

of numbers). This was the main reason, why we decided to perform second trial with strategy 

2 (three rounds of 48 hours treatment – see  Figure 26). Since we seeded two replicates for 

CBU79 treated cells, that means 1.2x107 cells, the library in CBU79 treated samples was 

covered only 300x. We discussed it with the KGE facility and controlled it with the literature 

recommendations and decided to sequence the sgRNAs from the second trial. The analysis in 
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MAGeCK (W. Li et al. 2014) resulted in 22 candidate genes (see Table 29, Supplementary 

figure 1 and Supplementary figure 2). Besides ribosome-related proteins, which were expected 

to be enriched, since CBU79 affects the proteosynthesis, PSMD4/Rpn10 was found among the 

related genes. Rpn10 protein is one of the important components of the 19S proteasome base 

and serves for recognition of ubiquitylated substrates. Rpn10 peripherally binds to the base and 

therefore, is non-essential subunit for the assembly (Bedford et al. 2010). Moreover, Rpn10 

serves as a shuttle protein between ubiquitin-labelled proteins and the proteasome, same as e.g. 

Rad23 (Elsasser et al. 2004). In terms of the function of PSMD4/Rpn10, Song et al. 2019 

showed that Rpn10 might represent a potential target to overcome the development of resistance 

to proteasome inhibitors, which are used for treatment of multiple myeloma. Both knockdown 

and knockout of Rpn10 decreased the cell viability in multiple myeloma cells. They also found 

out that Rpn10 knockdown triggers apoptosis and ER stress response signalling pathways, 

which corresponds to our data about action of CBU79. Finally, they also noted significant 

amount of polyubiquitylated proteins upon Rpn10 knockdown. Taken together, PSMD4/Rpn10 

was the only identified protein in our screen tightly related to UPS and according to literature, 

disruption of Rpn10 resulted in similar effect that we observed with CBU79. My colleagues 

from the Karolinska Institutet continued with the validation of all 22 candidate genes by siRNA. 

They expect to see the similar effect that we obtained from CRISPR/Cas9 screen – cells with 

knockdown of candidate gene should survive the treatment with CBU79 to a certain extent, 

compared to the siRNA control cells. They also performed proteomics with CBU79 to confirm 

these findings. 

6.2 Cell-based assay 
Principle of the assay lies in the ubiquitin dependent degradation of YFP, since this system was 

also used in the first research project (Mel JuSo UFD cell line bearing short-lived  

UbG76V-GFP). YFP is protected from degradation by introducing a cleavage site between YFP 

and UbG76V. This CLS is specific for Zika/Dengue proteases, enzymes which are studied in oiur 

laboratory at IOCB. This system was designed to efficiently track the protease activity upon 

inhibition or activation. Apart from YFP, the reporter bears also another fluorescent protein, 

BFP. BFP is fused to H2A and therefore, is constantly expressed in the nucleus, and not 

influenced by the proteolytic degradation (scheme of the reporter, see Figure 27). First, I 

established two variants of the original reporter, with Zika and Dengue protease and checked 

the protease ability to cleave of the UbG76V degradation signal. My main readouts were flow 

cytometry and western blotting. For the design of the reporter, I used the eZiPro construct, with 

natural cleavage site, since it was published that this construct performs better in studies of 
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proteolytic activity and inhibition of Zika protease (Phoo et al. 2016; Kuiper et al. 2017). Same 

observations were published also for the Dengue protease (Shannon et al. 2016).  

Dengue reporter showed much lower signal than the Zika reporter (Figure 34). It was 

found that the Dengue protease has naturally lower activity compared to the Zika protease. The 

reason for this could be that Zika virus engages a salt bridge between substrate and NS2B 

Asp83, which is a unique bond among flaviviruses. J. Lei et al. 2016 suggested, that this 

interaction might represent a reason for a high catalytic efficiency of this enzyme. Although I 

established stable cell lines continuously expressing both Dengue and Zika DFR, I decided to 

continue only with Zika reporter, as it looked more promising. 

6.2.1 Stable clones 
I prepared and optimized four Zika DFR clones continuously expressing the reporter. The 

clones were checked both by flow cytometry and by western blotting (Figure 30 and Figure 

31). Besides the classical way of selection with antibiotics, I integrated the reporter plasmid 

into a specific site of the genome, termed the AAVS locus, by CRISPR/Cas9 technology 

(Natsume et al. 2016). This variant of clone establishment has one disadvantage, in terms of 

lower fluorescence intensity, since the reporter integrated only once in the locus, however, due 

to the specificity of the integration, it is a more precise and safer way, as the reporter integration 

did not disrupt any essential gene (Figure 32). 

6.2.2 Inactivation of Zika protease 
First, I tried to inhibit the protease activity chemically, with compounds known from literature. 

Behnam et al. 2015 discovered a flaviviral inhibitor against DENV and WNV protease with Ki 

values of 12 nM (DENV-2) or 39 nM (WNV), respectively. They also checked the inhibition 

of virus growth in cell culture, with an EC value of 3.4 μM (DENV-2) and 15.5 μM (WNV). 

Unfortunately, this inhibitor did not inhibit neither Dengue protease nor Zika protease in our 

cell-based assay. Moreover, we also did not detect the inhibition with the described 

concentration in vitro (Novotný, et al., unpublished data), but the concentration used in in vitro 

assay (FRET-based, see 2.8.3) had to be 10 fold higher, according our observations. The other 

inhibitors, provided from Lee et al. 2017, Constant et al. 2018; or synthesized by Pavel Majer 

and Václav Zima (see 5.10) did not inhibit the Zika protease as well, i.e. the levels of YFP 

fluorescence remained the same. 

Since none of these compounds inhibited Zika protease, I established a catalytically 

inactive version of the protease. I substituted His 53, Asp 77 and Ser 137 with Ala, because Ala 

is uncharged and modest amino acid, and is better tolerated than other amino acids in 
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substitutions (Gray, Hause, and Fowler 2017). Besides substitutions with Ala, I also tried to 

mutate Ser 137 to Gly 137 to see, if there will be a difference in the YFP fluorescence decrease. 

As the best variant of the inactive reporter, inactive DFR proteaseD77A was chosen. All the 

reporter variants possessing inactive protease showed lower signal than the original Zika DFR, 

but the YFP signal in the inactive variants was surprisingly high (Figure 33).  

Two questions remain to be answered. Is the increased background result of a cleavage 

by another cellular protease? Or is there an unknown mechanism of Zika protease stabilization 

against proteasomal degradation?  

6.2.3 Epoxomicin treatment increased the levels of YFP fluorescence 
Epoxomicin is used as a compound that blocks the whole range of proteasome activity (Meng 

et al. 1999). Therefore, it has been used also in our assay as the inhibitor of proteasome 

dependent degradation of the UFD substrate. It was found out that cells bearing a variant of the 

inactive reporter reported higher YFP fluorescence levels upon treatment with epoxomicin. 

This effect was observed also on western blots, where bands in treated samples were stronger 

compared to the non-treated samples, still in the same size (Figure 34). It confirmed the results 

of van Tijn et al. 2007 and others, where they used the same UbG76V-GFP reporter and observed 

an increase in GFP positive cells upon treatment with epoxomicin. 

6.2.4 Change of the cleavage site between YFP and UbG76V 
In the original Zika DFR, I introduced a CLS that occurs naturally between NS4B and NS5 in 

Zika polyprotein. This CLS was chosen according to Hsieh et al. 2017, where they used the 

NS4B/NS5 cleavage in DENPADS system, already mentioned in 2.8.2. I also made one change 

in the CLS, as it was published that ZIKV efficiently cleave c-Jun amino-terminal kinase-

interacting protein 4, where the protein is cleaved after VKKR sequence (Hill et al. 2018). 

Although the VKKR/GGGT CLS in Zika DFR was chosen carefully, I also cloned different 

variants of the CLS occurring naturally in Zika polyprotein. But none of these variants was 

better than the original one, so we kept the reporter as it has been established from the 

beginning.  

6.2.5 Summary of the reporter variants 
I cloned and optimized 21 reporter variants – 18 with one-plasmid system and 3 with two-

plasmid system (Figure 36). As the best variant of the active reporter was chosen Zika DFR 

with modified NS4B/NS5 CLS (VKKR/GGGT) and with protease part of the NS3 protein with 

hydrophilic part of NS2B. NS2B-NS3pro was on the C-terminal part of the reporter. Inactive 
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version with the lowest YFP fluorescence signal was inactive Zika proteaseD77A reporter. I also 

established DFR without protease, without CLS, and without both protease and CLS. These 

variants on western blot reported bands of expected size but looks not that promising on flow 

cytometry. I expected, after inactivation or even deletion of the protease, that if protease cannot 

cleave YFP from the degradation signal, YFP gets degraded and the YFP fluorescence levels 

decreases. I detected two populations on the flow cytometry dot plots – one looked similar to 

the original Zika DFR, the other had significantly lower levels of YFP fluorescence. But when 

I took these two populations together, the difference between Zika DFR and inactive Zika DFR, 

or DFR without protease, were smaller than expected (Figure 37). It seems, when protease is in 

the reporter (no matter, if impaired or functional), it somehow stabilizes the YFP and prevent it 

from degradation. In the variant of DFR without protease it again looked, that the reporter might 

be cleaved also between YFP and UbG76V, which also confirmed results from western blot (in 

Zika DFR row is YFP cleaved from both sites - Figure 38). But fortunately, when both CLS 

and the protease were deleted, I detect almost no YFP fluorescence, which suggest that the 

principle of the assay is working (YFP fused to the UbG76V gets quickly degraded). These data 

were also confirmed in microscopy pictures, where the original Zika DFR has the highest YFP 

fluorescence signal, the inactive Zika proteaseD77A DFR significantly reduced YFP signal and 

DFR without protease and CLS no YFP fluorescence detectable (Figure 39).  

The variants of two-plasmid system behave similar as the one-plasmid system but with 

overall lower YFP fluorescence intensity (Figure 42), and therefore, we decided not to continue 

with this approach. 

6.2.6 Future work 
I established a cell-based assay exploiting UFD pathway to measure proteolytic activity of the 

Zika protease. In future work, I would like to optimize both the active and inactive reporter 

variants to enlarge the window of YFP fluorescence between active and inactive protease by 

changing the length and the form of the linker connecting YFP with UbG76V. This window is 

very important, because we could measure the decrease of YFP fluorescence intensity also upon 

treatment with less potent inhibitors. Cell-based assay is a useful tool to distinguish compounds 

that can penetrate the cell membrane. In our laboratory we are studying inhibition and activation 

of viral proteases in vitro and this assay will be able to confirm results obtained from 

experiments with recombinant proteins. 
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7 Conclusions 
1. I confirmed previous findings about the novel UPS inhibitor CBU79. 

• I found out that the CBU79 decreases levels of protein synthesis. 

2. I extended knowledge about decreased protein translation by click-chemistry 

metabolic labelling of nascent proteins. 

• I optimized the ideal time needed for treatment. 

• I found out that the effect of CBU79 treatment could be reversed using inhibitors 

modulating the UPR pathway (GSK and ISRIB). 

3. I performed dose-response assays of CBU79 on MEF wt and CHOP-/-. 

• I found out that CBU79 acts through the UPR. 

4. I identified 22 potential targets of CBU79 by CRISPR/Cas9 genome-wide screen. 

• I performed dose-response assays of CBU79 on various Mel JuSo cell with the 

use of WST-1 assay and automated fluorescent microscopy and found the optimal 

concentration (IC90) of the compound for the screen (20 μM). 

• I tested various strategies of treatment and found the optimal strategy, which was 

3 rounds of 48h treatment with CBU79. 

• I performed the CRISPR/Cas9 genome-wide screen and identified (among other 

genes) PSMD4/Rpn10 as a potential target of CBU79. 

5. I cloned and optimized 21 variants of the double-fluorescent reporter and choose 

the optimal setup for the cell-based assay exploiting the UFD pathway measuring 

the flaviviral protease activity. 

• I designed the setup of the cell-based assay, based on the change of the short-lived 

UbG76V-YFP to the long-lived YFP upon proteolytic cleavage by the viral protease. 

• I cloned both active and inactive variants of the Zika and Dengue reporters, as 

well as the reporters with deleted protease and deleted CLS. 

• I verified the expression of both fluorescent proteins (YFP and BFP) by flow 

cytometry, western blotting and microscopy. 

• I established stable cell line continuously expressing Zika and Dengue reporters 

by using two approaches – antibiotic selection and site-specific integration. 

• I treated stable cells expressing the Zika reporter with different compounds either 

known from literature by inhibiting flaviviral proteases or prepared by chemists 

at IOCB Prague. Unfortunately, none of these compounds inhibited the protease 

activity in cellulo. 
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Supplementary figure 1: Volcano plot of the first replicate. Genes with more than 1x log2fold were selected as enriched genes.  
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Supplementary figure 2: Volcano plot of the second replicate. Genes with more than 1x log2fold were selected as enriched genes. 
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Supplementary figure 3: Maps of plasmids used as templates in this thesis. Created with SnapGene®. 
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