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 Theory 

Unknown or off-target mechanisms of drug action are frequent problems in rational drug 

development1. Understanding the mode of drug action may increase treatment efficacy, lead to 

the improved design of clinical trials, get better selection of appropriate patient cohorts and 

minimize the side effects of targeted therapies. For this reason, strategies for drug target 

identification are inevitable part of drug discovery and development processes. One of the most 

frequently used methods in proteomics is affinity chromatography which has been alone or in 

connection to mass spectrometry, successfully implemented in drug target identification 

workflow. Most methods use immobilization of modified compound onto various solid phase 

matrices with subsequent pull down enrichment and identification. Other ligand-free 

approaches such as energetics-based methods, cell permeable probes or methods using 

capturing subproteome of interest enable the use of unmodified compounds2. The chapters 1.1, 

1.2 and 1.4 were in similar structure published as a part of review2 (appendix A). 

 

 The importance of knowledge of mechanism of action of 

anticancer drugs 

 

Drug discovery includes all processes of development and analysis of drug - small 

molecule that have appropriate features to process and succeed in preclinical and clinical 

development. The important part of this procedure is to identify the mechanism of action of 

small molecule and its molecular target. Historically, most therapeutic drugs were used based 

on their effects without information about their mechanism of action. In fact, Drews in 2000 

published that seven percent of FDA (Food and Drug Administration) approved drugs were 

found to have unknown mechanisms of action3. Similarly, Overington et al. reported that only 

82% of FDA drugs approved between 1989 and 2000 had a delineated target molecule4. 

Approved drugs with unknown mechanism of action include for example Bexarotene and 

arsenic trioxide for the treatment of  cutaneous T-cell lymphoma and acute promyelocytic 

leukemia, respectively5. Another example can be thalidomide that mechanism of action 

remained unknown for almost 60 years. It was prescribed to pregnant women to treat nausea, 

but it was discontinued because caused birth defects6. Later, was used for leprosy and multiple 
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myeloma treatment, but the mechanism of action remained elusive7. Currently, several 

publications shed light on the mechanism of action8. It targets ubiquitin ligase cereblon, that 

wrongly marks several proteins for degradation including protein SALL4, transcription factor 

essential for limb development9. 

Incomplete or missing information of the “molecular targets” that interact with a drug is 

an obstacle in the development of more efficient drugs. Unravelling the mode of drug action 

can lead to the design of better structures without serious side effects, increased efficiency of 

treatment and finally can help us to understand the role of target molecule and identify new 

therapeutic targets.  

The simple theory that one drug aims at only one target is generally incorrect because 

many drugs such as  imatinib and sunitinib maleate10 originally developed to target only one 

molecular target, have been found to bind to multiple 11,12. Targeting more than one cellular 

structure can be used as an advantage, mainly in anticancer drug development as it is necessary 

to target more than one dysregulated pathway. On the other hand, such cytotoxic compounds 

can be a source of harmful side effects. This is a good reason to identify all possible drug targets 

and increase the specificity of the compound before costly clinical trials13. Moreover, drugs 

with identified off-targets can be in reasonable conditions repurposed. Thalidomide is an 

illustrative example. Originally prescribed to pregnant women to ease pregnancy-associated 

nausea and “morning sickness” in 1957, it was discontinued when discovered to cause 

congenital abnormalities. Five decades later, the drug has found new use in leprosy and cancer 

treatment14,15. Celecoxib is another example. It was designed to treat osteoarthritis but is now 

prescribed for colorectal cancer prevention16. The small-molecule Histone deacetylase 6 

inhibitor, tubacin, pharmacological tool for HDAC6 function evaluation, also inhibits Serine 

Palmitoyl transferase, the rate-limiting enzyme of sphingolipid biosynthesis17. 

With the development of molecular biology, chemical and biochemical approaches, 

there is a number of methods for studying the effects of pharmaceutical drugs and target 

interactions of new promising compounds. Methods like affinity chromatography, activity-

based proteomic profiling, energetic-based target identification, microarrays and mass 

spectrometry (MS) are discussed below. 
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 Chemical proteomics 

 

Chemical proteomics is multidisciplinary science that involves a variety of disciplines 

like structural biology, molecular biology, biochemistry, organic chemistry, mass spectrometry 

and bioinformatics. This approach enables to elucidate drug´s mechanism of action and cell 

response to the drug treatment1,18–20. Chemical proteomics employs activity or affinity 

enrichment-based technologies, and gel based expressional profiling methods for these 

purposes. MS (alternatively MS coupled with quantification labeling) is indispensable part of 

each chemical proteomics experiment. 

 

1.2.1 Affinity purification 

 

Affinity purification (AP) is a powerful method based on interaction between 

immobilized ligand (probe) and protein. It is widely used for capturing proteins and 

identification of protein-protein interaction networks21. AP was developed in the early 1950s22 

and a number of variants have been developed and successfully applied to identify molecular 

targets.  

Prerequisite for AP is modification or derivatization of the compound of interest, to 

enable its immobilization on the solid phase (affinity) matrices. Commonly used matrices may 

be polysaccharide derived (agarose, Affi-Gel®, sepharose), methacrylate derived (Toyopearl®, 

SG beads) and magnetic beads (Dynabeads® Invitrogen, FG beads)23. Polysaccharide derived 

matrices are hydrophilic and chemically fragile, what can be obstacle for preparation of ligand-

immobilized matrices. As majority of pharmaceutical compounds are hydrophobic, there is 

need to use organic solvents. Therefore, functional polymers derived matrices were developed. 

Toyopearl® is methacrylate derived alternative stable for organic solvents. Main disadvantage 

of Toyopearl® is higher level of nonspecific protein interaction. Therefore, hydrophilic 

polymethacrylate-based matrix (monolithic affinity matrix - AQUAFIRMUS®) was developed 

by Tanaka, Hosoya and coworkers24. The AQUAFIRMUS® is composed of three kinds of 

methacrylate with ethylene glycol (EG) parts. This kind of matrix reduce nonspecific 

interactions compared to Toyopearl®. 

SG beads (named according the styrene and glycidyl methacrylate) are relatively new 

latex affinity beads with favorable features. It is copolymer of styrene and glycidyl 
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methacrylate (GMA). These beads are highly stable, moderate hydrophilic, dispersible in water 

and exhibits low nonspecific protein binding. On the other hand, time-consuming step - 

centrifugation - is necessary for the SG beads purification procedure. Therefore, magnetic 

alternative of SG beads was designed. The ferrite alternative of SG beads is named FG beads 

(named according ferrite and GMA) and possess comfortable magnetic separation, high 

dispersibility in water and low nonspecific interaction. Dynabeads® (Invitrogen) are 

commercially available hydrophilic polymer coated magnetic iron oxide beads. Comfortable 

magnetic separation, unique polymer surface enabling non-toxic environment and low 

nonspecific interactions are main advantages for this matrix. Dynabeads® are currently used in 

many areas as affinity purification (streptavidin coated Dynabeads®), protein-protein 

interaction, nucleic acid isolation and many others25. Affinity matrices are constantly being 

developed and improved to enhance the binding of the specific target and to minimize 

nonspecific interactions23. 

A typical AP “pull-down” experiment begins (Fig. 1) with immobilization of studied 

molecule on the resin and incubation with cell lysate. Post incubation, the resin is washed 

several times to rid it of nonspecifically bound proteins and other molecules. The captured 

proteins are eluted by various buffers (high salt buffer, denaturing agent or excess amount of 

free ligand) which enables disruption of ligand-protein interaction. Eluted proteins can be 

separated by 1DE or 2DE gel electrophoresis (1D or 2D electrophoresis) and/or identified by 

MS. 



14 
 

 

 

Figure 1. Workflow of affinity purification: Modified (e.g. biotinylated) compound is 

immobilized onto solid-phase (streptavidin coated beads). Cell lysate is incubated with 

immobilized compound on the solid-phase. Specific proteins are captured by compound and 

nonspecific proteins are washed out. Target proteins are then eluted and subjected to 1D SDS 

PAGE and LC-MS/MS2. 

 

1.2.1.1 Compound immobilization strategies 

 

There are several ways of immobilizing the active compound to the matrix (Fig. 2). The 

most common way is to immobilize small molecules by attachment of their sulfhydryl, 
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hydroxyl, amino or carboxyl functional groups directly onto the matrix. This approach was 

used to study the selective binding profile of BCR-ABL (break cluster region-ABL kinase) 

tyrosine kinase inhibitors imatinib, nilotinib and dasatinib. The inhibitors were derivatized to 

introduce surface amino and acetyl groups. Derivatives were immobilized on N-

hydroxysuccinimide activated sepharose and incubated with K562 (chronic myeloid leukemia 

- CML) cell line and CML primary cell lysates. Following the washing step, proteins were 

eluted, separated by SDS PAGE, digested and identified by MS. The results showed that 

dasatinib bound more than thirty Tyr and Ser/Thr kinases, and that nilotinib´s additional target 

is the tyrosine kinase receptor DDR1 and nilotinib and imatinib mutual target is NQO2 

oxidoreductase12. In another study on the p38 kinase inhibitor SB 203580 Daub and coworkers 

immobilized the amine analog of compound SB 203580 to epoxy-activated sepharose. After 

elution of target protein, they separated biotargets by 2 DE. Spots were excised and identified 

by MALDI TOF/TOF (matrix assisted laser desorption ionization time of flight). They 

discovered new targets such as Janus kinase 1 (JAK1) 26. The same strategy was used for 

shikonin, a potential anticancer drug that inhibits the pyruvate kinase M2 (PKM2), tumor 

specific isoform of pyruvate kinase27. 
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Figure 2. Examples of compound immobilization strategies2. 

 

1.2.1.2 Streptavidin-biotin 

 

 The strong non-covalent interaction between biotin and streptavidin (or avidin) 

is the basis for a common type of affinity purification28. These interactions are the strongest 

known non-covalent interactions occurring in nature. The biotin moiety is attached to the active 

compound which is then immobilized on the streptavidin (or avidin) coated matrix. 

Key to the synthesis of the biotin label is the design of the spacer that connects the 

compound to the biotin moiety29. Spacer design and its impact on the affinity purification has 

been intensively studied and some rules were formulated30–32. Spacer design should follow 

these principles: 1) it must be sufficiently long to prevent steric hindrance between streptavidin 

and the target biomolecule; 2) it should not interact with the target biomolecule to cause a false-



17 
 

positive result; 3) it must not change the solubility of the biotin probe in water. Aliphatic 

spacers such as caproic acid derivatives have been used frequently in the past, although the 

newer EG spacers are now preferred, as they satisfy the above criteria better33. The compound 

of interest is typically attached to the biotin-EG system via a stable amide bond. Derivatization 

has traditionally been done using solution-phase synthesis and more recently using solid-phase 

synthesis. The substrate for biotinylation (or conversely the biotin-EG-NH2 system) is pre-

immobilized or directly synthesized on an insoluble polymer backbone, and the resulting 

preloaded resin then used for reaction with an appropriate compound for e.g. the Biotin-PEG-

NovaTagTM (Novabiochem)34–36. Conversely, the biotin-EG-NH2 system may be immobilized 

in place of the biotinylated substrate. Preparation of a similar system for immobilization of 

carboxy-group containing analytes via spacers of different length has also been described37 

(Fig. 3). 

 

 

Figure 3. Two alternative approaches to modify compound A: The selection of more suitable 

method is based on specific requirements such as required quantity of the target system, its 

stability and availability of analyte (for low quantities the solution-phase method is preferable). 

A typical polymer support is divinyl-styrene based resin. Except for amides also ester or ether 

groups are frequently used to attach individual parts of the target system2. 
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The example of streptavidin-biotin strategy was used for 2´-Hydroxycinnamaldehyde 

(HCA), a compound with antiproliferative activity. Biotinylated HCA was studied by an in 

vitro pull-down assay against colon cancer cells SW620 lysate. Proteins eluted from avidin-

biotinylated compound complex were separated by 2 DE and analyzed by MALDI-TOF. The 

proteasome subunits were identified as targets of HCA38. A small antimitotic molecule 

diazonamid A that causes G2/M phase growth arrest in several human cancer cell lines, was 

studied by this approach.  Biotinylated diazonamid A was immobilized on avidin agarose and 

incubated it with cervical cancer HeLa nuclear extract. Recovered proteins were separated and 

visualized by silver-stained SDS PAGE. Ornithine δ-amino transferase, a mitochondrial 

enzyme was identified as a specific target39. 

 Alternatively, the combination of SILAC (stable isotope labeling with amino acid in 

cell culture) quantitative proteomic labeling (described in detail later) with affinity purification 

is possible (Fig. 4). Ong and coworkers presented this methodology enabling comparison of 

the multiple pull-down experiment in one MS analysis. Briefly, Affigel® immobilized small 

molecule is incubated with heavy labeled and light non-labeled cell lysates separately. 

Additionally, the light labeled cell lysate is incubated with the immobilized molecule and 

competed by soluble small molecule. Heavy cell lysate is incubated with the immobilized 

molecule and DMSO (dimethyl sulfoxide). Subsequently, both beads are washed by lysis 

buffer, mixed and captured proteins are eluted, separated by SDS PAGE, digested, analyzed 

by MS and quantified. Since target protein has low heavy to light ratio (H/L) and nonspecific 

protein has an H/L ratio of approximately one, we can distinguish between specific and 

nonspecific proteins. The reverse experiment is recommended as well, to confirm specifically 

bound proteins40. 
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Figure 4. Identification of protein targets by quantitative proteomics: Cells of interest are 

incubated with labeled (heavy, H) and non-labeled (light, L) aminoacids (SILAC). Non-labeled 

cell extract is simultaneously incubated with immobilized and free small molecule. Heavy cell 

lysate is incubated with immobilized small-molecule alone. Afterwards, both bead-types are 

washed and mixed in equimolar quantities. Captured proteins are eluted, separated by SDS 

PAGE, analyzed by MS and quantified. Target protein has heavy to light ratio (H/L) above one 

and nonspecific protein has H/L ratio approximately one2. 

 

1.2.1.3 Photoaffinity labeling 

 

Another way for affinity-based drug target identification is using photoaffinity labeling. 

Small active molecule is derivatized by two distinct moieties, a photoreactive group (azide, 

diazirine, benzophenone etc.), which enables creating new covalent bonds between ligand and 

its biotargets upon irradiation. The second moiety is tag (biotin, radioactive or fluorescent) 

enabling detection and/or purification of labeled target protein. This bifunctional complex is 
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called photoaffinity label (PAL)41,42. The general workflow starts with incubation of PAL with 

cell extract to establish non-covalent bonds before irradiation. Covalent crosslinks between 

PAL and nearby proteins are created upon irradiation by specific wavelength. The protein-label 

complex can be purified by avidin-biotin affinity chromatography or detected by 

fluorography41. The protein targets of two compounds - fumagillin, an inhibitor of angiogenesis 

and ovalicin with antitumor, antibacterial and immunosuppressive activity, have been studied. 

A radioactively labeled photoaffinity derivative of ovalicin was used for identification of its 

molecular targets.  A 67 kDa protein was identified. As the protein was competed with excess 

ovalicin and fumagilin, both compounds apparently bind the same target. In succeeding 

experiments, they utilized biotin photoaffinity label for purification of target protein by 

immobilization onto streptavidin coated resin. After SDS PAGE, they identified by MALDI-

TOF  type 2 methionine aminopeptidase43. PAL methodology was also used for target 

identification of pladienolide, antitumor compound. 3H–labelled, fluorescence tagged and 

photoaffinity/ biotin constructed probe was used to identify splicing factor SF3b as a potential 

antitumor drug target44. 

 New type of PAL probe was introduced in photoaffinity labeling. It was composed of 

affinity tag (biotin) and isotopically labeled photoreactive tag mixed in 1:1 ratio 

(non/deuterised benzophenone isotope label – marked D0/D11). Identification of the unique 

isotopic pattern (containing both M - mass of peptide and M+11- mass of peptide +11 Da) of 

some peptides helps to confirm identification of protein targets among frequent contaminants 

(Fig. 5). Authors described use of trifunctional probes on cyclosporin A (cycA), which 

naturally binds cyclophilin A (cypA). Two isotopically labelled cycA D0 and D11 probes were 

mixed in a 1:1 ratio with protein mixture containing cypA. Following irradiation, interacting 

proteins were purified via avidin resin, eluted, trypsinized and identified by LC-MS/MS.  

Eleven proteins were identified including nonspecific proteins like ubiquitin and keratin. Only 

two peptides showed the unique isotopic pattern (M, M+11), both belonging to cypA45. 
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Figure 5. Photoaffinity labeling with two isotopes: PAL probes consisting of an affinity tag 

(biotin) and an isotopically labeled photoreactive tag (non-deuterized, D0 and deuterized 

benzophenone isotope label, D11) are mixed in 1:1 ratio. Probes are incubated with cell lysate 

and subsequently irradiated by UV-light. Proteins are then purified via avidin resin and 

identified by MS. Identification of the unique isotopic pattern (M, mass of peptide with non-

deuterized tag; M+11, mass of peptide with deuterized tag) of some peptides helps to 

distinguish valid protein targets from frequent contaminants2. 

 

1.2.1.4 Cell-permeable probes 

 

Modification of molecules of interest can be the obstacle for identification of the real 

target, mainly because of compound activity changes, steric hindrance, different cell 

permeability or demanding and time-consuming synthesis.  
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Click chemistry46 is an alternative used in affinity chromatography. An example of click 

chemistry is Huisgen 1,3-dipolar cycloaddition  of azides and alkynes to establish  triazoles47. 

Yao and colleagues used this reaction in a study on identification of off-targets of orlistat, an 

anti-obesity drug with potential antitumor activity. They prepared a cell-permeable probe - 

orlistat modified by alkyne moiety and added it to cell culture media. Following incubation, 

the cells were washed to remove the redundant probe and homogenized. After treatment with 

rhodamine-azid under click chemistry conditions and subsequent separation on SDS PAGE 

electrophoresis, they detected several fluorescence bands. The authors also used interaction of 

biotin-azide click chemistry for orlistat target purification. They incubated biotin-azide with 

cell lysate treated by alkyne orlistat probe. The complex was immobilized onto avidin-agarose 

beads and eluted proteins were separated by SDS PAGE, trypsinized and identified by MS. 

Known target - fatty acid synthase and eight new targets were identified48.  

The HIV Trans-activating transcriptional activator (TAT) is a nine-residue peptide 

(RKKRRQRRR) with majority of positively charged amino acids, and can transport molecular 

cargo into eukaryotic cells49,50. The cargo could be metabolites, peptides, proteins or nucleic 

acids. The TAT peptide could potentially also transport some of the above mentioned affinity 

tags into the cell in studies of drug-target interactions. A composite probe consisting of the 

drug Bisindolylmaleimide III (Bis III), a fluorescent group and the TAT peptide has been used 

for this purpose. Bis III was coupled to fluorescent-tagged TAT peptide, cells were treated by 

probes, washed and cell probe uptake was confirmed by fluorescence microscopy. Following 

cell lysis, proteins interacting with Bis III were isolated by anti-fluorescein magnetic beads.  

Afterwards, eluted proteins were separated, digested and identified by MS. As before, they 

identified known target glycogen synthase kinase α/β (GSKα/β) and several new targets51. 

Other cell penetrating peptides are now available and may be similarly used in future for the 

entire class of affinity-tags52.  

1.2.1.5 Capturing subproteome of interest 

 

The affinity purification procedure may be designed to capture not just one protein but 

an entire class of proteins. The N-glycoproteome, phosphoproteome or the SUMOylated group 

of proteins are important druggable post-translational modification (PTM) in cancer and have 

suitable purification procedures53–55. The probe, in this case, binds nonspecifically to all 

proteins bearing a particular PTM. Antibodies against phosphate group epitopes are commonly 

used reagents for isolation of phosphorylated proteins56. However, because they are specific to 

an epitope, they allow enrichment of only one kind of phosphorylated peptide at a time. This 
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problem is circumvented when the purification is based on phosphotyrosine, phosphoserine or 

phosphothreonine antibodies or a nonspecific electrostatic affinity between the negatively 

charged phosphate groups and positively charged metal cations (Immobilized Metal Affinity 

Chromatography IMAC and by Metal Oxide Affinity Chromatography, MOAC)56–58. The 

negative charge on the free carboxyl groups and acidic amino acids must be neutralized for the 

isolation of peptides with phosphate groups by appropriate affinity resin or by conventional 

ion-exchange chromatography (hydroxyapatite column enrichment or Hydrophobic Interaction 

Liquid Chromatography, or HILIC)59.  

An emerging approach for capturing kinase subproteome was developed. As kinases 

phosphorylates proteins and can regulate different cellular processes, they are interesting 

subproteome to study. The effective strategy utilizing a special resin called “kinobeads” was 

described. This approach is utilizing competition between unmodified compound of interest 

and ATP (adenosine triphosphate)-binding ligands on kinobeads. The kinobeads contain seven 

ATP-binding site ligands immobilized onto solid matrix. The kinobeads were employed for 

identification of the mechanism of action of BCR/ABL inhibitors. They incubated cell extracts 

with three different concentrations of drug, followed by kinobeads precipitation. Proteins 

eluted from kinobeads were digested and then labelled with iTRAQ (isobaric taq for relative 

and absolute quantification, described in details later). Mixed samples were analyzed by LC-

MS/MS. Decrease in proteins which were eluted from kinobeads were evaluated via iTRAQ 

quantification60. The same kinobeads approach was used for target elucidation of multi-kinase 

inhibitors. In one described experiment cell lysate from patient isolated leukemic cells was 

analysed. The cell lysate was mixed with increasing concentrations of tested compounds 

(staurosporine, BMS-387032, flavopiridol and R-roscovitine). Subsequently, kinobeads were 

added to this mixture and depletion of target protein bound to kinobeads was measured relative 

to a vehicle control using iTRAQ labeling and LC-MS/MS. As expected staurosporine bound 

many kinases. However, BMS-387032 and flavopiridol showed a more selective effect. These 

inhibited CDK9 (cyclin dependent kinase 9) which is part of the p-TEFb (positive transcription 

elongation factor) complex and some other kinases. Examples of roscovitine identified targets 

are p-TEFb or CDK-activating kinase61. A similar approach has identified novel targets of the 

multi-kinase inhibitor E-381062.  
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1.2.1.6 Energetics-based target identification 

 

One approach for overcoming compound 

modification is energetic-based target 

identification. This enables identification of small-

molecule targets in a mixture of proteins. The 

principle is based on change of conformational 

stability upon small molecule binding to target 

proteins63–66.  

The first approach is drug affinity 

responsive target stability (DARTS) developed by 

Huang67. DARTS use different susceptibility of 

target protein to protease digestion upon drug 

binding. Small molecule interaction with protein 

sterically protects the protease cleavage site. The 

basic workflow (Fig 6.) starts with protein lysate 

incubation with small molecule and inactive 

analogue (or solvent). Subsequently, mixtures are 

digested by proteases (pronase or thermolysin), 

separated by 1D SDS PAGE and stained. 

Bands that differ in abundance are distinguished, 

cut, digested and analyzed by LC-MS and 

quantified by spectral counting or other methods to 

find which protein has been enriched compared to   

control. 

 

 

Figure 6. DARTS. Protein lysate is incubated with a small molecule compound and then 

subjected to protease digestion. Target proteins interacting with the small molecule compound 

are enriched and protected against protease digestion while nonspecific proteins are digested2. 

 

DARTS has been validated on well-known interactions as an immunophilin FKBP12 

that is target for rapamycin and FK506 or interaction between mammalian target of rapamycin 

(mTOR) and kinase inhibitor E4. In both cases, the proteolysis of target proteins was 
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decreased67. The same group used DARTS for protein target identification of resveratrol, a 

compound with various effects, including anticancer potency and lifespan extension. EIF4A 

(eukaryotic initiation factor-4A) was identified as a potential target67. Moreover, there are new 

modifications of DARTS enabling improved target identification65,68. 

A second similar approach is using differential susceptibility to a denaturation agent 

followed by proteolysis. Small molecule binding can slow unfolding of protein. Liu et al. 

studied ATP binding proteins from E. Coli. Firstly, they fractionated cell lysate by anion 

exchange chromatography. Each fraction was then incubated with or without the presence of 

ATPγS (ATP analogue more resistant to hydrolysis) in different concentrations of urea. 

Subsequently, fractions were digested by pulse proteolysis, separated by 1D SDS PAGE and 

differently digested proteins were analyzed by MS. They found 30 tentative ATP binding 

proteins, 21of which are known for ATP binding and 9 were new potential interacting 

partners64.  

1.2.1.7 The Recombinant Tag 

 

In a study by Saxena and coworkers69, a protein kinase C (PKC) inhibitor Bis III was 

chemically coupled to a FLAG tag (small hydrophilic octopeptide –DYKDDDDK ) using a 

linker. The compound was purified by reverse phase high-performance liquid chromatography 

(RP-HPLC) and its inhibitory effect determined in a kinase activity inhibition assay. The Bis 

III was then incubated with HeLa cell lysate and the target protein in complex with FLAG 

probe was isolated by anti-FLAG affinity resin.  Previously known targets were identified 

protein kinase C (PKC-α), adenosine kinase or cyclin dependent kinase 2-(CDK2) together 

with a number of new ones as cAMP-dependent protein kinase (PKAC-α), prohibitin or voltage 

dependent anion channel (VDAC). The FLAG tag was considered generally applicable till a 

few years ago, when it was shown that a sulfation post-translational modification eliminates 

the interaction of the FLAG tag and anti-FLAG antibodies70. Such a modification lowers the 

yield of the purification without ever becoming evident.  

  

1.2.1.8 Activity based protein profiling 

 

Activity based protein profiling (ABPP) is a powerful tool for enzyme function 

characterization. This method is widely used in several fields, from comparison of healthy 

versus diseased sample enzyme activity, characterization of enzyme active sites to enzyme 

inhibitor discovery71. This approach employs special probes comprised of three parts: a 
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warhead part which can covalently bind active site of enzyme, tag (fluorophore, biotin or click 

chemistry handle) for identification and purification of target proteins and linker joining these 

two parts together71–73.  The general workflow starts with adding the probe (a small molecule-

warhead) to the cells or cell lysate. The probe binds by its warhead target proteins. 

Subsequently, enzymes are purified by probe tag, separated on SDS PAGE and identified by 

MS71.  

Yang and coworkers used ABPP in combination with bio-orthogonal click chemistry 

for identification of novel targets of orlistat48. Bachovchin and coworkers74 used the 

combination of fluorescence polarization with ABPP to determine the drug target of  cancer 

associated retinoblastoma-binding protein-9 inhibitors. 

 

1.2.1.9   Strengths and limitations of affinity chromatography methods 

 

There are many affinity chromatography approaches, modifications and alternatives. It 

is difficult to divide them into groups because a number of them utilize a combination of several 

approaches (quantitative labeling, active compound competition, different probes, etc.) and a 

number were developed for overcoming drawbacks.  

No doubt, affinity chromatography techniques are very powerful tools for drug target 

identification. This objective approach has many advantages - experiments are done with 

natural proteins, with preserved post-translational modifications and present binding partners. 

However, many obstacles such as nonspecific interactions, small molecule modification and 

immobilization remain as drawbacks of this approach. 

Most of the affinity chromatography workflows start with modifications of the small 

molecule because there is not available moiety for its immobilization onto solid phase. 

Therefore, it is necessary to have structure activity relationship (SAR) data for selecting 

appropriate parts of the molecule available for modification. The biological activity of modified 

compound has to be maintained and confirmed. One approach to increase the probability of 

proper compound immobilization is to use more routes for immobilizing small molecule to the 

matrix75. Several approaches were developed for overcoming these obstacles like the soluble 

probes51, capturing subproteome of interest60, competitive experiments40,76 and energetics-

based methods63–66. In these strategies, we can use unmodified active molecules without the 

need for immobilization.  

Another problem is specificity of target binding. Protein sources contain unequal 

amounts of protein. Therefore, there are many highly abundant proteins, which can lead to 
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identification of falsely positive interacting partners. This means that there can be low 

abundance proteins with high affinity for active molecule together with low or medium affinity 

proteins with high abundance18. There are a number of efficient strategies for overcoming this 

problem. One of them is using ProteominerTM (Biorad), an efficient approach to enrich low 

abundance protein (LAPs). The strategy is using combinatorial library of hexapeptides attached 

to the beads support. Each hexapeptide has unique protein binding specificity. Therefore, after 

protein is mixture loaded on hexapeptide covered beads, high abundance proteins (HAPs) 

hexapeptides are saturated and excess is washed out. Moreover, low abundance proteins are 

concentrated by binding on their hexapeptide partners77,78. This results in the depletion of HAPs 

and in the enrichment of LAPs, thereby effectively decreasing the dynamic range of protein 

concentrations in the sample by a few orders of magnitude. 

Other, more conventional strategies for reducing the dynamic range of protein 

concentrations in serum utilize antibodies that target the most abundant proteins79–81. The 

relative rate of trypsin digestion of high- and low-abundance proteins is also a basis for 

improving the dynamic range of detection of proteins82. This technique, named DigDeAPr, has 

been used with cell lysates but can be utilized for complex mixtures with wide range of protein 

concentrations82. 

Another strategy is using non-active analogue of immobilized compound as a negative 

control. Comparison of proteins eluted from the active and non-active immobilized compound 

can lead to elucidation of nonspecific protein targets76,83. Tanaka and colleagues developed a 

simple method called serial affinity chromatography to identify specific binding proteins. They 

incubated cell lysate with affinity resin with immobilized compound, in the second step the 

resin was removed, and the same lysate was incubated with fresh resin. Most of the specific 

biotargets were captured by the first resin but in the second, the resin captured mostly 

unspecific targets84. Alternatively, competitive experiments can be used40,76, where the free 

active compound competes for targets with immobilized compound. However, insolubility of 

active compound is a frequent obstacle. 

An intelligent choice of the affinity matrix can go some distance in alleviating the 

problem of nonspecific interactions, as the matrix and probe linkers can be a source of such 

interactions29,85. Matrices that are incompletely derivatized may also bind contaminants with 

high affinity. The proteins that bind nonspecifically to the common matrix types have been 

identified and listed for reference86–88. 
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1.2.2 Microarrays 

 

Microarrays are robust high-throughput screening tools that have been significantly 

developed and upgraded89,90. Their application for drug target identification can proceed in 

several ways. The first strategy, protein microarrays, utilizes immobilization of different 

purified proteins onto glass or silicon surface. The protein microarray is incubated with the 

labeled small molecule in solution and after several washing steps, target protein is recognized 

according to array position. Schreiber and colleagues utilized this approach for target 

identification of small molecular inhibitor of rapamycin (SMIR), which suppresses the 

rapamycin effect. The authors used biotinylated variants of SMIR and fluorescently labeled 

streptavidin to probe the yeast proteome chip. They found two proteins with previously 

unknown function. Both proteins are associated with phosphatidylinositol (3,4)-bisphosphate, 

suggesting connection with the mTOR pathway involving phosphatidylinositides91.  

The second strategy, small-molecule microarray (SMM) was developed by MacBeath 

and Schreiber in 199992. SMMs enable to evaluate thousands of chemical structures against a 

large number of protein targets. A small-molecule library is immobilized on microarray, 

screened against potential cell lysate or purified proteins and the small molecule bound to target 

is identified by immunoassays89.  

Another interesting approach, transfected cell microarray, was developed by Ziauddin 

and Sabatini. This unique method called reverse transfection cell microarray, couples genomic 

and proteomic approaches. Plasmid cDNA in gelatin solution is spotted on defined area of glass 

slide. Dried spots are briefly exposed to transfection reagent and covered by mammalian cells 

in medium. Cells are transfected by different cDNA and each cell cluster overexpresses specific 

protein. Radiolabeled chemical compound is added and its target is detected by 

autoradiography. Experimental workflow was verified on FK506-FKBP12 interaction and 

affinity of dopamine antagonist for the dopamine D1 receptor93. 

The last method named desorption/ionization on silicon (DIOS)  - modification of 

MALDI is a matrix-free method utilizing laser desorption and ionization on porous silicon 

surface94. This enables on probe direct-binding assay to identify molecular target. Purified 

proteins are immobilized on porous silicon probe surface. Immobilized proteins are incubated 

with active compounds, and nonspecific small molecules are washed out. Following direct on 

probe TOF-MS analysis can directly identify the binding partners of specific protein95. Zou and 

colleagues tested DIOS on Bovine Serum Albumin (BSA) binding partners. They immobilized 
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BSA on silicon surface and incubated BSA-covered probe with a mixture of two molecules - 

ketoprofen, a compound which binds BSA and sulpride which does not. Ketoprofen signal (and 

no sulpride signal) was observed after TOF-MS analysis95.  

A large number of microarray variations and extension have been developed. Each has 

its advantages and disadvantages, but some features have microarrays in common. Microarrays 

are high-throughput screening methods that enable study of the interaction of large numbers of 

small molecules with their cellular target (and the reverse) in one experiment. They expose all 

biotargets uniformly; low abundant proteins are not diminished. The necessity for molecule 

immobilization is a limiting factor. Most experiments are conducted under non-physiological 

conditions (except in the case of reverse transfection cell microarray). Another restricting factor 

is limited availability of purified proteins for protein microarrays as well as the necessity for 

trackable chemical compounds that can alter their binding potency19,96,97.  

1.2.3 Proteomics in drug target identification 

 

Proteomics is studying protein identification, protein-protein interaction, post-

translational modification, quantification, domain structure or protein activity. The main 

comprehensive and versatile tool of proteomics is mass spectrometry. It is based on measuring 

exact mass (exactly mass to charge – m/z ratio) of whole proteins or their fragments (peptides) 

to get list of masses. Subsequently, masses are searched by protein databases to get list of 

identified proteins. The main parts of mass spectrometer are ion source, mass analyzer and 

detecting system98. Ion source produces ionized peptides/proteins in gas phase. There are two 

main soft ionization techniques used in proteomic – MALDI and ESI (electrospray 

ionization)99,100. MALDI is based on mixing protein/peptide mixture with matrix that absorbs 

laser energy and transfers it into the analyte. It generates mainly singly charged ions [M+H]+. 

ESI ionization generates ions from solutions, therefore is usually coupled to liquid based 

chromatographic tools as a HPLC (high-performance liquid chromatography). The ions 

generated by ESI are multiply charged and are produced by high voltage applied in the interface 

between the end of separation pipeline and inlet of mass spectrometer98,101. 

Mass analyzer is the key part of mass spectrometer where ions are separated to get their 

exact mass. There are four main types of analyzers: time-of-flight (TOF), ion trap (IT, linear 

ion trap LIT, LTQ Thermo Scientific version of LIT Orbitrap, quadrupole (Q, triple quadrupole 

-TQ) and Fourier-transform ion cyclotron resonance (FTICR). The simplest analyzer TOF is 

based on measurement time of flight in the vacuum of flight tube. Ions are accelerated and their 
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time of flight by is measured – heavier ions reach detector slower than lighter ones. IT, Orbitrap 

and FTICR separate ions according their resonance frequency. Orbitrap is powerful tool from 

Thermo Scientific based on ion separation in an oscillating electric field. In FTICR 

instrumentation ions are retained in magnetic field and their m/z ratio is measured according 

their frequency. Q separation is based on m/z ion stability in electrical fields between four 

parallel rods98,102–104. Table 1 shows comparison of main features and applications of the most 

used mass spectrometers. 

There are two main proteomic approaches: top-down and bottom-up proteomics105. 

Briefly, bottom up proteomics is the most popular and based on proteotolytic digestion (usually 

trypsinization) of proteins prior MS analysis of peptide fragments. This method is used mainly 

for analysis of high complex samples. On the other hand, top-down approach measure masses 

of intact proteins. This approach has higher sequence coverage, enables to characterize post-

translational modifications, and full characterization of proteoforms. Recent developments in 

instrumentations or bioinformatics tools allowed top down proteomic to be more and more 

popular106. This approach is currently use for PTM identification107, quantitation108, protein 

identification from complex sample109 or single proteins110. 
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MS 

Instrument 

Ion 

source 

Mass 

resolution 

Mass 

accuracy 

Sensitivity Dynamic 

range 

Applications 

LIT (LTQ) ESI 2000 100 ppm femtomole 1e4 Bottom-up protein identification 

of complex samples, high-

throughput analysis, LC-MSn 

TOF-TOF MALDI 10000-

20000 

<5 ppm* femtomole 1e4 Protein identification by peptide 

mass fingerprinting, 

sequence tagging by collision 

induced dissociation MS/MS 

TQ ESI 2000 100 ppm attomole 1e6 Peptide and protein 

quantification (SRM, PTM 

detection, precursor ion and 

neutral loss scanning) 

LTQ-

Orbitrap 

ESI, 

MALDI 

100000 2 ppm femtomole 1e4 Protein identification from high 

complexity mixtures, PTM 

characterization, top-down 

proteomics, quantification 

Q-TOF MALDI

,ESI  

10000 2-5 ppm  attomole 1e6 Protein identification from high 

complexity mixtures, PTM 

identification, bottom up, top-

down proteomics 

FTICR ESI, 

MALDI 

50000-

750000 

<2 ppm femtomole 1e3 High mass accuracy protein 

identification, PTM 

characterization, top-down, 

bottom-up proteomics 

 

*with internal calibration 

 

Table 1. Comparison of MS instruments and their main characteristics (adapted from101,102. 

Mass resolution is ability to separate two peaks with similar m/z ratio. Mass accuracy defines 

uncertainty in measurement in ppm units. Dynamic range is range between the largest and 

smallest detectable signal. 

 

 

Mass spectrometry is an indispensable part of protein target identification. It can be 

used as a stand-alone method or with combination with gel-based or liquid chromatography 

separation. 2DE and alternatives like a DIGE (Difference Gel Electrophoresis)111 enable 

identification and quantification of protein target under drug treatment. In these experiments 
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protein profiles of treated and untreated samples are compared and evaluated by 2DE 

(alternatively DIGE) and/or by different quantitative labeling. Excision of spot of interest, 

digestion and MS analysis enable identification and quantification of up- and down-regulated 

proteins112,113. Differential expression experiments using gel-based methods enabled the 

finding of potential targets of drugs such as staurosporine114, vinblastine and rapamycin115. The 

quantitative approach utilizing peptide labeling was used for imatinib116 and vorinostat target 

elucidation117.    

Drug-target identification frequently requires the relative or absolute quantification of 

one or more proteins in multiple samples. Protein identification and quantification is performed 

downstream of an affinity purification. The sample preparation protocol, the mass-

spectrometer and the quantitation procedure (Fig. 7) is chosen according the experiment. 

 

1.2.3.1  Quantification using isotopic labels 

 

Quantification has traditionally been done using isotope tags. Common tagging 

protocols include the Stable Isotope Labeling with Amino acids in Cell culture (SILAC), 

Isotope Coded Affinity Tags (ICAT), Tandem Mass Tags (TMT) and the Isobaric Tag for 

Relative and Absolute quantification (iTRAQ)118–121. SILAC and ICAT are isotopic labeling 

protocols that use isotopes of hydrogen, carbon and nitrogen (2H, 13C, 15N). They are based on 

a mass-difference between the light and the heavy isotope labels. The mass difference causes 

a shift in the peaks of the labeled peptides relative to the unlabeled peptide. The intensities of 

the two peaks indicate the relative quantities of the two peptides. SILAC involves the labeling 

of cells in culture in minimal media. Cells are grown in media containing normal or labeled 

amino acids. Labeled amino acids are incorporated into cellular proteins via natural 

biosynthetic pathways. Five-ten cell doublings later, the two cell samples are harvested, mixed, 

processed and trypsinized and subsequently analyzed by mass spectrometry. Because samples 

are labeled during cell culture, the method is suitable only for samples derived from culture 

and not for samples from other sources. Samples that cannot be labeled in culture may be 

labeled after collection using the ICAT, TMT or iTRAQ labeling procedures.  

ICAT resolves some of the issues of SILAC119. The ICAT tag consists of three groups- 

a thiol-reactive group, an isotope coded tag and a biotin moiety. A cleavable linker is 

sometimes included between the isotope tag and the biotin to facilitate purification122. The two 

collected samples are reduced and trypsinized and incubated with ICAT labels to allow thiol 

reactive groups to react with the reduced thiols on cysteine residues. Differentially labeled 
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samples are then mixed and subject to mass-spectrometry. The property of thiol specificity is 

at once useful and problematic - useful because tagged peptides can be purified, and 

problematic because peptides lacking cysteines are lost123.  

 

1.2.3.2 Quantification Using Isobaric Labels 

 

Labeled quantification evolved further with the introduction of isobaric tags called 

Tandem Mass Tags (TMTs) and isobaric tags for relative and absolute quantification 

(iTRAQ)120,121. Isobaric tagging allows analysis of more than two samples and does not require 

the isolation of tagged peptides. TMTs consist of at least three groups, a reporter group, a mass 

normalization group and a protein reactive group. These tags are amine reactive and are 

therefore more likely to have a higher efficiency of labeling than ICAT tags. TMTs are 

available in sets of two, six or ten labeling reagents (2-plex, 6-plex and 10-plex 

respectively)120,124. Tags of a particular set have identical mass. For this reason, two identical 

peptides tagged with different TMTs will co-elute from a reverse-phase column and have the 

same MS1 spectral peaks. Depending on the labeling reagent, two, six or ten samples can be 

simultaneously analyzed by MS. The control and treated sample sets are trypsinized, labeled, 

pooled and analyzed. Upon peptide fragmentation of selected MS1 precursor-ions by collision-

induced dissociation in the mass spectrometer, the MS2 spectrum exhibits the reporter group 

peaks in addition to the characteristic peptide fragmentation peaks. The intensities of the 

different reporter group ions indicate the relative quantities of the peptide in the different 

sample sets. Untagged peptides will not have reporter-group peaks in the MS2 and will 

therefore be disregarded in the quantification process. This makes isobaric tagging more 

accurate than the ICAT labeling. TMT has been used in the determination of targets of 

antidepressant drugs125. The above description of tandem mass tags is also true of the iTRAQ 

tags, except that iTRAQ is also meant for absolute quantification. iTRAQ tags come in 4-plex 

and 8-plex reagent kits and enable the use of up to 8 samples121,126. 
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Figure 7. A principle of mass-spectrometry peptide-labeling techniques: iTRAQ/TMT labeling 

is based on isobaric tag and quantification is done at the MS/MS level. SILAC labeling is based 

on metabolic incorporation of isotopic label into cell culture and quantification is done at the 

MS level. This is ideal for high resolution mass spectrometry where MS has usually higher 

accuracy than MS/MS. However, SILAC is more or less limited to cell cultures. Label free 

techniques rely on peak-intensity, spectral-count, peptide count and/or fragment –ion intensity 

for quantification of protein. TS – tested sample, C – control2. 

 

1.2.3.3 Quantification by selected reaction monitoring (SRM) 

 

SRM is the detection and quantification of specific proteins in a sample. It is based on 

the prior knowledge of one or more proteotypic peptides from the protein of interest. A 

proteotypic peptide is one which is always formed upon protein digestion and has complete or 

near complete ionization. The mass-to-charge ratio of a peptide’s precursor- and fragment-ions 

and its chromatographic retention time are characteristic of the peptide and together constitute 

a “transition”. There may be more than one transition per peptide. The mass spectrometer is 

directed to follow pre-specified transitions for a specified duration and to measure their 

intensities. The quantity of the peptide may be calculated from a standard curve of an identical 

labeled peptide (intensity versus concentration). SRM transitions for most of the human, yeast 
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and bacterial proteins are now publicly available online in the SRMAtlas127. SRM can precisely 

measure multiple proteins in a mixture of proteins based on transition information.  

 

1.2.3.4 Label free quantification 

 

Label free techniques are relatively new convenient methods that can be applied to 

multiple datasets and to datasets retrospectively without laborious and costly labeling steps. 

Two basic approaches were introduced in label free mass spectrometry techniques. The first is 

a relative quantification of peak intensity of LC/MS 128. This method is assigned to electrospray 

ionisation because it was found that signal intensity correlates with ion concentration129. 

Another label free approach is named spectral counting130.  This method is based on the fact 

that the number of identified peptides or sum of spectra (spectral count) is dependent on the 

protein abundance128. The main advantage of spectral counting against peak intensity is that 

this method is computationally simple without need to use LC separation.  

 

 Validation techniques 

 

Following drug target identification, it is necessary to validate the results. There is a 

number of possibilities for validating potential small molecule-target interactions. The choice 

of method depends on the compound-target interaction, target protein properties and 

availability of equipment.  

One of the most sensitive and accurate methods for ligand-protein interaction is X-ray 

crystallography. There are several possibilities for obtaining protein-ligand crystal complexes: 

cocrystallization of protein and ligand, soaking ligand into crystallized proteins, co-expression 

of protein and ligand and protein purification in the presence of ligand131. Crystallography 

allows us to determine the structure of protein ligand complexes. The method is expensive 

owing to the necessity for large amounts of high purity target protein and the crystallization 

process is time-consuming132. 

 Another approach to drug target validation is Nuclear Magnetic Resonance (NMR) 

which involves small molecule binding through changes in the resonant frequencies of NMR-

active nuclei133. There are two approaches to confirming small molecule-ligand interaction. 

The first is based on the resonance of target protein. This allows study of any kind of small 

molecules with no upper limit to affinity and allows identify small molecule binding sites. On 



36 
 

the other hand, there is need for isotopically labeled target protein. Moreover, the protein has 

to be highly soluble and the size of the protein is limited. The second approach is based on 

ligand resonance. The main disadvantage here is the restriction on analyzing ligands with high 

affinity. There is no requirement for isotopically labeled protein and the size of protein is 

unlimited134.  

Isothermal titration microcalorimetry (ITC) is another way of small molecule-target 

protein validation. ITC is versatile and frequently used method. It enables to detect the change 

in heat or enthalpy in any chemical reaction and therefore to characterize drug target 

interactions. During ITC experiments, ligand is titrated into the sample cell with target protein 

in appropriate buffer. The heat change is measured: either energy (heat) received from 

surroundings (endothermic reaction) or heat release in the case of exothermic reaction. The 

main advantage is that the experiment runs in a physiological buffer and there is no need for 

immobilization or tagging of ligand135. On the other hand, ITC does not provide us with 

structural information on the binding site. The protein and ligand also need to be dissolved in 

the same buffer and the compound has to be highly soluble.   

New bioinformatics tool molecular docking is widely used last two decades in drug 

discovery and validation. Molecular docking is based on in silico prediction the most favorable 

conformations of protein-ligand (or other biological molecules) interaction. It can also predict 

potential and activity of newly designed drug or help to predict optimization of its structure. It 

is based on computational simulation of protein-ligand interaction with the minimum of free 

energy in the specific conformation. Affinity scoring function ΔG (kcal/mol) is value used for 

ranking the candidate. It is function of sum of electrostatic and van der Waals interactions. 

There are many programs and algorithms used in this field that are under continuous 

improvement and optimization136. 

 

 Relating identified targets to pathways 

 

All these methods can provide us with big amount of data. Understanding to all the 

consequences is not often easy. Acquired results as a list of target proteins, mRNA, metabolites 

and their cell levels are necessary to connect with all the cell processes and networks.  

The observed effect of a drug is the result of interaction of multiple cellular and 

physiological systems. Systems biology has contributed to this realization. This is a relatively 

new discipline but has become indispensable part of drug-development in recent years. It deals 



37 
 

with the relationships between the different components of a system to determine how they 

interact and how they function as a whole137,138. It enables the integration of genomic and 

proteomic data with environmental data to better describe the organism’s phenotype and to 

predict its response to a stimulus. Systems biology has developed computational tools for 

viewing a potential target in the larger cellular or physiological context and to increase the 

confidence of target identification. They include MetaCoreTM (Thomson Reuters), Pathway 

Studio (Elsevier), IPA (Ingenuity Systems), the Software Tool for Researching Annotations of 

Proteins (STRAP), Gene Map Annotator and Pathway Profiler (GeneMAPP), Pathway Tools 

and the Database for Annotation, Visualization and Integrated Discovery (DAVID)139–142.  

 

 

 Quinolones and their derivatives 

1.5.1 Quinolones 

 

Quinolones are well known synthetic antibacterial compounds which have been 

discovered in early 1960s. They have been used for treatment of urinary tract infection, 

respiratory tract infections and later as broad-spectrum antibiotics. Till today, plenty of 

quinolone analogs have been developed to enhance their activity. These compounds are 

appreciated mainly for their high potential, bioavailability, relatively low toxicity and 

favorable pharmacokinetics. It has been shown that they have antibacterial, antiviral, 

antimalarial and also anticancer activities143. The mechanism of action is binding DNA 

topology enzymes, namely gyrase and topoisomerase IV (Fig. 8). These enzymes are essential 

for processes as replication, recombination transcription and chromosome separation 

including changes in DNA topology144. 
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Figure 8. Schematic picture of the quinolone binding effect on gyrase supercoiling cycle. 

Quinolones binds gyrase and stabilize cleavage complex (stage III) what is leading to double 

strand breaks and inhibition of topology dependent processes145. 

 

Quinolone binding to the enzyme creates stabilized enzyme-DNA complex. This “toxic” 

cleavable complex (Fig. 9) is able to produce double strand brakes and is responsible for 

inhibition of replication fork movement and inhibition of transcription. Till today, there was 

patented or published more than 10000 quinolone derivatives what shows their potential146,147.  
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Figure 9. Crystal structure of a quinolone moxifloxacin-topoisomerase IV−DNA cleavage 

complex. The catalytic core of the enzyme is depicted. Moxifloxacin is colored red, the 

topoisomerase IV subunit A in blue and B subunit is green, DNA is colored yellow. (adapted 

from147) 

 

1.5.2 Quinolinone derivatives 

 

Quinolinone derivatives have been studied intensively, especially in the context of their 

various biological activities. Plenty of derivatives were developed and studied to optimize 

structure to enhance their advantageous activities. 

2-phenyl-3-hydroxy -4(1H)-quinolinones (Fig. 10) are ones of the very promising 

group of these derivatives that are currently studied for their favorable biological activities. 

 

1.5.2.1 2-phenyl-3-hydroxy -4(1H)-quinolinones 

 

2-phenyl-3-hydroxy -4(1H)-quinolinones (3-HQs) are considered as aza-analogues of 

flavones, compounds with variety of biological and spectral properties. Many synthetic routes 

of their preparation have been developed since 1971148. The key reaction – cyclization of 

phenacyl ester of anthranilic acid were developed by Jirman and Hradil in 1995149. Further, 

introducing carboxy moiety to the position 7 was important step for derivatization 3-HQs by 

phenacylesters, amids, salts and other carboxy moieties. This optimization enabled possibility 

to enhance biological activity, solubility and bioavailability150. Solid phase organic synthesis 
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(SPOS), efficient method with high purity and high yield has been employed for synthesis of 

hydroxyquinolinones in 2007151. The advantages of SPOS are immobilizing compounds on a 

resin and further use convenient washing steps that facilitate all synthetic procedures. SPOS is 

currently one of the most powerful methods for drug discovery and their optimization. It 

enables fast synthesis of highly diverse chemical libraries for SAR information. 

   

 

Figure 10.  A) Basic structure of 3-HQs and B) flavone 

 

Various biological effects of these compounds have been found in the last decades. For 

these substances were similarly to the parent derivative 4(1H)-quinolinones, well known 

antibiotics, demonstrated antibacterial activities. Sui with co-workers made SAR study of 

specific group of 3-HQs. They proved inhibition of bacterial gyrase and mammalian 

topoisomerase II. The compounds showed different SAR to each of the enzyme. This shows 

different 3-HQs binding sites for both enzymes152.  

3-HQs have been also demonstrated as immunosuppressive agents. Lymphocytes are 

mostly in quiescent state upon stimulation by antigen or polyclonal mitogen. Inhibition of 

concavaline A activated lymphocytes was tested by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide salt] assay. Some compounds showed preferential inhibition 

activity to stimulated versus quiescent lymphocytes153. 3-HQs structures displayed inhibition 

activity of inosine monophosphate dehydrogenase (IMPDH). IMPDH enzyme that is 

responsible for guanosin de novo synthesis. The enzyme is crucial for differentiation and 

proliferation of cells. Therefore, proliferating lymphocytes and cancer cell lines are interesting 

targets for these structures. Specific 3-HQs derivates were tested by IMPDH assay measuring 

spectrophotometric NADH (nicotine amide adenine dinucleotide) increase and many potent 

inhibitors were discovered154. 

Only few studies37,148,150,155–159 have described an anticancer activity of these 

compounds until today. Several normal tissues and cancer cell lines were tested for in vitro 

anticancer activity by using the MTT assay or NCI (National Cancer Institute) in vitro drug 

https://en.wikipedia.org/wiki/Di-
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evaluation system. NCI system involves testing against three cancer cell lines. Compounds 

significantly reducing the cell growth (to approximately 32 %) of at least one of them are 

further tested on extended panels of 60 cell lines. Chloro derivates 3-HQs were tested for 

cytotoxic activity by this method in 2004. Some compounds were active for example against 

breast cancer (MCF7), melanoma (M147), ovarian cancer (IGROV1) and some others158.  

Later, series of 2-phenyl-3-hydroxy-4(1H)-quinolinones-7-carboxylic acid (Fig. 11) 

were tested for their cytotoxic activity by MTT assay. MTT assay is based on metabolizing of 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide salt to formazan by viable 

cells. The purple color of dissolved formazan is measured spectrofotometrically. They tested 

this group of 3-HQs by MTT assay on cancer cell lines CCRF-CEM (T-lymphoblastic 

leukemia), CEM-DNR (T-lymphoblastic leukemia resistant to doxorubicine, expressing 

multidrug resistant phenotype depending on multidrug resistance gene 1-mdr1 and lacking 

topoisomerase IIα gene), A549 (lung adenocarcinoma), K-562 (human myeloid leukemia), and 

K562-TAX (human myeloid leukemia resistant to paclitaxel, expressing multidrug resistant 

phenotype depending on P-glycoprotein - pgp gene). When the carboxy moiety remained 

unmodified, the cytotoxic activity is weak. The reason can be low permeability through 

plasmatic membrane. By introducing the phenacylester group instead of the carboxylic group, 

the cytotoxicity increased sharply to micromolar and submicromolar concentrations150. 

 

 

 

Figure 11. Structures of A) 2-phenyl-3-hydroxy-4(1H)-quinolinones-7-carboxylic acid B) 2-

phenyl-3-hydroxy-4(1H)-quinolinones-7-phenacylester C) 2-phenyl-3-hydroxy-4(1H)-

quinolinones-7-carboxamide D) 3-nitro 4-amino 3-HQs 

 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Another group 3-nitro 4-amino 3-HQs was tested again by MTT assay on CCRF-CEM, 

CEM-DNR, K562, K562-TAX and A549 cell lines. All derivatives were active in micromolar 

concentrations on CEM cell line. Moreover, these compounds also exhibit high cytotoxic 

activity against multidrug resistance cell lines overexpressing PGP1 and/or MRP1 proteins 

from family of ABC (ATP binding cassette) transporters (K562-TAX and CEM-DNR, 

respectively)148. 

Further, vast SAR study of 2-substituted-3-hydroxyquinolin-4(1H)-one-carboxamides 

was done in 2011. The effect of carboxamide position in 6-8 and substitution was described 

and new potent compounds were found. Optimization of carboxamide substitution leads to the 

increased cytotoxic activity in submicromolar concentration (about 250 nM)155. Follow-up 

study from 2015 is focused on in solution synthesis of 2-substituted-3-hydroxyquinolin-4(1H)-

one-5-carboxamides. 2-Aryl-3-hydroxyquinolin-4(1H)-ones generally exhibit dual fluorescent 

properties with two separated emission bands.   These features show their potential application 

as molecular probes and in fluorescence labeling156,160–162. It was proved that different 

positioning of carboxamide group in 3-HQs affect fluorescence properties of 3-HQs160. Study 

of 2-substituted-3-hydroxyquinolin-4(1H)-one-5-carboxamides displayed similar features as 7 

isomers. These structures can be therefore used as molecular probes or pH indicators. 

Furthermore, fluorescence microscopy study displayed capability of 5-carboxamides entering 

live cells with specific cytoplasmic staining (Fig.12). The cytotoxic activity was comparable 

with phenacylester derivatives mentioned above (micromolar and submicromolar cytotoxic 

activity)156. 
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Figure 12. U2OS osteosarcoma cancer cells treated with 2-substituted-3-hydroxyquinolin-

4(1H)-one-5-carboxamide. The cytoplasmic staining is displayed in green and red color156. 

 

The mechanism of action of 2-phenyl-3-hydroxy -4(1H)-quinolinones hasn´t been still 

elucidated. Gyrase and topoisomerase inhibition has been proven in discussed derivatives152. 

In view of the fact that some mentioned derivatives are also active on cell lines with 

topoisomerase deletion, there are probably additional targets. 

 

 

  Eukaryotic Elongation factor 1 alpha (eEF1A) 

1.6.1 The eEF1A and its complexing proteins 

 

eEF1A is one of the most abundant proteins in the cell, containing 1-3% of the total 

protein content. It is a member of G protein family and catalyzes GTP-dependent positioning 

of aminoacyl tRNA (aa-tRNA) into the A site of ribosome during elongation step of protein 
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synthesis163,164. In higher vertebrates, it exists in two forms (eEF1A1 and eEF1A2) encoded by 

two distinct genes165. While eEF1A1 is highly expressed in all tissues, eEF1A2 is expressed 

only in adult muscle, heart, brain, and neuron cells in non-proliferation state166,167. In spite of 

the fact that these two isoforms share 96 % of amino-acid sequence identity and 75% nucleotide 

identity168, they exhibit distinct functions. The only exception is their similar canonical 

translational function, but they exhibit distinct binding affinity for GDP and GTP. eEF1A2 has 

lower affinity for GTP than eEF1A1. Moreover, they show various pro-apoptic and anti-

apoptic activity, different phosphorylation pattern and involvement in cell signaling 

pathways163,164 . In addition, eEF1A requires guanosine exchange factor eEF1B promoting 

GDP/GTP exchange. In saccharomyces cerevisiae eEF1B comprises of two subunits eEF1Bα 

and eEF1Bγ, in plants there is one more subunit eEF1Bβ, and in metazoan eEF1Bδ, 

respectively. eEF1Bα, eEF1Bβ, eEF1Bδ have nucleotide exchange function and eEF1Bγ has 

anchoring function to localize eEF1B to the endoplasmic reticulum (ER)169. 

 eEF1A crystal structure include three domains. Domain I (1) binds GTP/GDP and is 

made of Rossmann fold topology, domain II (2) is involved in aa-tRNA binding and domain I 

and II interact with EF1Bα, domain III (3) interacts with actin. Domain II and III is formed 

from two beta sheets creating beta barrels (Fig. 13)170–172.  

 

Figure 13. Three-dimensional (3-D) model of yeast homolog of eEF1A1. Domain 1 (blue), 

domain 2 (green), domain 3 (pink), EF1Bα binding region (peach) and aa-tRNA binding 

region, GDP-binding region (yellow) are depicted. In green are different eEF1A2 aminoacid 

sequences displayed171. 
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1.6.2 Role of eEF1A in translation 

 

Eukaryotic protein synthesis is one of the most complicated biochemical process in the 

cell. During translation, collaboration of many molecules (mRNA, tRNA, soluble initiation, 

elongation or release factors, ribosomes, etc.) is needed. The process of translation is divided 

into three steps: initiation, elongation and termination. After initiation step during which Met-

tRNAMet
 is paired with codon AUG, the nascent peptide is produced cyclically in elongation 

step. Elongation factor alpha 1 (eEF1A, former named eEF1α) delivers aa-tRNA into the A site 

of the ribosome in the first step of elongation. The ribosome contains (except the A site) P site 

with the growing nascent peptide chain. EF1A is G protein, therefore it is active in GTP-

bounded state. As the intrinsic GTPase activity of eEF1A is slow, the GTP/GDP switch enables 

nucleotide exchange factor elongation factor 1 beta (eEF1B, former eEF1β). This factor 

enables cyclic regeneration of eEF1A for delivery aa-tRNA into the A site of the ribosome. 

After creating a new peptide bond by ribosomal peptidyl transferase, the peptidyl-tRNA: 

mRNA is translocated from the A site into the P site by elongation factor 2 (EF-2) in the third 

elongation step. This step enables positioning the next codon into the A site. This process is 

cyclically repeated (Fig. 14)173. 

 

Figure 14. The role of eEF1A (eEF-1α), eEF1B (eEF1-β) and EF-2 in translation elongation173 
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1.6.3 Non-canonical function of EF1A 

 

eEF1A is called moonlighting (multifunction) protein. It´s primary function is 

participation in protein biosynthesis, but it also has many non-canonical functions that this 

protein has gained during evolution. 

 

1.6.3.1 Nuclear export 

 

One of the non-canonical function of eEF1A is the nuclear transport. The participation 

of eEF1A on tRNA nuclear export has been studied on S. cerevisiae mutant in aa-tRNA binding 

domain II of eEF1A. This mutant showed defects in the nuclear export of aa-tRNA and 

accumulation of tRNA in the nucleus. Although it is a question if aa-tRNA transport can be 

considered as a non-canonical function170,174, as the binding aa tRNA is connected with the 

translation function. However, eEF1A was found to be involved in transcription-dependent 

nuclear protein export in mammals. This role of eEF1A was found to be executed from the 

cytoplasmic side of the nuclear envelope175. In previous studies of nuclear transport eEF1A 

was localized in the cytoplasm175–177.  On the other hand, eEF1A was shown to be able to access 

the nucleus, as it was detected in nuclear export mutant (msn5Δ, yeast analogue of exportin-

5), where eEF1A was found to be essential for tRNA nuclear transport178. Moreover, Mingot 

and coworkers described nuclear function of eEF1A in 2013. Here, eEF1A participate on the 

nuclear transport of SNAG-containing proteins (Snail transcription factors) in aa-

tRNA:exportin5:EF1A complex from the nucleus179. 

In 2014, Nudler et al. published the involvement of the isoform eEF1A1 (but not 

isoform eEF1A2) in the heat shock response. During stress reaction eEF1A1 was found to 

recruit HSF-1 (heat shock factor 1) regulator to HSP70 (heat shock protein 70) promoter to 

activate its transcription. eEF1A1 then associates with RNA polymerase II and stabilizes 

HSP70 mRNA. Elongation factor further facilitates HSP70 mRNA nuclear transport through 

nuclear pore complex (NPC) to the ribosomes (Fig. 15)180. 
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Figure 15. eEF1A1 connecting HSP70 transcription to translation. In top left quadrant is 

normal state depicted, eEF1A1 resides mainly in cytoplasm as a part of translational machinery, 

upon stress (heat shock) eEF1A1 associates with RNA polymerase II and brings activator HSF-

1 to the HSP70 promoter HSE (heat shock elements). Further stabilizes its mRNA and transport 

it to the ribosome (bottom left quadrant). In eEF1A1 knockdown the level of HSP70 remains 

low (right quadrants)180. 

 

1.6.3.2 eEF1A1 in protein degradation 

 

Couple of studies support the idea that eEF1A has also an antagonistic function as a 

part of the degradation process. The first study displayed eEF1A as a factor essential for 

ubiquitin dependent degradation of Nα-acetylated proteins by 26S proteasome complex181. 

Moreover, eEF1A was found to interact with nascent polypeptide chains of different length and 

sequence and can bind misfolded proteins acting as a chaperone182. This is in agreement with 
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the fact that EF-Tu (elongation factor thermo-unstable, prokaryotic analogue of eEF1A) 

demonstrates chaperon like activities183. Later, Chuang et al. published the ability of eEF1A to 

bind ubiquitinated proteins and the proteasome subunit Rpt1. They created model consistent 

with their results and other studies – eEF1A can recognize and mediate the degradation of 

damage nascent proteins (Fig. 16)184. 

 

 

 

 

 

Figure 16. Model of potential role of eEF1A in protein degradation. eEF1A can binds 

ubiquitinated proteins and the proteasome subunit Rpt1and further mediate the degradation of  

misfolded nascent proteins184. 

 

1.6.3.3 eEF1A and the cytoskeleton 

 

In the last decades many studies support the connection between the cytoskeletal 

organization and protein synthesis. The main cytoskeletal role in this interaction is played by 

actin. Data support the hypothesis that cytoskeleton participates in the regulation of protein 

biosynthesis and its spatial organization. Many parts of translation have been found to associate 

with the cytoskeleton. For example, eukaryotic initiation factors, eukaryotic elongation factors, 

aminoacyl-tRNA synthetase or Cap binding proteins185. 
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The first study supporting this hypothesis comes from 1990. The eEF1A was isolated 

as an actin-binding protein in Dictyostelium discoideum186. Later, this interaction was 

confirmed in several species187,188 and it was found that eEF1A is able to cross-link F-actin and 

generate actin bundles in vitro189. F-actin inhibits aa-tRNA binding to eEF1A and this two 

interactions are mutually exclusive190. It seems that there are two forms of eEF1A, one GTP 

bound – translationally active, and second F-actin binding – translationally inactive. Another 

study shows an important relationship between eEF1A, eEF1Bα and F-actin. This study 

demonstrates that eEF1Bα and F-actin binding eEF1A are mutually exclusive. eEF1A in 

complex with eEF1Bα is unable to bind and cross-link actin191. These results demonstrate 

complex relationships between eEF1A, eEF1Bα and F-actin resulting in translational control 

and cytoskeleton organization. A hypothetical model of connection between translation a 

cytoskeletal organization was depicted by Kim and Coulombe (Fig. 17)185. 

 

 

 

Figure 17. Hypothetical model of connection between cytoskeleton and translation. Here is 

depicted how can be components involved in translation (aa-tRNA, eEF1A, eEF1Bα) found in 

cytoskeletal fibre (actin) bound form and free form. In the step 1 free tRNA is aminoacylated 

and further used as a building block for protein biosynthesis (step 2) and recycled (step 3). 

eEF1A is recycled (step 4) as well by GDP/GDP exchange facilitated by eEF1Bα and 

eEF1Bγ185.  

 

Mutation analysis of S. cerevisiae eEF1A found that specific eEF1A mutations show 

reduction in actin cross-linking and bundling activity. Intriguingly, these mutations don´t affect 

translational function, pointing out the fact that these two functions of S. cerevisiae eEF1A are 
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separate192. Oppositely, genetic perturbation of F-actin by mutations in actin remodeling 

proteins (tropomyosin I and mitochondrial disruption and morphological protein 20) 

demonstrate reduced actin bundling properties and moreover, shows large reduction in protein 

biosynthesis. In the same study Kinzy and Gross found that translation initiation more than 

translation elongation is disrupted in these mutants193. All this data support the hypothesis that 

translation and cytoskeleton undergo reciprocal regulation. Cytoskeleton probably act as a 

scaffold for macromolecules involved in translation185. 

 

1.6.3.4 eEF1A in viral propagation 

 

Viruses depend on host cells proteins to be able to replicate. Therefore, it is quite logical 

that they evolutionary found to hijack eEF1A, one of the most abundant proteins, for their 

effective replication and propagation. The function of eEF1A in these processes seems to be 

various among many viruses171.  

eEF1A is involved in binding tRNA - like sequence (TLS) in 3´ UTR RNA of some 

plant viruses. This sequence was found in turnip yellow mosaic virus (TYMV), tobacco mosaic 

virus (TMV), and brome mosaic virus (BMV), for example171,194. TLS´s have important roles 

in virus protein synthesis, inhibition of minus-strand RNA synthesis and virus packaging195,196. 

Moreover, TMV translation was decreased after mutation in EF1A1 binding site of TLS195. 

eEF1A was found to interact with other RNA structures, for example replication silencer 

element in 3´UTR of Tombusvirus or stem loop at the 3´ UTR region of West Nile virus 

(WNV), both interactions stimulate the minus-strand synthesis197,198. 

Other studies demonstrate that eEF1A interacts with viral polymerase proteins to enable 

assembling the virus replication complex. Interaction of RNA-dependent RNA polymerase 

(RdRp) was identified in TMV199. Downregulation of eEF1A reduced TMV infection 

propagation in plants200. eEF1A1 and its complexing proteins (eEF1B, eEF1G) are necessary 

for function of RdRp (named L protein) in Vesiculovirus201. It was described that eEF1A1 

interaction is important for virus mRNA transcription202. Further, HIV-1 reverse transcriptase 

has been found to interact with eEF1A and eEF1G proteins. Downregulation of these two 

proteins exhibits inhibition of reverse transcriptase complex203.  

eEF1A has obviously a role in pathogenicity of several diseases. It can bind 

oncoproteins E6 and E7 from human papilloma virus 38. It was found that eEF1A interaction 

with E7 enables cell immortalization and transformation in primary human keratinocytes. This 

interaction is crucial for impairment of actin stress fibers leading to cell transformation204. 
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Other interactions of eEF1A in diseases include X protein from hepatitis B virus, Nef 

protein, integrase or Gag protein from HIV-1 virus and many others. All these data show 

diversities in eEF1A1 viral interaction. Obviously, eEF1A and its complexing proteins are 

crucial for viral life cycle171. 

 

1.6.3.5 eEF1A in apoptosis, cell signaling and cancer 

 

Several studies have been made to elucidate the eEF1A role in apoptosis. First study 

from 1998 demonstrated that eEF1A has pro-apoptotic function in 3T3 mouse fibroblasts205 . 

Later, it was shown that eEF1A levels significantly increases upon H2O2 treatment in rat heart 

myoblast cells. H2O2 causes dose-dependent apoptosis. Lethal dose of H2O2 together with 

treatment by transcriptional inhibitor significantly upregulates eEF1A protein levels. 

Therefore, eEF1A expression is regulated apparently on post-transcriptional level206. 

 The role of this protein in apoptosis is controversial and can have both pro-apoptotic 

and anti-apoptotic activity. This was explained by the existence of two isoforms eEF1A1 and 

eEF1A2. The levels of eEF1A1 and eEF1A2 were monitored during serum-deprivation 

induced apoptosis. They found eEF1A2 to be completely replaced by eEF1A1 during this 

process on myotubes. Other experiments showed that continual expression of eEF1A2 has pro-

survival effect in skeletal muscle. On the other hand, myotube apoptosis was accelerated by 

introduction of eEF1A1 homolog, whereas transfection by antisense eEF1A1 have pro-survival 

effect207.  

The role of eEF1A1 in cell death seems to be important. eEF1A1 was demonstrated as 

a mediator of lipotoxic cell death. It was found to participate in lipotoxic mediated cell death 

in hamster ovary cells and H9c2 cardiomyoblasts. This process is caused by fatty acid overload 

that leads to endoplasmic reticulum (ER) stress and reactive oxygen species (ROS) lipotoxic 

stress. The regulation of cytoskeletal remodeling during progression of these cell 

death/apoptosis is mediated by eEF1A1208. 

Phosphorylation of serine (Ser), threonine (Thr) and tyrosine (Tyr) is crucial post-

translation modification that has regulatory role in majority of cell processes (survival, 

signaling pathways, proliferation, cell death, etc.). eEF1A as a one of the most abundant 

proteins is subjected to phosphorylation on several residues by different kinases (Fig. 18)164. 

Different isoforms eEF1A1 and eEF1A2 exert various features as Tyr substrates. eEF1A1 has 

ability to interact with adaptor proteins containing SH2 domains. On the other hand, eEF1A2 

can interact with adaptor proteins containing SH2 (Src homology 2) and SH3 (Src homology 
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3) domains and therefore has bigger opportunity to participate in phosphotyrosine-mediated 

signaling pathways209. The phosphorylation status of eEF1A can possibly explain the 

moonlighting function of this protein and possible switch among its involvement in different 

processes164. 

One of the proteins promoting eEF1A phosphorylation is brain-derived neutrophic 

factor (BDNF). BDNF can regulate neural activity and postsynaptic development and plasticity 

in brain210. BDNF can promote eEF1A phosphorylation that cause enhancing of translation rate 

and dephosporylation of EF-2 enabling translocation from ribosomal A site to P site through 

mTOR signaling pathway. Similar effect on eEF1A and eEF-2 was observed in insulin treated 

cells211–213.  

PAS kinase (PASKIN) is nutrient-sensing protein kinase involved in metabolic 

regulation and glucose homeostasis214,215. eEF1A1 is phosphorylated at Thr 432 by PASKIN 

what results in enhancing protein synthesis in vitro216 . 

Protein kinase C is Ser/Thr kinase involved in cell growth regulation, apoptosis, 

differentiation and motility. Isoenzyme PKC δ can phosphorylate eEF1A at Thr 431217. Higher 

nucleotide exchange rate and translation elongation was demonstrated after eEF1 

phosphorylation by PKC in rabbit reticulocytes218,219. Moreover, PKCβI can phosphorylate 

eEF1A2 at Ser 53 in mouse myoblasts. This interaction depends on eEF1A2 phosphorylation 

status220. 

Rho-associated kinases (Ras homologous) is a group of kinases involved in adhesion, 

cell motility, microvillus formation, and as well in organizing actin structures (stress fibers). 

Rho-GTP was found to be able to phosphorylate eEF1A and cause decrease in F-actin bundling. 

Further, eEF1A can interact with myosin-binding subunit (MBS) of myosin phosphatase and 

regulates by that the phosphorylation state of eEF1A221. 

Interferon α (INFα) induces apoptosis in cancer cells mostly through c-Jun N-terminal 

kinase 1 (JNK-1) and/or by p38 MAPK (mitogen activated protein kinase) signaling. The 

interaction between EF1A and C-Raf was described in a study focused on INFα mediated 

survival response through by epidermal growth factor (EGF) signaling in lung cancer. This 

interaction and following Raf phosphorylation of eEF1A can protect eEF1A from proteasome-

mediated degradation and leads to cell survival222.  

Further studies focused on phosphorylation sites found Ser21 and Thr88 as eEF1A1 

phosphorylation sites of B-Raf (but not C-Raf). On the other hand, Ser 21 EF1A2 was 

phosphorylated by both B-Raf and C-Raf. In the same study they found that eEF1A1 and 
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eEF1A2 hetorodimerize to enhance Ser21 phosphorylation. This phosphorylation event is 

probably crucial in switch between translation and other non-canonical function of eEF1A223.  

TGF-β receptor (TβR-I) is important part of transforming growth factor β (TGF-β) 

signaling involved in cell proliferation. TβR-I was found to phosphorylate eEF1A1 at Ser300 

in vitro and in vivo leading to inhibition of translation and regulation of cell proliferation224. 

The phosphatide-3-kinase (PI3K)/AKT signaling is important in many cellular 

processes as a cell growth, survival, motility, and proliferation. Moreover, activation in this 

pathway is crucial in hepatocellular carcinoma (HCC)225–227. In the study interested in higher 

rate of mouse double minute homolog 4 (MDM4) in hepatocellular carcinoma, the important 

role of eEF1A2 was found. MDM4, the negative regulator of p53228, is upregulated in HCC. 

eEF1A2 was found to activate PI3K/AKT/ mTOR cascade resulting in MDM4 stabilization by 

post-transcription mechanism229. Moreover, silenced eEF1A2 resulted in inhibition of 

PI3K/AKT/mTOR/NF-κB pathway, and the cell motility, invasion, and proliferation were 

reduced, and apoptosis inhibited. Oppositely, eEF1A2 overexpression increased cell 

proliferation, motility and invasion. Therefore, eEF1A2 plays role as a potential oncogene230. 

The putative oncogenic role and high overexpression was described in many cancers (ovarian 

cancer, breast cancer, lung cancer, HCC)163. 

Recently, eEF1A1 was found to have an important role in many cancers. P21 activated 

kinase 4 (PAK4), involved in cytoskeletal organization, has been found to interact with 

eEF1A1 in gastric cancer. This interaction promoted metastasis and invasion in gastric 

cancer231.  

Human HLA-F adjacent factor 10 (FAT10) is ubiquitin-like protein capable of direct 

targeting the substrate to proteasome degradation, and has significant role in cell proliferation 

and cancer development232,233. FAT10 can promote cancer proliferation by protecting eEF1A1 

from degradation. Overexpression of FAT10 results in decrease in ubiquitin-eEF1A1 

complexes and increase in FAT10-eEF1A1 complexes. Therefore, FAT10 competes with 

ubiquitin in eEF1A1 binding, and FAT10-eEF1A1 complexes are not degraded by the 

proteasome233. 

Another study shows that eEF1A1 is a binding partner of p53 and p73 proteins, key 

proteins regulating cell proliferation and cell death. By the silencing experiments they 

downregulated eEF1A1 and found enhancement of chemotherapy sensitivity in p53 and p73 

wild type cells. Therefore, eEF1A1 is probably the negative regulator of p53- and p73-mediated 

apoptosis234. 



54 
 

Recently, eEF1A1 was found to be the new potential promising biomarker in HCC, as 

the expression and mRNA levels correlate with poor prognosis and disease-free survival in 

patients235.   

Certainly, EF1A is an important multifunctional protein with many roles and binding 

partners. Synthesis and development of compounds targeting this protein can bring new 

pharmacological possibilities and new information of this biotarget. 

 

 

 

Figure 18. eEF1A1 and eEF1A2 involvements in signaling pathways and their potential effect 

on apoptosis, survival and translation. Polyamines are multifunctional cations important for 

protein kinase CK-2 (CK-2) and cyclin dependent kinase (CDK). For other abbreviations see 

text164. 
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 Pyruvate kinase M2 

 

Pyruvate kinase is the key glycolytic enzyme catalyzing the final-rate limiting step of 

glycolysis. It catalyzes dephosphorylation of phosphoenolpyruvate (PEP) to pyruvate and 

generates ATP (Fig. 19). There are four isoforms of pyruvate kinase: PKL, PKR, PKM1 and 

PKM2. Pyruvate kinase type L (PKL) is expressed in kidney and liver, pyruvate kinase type R 

is expressed in erythrocytes, and both are encoded by PKL gene236. Pyruvate kinase M1 

(PKM1) is expressed in brain and muscle, and pyruvate kinase M2 (PKM2) is expressed in 

almost all tissues except brain, muscle and liver, and in all proliferating tissues, embryonic 

cells and mainly in tumour cells. Both PKM1 and PKM2 are product of PKM2 gene and are 

expressed by alternative splicing237. 

PKL, PKR, and PKM1 exist in tetramer quaternary structure; PKM2 can exist in 

tetramer or dimer238,239. Tetramer form of PKM2 is the active form with higher affinity to PEP 

and it regenerates energy. On the other hand, dimeric form of PKM2 has lower affinity to PEP 

and is less active, therefore it mediates an accumulation of glycolytic intermediates for 

biosynthetic process. In tumour cells, PKM2 is found predominantly in dimeric inactive form 

that enables accumulation of glycolytic intermediates for biosynthesis processes. Glycolytic 

intermediates such as glucose 6-phosphate, fructose 6-phosphate,  glyceraldehyde 3-phospate, 

dihydroxyacetone phosphate (DHAP) and glycerate-3-phosphate are necessary for nucleotide, 

phospholipid, sphingolipid and amino acid biosynthesis (Fig. 19)238. 
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Figure 19. Pyruvate kinase M2 (in the picture named M2-PK) and its role in glycolysis to 

generate glycolytic intermediates for biosynthetic processes. HX: hexokinase, PFK: 6-

phosphofructo 1-kinase, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, LDHA: lactate 

dehydrogenase, PPP: pentose phosphate pathway238. 

 

PKM2 tetramer-dimer ratio can be regulated in several manners. Fructose 1,6-bis 

phosphate (FBP) can tetramerize PKM2; it induces association of PKM2 dimers into active 

PKM2 tetramers238. Other activators of PKM2 is serine240, metabolite of de novo purine 

synthesis of succinyl-5- aminoimidazole-4-carboxamide-1-ribose-5-phosphate (SAICAR)241. 

On the other hand, interaction with some oncoproteins (e.g. HPV 16-human papillomavirus 16 

E7 protein, PML-promyelocytic leukemia tumour suppressor), or PKM2 post-translational 

modification by phosphorylation (e.g. FGFR1-fibroblast growth factor 1, JAK2, BCR-

ABL)242, PKM2 acetylation243 or oxidation244 cause PKM2 dimerization and thereby decrease 

of its activity.  
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Further investigation revealed that PKM2 can be translocated into the nucleus and 

transactivate genes important for tumour growth. Through direct interaction with HIF1α 

(hypoxia inducible factor 1 α) it activates HIF1α target genes LDHA, GLUT1 and PKM2 

itself245. Upon EGF stimulation PKM2 binds phosphotyrosine peptides of β-catenin and the 

complex is translocated into the nucleus. In the nucleus PKM2 transactivate c-Myc and cyclin 

D1 gene through HDAC3 (histone deacetylase 3) dissociation from promoters246. Another 

study reveals that PMK2 dimer can act as a tyrosine kinase utilizing PEP as a phosphate donor. 

Results show that the inactive dimer acts as a tyrosine kinase, and the active tetramer acts as a 

pyruvate kinase. It can phosphorylate STAT-3 (signal transducer and activator of transcription 

3) and thereby transcactivate STAT-3 target genes247. The STAT-3 is not only target of PKM2 

tyrosine kinase; it was described recently that PKM2 can  phosphorylate spindle checkpoint 

protein Bub3 controlling the accurate chromosome segregation during mitosis248. Another 

phosphorylation targets of PKM2 are for example MLC2 (myosin light chain 2) and ERK1/2 

(extracellular signal regulated kinase 1/2). Phosphorylation of MLC2 leads to cytokinesis 

initiation249, and phosphorylation of ERK1/2 leads to transactivation genes of proliferation241. 

Moreover, it was found that PKM2 can bind Oct-4, transcription factor maintaining stem cells 

pluripotency, and enhance Oct-4 mediated transcription 250. Recently, it was described that by 

binding HIF1-α and NF-kB, PKM2 can stimulate VEGF (vascular endothelial growth factor) 

secretion and angiogenesis ( Fig. 20)251. 
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Figure 20. Modulation of PKM2 activity and PKM2 role in cell signaling252. 

 

Increased expression of PKM2 has been detected in many cancers and is connected 

with poor prognosis. The PKM2 overexpression was described in gastric cancer, esophageal 

cancer, hepatocellular carcinoma, cervical cancer, breast cancer, colorectal cancer and many 

others252. 

No doubt, pyruvate kinase is the crucial enzyme for tumorigenesis. Originally, it was 

known as a key glycolytic enzyme, but in the past two decades many new roles of this protein 

were described. Certainly, there will be attempts for developing of new compounds targeting 

PKM2  in cancer treatment252. 
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 Nucleoside analogs 

 

Purines and pyrimidines are naturally occurring heteroaromatic compounds with wide 

spectrum of biological activities. They have various roles in the cell, they act as enzyme 

cofactors (coenzyme A), second messengers (cAMP, cGMP - cyclic guanosine 

monophosphate), coenzymes (NADH), storage of energy (ATP), and most importantly they 

are part of nucleosides, building blocks of nucleic acids DNA and RNA (purine nucleosides 

adenine and guanine, pyrimidine nucleosides thymine, uracil and cytosine). Nucleoside analogs 

are important group of compounds with pharmacologically diverse effects. They exhibit 

antimicrobial, antiviral, anticancer or immunosuppressive effects253 and their potency inspires 

to synthetize and optimize many compounds for diverse pharmacology applications. 

 

1.8.1 Purine analogs 

 

Purine is the most common natural N-heterocyclic compound. Its name “purine” was 

attributed to imidazole [4,5-d] pyrimidine compound by Emil Fisher in 1884254. Plenty of 

naturally occurring purines have been described, for example caffeine from coffee beans and 

tea leaves, several purine derivatives isolated from marine organisms (3,7-dimethylisoguanine 

with antibacterial activity, 1-methylherbipoline- inhibitor of collagenase) or cytokine zeatin 

from Zea mays and many others (reviewed in255). 

Many synthetic routes of purines analogs have been developed and described including 

solid phase synthesis256. Purine libraries were synthesized and the compounds screened for 

their biological activities and some of them were further approved for disease treatment. The 

potency of purine analogs is clear from their wide biological activities. They exhibit 

antimicrobial (for mycobacterium tuberculosis treatment)257, antiviral (acyclovir for herpes 

simplex virus258, carbovir for HIV259, anticancer (fludarabine or cladribine for hematological 

malignancies treatment (Fig. 21) and immunosupresive effects (azathioprine)260.  
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Figure 21. Structure of clinically used purine analogs fludarabine and cladribine for 

hematologic malignancies (modified from261
). 

 

They act by various mechanism of action. Most of nucleoside analogs act as 

antimetabolites. They enter the cell (mediated by specific membrane proteins) and are 

subsequently phosphorylated by various enzymes (deoxdycitidine kinase, deoxyguanosine 

kinase). Further, they compete with natural nucleotides what leads to many processes. They act 

as antimetabolites, so they incorporate into DNA or RNA, leading to nucleic acid synthesis 

inhibition. Moreover, they are substrates for many enzymes during DNA repair, which leads 

to enzyme inhibition, DNA damage and apoptosis (Fig. 22)253,261,262. 

 

              

 

Figure 22. Mechanism of action of nucleoside analogues (NA). When NA enters the cell, it is 

activated - phosphorylated by specific enzyme and subsequently exerts its function 

(incorporation into DNA or RNA, interfere with enzyme function), resulting in DNA synthesis 

inhibition and cell death253. 
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Some of purine-based small molecules exhibit various effects, some of them act as 

interferon inducers263, kinase inhibitors264, inhibitors of HSP90 (heat shock protein 90)265, 

phosphodiesterase inhibitors266, microtubule assembly inhibitors267 or act by other mechanism 

of action256. 

 

1.8.1.1 Pyrrolo [2,3-d] pyrimidine (7-deazapurine) 

 

7-Deazapurines (IUPAC name: Pyrrolo [2,3-d] pyrimidine) are compounds similar to 

purine nucleosides and have been intensively studied for their powerful biological 

(antimicrobial, anti-inflammatory, anticancer, antifungal) activities268. The replacement of 

nitrogen N7 by carbon possess new possibility of compound modification, and makes five 

membered ring more electron-rich and therefore probably more prone to cation interactions. 

As the 7-deazapurines resemble purine nucleosides (Fig. 23), they can act as antimetabolites, 

incorporating into DNA and RNA. However, many other mechanism of action have been 

discovered for these compounds269. 

 

 

 

                                                                         

Figure 23. Structure of purine and 7-deazapurine. 

 

Several 7-deazapurines have been described to occur naturally: hypermodified 

guanosine nucleoside analogue queuosine (1a) isolated from bacterial tRNA270 or archaeosine 

(2), isolated from archeal tRNA271 or 2´-deoxyqueuosine (1b) recently found in bacterial 

DNA272 (Fig. 24). 
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Figure 24. Deazapurines occurring in the nature (modified from269). 

 

Several natural 7-deazapurines with cytotoxic effect have been described including 

tubercidin (3), toyocamycin (4) and sangivamycin (5) isolated from Streptomyces (Fig. 24). 

These compounds are very similar, but their mode of action is distinct. All compounds are upon 

cell penetration phosphorylated by various kinases to mono-, di- and triphosphates (MP, DP, 

TP) and subsequently incorporated into DNA and RNA273–275. Tubercidin impairs many 

cellular processes as nucleic acid synthesis, protein translation, mitochondrial respiration, 

rRNA processing, purine synthesis275 and it inhibits S-adenosylhomocysteine hydrolase276. 

Toyocamycin (4) inhibits phosphatidylinositol kinase277, rRNA transcription278 and recently 

was found to be inhibitor of XBP1 (X-box binding protein 1) mRNA splicing. XBP1 is a key 

regulator of ER stress response and it is important for multiple myeloma survival279. 

Sangivamycin (5) is known to inhibit PKC and recently was found to induce apoptosis via Erk 

and Akt signaling280 and binds molecular chaperone HSP70281. 

Many compounds based on 7-deazapurine scaffold have been synthetized and tested 

for their biologic and pharmacology activities. In this group are compounds with anticancer 

activities, inhibitors of adenosine kinase with anticonvulsant, analgesics and anti-inflammatory 

effect, inhibitors of antimycobacterial adenosine kinase and many antiviral compounds 

targeting hepatitis C virus, dengue virus, hepatitis B virus, HIV virus and some others 

(reviewed in269). 

A group of 7- and 8-substituted 7-deazapurines is are biologically active compounds 

with potency of application in medicinal chemistry. The studied derivatives have been found 

to act by different mechanism of action and often hit several cellular pathways. Therefore, it is 

difficult to distinguish the main cellular target. We can mention halogenated derivatives of 
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tubercidin that were synthetized and studied for their cytotoxicity. While 7-Iodo, -bromo and -

chlorotubercidin have lower cytotoxic activity than tubercidin282, 7-fluorotubercidin has higher 

cytotoxicity with selectivity to lymphoblast cells (Table 2.)283. Other molecules were derived 

from sangivamycin, for example ARC or Xylocydine. Both 8-hydrazinosangivamycin 

(ARC)284,285 and xylocydine (sugar modified 8-bromosangivamycin)286 performed cytotoxic 

activity against several cancer cell lines269. One of the most interesting group of 7- and 8- 

substituted 7-deazapurines are 7-deazaadenosines with heterocycle in C7 position. It was found 

that heterocycles in C7 position (i.e. thiophene or furan) perform nanomolar cytotoxic activity 

against several cancer cell lines287. 

 

 

Compound IC50 [µM] (cell line) 

Tubercidin 0.001 (A549) 

Toyocamycin 0.012 (HTB-81) 

Sangivamycin 0.006 (A549) 

7-Iodotubercidin 2.6 (HeLa) 

7-Bromotubercidin 2.9 (HeLa) 

7-Chlorotubercidin 13.3 (HeLa) 

7-Fluorotubercidin 1 (L-1210) 

ARC 0.97 (SW620) 

 

Table 2. Cytotoxic activities of some 7-deazapurine derivatives (modified from269). A549 

(human lung carcinoma), HeLa (human cervix adenocarcinoma), HTB-81 (human prostate 

carcinoma), L-1210 (mouse lymphocytic leukemia), SW620 (human colorectal 

adenocarcinoma). 

 

In general, 7- and 8-substituted 7-deazapurines act by many complex mechanisms of 

action including DNA and RNA synthesis inhibition, inhibition of adenosine kinase (7-

iodotubercidin), DNA damage, DOT1 (disruptor of telomeric silencing 1) methyltransferase 

inhibitors, affecting of Akt pathway causing p53 independent apoptosis (ARC) or inhibiting 

CDK (Xylocydine)269. Many 7-deazapurines have been synthetized and show favorable 

biological and pharmacological activities. The mechanism of action of some of them is under 

investigation for better understanding their molecular actions and their potential use in 

medicine. 
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 Experimental part 

 Aims 

The first aim of this thesis was identification of molecular target of specific group of 2-phenyl-

3-hydroxy -4(1H)-quinolinones. 

 

The second aim was identifying mechanism of action of nucleoside analogue AB61. 
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 Identification of molecular target of 2-phenyl-3-hydroxy-

4(1H)-quinolinones 

 

This project is focused on identification of molecular target of flavonoid aza-analogues 

2-phenyl-3-hydroxy-4(1H)-quinolones (3-HQ). The identification of molecular target is crucial 

for information about mechanism of action, potential side effects and further compound 

synthesis and optimization. 

These derivatives were in past studied for their in vitro anticancer properties, and showed 

high cytotoxicity (micromolar and submicromolar) against several cancer cell lines148,150,156,159. 

 Our aim was to elucidate specific drug target of 3-HQ and analyze biological impact on 

cancer cells.  We have analyzed cytotoxic activity of 3-HQ derivates and chosed one( based on 

previous molecular docking studies157) for pull down affinity purification. Two variants of the 

original compound were synthetized, one biotinylated out of the active site and second 

biotinylated directly in the active site (previously identified pharmacophore). We have 

identified three potential targets by the affinity purification coupled with mass spectrometry. 

One of them was validated by western blot as a primary target - elongation factor 1 alpha 1 

(eEF1A1), other two proteins were identified as eEF1A1 interacting partners.  

eEF1A1 protein is indispensable component of translation elongation but many others 

functions were revealed, including changes in the apoptosis rate, actin remodeling, viral 

functions and others170. In spite of interesting activities of this protein, just few compounds 

were identified to bind this protein. The male contraceptive agent Gamendazole (Fig. 25) was 

found to bind directly to eEF1A1 and probably disrupt eEF1A1 F-actin bundling activity288. 

Other compound, phosphodiesterase inhibitor Cilostazol (Fig. 25) influences neurite outgrowth 

by binding to eEF1A1289. Moreover, eEF1A1 was found to be target of two natural flavonoid 

derivatives (Fig. 25) exhibiting high cytotoxicity against breast cancer cells through their 

interaction with eEF1A1290. 

Following identification of 3-HQ targets, we validated results by western blot and 

affinity purification with recombinant target proteins. The interaction of the compound and 

eEF1A1 was validated by isothermal titration microcalorimetry. Further, several enzymatic 

assays, analysis of proteosynthesis, monitoring of actin fragmentation or metabolite profiling 

was performed to analyze biological impact on treated cancer cells. Some data from this project 

were published in Journal of Medicinal Chemistry (appendix B)157. 
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This work is first study focused on identification of molecular target of 2-phenyl-3-

hydroxy-4(1H)-quinolones and its mechanism of action. 

 

 

 

                                  

 

                                

 

Figure 25. Structures targeting eEF1A1 (modified from157). 
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2.2.1 Material and methods 

Captures 2.2.1.1, 2.2.1.2, 2.2.1.4 and 2.1.1.10 were previously published in similar 

version in157 (appendix B). 

 

2.2.1.1 Cell lines 

 

All used cell lines were purchased from the American Tissue Culture Collection 

(ATCC), unless otherwise indicated. CCRF-CEM line are highly chemosensitive T-

lymphoblastic leukemia cells, K562 cells were derived from a patient with acute myeloid 

leukemia with BCR-ABL translocation, A549 cell line is derived from lung carcinoma, NCI-

H520 - squamous lung carcinoma, colorectal carcinoma HCT116, prostate adenocarcinoma 

PC-3, breast adenocarcinoma MCF-7, uterine sarcoma MES-SA, cervix adenocarcinoma 

HeLa, osteosarcoma U2OS and mouse lymphoid tumor P388D1. Further, colorectal carcinoma 

HCT116 with mutated or deleted p53 or K-Ras gene [HCT116p53-/-, HCT116p53(R248W/-), 

HCT116K-Ras(G13D/-), HCT116K-Ras(+/-) from Horizon Discovery, UK]. The 

daunorubicin-resistant CCRF-CEM (CEM-DNR) and paclitaxel-resistant K562-TAX sublines 

were selected in our laboratory by cultivation of maternal cell lines in increasing concentrations 

of daunorubicin and paclitaxel, respectively291,292. The CEM-DNR cells overexpress multidrug 

resistance associated protein 1(MRP-1), while K562-TAX cells overexpress P-glycoprotein 

(PGP1), both of which belong to the family of ABC transporters and are involved in primary 

and/or acquired multidrug resistance phenomenon. MRC-5 and BJ are non-tumor human 

fibroblasts. All cell lines were regularly tested for mycoplasma contamination and genetically 

authenticated.   

 

2.2.1.2 Cytotoxic MTT Assay 

 

The cells were maintained in Nunc/Corning 80 cm2 plastic tissue culture flasks and 

cultured in cell culture medium (DMEM/ RPMI 1640 with 5 g∙L-1 glucose, 2 mM L-glutamine, 

100 U∙mL-1 penicillin, 100 g∙mL-1 streptomycin, 10% fetal calf serum, and NaHCO3). Cell 

suspensions were prepared and diluted according to the particular cell type and expected target 

cell density (25,000–30,000 cells∙well-1 based on cell growth characteristics). Cells were added 

by a pipette (80 L) into 96-well microtiter plates. Inoculates were preincubated for 24 h at 

37 °C and 5% CO2 to stabilize. Four-fold dilutions of 20 L aliquots, of the intended test 
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concentrations were added to the microtiter plate walls at time zero. All test compound 

concentrations were examined in duplicates. Incubation of the cells with the compounds lasted 

for 72 h at 37 °C in 5% CO2 atmosphere and 100% humidity. At the end of the incubation 

period, the cells were assayed using MTT. Aliquots (10 L) of a MTT stock solution were 

pipetted into each well and incubated for further 1 - 4 h. After this incubation period the 

produced formazan was dissolved in 100 L∙well-1 of 10% aq. SDS (pH 5.5), followed by 

further incubation at 37 °C overnight. The optical density (OD) was measured at 540 nm with 

a Labsystem iEMS Reader MF. Tumor cell survival (IC50) was calculated using the following 

equation: IC = (ODdrug-exposed well/mean ODcontrol wells) × 100%. The IC50 value, 

corresponding to the drug concentration lethal for 50% of the tumor cells, was calculated from 

appropriate dose-response curves. 

 

2.2.1.3 Cell Cycle and apoptosis Analysis  

This part was in similar version published as a part of publication287 

 

Subconfluent CCRF-CEM cells (ATCC), seeded at the density of 5 x 105 cells/mL 

in 6-well panels, were cultivated with the 1x IC50 of tested compounds in a humidified CO2 

incubator at 37 °C in RMPI 1640 cell culture medium containing 10% fetal calf serum, 10 mM 

glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. Controls containing vehicle 

dimethylsulfoxid (DMSO) were harvested at the same time point (12 h). Cells were washed 

with cold phosphate buffer saline (PBS) and fixed in 70% ethanol overnight at -20 °C. The 

next day the cells were washed in hypotonic citrate buffer, treated with RNase (50 μg/mL), 

stained with propidium iodide, and analyzed by flow cytometry using a 488 nm single beam 

laser (Becton Dickinson). Cell cycle was analyzed in the program ModFitLT (Verity), and 

apoptosis was measured in logarithmic mode as percentage of the particles with propidium 

content lower than cells in G0/G1 phase (sub-G1) of the cell cycle. Half of the sample was used 

for phospho-histon H3Ser10 antibody (Sigma) labeling and subsequent flow cytometry analysis 

of mitotic cells. 

 

5-bromo-20-deoxyuridine (BrdU) Incorporation Analysis 

 

 Cells were cultured as for cell cycle analysis. Before harvesting, they were pulse-

labeled with10 μM BrdU for 30 min. The cells were trypsinized, fixed with ice-cold 70% 
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ethanol, incubated on ice for 30 min, washed with PBS, and resuspended in 2 M HCl for 30 

min at room temperature to denature their DNA. Following neutralization with 0.1 M Na2B4O7, 

the cells were washed with PBS containing 0.5% Tween-20 and 1% bovine serum albumin 

(BSA). They were then stained with primary anti-BrdU antibody (Exbio) for 30 min at room 

temperature in the dark. Cells were then washed with PBS and stained with secondary 

antimouse-FITC antibody (Sigma). The cells were then washed with PBS, incubated with 

propidium iodide (0.1 mg/mL) and RNase A (0.5 mg/mL) for 1 h at room temperature in the 

dark, and finally analyzed by flow cytometry using a 488 nm single beam laser (FACSCalibur, 

Becton Dickinson). 

 

5-bromo-20-uridine (BrU) Incorporation Analysis  

 

Cells were cultured as for cell cycle analysis. Before harvesting, they were pulse-

labeled with 1mM BrU for 30 min. The cells were fixed in 1% buffered paraformaldehyde with 

0.05% of NP-40, incubated in room temperature for 15 min and then in the fridge overnight. 

They were then washed in 1% glycin in PBS, washed in PBS, and stained with primary anti-

BrdU antibody crossreacting to BrU (Exbio) for 30 min at room temperature in the dark. Cells 

were then washed with PBS and stained with secondary antimouse-FITC antibody (Sigma). 

Following the staining, the cells are washed with PBS and fixed with 1% PBS buffered 

paraformaldehyde with 0.05% of NP-40. The cells were then washed with PBS, incubated with 

propidium iodide (0.1 mg/mL) and RNase A (0.5 mg/mL) for 1 h at room temperature in the 

dark, and finally analyzed by flow cytometry using a 488 nm single beam laser (FACSCalibur, 

Becton Dickinson).  

 

2.2.1.4 Protein target identification 

 

Cell lysis and lysate depletion 

 

CEM cell pellets (100 x106 cells) were repeatedly washed in PBS with inhibitors 

(protease inhibitor cocktail-Sigma, 5 mM Na4P2O7, 1 mM Na3VO4, 5 mM NaF, 1 mM 

C7H7FO2S), resuspended in 1 ml of lysate buffer IP (20 mM Tris, 150 mM NaCl, 1 mM EGTA, 

1 mM EDTA, 0.5% Triton X-100, 0.5% NP-40, 2.5 mM Na4P2O7, 1 mM Na3VO4,  5 mM NaF, 

830 µM benzamidine, 1 mM B-glycerolphosphate, 1 µg/ml leupeptine, 1 µg/ml aprotinin, 1 

mM C7H7FO2S), briefly sonicated and incubated for 30 min at 4 °C. Streptavidin coated 
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magnetic beads (Dynabeads MyOne Streptavidin C1, Invitrogen) were 30 min preincubated 

with biotin by adding 100 μl of 100 μM biotin in beads buffer (BB) (1.9 mM NaH2PO4 x H2O, 

8.1 mM Na2HPO4 x 2 H2O, 150 mM NaCl, pH 7.4) to 50 μl magnetic beads. Afterwards, 100 

μl of whole cell lysate was repeatedly incubated with streptavidin-biotin coupled beads (30 

min, 4 °C) in three steps (each step with fresh beads) for lysate depletion.  

 

Affinity purification 

 

100 μl of beads were three times washed in 100 μl BB and incubated with 100 μl 100 

μM biotinylated compound (derivative A or derivative B) at room temperature (rt) for 30 min. 

Negative control was incubated with 100 μl 100 μM biotin. Beads with complex streptavidin-

biotinylated compound were then repeatedly washed in BB and 100 μl 100 μM biotin/BB were 

added. After washing in BB/ 100 μM biotin / 0.1% BSA, beads were incubated with 150 μg of 

depleted cell lysate and incubated at 4 °C for 90 min.  Beads were then three times washed in 

BB and two times in 0.25% SDS. 

 

SDS PAGE 

 

Afterwards, beads with complex streptavidin-biotinylated compound-proteins were 

resuspended in 15 μl 3x SDS loading buffer with 10% β-mercaptoethanol 5 min at rt, beads 

were separated from proteins and protein denaturation was accomplished by warmth at 95 °C 

5 min and cooled down in ice. Samples were separated in 12% gel in 160 V, 60 min. Separated 

proteins were silverstained293. 

 

Protein digestion 

 

Bands were excised from gel and cut into small pieces, destained294, reduced, alkylated 

and trypsinized to peptides. Peptides were extracted from gel and purified by MacroTrap 

(Michrom). A MacroTrap colon was equilibrated by 500 μl 0.1% trifluoracetic acid (TFA), 

sample was loaded and then desalted in 500 μl 0.1% TFA, peptides were eluted by 200 μl 0.1% 

TFA /80% acetonitrile (ACN). The eluate was evaporated and dissolved in 1 μl 0.1% TFA 

/80% ACN and then diluted in 19 μl 0.1 % TFA. 
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Capillary liquid chromatography and mass spectrometry 

 

Sample peptides were separated by high performance liquid chromatography (CapLC 

1200 Series Agilent Technologies) with reverse phase column (Magic C18AQ 5 μM, 200Å, 

0.2 x 150 mm, MICHROM). Solutions A (0.2% formic acid in 5% ACN/ H2O) and B (0.2% 

formic acid in 95% ACN/ H2O) were used for gradient elution with increasing of solution B 

(from 5% to 35%) in 55 minutes. Eluted peptides were continuously measured by mass 

spectrometer APEXTM Ultra 9.4 T (Bruker Daltonics – BDAL) connected with Apollo II ESI 

ion source (BDAL). One full scan and three MS/MS scans were measured in each cycle. 

Spectra were analyzed in program DataAnalysis 4.0., further analysis and databasing were 

mediated by program ProteinScape 2.l. (BDAL). SwissProt and NCBI databases and 

algorithms MASCOT and PHENYX were used for protein identification. 

 

2.2.1.5 Validation 

 

Affinity purification with recombinant proteins 

 

Affinity purification was done as was described. The beads were incubated with 1 µg 

of recombinant proteins separately (Tumour Type M2 Pyruvate Kinase, Origene; EF1A1 and 

ACTB, Genway Biotech Inc.) in 50 µl of IP buffer and incubated for 90 min at 4 °C.  Beads 

were then three times washed in BB and two times in 1 % SDS and SDS PAGE separated as 

was described before. 

 

Western blot analysis 

 

Antibodies were obtained from commercial sources: anti-eEF1A1 (Sigma), anti - 

PKM2 XP™ (Cell Signaling), anti-β-Actin (Sigma). Separated proteins from one-dimension 

electrophoresis gel were transferred to nitrocellulose membrane (GE Healthcare). Membrane 

was blocked in 5% low fat milk in Tris-buffered saline/ 0.1 % Tween 20, incubated overnight 

with antibodies in 5% BSA at 4 °C and analyzed by enhanced chemiluminescence 

(Amersham). 
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Immunoprecipitation 

 

Protein G agarose (Sigma Aldrich) was incubated with antibody PKM2 XP™ (Cell 

Signaling) or eEF1A1 (Cell Signaling) overnight at 4°C. CCRF-CEM were cultivated as 

described previously. Cells were treated by 1x IC50 compound 3 for 12 hours and control cells 

were treated by vehicle (DMSO). Cells were lysed by IP buffer. The concentration of proteins 

was measured by pierce 660 nm protein assay (Thermo) according manufacturer instructions. 

500 µg of proteins were incubated with protein G coupled agarose (2 h, 4°C) in roller. After 

spinning down, pellets containing immune complexes were washed with IP buffer and 

denatured by 3x SDS buffer, separated by SDS PAGE and western blotted. 

 

2.2.1.6 Proteosynthesis analysis 

This methodics was previously published in similar version269 (appendix C). 

In vitro transcription of EGFP-luciferase DNA  

In vitro transcription was performed by MEGAscript T7 kit (Ambion). As a template 

we used PCR amplified DNA coding EGFP-luciferase under T7 promoter. In vitro transcription 

reactions were performed according to manufacturer’s instructions. Each transcription reaction 

(20 µL) contained of EGFP-luciferase 200 ng DNA template, ribonucleotide mix (ATP, GTP, 

CTP and UTP, 7.5 mM each), enzyme mix, and buffer.  All reagents were mixed, centrifuged 

and incubated at 37 °C for 2 h. Afterwards, DNase I (2 U/µL, 1 µL) was added and the mixtures 

were incubated at 37 °C for 15 min. RNA transcripts were purified by NucAway Spin Columns 

(Ambion). The quantity and purity of RNA transcripts was tested by Agilent 2100 Bioanalyzer 

(RNA 600 Nano Total RNA kit, Agilent) and by NanoDrop 1000 Spectrophotometer. 

 

In vitro translation of EGFP-luciferase RNA in presence of compound 3 

For in vitro translation of EGFP-luciferase RNA transcripts we used reticulocyte lysate 

system (Retic Lysate IVT Kit, Ambion) according to manufacturer’s instructions. The in vitro 

translation mixture (25 μl) contained 500 ng EGFP-luciferase RNA transcript, Low Salt Mix 

(1 µL), High Salt Mix (0.25 µL), methionine (0.83 mM, 1.5 µL), compound 3 in final 

concentration 1 µM or 10 µM and the reticulocyte lysate (17 µL). In the control experiment 

vehicle (DMSO) was used instead compound 3. In the positive control reaction was used 
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inhibitor of translation fucidic acid (600 µM). Negative control experiment mixture was 

incubated without EGFP-luciferase RNA transcript. All reagents were mixed and incubated in 

water bath at 30 °C for 1.5 h. Efficacy of in vitro translation was evaluated by measurement of 

luciferase enzymatic activity on EnVision Multilabel Reader (PerkinElmer).  

 

2.2.1.7 In vitro actin formation changes 

 

U2OS cells were seeded at the density of 5 x 105 cells/ml in 12-well panels and 

cultivated as described before. Subconfluent cells were transfected by 1 µg pmKate2-actin 

vector (Evrogen). PmKate2-actin is mammalian expression vector encoding actin DNA 

sequence fused with red fluorescence protein pmKate2 under strong CMV promoter. The 

transient transfection was performed by JetPrime transfection reagent (Polypus transfection) 

according manufacturer instructions. Transfected cells were treated with the 1x IC50 of tested 

compound 3 and scanned in specific intervals by fluorescence microscope (excitation 588 

nm/emission 633nm). 

 

2.2.1.8 Pyruvate kinase assay 

 

The pyruvate kinase assay was done similarly as in295. Briefly, the assay was based on 

generation ATP from ADP and PEP by pyruvate kinase M2. The amount of ATP was measured 

via luminiscence produced by enzyme firefly luciferase. Thirty µl of substrate mix – final 

concentration - 0.1 mM ADP, 0.5 mM PEP in assay buffer (50 mM imidazole pH 7.2, 50 mM 

KCl, 7mM MgCl2, 0.01% Tween 20, 0.05% BSA), 10 µl of compound 3 (final concentration 

10 µM) and 10 µl of enzyme mix were added. In the case of in vitro pyruvate kinase assay in 

enzyme mix was added 0.1 nm commercial pyruvate kinase (Tumour Type M2 Pyruvate 

Kinase: Human, Recombinant, E Coli recombinant protein, Genway Biotech). In the case of 

immunoprecipitated PKM2, CCRF-CEM cells were treated by 1x IC50 compound 3 in time 

intervals 1, 3 and 6 hours, control was treated by DMSO for 12 hours. Further, 

immunoprecipitation of PKM2 via anti-PKM2 or anti-EF1A1 was done as described before. 

Afterwards, 4 µl of agarose beads with immunoprecipitated PKM2 via anti-PKM2 or 6 µl anti 

eEF1A1-antibody, 50 mM imidazole pH 7.2, 0.05% BSA, 4 °C) in white 96 well plate. The 

mixture was incubated for 15 minutes and 50 µl of cooled luciferase detection mix protected 

from the light (Kinase-Glo, Promega) was added. Immediately luminiscence was measured by 
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Envision (Perkin Elmer). In both experiments shikonin, known inhibitor of PKM2, was used 

as a positive control in 0.5 µM concentration.  

2.2.1.9 GTPase assay 

 

For the eEF1A1 GTPase activity evaluation the colorimetric assay kit (Innova 

Biosciences) was chosen. We followed manufacturer protocol. Briefly, we have prepared 

reaction mixture in 96 well plate by mixing 20µl of immunoprecipitated eEF1A1 (from CCRF-

CEM cells treated by 1x IC50 of compound 3, 12 hours) and 100µl of substrate/buffer mix 

(0.5mM GTP, 2.5mM MgCl2, 50mM Tris pH 7.4). The total volume of the reaction has been 

brought to 200µl by adding 80µl of Tris, pH 7.4. The reaction was immediately stopped by 

adding 50µl of Gold mix followed by addition of 20µl of stabilizer after 2 min incubation. 

After 60 min the absorbance at 625 nM was read on EnSpire plate reader (PerkinElmer).   

 

2.2.1.10 Isothermal Titration Calorimetry 

 

ITC experiments were performed at 25 °C with a Nano ITC Low Volume (TA 

Instruments, New Castle, DE, USA). During all measurements, injections of 2.5 µl of ligand 

(16µM) was titrated into 250 µl eEF1A1 (2µM) with time intervals 300 s, a stirring speed of 

250 rpm.  All ITC experiments were conducted with degassed buffered solutions 100 mM 

phosphate buffer, pH 7.4, in the presence of 1% DMSO. Recombinant eEF1A1 was purchased 

from Origene (Rockville, MD, USA). 

The resulting thermograms were analyzed using Independent model of the 

NanoAnalyze Software. ITC is a straightforward method for measuring the binding affinity 

constant (K) and binding stoichiometry (n), enthalpy of binding (ΔH) that occur over the course 

of a reaction in solution, and the entropy changes (ΔS), is calculated from the equation ΔG = - 

RT lnKa = ΔH –TΔS. 

 

2.2.1.11 Metabolic profiling 

 

CCRF-CEM cells were seeded in concentration 1x106 cells/ml, treated by 1x IC50 

compound 3, 12 hours, cells were quenched by 60% methanol with NH4HCO3 (8.5 g/l) cooled 

to -50 °C. Cells were spined down (400 x g / 5 min). Supernatant was discarded and metabolites 

from pellet were extracted by 80% methanol cooled to -50 °C and frozen by liquid nitrogen. 

Samples were thawed, resuspended and spined down (1700 x g / 5 min). Supernatant was 
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stored, the pellet was extracted again and supernatants were pooled, stored and lyophilized. 

Before lyophilization, 20 µl of each sample was mixed for quality control sample. Lyophilized 

supernatants were dissolved in LC-MS/MS pure water (100 µl), vortexed, spined down 

(15800 g, 15 min) and transferred to glass vials. 

  

LC-MS/MS analysis 

 

All samples were analyzed by HPLC (UHPLC Dionex Ultimate 3000 RS, Thermo 

Fisher Scientific, MA, USA) using modified method previously published296. As detector triple 

quadrupole mass spectrometer 5500 QTrap (AB Sciex, CA, USA) was used. Normal phase LC 

system with conditions of HILIC separation was used with column Luna 3 µm NH2 100 Å, 

150 x 2 mm (Phenomenex, Torrance, USA). The solvent A was aqueous buffer: 20 mM 

ammonium acetate (pH 9.45), solvent B: acetonitrile. The gradient with flow rate of 0.3 

mL/min for HPLC was: t=0.0, 95% B; t=15.0, 30% B; t=17.0, 5% B; t=23.0, 5% B; t=23.1, 

95% B; t=28.0 min 95% B. MS method settings was as follows: acquiring samples were done 

in both ionization modes (positive, negative) with ionspray voltage of +/- 4500 V, capillary 

temperature 400 °C, Curtain Gas - 30arb, Ion Source Gas (GS1) - 40arb and Ion Source Gas 

(GS2) - 40arb. Metabolomics data were processed by software MultiQuant 2.1.1. (AB Sciex, 

CA, USA). 

  

Statistical analysis 

 

The obtained dataset was interpolated and statistically evaluated in R software (R Core 

Team, 2013). First step in the data processing was reduction of systematic error by data 

interpolation by means of quality control samples. Metabolomics data was considered as 

compositional data and clr (centered log ratio) transformation and centering was applied on the 

dataset. For statistical evaluation several approaches were chosen - unsupervised PCA method 

(principal component analysis), cluster analysis and supervised DFA method (discriminant 

function analysis). Metabolite levels were incorporated into metabolic pathways by „pathway 

projector“(http://ws.g-language.org/g4/). Size of dots in map represents p-value and color of 

dots represents relative difference between two tested groups of samples. 

 

 

 

http://ws.g-language.org/g4/
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2.2.2 Results 

 

2.2.2.1 Compound 3 shows different cytotoxicity against cancer cells and fibroblasts 

 

Several 3-nitro 4-amino 3-HQs derivatives (Fig. 26 A) was tested for their cytotoxic 

activity against cancer and normal cell lines. They exhibited micromolar and submicromolar 

activities against several cancer cell lines and significantly lower cytotoxicity to BJ fibroblasts 

(Fig. 26 B). We have chosen derivative 3 as a candidate for molecular target identification 

based on favorable biological properties. The compound 3 was tested by MTT assay for in vitro 

cytotoxic activity. Expanded panel of human and mouse malignant cell lines or human 

fibroblasts were tested (T-lymphoblastic leukemia CCRF-CEM, chronic myeloid leukemia 

K562, lung carcinoma A549, squamous lung carcinoma NCI-H520, colorectal carcinoma 

HCT116, prostate adenocarcinoma PC-3, breast adenocarcinoma MCF-7, uterine sarcoma 

MES-SA, cervix adenocarcinoma HeLa, osteosarcoma U2OS and mouse lymphoid tumor 

P388D1). Moreover, compound 3 was highly active against deleted or mutated cell lines 

[(HCT116p53-/-, HCT116p53(R248W/-), HCT116K-Ras(G13D/-), HCT116K-Ras(+/-)]. For 

most of cancer cell lines was compound 3 cytotoxic in submicromolar and micromolar 

concentrations. Cytotoxicity of compounds against lung fibroblasts (BJ) and foreskin 

fibroblasts (MRC-5) were significantly lower (9.39 µM for BJ and 63.38 µM for MRC-5). 

Moreover, derivative was highly cytotoxic as well against cell lines CEM-DNR, K562-TAX - 

resistant cancer cells expressing the multidrug resistance proteins from the family of the ABC 

membrane transporters MRP1 or PGP1, respectively (Fig. 26 C). 
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Comp. 
No 

R CCRF-
CEM 

CEM-DNR U2OS K562 K562-
TAX 

A549 BJ 

1 

 

1.55 3.00 7.51 0.75 2.02 1.62 9.83 

2 

 

1.72 6.75 8.57 0.75 2.71 1.89 9.73 

3 

 

1.42 3.01 9.98 0.66 1.96 0.94 9.39 

 

 

 

Figure 26. A) general structure of 3-nitro 4-amino 3-HQ B) IC50 values (in µM) of selected 

3-HQ structures C) IC50 values for compound 3 against several cancer cell lines and 

fibroblasts. The A and B part of the picture were published before as a part of publication157 

(appendix B). 
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2.2.2.2 Compound 3 accumulates cells in G1 phase and inhibits DNA and RNA synthesis 

 

Cell cycle analysis of CCRF-CEM cell line treated by compound 3 was performed. 

Cells were treated by 1x IC50 (1.42 µM, 12 hours) and showed apoptosis induction (increase 

of subG1) and accumulation cells in G1 phase. Significantly decreased marker of mitosis 

phospho-histone pH3Ser10 and cell decrease in G2/M points to mitosis inhibition. Moreover, 

DNA synthesis was almost completely inhibited and RNA synthesis was strongly inhibited 

what correlates with decrease cells in S phase (Fig. 27). 

 

 

 

Figure 27. Flow cytometry analysis of CCRF-CEM cells treated by compound 3 and control 

(DMSO treated). The cell cycle analysis shows cell increase in G1 phase together with decrease 

in S phase, significant decrease of mitosis marker pH3Ser10 and DNA/RNA synthesis.  

 

2.2.2.3 Biotinylated derivative of compound 3 binds proteins PKM2, eEF1A1 and β-

actin  

This data were published before as a part of publication157 (appendix B). 
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We used affinity purification on magnetic beads for molecular target identification. For 

compound immobilization, we modified original compound 3 by biotinylation. Two variants 

of the original compound 3 were synthetized - one biotinylated out of the active site (actively 

biotinylated compound, derivative A) and second biotinylated directly in the active site of the 

compound (inactively biotinylated compound, derivative B) (Fig. 28).  

 

                               

 

Figure 28. Immobilization of tested compound 3. Derivative A biotinylated out of the active 

site and derivative B biotinylated directly in the active site. Interaction with streptavidin coated 

magnetic beads is depicted. The picture was published before as a part of publication157 

(appendix B). 

 

CCRF-CEM or U2OS protein lysate was incubated with biotinylated molecules 

immobilized to streptavidin coated magnetic beads. Proteins were catch, eluted and SDS PAGE 

separated followed by silver staining. By comparing proteins from actively biotinylated 

derivative A with nonspecifically bound proteins catch by inactively biotinylated derivative 

B and negative control (magnetic beads incubated with no compound), we repeatedly found 

specific bands (Fig. 29). These bands were identified by mass spectrometry analysis as 

pyruvate kinase M2 (PKM2), elongation factor 1α1 (eEF1A1) and β-actin. 

 

A 

B 
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Sample Protein code Scores Peptides 

Sequence 
coverage 

 

PKM2 325.7  8 23.4 

 

eEF1A1 478.5  9 22.1 

 

β-actin 182.4  4 
 

18.9 

 

 

Figure 29. Specific bands eluted by pull down experiment with actively biotinylated 

derivative A and inactively biotinylated derivative B after incubation with CCRF-CEM cell 

lysate. Repeatedly identified proteins are marked by asterisk (PKM2), circle (eEF1A1) and 

triangle (β-actin). The picture of the gel was published before as a part of publication157 

(appendix B). 

 

2.2.2.4 Validation of identified targets by western blot 

 

 For validation of identified targets, we used western blot of previously described pull 

down experiment. We identified specific bands for PKM2, eEF1A1 and β-actin only in the line 

for proteins captured by actively biotinylated compound, derivative A (Fig. 30 A). In the line 

of derivative B and negative control were no bands detected.  
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Further, we wanted to evaluate if these three proteins are in complex or binds separately 

to the compound 3. We used affinity purification with pure recombinant proteins for this 

purpose. Magnetic beads with immobilized derivative A or derivative B were incubated with 

pure recombinant proteins PKM2, eEF1A1 or β-actin. Afterwards, captured proteins were 

eluted, separated and visualized by western blot. We found specific band just in the case of 

eEF1A1 for derivative A (Fig. 30 B), PKM2 and β-actin was not detected. Therefore, eEF1A1 

is primary target and PKM2 and β-actin are just in complex with eEF1A1. 

 

 

 

 

                        

 

   

                                   

Figure 30. A) Identified proteins were validated by pull down experiments of total cell lysate 

from CCRF-CEM and U2OS cell lines and by B) pull down of purified recombinant proteins 

PKM2, eEF1A1 and β-actin. The picture A was published before as a part of publication157 

(appendix B). 
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2.2.2.5 Identification of new complex of PKM2 and eEF1A1 

 

To gain the information about interaction between identified proteins, we used 

immunoprecipitation of PKM2 and eEF1A1 interacting proteins. We have found new 

interaction between PKM2 and eEF1A1 in compound 3 treated CCRF-CEM cell line. This 

interaction was clearly visible either by immunoprecipitation via anti-PKM2 and anti-eEF1A1 

antibody (Fig. 31).  

 

 

                 

  

Figure 31. Immunoprecipitation of binding partners of PKM2 and eEF1A1. PKM2 interacts 

with eEF1A1 after treatment of CCRF-CEM cells by compound 3 (1x IC50, 12 hours). PKM2 

from vehicle (DMSO) treated cells hasn´t showed this interaction. Interaction of β-actin with 

PKM2 or eEF1A1 was not proved. 

 

2.2.2.6 Treatment by compound 3 doesn´t affect translation efficiency 

 

Efficiency of proteosynthesis was tested to elucidate effect of compound 3 binding to 

eEF1A1. We have used in vitro transcription of gene for GFP-luciferase to be able detect GFP 

(green fluorescent protein) or luciferase as an evidence of in vitro protein translation. After in 

vitro transcription of EGFP-luciferase DNA into RNA, we used in vitro translation reaction to 

evaluate effect of compound 3 on protein synthesis. To detect translated protein EGFP-

luciferase, we measured luminescence intensity. We have found no significant effect of 

compound 3 treatment on translation (Fig. 32). 
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Figure 32. Analysis of translation efficiency by in vitro translation, 1ng luciferase is used for 

luminiscence comparison, fusidic acid is used as a known inhibitor of translation, negative 

control (NC) is reaction without RNA EGFP-luciferase, positive control (control) is translation 

reaction with RNA EGFP-luciferase treated by vehicle (DMSO) and is set to 100 % of 

luminescence intensity. Compound 3 was tested in two concentrations 1 µM and 10 µM. The 

difference between control and treated translation reactions is not significant (p value for 

control and 1 µM treatment is p=0.404 and for control and 10 µM treatment is p=0.461). 

 

2.2.2.7 Treatment by compound 3 leads to massive actin fragmentation 

 

As one of the identified target was β-actin, we have monitored actin changes in U2OS 

cells transfected by pmKate2-actin, far-red fluorescent protein. Transfected cells were treated 

by compound 3 and scanned in specific intervals (Fig. 33). 
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Figure 33. Monitoring of actin changes on U2OS transfected by pmKate2-actin vector after 

treatment by 1x IC50 of compound 3. In the 10, 12 and 24 hour intervals actin fibres becomes 

fragmented. Excitation 588 nm/emission 633 nm, magnification 600x. 

 

2.2.2.8 Pyruvate kinase assay and GTPase assay 

 

As one of the captured targets was identified PKM2 and the interaction between 

eEF1A1 with PKM2 was observed after compound 3 treatment, we have decided to analyze 

PKM2 functional changes. Activity of PKM2 was studied by pyruvate kinase assay. Firstly, 

we analyzed PKM2 activity of commercial recombinant PKM2. Shikonin, known inhibitor of 

pyruvate kinase M2 was used as a positive control. There was no significant effect of compound 

3 on PKM2 activity (Fig. 34).  

Secondly, we analyzed activity of immunoprecipitated PKM2 by the same pyruvate 

kinase assay as before. We used PKM2 immunoprecipitated by anti-PKM2 and anti-eEF1A1 

antibody from CCRF-CEM treated by compound 3 (1x IC50; 1, 3 and 6 hours interval). As we 

know that compound 3 may stabilize PKM2-eEF1A1 interaction, we added 10 µM compound 
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3 directly to the reaction to stabilize this interaction. There is evident inhibition of 

phosphorylation of ADP comparable with shikonin. PKM2 activity was inhibited to 70 % in 

the case of anti-PKM2 immunoprecipitated PKM2 and to 53% in case of anti-EF1A1 

immunoprecipitated PKM2, both with compound 3 stabilization (Fig. 35A, B).  

Further, we were interested in changes of GTPase activity of eEF1A1. We used 

immunoprecipitated eEF1A1 from CCRF-CEM treated by 1x IC50 compound 3 (12 hours) to 

analyze GTPase activity by GTPase assay. GTPase activity of eEF1A1 complex was 

upregulated to 161 % compare to immunoprecipitated eEF1A1 from vehicle (DMSO) treated 

CCRF-CEM cells (Fig. 36). 

  

                                        

 

 

Figure 34.  In vitro pyruvate kinase assay of commercial recombinant PKM2. Control 

is PKM2 activity of recombinant PKM2 treated by vehicle (DMSO) and is set to 100 %. The 

difference is not significant, compound 3 (10 µM) has no effect to the activity of the 

recombinant PKM2 (p=0.39).   

 

 

 

 

 

0

20

40

60

80

100

120

shikonin 3

P
K

M
2

 a
ct

iv
it

y 
in

 %
o

f 
co

n
tr

o
l control

A 



86 
 

                                      

                

Figure 35. A) Pyruvate kinase assay with immunoprecipitated PKM2 from compound 3 treated 

CCRF-CEM via anti-PKM2 and B) anti-EF1A1 antibody in 1, 3 and 6 hour intervals. 

Treatment by shikonin (0.5 µM), well known inhibitor of PKM2, was used as a positive control. 

Controls for A, B are PKM2 immunoprecipitated (via anti-PKM2 or anti-eEF1A1, 

respectively) from CCRF-CEM cells treated by DMSO for 12 hours.                     

                                    

                                                       

 

Figure 36. GTPase assay of immunoprecipitated eEF1A1 treated by vehicle (DMSO) and by 

compound 3 (1x IC50, 12 hours). The difference is significant (p=0.000129). 
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2.2.2.9 Isothermal titration calorimetry 

 

Isothermal titration calorimetry of compound 3 and eEF1A1 was performed to validate 

their interaction. A representative calorimetric titration profile of compound 3 with eEF1A1 is 

shown in figure 37. Each peak in the binding isotherm represents a single injection of ligand to 

protein. This profile demonstrates biphasic behavior - both endothermic and exothermic 

processes. At the beginning of the titrations, negative peaks indicated endothermic binding 

interaction, which were followed by positive peaks of exothermic interaction (Fig. 37). The 

endothermic binding indicate the dominance of hydrophobic interactions in complex and the 

exothermic binding would imply dominant role of polar interaction (ionic, hydrogen bond). 

The biphasic behavior of interaction may occur due to an entropy gain, in the form of release 

of water molecules, followed by strong ionic interactions between ligand and protein. 

ITC data were fitted to independent binding sites model and the data analysis revealed 

an association constant (Ka = 8.401 x106 M-1), dissociation constant (Kd = 1.190 x 10-7 M). 

The enthalpy of binding (ΔH) is 504.3 kJ/mol, entrophy change is Δ S = 1823 J·K-1·mol-1, 

Gibbs free energy change is Δ G = -39227,4 J·mol-1 and stoichiometry is 1.740. Data were 

evaluated after subtraction of the ligand compound 3 into buffer control data. 
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Figure 37.  The calorimetric titration profile of interaction between compound 3 and 

eEF1A1. 

 

2.2.2.10 Metabolic profiling 

 

In order to analyze changes of PKM2 metabolism connected with new interaction 

between eEF1A1 and PKM2, we have performed metabolic profiling of CCRF-CEM cells 

treated by compound 3 (1x IC50, 12 hours). This part of work was done in collaboration with 

Department of Metabolomics and some results are described in diploma thesis of Barbora 

Halířová, M.Sc.297. Significant changes in close pathway proximity of PKM2 were found. The 

metabolites upstream PKM2 are in higher concentration: 3-phosphoglycerate (fold change - 

FCH 1.53), DHAP (FCH 4.15), glucose-1-phosphate (FCH 1.45), erythrose-4-phosphate (FCH 

2.71) (Fig. 38). Additionally, some metabolites of citrate cycle were detected in high 

concentration: citrate/isocitrate (FCH 8.93), aconitate (FCH 2.81) and acetyl-CoA (FCH 4.19) 

(Fig. 38). Other changes are visible in oxidative stress routes – depletion of taurine (FCH 0.19) 

and changes of ratio of oxidised glutathione GSSG (FCH 0.27) and reduced glutathione GSH 

(FCH 2.27). Other routes affected was nucleotide basis synthesis - depletion of orotic acid 
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(FCH 0.19), 5-Amino-4-imidazolecarboxamide Riboside (AICAR) depletion (FCH 0.29), 

hypoxantine abundance (FCH 8.78), decreased UTP (FCH 0.48) and 2-deoxyadenosine (FCH 

0.31). On the other hand, some metabolites of nucleotide synthesis are in higher concentration 

after compound 3 treatment (adenine FCH 2.25; uracil FCH 2.19; dGDP FCH 4.10). Some 

amino acids were depleted (N-acetylmethionine FCH 0.25; glutamate FCH 0.52) (Fig. 39), p-

value for all mentioned metabolites fold changes p ≤ 0.05. 
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Figure 38. Metabolic profiling. Metabolic pathways with depicted increased (red) and 

decreased (blue) metabolites after 1x IC50 compound 3 treatment CCRF-CEM, 12 hours. Size 

of dots in map represents p-value and color of dots represents relative difference between two 

tested groups of samples (metabolites from treated and control cells). Changes of metabolites 

in glycolysis, citric acid cycle and nucleotide metabolism. Legend of significantly changed 

metabolites Glu-1-P (glucose 1 phosphate), 3-P-Gly (3 phospho glycerate), OA (orotic acid), 

HX (hypoxantin), A (adenine), U (uracil), dGDP (deoxyguanosine diphosphate) 

 

Changes in glycolysis Changes in citric acid cycle 

Changes in nucleotide metabolism 
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The part of the picture was published before as a part of297.  

 

 

               

Figure 39. Fold change after treatment (1x IC50 of compound 3, 12 hours, CCRF-CEM) of 

several metabolites, p-value ≤ 0.05. 

 

 

 

 

 

2.2.2.11 Following structure design of new 3-HQ and their biological evaluation 

This data were published before as a part of publication157 (appendix B). 

 

Based on the favorable biological features of compound 1-3, set of potentially improved 

3-HQ was synthetized. According previous experience three positions R1, R2 and R3 were 

chosen for derivatization and new derivates were tested first by molecular docking157. Those 

with most favorable docking energy (lower than -35589.5 J.mol-1) were selected and based on 

ease of synthesis, seven derivatives were synthetized (Fig. 40, Tab. 3). 
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Figure 40. 3-HQ derivatives selected for synthesis. Pent-pentyl, Bn-benzyl. The picture and 

table were published before as a part of publication157 (appendix B). 

 

Further, all the derivatives were tested by ITC to detect potential interaction between 

eEF1A1 and derivatives. Gamendazole was tested as a positive control and unsubstituted 

derivative 10 as a negative control. The measured enthalpies of all compounds and Ka suggest 

high affinities (Tab. 3) except compound 10 that exhibits no interaction. Stoichiometric number 

(n) is approximately one for all compounds. The negative values of free energy and enthalpy 

confirm spontaneous and exothermic binding ligands to eEF1A1. 

 

 

 

 

 

 

 

 

Comp. No R1 R2 R3 

4 -CO2H 
 

-H 

5 -CO2H 
 

-H 

6 -CONH2 
 

-H 

7 -CONH2 
 

-H 

8 -CONH2 
 

-CONH-Pent 

9 -CONH2 
 

-CONH-Bn 

10 -H -H -H 
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Compound No ΔrHm
ө (kJ mol-1) Ka

ө (M-1) n ΔrSm
ө (J mol-1 K-1) ΔrGm

ө (J mol-1) 

4 -11272 2.536 x 106 0.798 -37686 -35919 

5 -1872 1.029 x 107 1.640 -6147 -39272 

6 -15999 2.899 x 106 0.932 -53539 -36347 

7 -7932 6.796 x 106 0.746 -26474 -38777 

8 -9416 5.297 x 106 1.129 -31454 -37990 

9 -9213 1.809 x 107 1.694 -30764 -40713 

10   no interaction   

Gamendazole -1209 1.268 x 107 1.777 -3919 -40550 

 

 

Table 3. Thermodynamic and binding parameters for the interaction of the 3-HQ compounds 

with eEF1A1 (ΔrHm
ө = enthalpy change of binding; Ka = association constant; n = 

stoichiometry; ΔrSm
ө = entropy change, ΔrGm

ө = Gibbs energy change). The table was published 

before as a part of publication157 (appendix B). 

 

Finally, all compounds were tested by MTT assay for in vitro cytotoxic activity against 

human cancer and normal cell lines. The replacement of nitro group caused loss of activity 

(derivative 4 and 5) compared to the compound 1. This can be caused by carboxy moiety that 

can diminish penetration of compound through cell membrane. Transformation carboxy moiety 

to carboxamide improved activity of compound 6 and reach similar activity as compound 1 

except for CEM-DNR and U2OS. The cytotoxicity against normal fibroblasts BJ was lower by 

one order. When the piperidine ring was exchanged by morpholine, the activity was lost 

(derivative 6 and 7). Pentylamide moiety in position 7 increased significantly activity 

(derivative 8), but the cytotoxicity to BJ fibroblasts was similar as with compound 1. 

Transformation pentylamide with benzylamide (derivative 9) leads to activity in micomolar 

concentrations but it was not active against multidrug resistance cell lines CEM-DNR and 
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K562-TAX. Moreover, the cytotoxicity against fibroblasts was significantly lower than 

compound 1-3 (Tab. 4).        

 

                                  

                                               

 

 

Table 4. Cytotoxic activities of new synthetized 3-HQ. The table was published before as a 

part of publication157 (appendix B). 
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4 -CO2H 1-piperidinyl H- 50 50 49.56 50 50 50 50 50 

5 -CO2H 4-morpholinyl H- 50 50 49.56 50 50 50 50 50 

6 -CONH2 1-piperidinyl H- 9.96 26.02 3.34 21.43 4.46 7.1 6.41 48.92 

7 -CONH2 4-morpholinyl H- 44.37 50 16.24 50 30.6 50 50 50 

8 -CONH2 1-piperidinyl C5H11CONH- 1.89 0.56 1.73 8.03 0.64 2.39 32.71 10.24 

9 -CONH2 1-piperidinyl PhCH2CONH- 3.77 

 
0.58 1.73 >50 

 
1.01 8.30 >50 

 

>50 

 

10 -H -H H- >50 46.96 26.74 22.49 44.20 47.96 27.44 >50 
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2.2.3 Discussion 

 

A group of 3-nitro 4-amino 3-HQs compounds were tested by MTT assay to define 

their biologic activity. They exhibited high cytotoxic activity against several cancer cell lines 

in submicromolar and micromolar concentrations. Moreover, they show biologic activity 

against cell lines CEM-DNR and K562-TAX, multidrug resistance cell lines expressing ABC 

family transporters MRP and PGP1, respectively. Compound 3 was chosen for further analysis 

and tested against extended panel of cancer cell lines and fibroblasts. This compound exhibits 

high cytotoxicity against various cancer cell lines (leukemia cell lines CCRF-CEM, CEM-

DNR, K562, K562-TAX, lung carcinomas - A549 and NciH-520, colorectal carcinoma HCT 

116, prostate adenocarcinoma PC-3, breast adenocarcinoma MCF-7, uterine sarcoma MES-

SA, cervix adenocarcinoma HeLa, osteosarcoma U2OS and mouse lymphoid tumor P388D1). 

Moreover, compound 3 was highly active against deleted or mutated cell lines [(HCT 116 p53-

/-, HCT 116 p53(R248W/-), HCT 116 K-Ras(G13D/-), HCT 116 K-Ras(+/-)]. Cytotoxicity of 

compound 3 against normal fibroblasts (foreskin fibroblasts BJ, lung fibroblasts MRC-5) was 

significantly lower, 9.39 for BJ and 63.38 for MRC-5. 

The analysis of cell cycle performed on CCRF-CEM cells treated by compound 3 

showed increased number of cells in G1 phase, together with S phase decrease and reduction 

of G2/M cells. This result is consistent with decrease of mitotic marker phospho-histone H3Ser10 

and strong inhibition of DNA and RNA synthesis. Enhanced number of cells in subG1 indicates 

cells going to the apoptosis. Apparently, treatment by compound 3 leads to synthetic processes 

decrease, DNA and RNA synthesis inhibition and cell death. 

The favorable features of the compound 3 suggest us to study its molecular target. For 

molecular target identification, we choose affinity purification pull down experiment. Two 

biotinylated variants of compound 3 were synthetized. One was biotinylated out of the active 

site (derivative A) to capture real target and second was biotinylated directly in the active site 

(derivative B) as a control to capture unspecific proteins. By the affinity purification coupled 

to mass spectrometry, we have identified repeatedly three proteins binding derivative A: 

pyruvate kinase M2, elongation factor 1 alpha 1 and β-actin. We have validated all three 

proteins by western blot. In order to know if all three proteins bind derivative A or are just in 

complex we have performed pull down of pure recombinant proteins PKM2, eEF1A1 or β-

actin. By the validation of affinity purification result via western blot, we have identified 

eEF1A1 to be direct target of derivative A and PKM2 and β-actin are just eEF1A1 complexing 
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proteins. As was mentioned before, the interaction of eEF1A1 and β-actin is known from the 

literature186,189–191, but interaction with PKM2 and eEF1A1 was not previously described. 

Recently, increased number of PKM2 interacting proteins was identified and eEF1A1 can be 

one of the new interacting partners of this key protein of tumorigenesis252,298.  

To characterize the interaction of eEF1A1 and PKM2 we have performed 

immunoprecipitation experiment of compound 3 treated or vehicle treated CCRF-CEM cells. 

We have found that interaction between eEF1A1 is dependent on compound 3 treatment. The 

interaction between eEF1A1 and PKM2 was not proved on vehicle treated CCRF-CEM cells. 

Therefore, compound 3 treatment leads to the eEF1A1 PKM2 interaction and may influence 

key regulation functions of the binding partners. eEF1A1 has been studied as important 

tumorigenesis protein231,234,235. Therefore, its binding by compound 3 can negatively influence 

its key tumorigenesis functions. Moreover, by the eEF1A1 PKM2 binding, the key 

tumorigenesis features of PKM2 can be broke up. As PKM2 can in dimer state enter the nucleus 

and influence expression of key tumorigenesis proteins (HIF1-α, VEGF-A, c-myc etc.)246,251, 

binding PKM2 by eEF1A1 may abolish some of these processes. 

Further, we have tested main functions of identified proteins. We have performed in 

vitro translation experiment to validate effect of compound 3 on translation. There was no 

significant effect on translation. Therefore, compound 3 has no effect on translational function 

of eEF1A1.  

 In the case of actin, we have studied cytoskeletal changes by actin pmKate2 transfected 

U2OS osteosarcoma cells. We have observed significant actin fragmentation in clearly visible 

10, 12 and 24 hour intervals after compound 3 treatment. The fragmentation can be caused be 

late apoptosis changes. 

To study PKM2 activity, we performed pyruvate kinase assay by monitoring ATP 

production and subsequent luminescence activity. We have found no effect of compound 3 on 

recombinant PKM2 activity. As we know, that PKM2 is in treated cells in the complex with 

other proteins, mainly with eEF1A1, we have decided to study effect on immunoprecipitated 

PKM2 from compound 3 treated CCRF-CEM cells. PKM2 was immunoprecipitated via anti-

PKM2 antibody or anti-eEF1A1 antibody. Subsequently, we have performed pyruvate kinase 

assay directly with immunoprecipitated PKM2. To stabilize eEF1A1 PKM2 interaction the 

compound 3 was added in to the reaction. Pyruvate kinase M2 was inhibited to 70 % for anti-

PKM2 immunoprecipitated PKM2 and to 53 % for anti-eEF1A1 imunoprecipitated PKM2. 

Both reactions were stabilized by compound 3. This results suggest that compound 3 can 

support eEF1A1 binding PKM2 and decrease its activity. Decrease of its activity can be 
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triggered by PKM2 tetramer break up to dimer or by other conformation changes. The necessity 

of eEF1A1 participation in PKM2 inhibition is evident from pyruvate kinase assay with 

commercial recombinant PKM2, where no effect of compound 3 on its activity was observed.  

Two kinds of small molecules that inhibits cancer growth via PKM2 are described in 

the literature. The first are PKM2 inhibitors, compounds that inhibits transfer of phosphate 

from PEP to ADP and following ATP generation. Several PKM2 inhibiting compounds was 

described by Vander Heiden and the most potent small molecule demonstrated more than  

60 % inhibition and induced cell death of cancer cells 299. Later, highly potent inhibitors 

shikonin and its enantiomer isomer alkanin were found to inhibit enzymatic function of PKM2 

in submicromolar concentrations and  also can overcome cancer drug resistance27.  The second 

group of small molecules are PKM2 activators, compounds that induces tetramerization of 

PKM2. By the tetramerization the glycolytic metabolic advantage of PKM2 dimer formation 

is broke up and therefore cancer proliferation and viability is affected. The inhibition of lung 

cancer cells proliferation was observed after treatment by compounds that can tetramerize 

PKM2300. Our results suggest that compound 3 belongs to the inhibitors of PKM2. 

Another function assay analyzed GTPase function of eEF1A1. The GTPase assay was 

studied by commercial GTPase assay based on malachite green colorimetric measurement. 

Immunoprecipitated eEF1A1 from compound 3 treated CCRF-CEM cells was measured 

compare to untreated control immunoprecipitated eEF1A1. The increase of GTPase activity to 

161% was detected in treated sample. This enhanced GTPase activity is not connected with 

higher rate of translation as is obvious from the translation analysis studied before. 

The metabolic profiling of CCRF-CEM cells treated by compound 3 was performed to 

analyze the effect of PKM2 on binding to eEF1A1. We have observed several changes in the 

cell metabolism. There is evident effect on nucleotide synthesis - almost depleted ortotic acid 

– intermediate of pyrimidine synthesis, almost depleted AICAR, intermediate in purine de novo 

synthesis, high abundant hypoxantine, product of purine degradation, decreased UTP and 2-

deoxy adenosine. On the other hand, some metabolites were detected in higher concentration 

(adenosine, uracil and dGDP).  

The changes of glucose metabolism support decrease of PKM2 activity. The 

metabolites upstream PKM2 are upregulated: 3-phosphoglycerate, DHAP, glucose-1-

phosphate and erythrose-4-phosphate. Additionaly, some metabolites of citric acid cycle are 

highly upregulated (Acetyl-CoA, citrate/isocitrate, aconitate). The citrate cycle (TCA) is 

crucial for cancer cell, as the pyruvate from glycolysis is converted to lactate, cell replenishes 

TCA intermediates by alternative pathways. One of the crucial metabolic pathways is 
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glutaminolysis that replenishes intermediates of TCA for ATP production301. We have found 

interesting connection with our proteomic and metabolomics data. The glutamate, intermediate 

of glutaminolysis, is decreased in the compound 3 treated cells. Glutaminolysis is cancer cells 

is positively regulated by MYC protein302. Additionally, c-Myc gene transcription have been 

recently found to be positively regulated by PKM2246. As PKM2 function is affected by binding 

compound 3 and eEF1A1, MYC production can be deregulated and glutaminolysis affected. 

Unfortunately, we haven´t detected all metabolites of TCA citrate and glutaminolysis to explain 

more consequences. 

The evidence of eEF1A1 interaction with compound 3 was measured by ITC. The 

titration profile and measured Ka proved compound 3 and eEF1A1 interaction. 

Based on the favorable biological features of compounds 1-3, seven new 3-HQ 

compounds was synthetized. All compounds were tested by ITC for interaction with eEF1A1 

and for all the interaction was confirmed, only exception was compound 10, non-active 

derivative used as a negative control. The activity of new compounds was evaluated by MTT 

cytotoxic assay. Some derivatives were active in micromolar and submicromolar concentration 

against cancer cell lines (derivative 6, 8 and 9). Importantly, derivatives 6 and 9 has 

significantly lower activity against BJ fibroblasts. Derivative 9 has toxicity against fibroblasts 

comparable with original compounds 1-3. On the other hand, derivative 9 has no effect to the 

resistant cancer cell lines CEM-DNR and K562-TAX. 

 

2.2.4 Conclusion 

 

In this work, the new biologically active compounds 3-HQ are described. Their primary 

target eEF1A1 was elucidated and its interacting partner PKM2 was described. We have found 

that compound 3 can trigger eEF1A1 PKM2 interaction. The treatment by compound 3 has 

PKM2 inhibitory effect, probably connected also by the interaction with eEF1A1. Recently, a 

lot of moonlighting functions of PKM2 and eEF1A1 key for tumorigenesis process has been 

observed172,252,298. Therefore, 3-HQ are very promising compounds that aims at least two key 

tumorigenesis proteins: directly eEF1A1 and indirectly PKM2. Apparently, there is probably 

more inhibitory effects of 3-HQ that leads to apoptosis of cancer cells.  

 

 



99 
 

2.2.5 Author´s contribution 

 

The data from this work were partly published in the Journal of Medicinal Chemistry 

with title Identification of Eukaryotic Translation Elongation Factor 1-α 1 Gamendazole-

Binding Site for Binding of 3-Hydroxy-4(1 H)-quinolinones as Novel Ligands with Anticancer 

Activity157 (appendix B). The author contributed to the design of experiments, performing and 

optimization of identification of protein target experiments (affinity purification, sample 

preparation for mass spectrometry analysis and MS identification), validation of results 

(affinity purification with recombinant proteins, enzymatic assays, analysis of in vitro 

translation and actin fragmentation monitoring), sample preparation and analysis of metabolic 

profiling results and cell cycle analysis. Author contributed to the data analysis of all 

experiments and wrote the biological part of the publication157 (appendix B). 
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 Identification of mechanism of action of new nucleoside 

cytostatic AB61 

 

In our collaborating laboratory in the Instutute of Organic Chemistry and Biochemistry, 

was synthetized and studied cytotoxic activity of group of hetaaryl-7-deazapurine 

ribonucleosides. They have exhibited nanomolar cytotoxic activities against panel of cancer 

cell lines. 6-hetaryl-7-deazapurine ribonucleosides are highly cytotoxic comparable to 

conventional nucleoside cytostatics as clofarabine303. Later, 7-hetaaryl-7-deazaadenosines 

were studied for their strong antiproliferative effect against several solid tumor and 

hematological malignancies287. SAR study revealed that modification of the ribose leads to the 

decrease of cytotoxicity or complete inefficiency of these compounds304,305. On the other hand, 

base-modified compound with substitution of 7- deazapurine in positions 2 or 6 exhibited 

submicromolar cytotoxicities306. 

The most promising compound is 7-(2-thienyl)-7-deazaadenosine named AB61 (Fig. 

41). It exhibits subnanomolar cytotoxicity against several leukemic and solid cancer cell lines 

and more importantly, its cytotoxicity is lower against normal fibroblasts (2-3 orders of 

magnitude). The cell cycle analysis of AB61 on CCRF-CEM cells discovered G2/M inhibition, 

fast apoptosis onset, strong RNA synthesis inhibition and in higher concentration as well DNA 

synthesis inhibition. Further, AB61 was found to be efficiently phosphorylated in the Du-145 

human prostate cancer cells. AB61-TP (triphosphate) was discovered to be very mild inhibitor 

of RNA polymerase II and weak inhibitor of adenosine kinase. To study in vivo AB61 activity, 

the P388D1 leukemia survival model was performed and demonstrated prolonged mice 

survival287. 
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Figure 41. The structure of AB61 (modified from307). 

 

Further, the ability of AB61-TP to incorporate into DNA and RNA was tested. It was 

found that AB61-TP is substrate for viral T7 RNA polymerase and that ATP can be substituted 

by AB61-TP within the transcription. Moreover, AB61-TP is substrate for Klenow fragment 

of DNA polymerase and DNA polymerase γ during primer extension experiment. In addition, 

AB61 incorporation into DNA and RNA were confirmed in living CCRF-CEM cell line using 

3H-labeled AB61 and measured by liquid scintillation counting or HPLC/MS with UV/VIS 

detection. By the gene expression analysis coupled with pathway analysis DNA damage 

network was identified to be highly affected by AB61 treatment. Further analysis of U2OS-

53BP1-GFP cells (enabling detection of DNA damage lesions by accumulation of 53BP1 

protein in DNA double strain breaks) treated by AB61 confirmed accumulation of 53BP1 foci 

in the nuclei of treated cells. Therefore, AB61 induces DNA damage307. 

The aim of the project was analysis of the AB61 different cytotoxicity in cancer cells and 

fibroblasts and analysis how the protein synthesis is affected by AB61. The data from this 

project were published in Molecular Cancer Therapeutics307 (appendix C). 
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2.3.1 Material and methods 

The methods were previously published in similar version in307 (appendix C). 

 

Cell lines 

 

The CCRF-CEM, HCT116, A549, K-562, BJ and MRC-5 cell lines were purchased 

from the American Tissue Culture Collection (ATCC). HCT116p53-/- cell line was purchased 

from Horizon Discovery, UK. The daunorubicin resistant subline of CCRF-CEM cells (CEM-

DNR) and paclitaxel resistant subline K562-TAX were selected in our laboratory291,292. 

 

Cytotoxic MTT assay 

 

The cells were maintained in Nunc/Corning 80 cm2 plastic tissue culture flasks and 

cultured in cell culture medium (DMEM/ RPMI 1640 with 5 g∙L-1 glucose, 2 mM L-glutamine, 

100 U∙mL-1 penicillin, 100 g∙mL-1 streptomycin, 10% fetal calf serum, and NaHCO3). Cell 

suspensions were prepared and diluted according to the particular cell type and expected target 

cell density (25,000–30,000 cells∙well-1 based on cell growth characteristics). Cells were added 

by a pipette (80 L) into 96-well microtiter plates. Inoculates were preincubated for 24 h at 

37 °C and 5% CO2 to stabilize. Four-fold dilutions of 20-L aliquots, of the intended test 

concentrations were added to the microtiter plate walls at time zero. All test compound 

concentrations were examined in duplicates. Incubation of the cells with the compounds lasted 

for 72 h at 37 °C in 5% CO2 atmosphere and 100% humidity. At the end of the incubation 

period, the cells were assayed using MTT. Aliquots (10 L) of a MTT stock solution were 

pipetted into each well and incubated for further 1 - 4 h. After this incubation period the 

produced formazan was dissolved in 100 L∙well-1 of 10% aq. SDS (pH 5.5), followed by 

further incubation at 37 °C overnight. The optical density (OD) was measured at 540 nm with 

a Labsystem iEMS Reader MF. Tumor cell survival (IC50) was calculated using the following 

equation: IC = (ODdrug-exposed well/mean ODcontrol wells) × 100%. The IC50 value, 

corresponding to the drug concentration lethal for 50% of the tumor cells, was calculated from 

appropriate dose-response curves. 
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Intracellular phosphorylation 

 

HCT116 and BJ cells were seeded into 6-well plates at 60% confluence in the 

cultivation medium (McCoy's 5A and DMEM medium, respectively, supplemented with 5 g/L 

glucose, 2 mM glutamine, 100 U/mL penicillin, 100 g/mL streptomycin, 10% fetal calf serum, 

and NaHCO3). Next day, cells were treated by 1 μM or 10 μM AB61. After 3 h incubation, 

cells were washed 2 times with phosphate buffered saline containing 0.5% FBS and 3 times 

with phosphate buffered saline. The cell pellets were extracted with 70% cold MeOH (1 mL). 

Supernatants were collected, dried under vacuum, and samples were resuspended in DMSO-

water (1:1100 μL) for analysis. The samples were analyzed using ultra-performance reversed 

phase chromatography coupled to triple tandem mass spectrometry UPLC-MS/MS. The UPLC 

chromatograph used in this study was Accela Thermo Scientific system consisting of gradient 

quaternary pump, thermostated autosampler, degasser, column oven and triple quadrupole 

mass spectrometer TSQ Quantum Access (Thermo Scientific). Xcalibur™ data system 

software was used for an instrument control and data analysis.  The C18 column (XBridge™ 

BEH C18, 2.5 μm, 2.1 x 50 mm) and ammonium acetate (pH 5.04)/acetonitrile gradient elution 

were applied for chromatographic separation. The electrospray ionization and negative selected 

reaction mode MS/MS were used for analyte quantification. Standard curves and quality 

control samples were generated for all analytes using extracts from untreated cells. 

 

 

In vitro transcription of EGFP-luciferase DNA template 

 

To evaluate functionality of RNA with incorporated AB61-TP or Tub-TP, we first 

PCR-amplified template DNA coding EGFP-luciferase under T7 promoter. MEGAscript T7 

kit (Ambion) was used for in vitro transcription of EGFP-luciferase template in the presence 

of hetaryl-7-deazapurine ribonucleoside triphosphates. In vitro transcription reactions were 

performed according to manufacturer's protocol. Each transcription reaction (20 mL) contained 

of EGFP-luciferase DNA template (2751 bp, 100 ng), ATP, GTP, CTP, and UTP (7.5 mM 

each), enzyme mix (2 mL), and AB61-TP or Tub-TP (final concentration: 1 mM). In the control 

experiment, water was used instead of the solution of the tested compound. The transcription 

reactions were performed at 37 °C for 2 hours. Then, DNase I (2 U/mL, 1 mL) was added and 
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the mixtures were incubated at 37 °C for 15 minutes. RNA transcripts were purified on 

NucAway Spin Columns (Ambion). The quantity and purity of RNA transcripts was 

determined on Agilent 2100 Bioanalyzer (RNA 600 Nano Total RNA kit, Agilent) and by 

NanoDrop 1000 Spectrophotometer. 

 

In vitro translation efficacy of EGFP-luciferase RNA transcripts with incorporated AB61-

TP or Tub-TP  

 

The EGFP-luciferase RNA transcripts with or without incorporated AB61-TP or Tub-

TP were used as templates for in vitro translation using reticulocyte lysate system (Retic Lysate 

IVT Kit, Ambion) according to the manufacturer's protocol. The in vitro translation mixture 

(25 mL) contained EGFP-luciferase RNA transcript (500 ng), low salt mix-met (1 mL), high 

salt mix-met (0.25 mL), methionine (0.83 mM, 1.5 mL), and the reticulocyte lysate (17 mL). 

In the positive control experiment, unmodified EGFP-luciferase RNA transcript was used, in 

the negative control experiment no RNA template was added. The translation reactions were 

incubated in water bath at 30 °C for 1.5 hours. Efficacy of in vitro translation was evaluated 

via measurement of luciferase enzymatic activity (Luciferase Assay System, Promega) on 

EnVision Multilabel Reader (PerkinElmer) and by western blot analysis using primary anti-

Luciferase antibody (Promega) and secondary peroxidase-conjugated antibody (Sigma-

Aldrich) analyzed by enhanced chemiluminescence (Amersham).  
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2.3.2 Results 

 

This data was previously pulished as a part of publication307 (appendix C). 

 

AB61 shows differential in vitro cytotoxic activity against cancer cell lines and normal 

fibroblasts 

 

 We have retested AB61 and its monophosphate against several cancer a normal cell 

lines. AB61 is strongly cytotoxic against cancer cell lines A549, CCRF-CEM, HCT116 and 

K562. AB61 cytotoxicity is in subnanomolar concentrations. Moreover, it is highly active 

against multidrug resistance cell lines CEM-DNR and K562-TAX expressing multidrug 

resistance transporters. Further, it is highly active against HCT116 p53-/- colorectal cancer cell 

line with inactivated p53 gene. Significantly, the cytotoxicity against normal cells (fibroblasts 

BJ, MRC-5) has been lower 2-5 orders of magnitude. Oppositely, AB61-MP has significantly 

lower activity (approximately 2 orders of magnitude) and difference between cancer cell lines 

and fibroblast was not so straight (Tab. 5). 

 

 

Cell line MTT, IC50 (μM) 

AB61 AB61-MP 

A549 0.010 1.06 

CCRF-CEM 0.00036 0.16 

CEM-DNR 0.043 0.45 

HCT116 0.0019 0.18 

HCT116p53-/- 0.067 0.83 

K562 0.0095 0.21 

K562-TAX 0.0083 0.99 

BJ 8.00 0.24 

MRC-5 11.4 7.84 

 

Table 5. The cytotoxicity of AB61 and A61-MP against several cancer and normal cell lines. 

The table was published before as a part of publication307 (appendix C). 
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Intracellular phosphorylation of AB61 is limited in normal fibroblasts 

 

 The efficiency of phosphorylation of AB61 was studied in colon cancer cell line 

HCT116 and BJ fibroblasts. Cells were treated by AB61 in two concentrations (1 and 10 µM) 

and extracted by methanol in two time intervals (1 and 3 hours). The amount of AB61 

monophosphate (AB-MP), AB61 diphosphate (AB-DP) and AB61 triphosphate (AB61-TP) 

was analyzed by U 

PLC analysis. In HCT116 1-hour treatment no or only a minor amount of AB61-MP was 

detected after treatment with both concentration (1 or 10 µM) of AB61 but high concentrations 

of AB61-MP were observed in HCT116 cells after 3-hour treatment. 

BJ fibroblasts exhibited good uptake of AB61 but no AB61-MP was detected (Fig. 42). 

Therefore, cellular phosphorylation of AB61 is ineffective in BJ fibroblasts. AB61-DP and 

AB61-TP were not detected in any cell line, probably due to short treatment time, fast 

incorporation into macromolecules and/or concentrations under the detection limit. 

 

 

Cell line Dosing (1 µM; 1 hour; pmol/5x105 

cells) 

Dosing (10 µM; 1 hour;  pmol/5x105 

cells) 

AB61 AB61-MP AB61 AB61-MP 

HCT116 81.6 ± 3.48 0 88.1 ± 13.0 0.56 ± 0.44 

BJ 76.7 ± 7.30 0 82.7 ± 7.33 0 

 

Cell line Dosing (1 µM; 3 hours;  pmol/5x105 

cells) 

Dosing (10 µM; 3 hours;  pmol/5x105 

cells) 

AB61 AB61-MP AB61 AB61-MP 

HCT116 117 ± 21.6 32.0 ± 5.65 120 ± 22.8 15.6 ± 3.62 

BJ 68.0 ± 1.33 0 67.6 ± 3.07 0 

 

 

A 

B 
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Figure 42. Intracellular phosphorylation of AB61 at various concentrations. A) 1 hour AB61 

treatment interval B) 3 hours AB61 treatment interval. The tables were published before as a 

part of publication307 (appendix C). 

 

Incorporation of AB61-TP into mRNA blocks its translation in vitro 

 

 This part of work was done in collaboration with the Institute of Organic Chemistry 

and Biochemistry of and was partly described in dissertation thesis of Pavla Perlíková, M.Sc., 

Ph.D.308  The ability of AB61-TP incorporation into the RNA by T7 RNA polymerase have 

been studied previously307. Further, we wanted to evaluate functional properties of RNA 

containing nucleoside analogue and the efficiency of protein translation of such RNA. We have 

performed commercial in vitro transcription of EFGP-luciferase fusion gene under T7 promoter 

into RNA in the presence of all natural nucleotides (ATP, GTP, CTP, UTP) with/without 

AB61-TP or tubercidin triphosphate (Tub-TP) so that AB61-TP or Tub-TP could be 

incorporated into RNA template. The purified transcripts were used as templates for in vitro 

translation reaction using commercial in vitro translation kit from reticulocyte lysate. The 

efficiency of translation was measured by luminescence intensity and western blot detecting 

luciferase protein (Fig. 43). Comparable luminescence intensity and the presence of luciferase 

protein was detected in the case of translation from unmodified RNA and Tub-TP modified 

RNA. Interestingly, there was no measurable protein (luminescence or western blot) translated 

from AB61-TP modified mRNA. This result shows that AB61-TP can be incorporated into 

RNA by T7 RNA polymerase in the presence of ATP. Moreover, the presence of AB61 in the 

RNA block its function as a template for protein translation.  
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 Figure 43. In vitro translation reactions with different RNA templates for EGFP-luciferase. 

A) luminiscence intensity, data represent averages of two independent experiments; B) western 

blot analysis with anti-luciferase antibody. Key: +: unmodified RNA template; -: no template; 

AB61: RNA template produced in the presence of AB61-TP; Tub: RNA template produced in 

the presence of Tub-TP. The picture was published before as a part of publication307 (appendix 

C). 
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2.3.3 Discussion 

 

In this study, we have focused on analysis of differential cytotoxicity of AB61 on cancer 

cell lines and fibroblasts. In addition, specific mechanism of action of this compound is 

described.  

The cytotoxicity of AB61 was measured by MTT assay in subnanomolar concentrations 

against several cancer cell lines (A549, CCRF-CEM, CEM-DNR, HCT116, HCT116p53 -/-, 

K562, K562-TAX) and more importantly the activity against normal fibroblasts (BJ, MRC-5) 

was significantly lower (2-5 orders of magnitude). On the other hand, AB61-MP cytotoxicity 

against cancer cell lines was lower (typically by 2 orders of magnitude) and the specificity 

compared to the fibroblasts was poor. 

We were interested in mechanism of difference of toxicity of cancer cells and 

fibroblasts. We have demonstrated that AB61 is effectively phosphorylated in the colon cancer 

HCT116 cell line (IC50 1.9 nM) but phosphorylation is inefficient in normal BJ fibroblasts. 

These data are supported by the fact that adenosine kinase, enzyme overexpressed in colorectal 

tumors309 may be involved in AB61 phosphorylation and contribute to AB61 efficiency and 

selectivity. 

Previous data proved that AB61 is incorporated into RNA and RNA polymerase II is 

not inhibited307. Therefore, we were interested how the AB61-TP modified RNA can be 

translated into the protein. The commercial in vitro transcription assay with all nucleotides plus 

AB61-TP coupled to in vitro translation revealed that AB61-TP modified template could not 

be translated into the protein. On the other hand, Tub-TP modified mRNA was translated into 

the fully active protein. This unique mechanism of action to our knowledge it is the first 

description of such an effect in the class of cytostatic nucleosides. Therefore, AB61 is very 

potent and promising compound. Further studies of the compound are currently under way. 

 

2.3.4 Conclusion 

 

In this work, the cytotoxicity and mechanism of action of very promising nucleoside 

analogue AB61 have been described. The different phosphorylation of the compound AB61 in 

colon cancer cells HCT116 and fibroblasts BJ have been dicovered. The translation block of 

proteosynthesis of template RNA containing nucleoside analogue AB61-TP was proved and 

new mechanism of action for the nucleotide analogues compounds have been described. 
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2.3.5 Author´s contribution 

 

The data from this work were published in the Molecular Cancer Therapeutics with title 

7-(2-Thienyl)-7-Deazaadenosine (AB61), a New Potent Nucleoside Cytostatic with a Complex 

Mode of Action308 (appendix C). The author performed intracellular phosphorylation of AB61 

experiment, developed and optimized the methodology for in vitro translation experiment. The 

author contributed to the writing of the manuscript. 
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 Summary 

 

This thesis is divided into three parts. In the first theoretical part the methods for drug 

target identification and two groups of anticancer compounds (quinolone derivatives and 

nucleoside analogs) are described. The necessity of identification the direct target of drugs and 

describing exact mechanism of action is obvious. It is crucial to describe the most actions 

triggered by the small molecule (drug) to describe exact mechanism of action. This information 

can be used for explaining drug side effects, small molecule optimization, potential use for 

another disease (drug repurposing) and give us new information about targeted processes, 

biomolecules or signaling pathways. 

In the last decades many new methods and instruments were developed, optimized and 

used for describing drug mode of action and drug target identification. Chemical proteomics is 

scientific branch connecting molecular biology, structural biology, bioinformatics, 

biochemistry, organic chemistry and many proteomic and analytical methods such as mass 

spectrometry that are used for drug target deconvolution.  

Affinity purification is key method for drug target identification. It is based on 

immobilizing modified small molecule on the resin. Afterwards, the immobilized small 

molecule probe is incubated with complex mixture of proteins of interest. Captured proteins 

are washed, eluted, separated and identified mainly by mass spectrometry. It was used with 

variety of modifications for target deconvolution of many compounds. We can modify a lot of 

aspect of the AP experiment - the choose of immobilizing matrix, optimization of linkers 

connecting the compound, the experimental procedure (washing steps, purification procedure) 

or identification process and/or quantification. When the immobilization of the compound is 

problem, we can use cell permeable probes (TAT, FLAG), energetic-based target identification 

(DARTS), click chemistry probes or serial affinity chromatography. The experiment design is 

always chosen according experimental requirements.  

The mass spectrometry is mostly inseparable part of the affinity purification 

experiment. The precision of contemporary mass spectrometers enables us exact identification 

of target protein(s) from the protein mixture. The possibility of protein quantification allows to 

compare more samples or states (disease/healthy; treated/untreated) in the experiment. Some 

methods enable to quantify 8-10 samples in one experiment (iTRAQ, TMTs). The help of 

bioinformatics tools analyzing big amount of data (for example from mRNA profiling, protein 
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profiling or metabolic profiling etc.) is currently indispensable part for analysis of such big 

dataset enabling connect more molecular processes.  

With the development of instrumentation, bioinformatics tools, databases and growing 

information about biomolecules, signaling routes and protein function, we can describe and 

understand many pharmacological processes in detail.  

Second part of the thesis is focused on quinolone derivative project. The aim was to 

identify protein target of specific group of 3-HQ. This compounds exhibits favorable biological 

activities (high cytotoxicity for cancer cells versus low cytotoxicity for fibroblasts), 

accumulation of cells in G1 phase, together with strong inhibition of RNA and DNA synthesis 

and decrease of mitotic marker pH3Ser10. The identification of protein target of compound 3 

was performed by affinity purification coupled to mass spectrometry and three proteins were 

repeatedly identified. eEF1A1 as a direct target, PKM2 and β-actin as interacting partners of 

eEF1A1. We have found many consequences and effects of the compound 3 by the functional 

analysis of this proteins. Compound 3 treatment (in CCRF-CEM cell line) induces interaction 

between eEF1A1 and PKM2 and subsequently inhibition of PKM2 activity (phosphorylation 

of ADP by phosphate from PEP). Furthermore, translation efficiency is not affected, but 

GTPase activity of eEF1A1 is upregulated to 161%. Actin fibers are highly fragmented after 

treatment in several hours. Metabolic profiling revealed many changes. Some of them are in 

agreement with the pyruvate kinase inhibition effect of the compound (upregulation of 

glycolytic metabolites upstream PKM2) and some of them are consistent with cell cycle 

analysis (downregulation of some nucleotides and their precursors, high abundance of 

hypoxanthine, product of purine degradation). All these data show how the compound 3 

influence the CCRF-CEM cells. The compound 3 induces eEF1A1 PKM2 interaction that leads 

to the PKM2 activity decrease. This probably affect glucose cancer cell metabolism and further 

may influence key tumorigenesis functions of PKM2 and eEF1A1. The third protein β-actin is 

affected as well by the massive fragmentation of actin fibres. All the processes together with 

DNA, RNA synthesis inhibition leads to the apoptosis. 

The eEF1A1 interaction with compound 3 was proved by ITC and based on this results 

several new 3-HQ was synthetized, tested for the eEF1A1 binding by ITC and tested for the 

cytotoxicity by MTT assay. The interaction was proved for all 6 compounds and the 

cytotoxicity showed some new optimized candidates with favorable activities. Further 

optimization of 3-HQs are currently in process. 

The third part of the thesis is focused on nucleoside analogs, especially on the 

compound 7-(2-thienyl)-7-deazaadenosine named AB61. Previously, favorable biological 
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activities of the compound were studied (cancer specific cytotoxicity, G2/M inhibition, fast 

apoptosis onset, strong RNA synthesis inhibition, ability to incorporate into DNA and RNA). 

The task was explaining differential cytotoxicity in cancer cells and fibroblasts (2-5 orders of 

magnitude) by UPLC-MS/MS analysis of AB61 treated colorectal cancer cells HCT116 and 

fibroblasts BJ. Further, to analyze translation efficiency of RNA with incorporated AB61. The 

results show that AB61 is inefficiently phosphorylated in the fibroblasts and therefore the 

cytotoxicity is significantly lower. The in vitro translation analysis of RNA with incorporated 

AB61 was found to block translation. These data describe completely new mechanism of action 

of nucleoside cytostatic. 

This work brings summary of methods used for drug target identification and 

identification of target/mechanism of action of two promising group of anticancer compounds, 

quinolone derivatives (compound 3) and nucleoside analogs (compound AB61). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

 Souhrn 

 

Tato práce je rozdělena do tří částí. V první části jsou popsány metody používané k 

identifikaci cílů léčiv a dvě skupiny léčiv (chinolonové deriváty a nuklesidová cytostatika). 

Potřeba přesně popsat cíle léčiv a jejich mechanismus účinku je zjevná. Je nezbytné popsat co 

nejvíce procesů, které látky v buňce spustí a přesně popsat jejich mechanismus účinku. Tyto 

informace jsou použity pro vysvětlení vedlejších účinků, optimalizaci látek, jejich 

potenciálním použití pro léčbu jiných nemocí a v neposlední řadě nám dávají cenné informace 

o cíleném procesu, biomolekulách a signálních drahách. 

V posledních desetiletích bylo vyvinuto, optimalizováno a testováno mnoho nových 

metod a přístrojů pro identifikaci cílů léčiv. Chemická proteomika je vědecké odvětví spojující 

molekulární biologii, strukturální biologii, bioinformatiku, biochemii, organickou chemii a 

mnoho proteomických a analytických metod jako je hmotnostní spektrometrie, které jsou 

použity pro odhalení cílů léčiv. 

Afinitní purifikace je klíčová metoda pro identifikaci cílů malých molekul. Je založena 

na imobilizaci malé molekuly na matrici, která je následně inkubována se směsí proteinů. 

Proteiny, jež jsou molekulou zachyceny, jsou dále promyty, separovány a následně 

identifikovány hmotnostní spektrometrií. Afinitní purifikace byla použita v mnoha obměnách 

pro identifikaci cílů léčiv. Můžeme pozměnit mnoho aspektů v experimentu afinitní purifikace 

od výběru matrice, linkerů, průběhu purifikace (odmývání, purifikační metoda), 

identifikačního procesu a/nebo kvantifikace. Pokud je imobilizace látky problematická, 

můžeme přistoupit k některé metodě, která modifikaci látky nevyžaduje – sondy, jež jsou 

schopny proniknout do buňky (FLAG, TAT), metoda DARTS, sondy využívající chemické 

reakce uvnitř buňky tzv. “click chemistry” nebo metodu sériové afinitní chromatografie. 

Experimentální design je vždy vybírán podle požadavků experimentu.  

Hmotnostní spektrometrie je nedílnou součástí afinitní purifikace. Precizní měření 

dnešních hmotnostních spektrometrů nám umožňuje přesnou identifikaci cílového proteinu ve 

směsi proteinů. Kvantifikace proteinů umožňuje porovnat více vzorků nebo stavů 

(zdravý/nemocný; léčený/neléčený) v experimentu. Některé metody kvantifikace umožňují 

kvantifikaci 8-10 vzorků v jednom experimentu (iTRAQ, TMTs). 

Při analýze velkých souborů dat (mRNA profilování, proteomické profilování nebo 

metabolické profilování atd.) se dnes používají bioinformatické nástroje, které jsou pro 
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zpracování velkého množství dat vyvinuty a jsou nepostradatelnou pomocí v propojení a 

porozumění více molekulárních procesů najednou. 

S rozvojem nových přístrojů, bioinformatických nástrojů, databází a rostoucí informací 

o biomolekulách, signálních drahách a proteinových funkcí, můžeme podrobněji popsat a 

porozumět mnoha farmakologickým dějům. 

Druhá část dizertační práce je zaměřená na projekt chinolonových derivátů. Cílem bylo 

identifikovat biologický cíl specifické skupiny chinolonových derivátů, zejména látky 3. Tyhle 

látky vykazují výhodné biologické vlastnosti (vysoká cytotoxicita pro nádorové buňky, nízká 

pro fibroblasty), akumulace buněk v G1 fázi buněčného cyklu spolu s inhibicí DNA, výraznou 

inhibicí RNA syntézy a pokles mitotického markeru pH3Ser10. 

Pomocí afinitní purifikace spojené s hmotnostní spektrometrií se podařily opakovaně 

identifikovat 3 proteiny: eEF1A1 přímý cíl a dva jeho vazební partneři PKM2 a β-aktin. 

Funkční analýzou těchto proteinů jsme objevili mnoho dějů spuštěných přeléčením látkou 3 a 

několik dalších souvislostí. Bylo zjištěno, že látka 3 indukuje interakci mezi eEF1A1 a PKM2, 

tato vazba nadále vede ke snížení aktivity PKM2 (fosforylace ADP na ATP pomocí fosfátu z 

PEP). Na druhou stranu, efektivita translace, jako primární funkce eEF1A1, nebyla nijak látkou 

ovlivněna, ale jeho GTPázová aktivita se zvýšila na 161 %. Vlákna aktinu jsou po inkubaci s 

látkou 3 výrazně fragmentována. Metabolické profilování odhalilo mnoho změn. Některé z 

nich jsou v souladu s inhibicí PKM2 (zvýšení množství glykolytických metabolitů “nad” 

PKM2) a některé z nich jsou v souladu s analýzou buněčného cyklu (snížení množství 

některých nukleotidů a jejich prekurzorů, nadbytek hypoxantinu, produktu purinové 

degradace). Všechny tyto změny ukazují, jak látka 3 ovlivňuje nádorové buňky CCRF-CEM. 

Látka 3 indukuje interakci eEF1A1 a PKM2, což vede k poklesu aktivity PKM2. To zřejmě 

ovlivňuje glukózový metabolismus nádorové buňky a dále pronádorové vlastnosti eEF1A1 a 

PKM2. Třetí protein, β-aktin je ovlivněn rozsáhlou fragmentací aktinových vláken. Všechny 

tyto děje spolu s inhibicí DNA a RNA syntézy vedou k apoptóze. 

 Interakce eEF1A1 a látky 3 byla prokázána metodou ITC. Na základě těchto dat bylo 

syntetizováno několik nových chinolonových derivátů, které byly testovány pomocí ITC na 

vazbu k eEF1A1 a pomocí MTT testu byla testována jejich cytotoxicita vůči nádorovým 

buňkám a fibroblastům. Interakce s eEF1A1 byla prokázána pro všech 6 optimalizovaných 

derivátů. Některé deriváty mají výhodnou cytotoxicitu a výhodný poměr cytoxicity nádorové 

buňky versus nenádorové fibroblasty. Další optimalizace těchto látek je v procesu. 

Třetí část dizertační práce se zaměřuje na nukleosidová analoga, zejména na látku 7-

(2-thienyl)-7-deazaadenosine nazvanou AB61. V předchozích studiích byly studovány 
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výhodné vlastnosti této látky (specifická cytotoxicita vůči nádorovým buňkám, G2/M inhibice, 

časný nástup apoptózy, inhibice RNA syntézy, schopnost inkorporovat se do DNA a RNA). 

Úkolem bylo vysvětlit rozdílnou cytotoxicitu nádorových buněk a fibroblastů (o 2-5 řádů) 

pomocí UPLC-MS/MS analýzy AB61 léčených buněk HCT116 (kolorektální karcinom) a BJ 

fibroblastů. Dále otestovat účinnost translace RNA s inkorporovanou látkou AB61. 

Výsledky dokazují, že látka AB61 není účinně fosforylována ve fibrolastech a proto je 

cytotoxicita výrazně nižší. Test in vitro translace RNA s inkorporovanou látkou AB61 ukazuje, 

že takto modifikovaná RNA není schopna translace do proteinu, AB61 tedy blokuje translaci. 

Tyhle data popisují úplně nový mechanismus účinku u nukleosidových cytostatik. 

Tato práce přináší souhrn metod používaných k identifikaci cílů a identifikuje 

cíle/popisuje mechanismus účinku dvou skupin protinádorových látek, chinolonových derivátů 

(látky 3) a nukleosidových analog (látky AB61). 
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 Abbreviations 

 

1DE  1-dimension gel electrophoresis 

2DE  2-dimension gel electrophoresis 

3-HQs  2-phenyl-3-hydroxy -4(1H)-quinolinones 

ABC  ATP binding cassette 

ABPP  activity based protein profiling 

Acetyl-CoA acetyl coenzyme A 

ADP  adenosine diphosphate 

AICAR 5-Amino-4-imidazolecarboxamide Riboside 

AMP   adenosine monophosphate 

AP  affinity purification 

ARC  8-hydrazinosangivamycin 

ATP  adenosine triphosphate 

BCR-ABL break point cluster region ABL kinase 

BDNF  brain-derived neutrophic factor 

BisIII  bisindolylmaleimide III 

BMV  brome mosaic virus 
BSA  bovine serum albumin 

cAMP  cyclic adenosine monophosphate 

CDK  cyclin dependent kinase 

CDK9  cyclin dependent kinase 9 

cGMP  cyclic guanosine monophosphate 

CK-2  protein kinase 2 

CML  chronic myeloid leukemia 

CTP  cytidine triphosphate 

cycA  cyclosporin A  

cypA  cyclophilin A 

DARTS drug affinity responsive target stability  

dGDP              2'-deoxyguanosine-5'-diphosphate 

DIGE  difference gel electrophoresis 

DIOS  desorption/ionization on silicon 

DMSO  dimethyl sulfoxide 

DOT 1  disruptor of telomeric silencing 1 

DP  diphosphate 

eEF1A  eukaryotic elongation factor 1A 

ER  endoplasmic reticulum 

EF-2  elongation factor 2 

EF-Tu  elongation factor thermo unstable 

EG  ethylene glycol 

EGF  epidermal growth factor 

ERK ½ extracellular signal regulated kinase ½ 

ESI  electrospray ionization 

FAT10  HLA-F adjacent factor 10 

FBP  fructose 1,6-bis phosphate 

FDA  food and drug administration 

FGFR1 fibroblast growth factor receptor 1 

FTICR  fourier-transform ion cyclotron resonance 
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GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GDP  guanosine diphosphate 

GFP  green fluorescent bprotein 

GLUT1 glucose transporter 1 

GMA  glycidyl methacrylate 

GSH  reduced glutathione 

GSKα/β glycogen synthase kinase α/β 

GSSG  oxidized glutathione 

GTP  guanosine triphosphate 

HAPs  high abundance proteins 

HCA  2´-hydroxycinnamaldehyde  

HCC  hepatocellular carcinoma 

HDAC3 histone deacetylase 3 

HIF1α  hypoxia inducible factor 1 α 

HILIC  hydrophobic interaction liquid chromatography 

HIV-1  human immunodeficiency virus 

HLA  human leukocyte antigen 

HPLC  high-performance liquid chromatography 

HPV 16 human papillomavirus 16 

HSE                heat shock elements 

HSF-1  heat shock factor 1 

HSP70  heat shock protein 70 

HSP90  heat shock protein 90 

HX  hexokinase 

ICAT  isotope coded affinity tags 

IMAC  immobilized metal affinity chromatography  

IMPDH inosine monophosphate dehydrogenase 

INFα  interferon α 

IT  ion trap 

ITC  isothermal titration microcalorimetry 

iTRAQ isobaric taq for relative and absolute quantification 

JAK1  Janus kinase 1 

JNK-1  c-Jun N-terminal kinase 1 

LAPs  low abundance proteins 

LC  liquid chromatography 

LDHA  lactate dehydrogenase 

LIT  linear ion trap 

LQT  Thermo scientific version of linear ion trap (Orbitrap) 

MALDI matrix assisted laser desorption ionization 

MAPK  mitogen activated protein kinase 

MBS  myosin binding subunit 

MDM4 mouse double minute homolog 4 

MLC2  myosin light chain 2 

MOAC metal oxide affinity chromatography 

MP  monophosphate 

mrp1  multidrug resistance associated protein 1 

MS  mass spectrometry  

mTOR  mammalian target of rapamycin 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide salt 

NA  nucleoside analogs 
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NADH  nicotine amide adenine dinucleotide 

NCI  National Cancer Institute 

NF-κB  nuclear factor κB 

NMR  nuclear magnetic resonance 

NPC  nuclear pore complex 

PAK4  P21 activated kinase 4 

PAL  photoaffinity label  

PASKIN PAS (Per-Arnt-Sim) kinase 

PEP  phosphoenolpyruvate 

PFK  6-phosphofructo 1-kinase 

pgp 1  P-glycoprotein 1 

PI3K  phosphatide-3-kinase  

PKAC-α cAMP-dependent protein kinase 

PKC  protein kinase C 

PKL  pyruvate kinase L 

PKM1  pyruvate kinase M1 

PKM2  pyruvate kinase M2 

PKR  pyruvate kinase R 

PML  promyelocytic leukemia tumor suppressor 

PPP  pentose phosphate pathway 

pTEFb  positive transcription elongation factor 

PTL  post-translational modification 

Q  quadrupole 

RAS  Rho-associated kinases 
RdRp  RNA dependent RNA polymerase 

ROS  reactive oxygen species 

RP-HPLC reverse phase high-performance liquid chromatography 

SAICAR succinyl-5- aminoimidazole-4-carboxamide-1-ribose-5-phosphate 

SAR  structure activity relationship 

SDS PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Ser  serine 

SH2  Src homology 2 

SH3  Src homology 3 

SILAC  stable isotope labeling with amino acid in cell culture 

SMIR  small molecular inhibitor of rapamycin 

SMM  small-molecule microarray 

SPOS  solid phase organic synthesis 

SRM  Selected Reaction Monitoring 

STAT-3 signal transducer and activator of transcription 3 

TAT  HIV Trans-activating transcriptional activator 

TCA                tricarboxylic acid cycle 

TGF-β  transforming growth factor β 

Thr  threonine 

TLS  tRNA – like sequence 

TMT  tandem mass tags 

TMV  tobacco mosaic virus 

TOF  time of flight 

TP  triphosphate 

TQ  triple quadrupole 

TYMV  turnip yellow mosaic virus 
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Tyr  tyrosine 

UTP  uridine triphosphate 

VDAC  voltage dependent anion channel 

VEGF  vascular endothelial growth factor 

WNV  West Nile virus 
XBP1  X-box binding protein 1 

XICPA extracted ion chromatogram peak area 
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