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ABSTRACT: Human type II topoisomerases, molecular motors that alter the DNA topology, are a major target of modern
chemotherapy. Groups of catalytic inhibitors represent a new approach to overcome the known limitations of topoisomerase II
poisons such as cardiotoxicity and induction of secondary tumors. Here, we present a class of substituted 4,5′-bithiazoles as catalytic
inhibitors targeting the human DNA topoisomerase IIα. Based on a structural comparison of the ATPase domains of human and
bacterial type II topoisomerase, a focused chemical library of 4,5′-bithiazoles was assembled and screened to identify compounds
that better fit the topology of the human topo IIα adenosine 5′-triphosphate (ATP) binding site. Selected compounds showed
inhibition of human topo IIα comparable to that of the etoposide topo II drug, revealing a new class of inhibitors targeting this
molecular motor. Further investigations showed that compounds act as catalytic inhibitors via competitive ATP inhibition. We also
confirmed binding to the truncated ATPase domain of topo IIα and modeled the inhibitor molecular recognition with molecular
simulations and dynophore models. The compounds also displayed promising cytotoxicity against HepG2 and MCF-7 cell lines
comparable to that of etoposide. In a more detailed study with the HepG2 cell line, there was no induction of DNA double-strand
breaks (DSBs), and the compounds were able to reduce cell proliferation and stop the cell cycle mainly in the G1 phase. This
confirms the mechanism of action of these compounds, which differs from topo II poisons also at the cellular level. Substituted 4,5′-
bithiazoles appear to be a promising class for further development toward efficient and potentially safer cancer therapies exploiting
the alternative topo II inhibition paradigm.

1. INTRODUCTION

Cancer represents one of the most pervasive diseases. The
overall mechanisms behind cancer development depend on
genetic predispositions and environmental influences and
thus represents a major challenge for successful treatment. A
solid foundation for understanding the conversion of healthy
cells into cancer cells provides seminal work of Hanahan
and Weinberg, in which they defined and discussed the
“hallmarks of cancer”, common features that control multistage
transformation leading to cancer cells.1,2 An established
treatment approach in chemotherapy is to affect the
mechanism of cell replication. Among the many enzymes
involved in this complex process DNA topoisomerases,3 a
broad family of molecular motors catalyze and enable various
topological changes in the DNA molecule. Thus, they are

inseparably linked with cell proliferation and cancer patho-
genesis.1,2

Topoisomerases, in both bacterial and eukaryotic organisms,
are divdied into two major groups labeled type I and type II
topoisomerases. Type I topoisomerases catalyze the topo-
logical changes involving transient single-strand breaks of the
DNA, while the type II counterparts catalyze the topological
changes involving transient double-strand breaks (DSBs).4,5
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Mammalian type II DNA topoisomerase can be found in two
isoforms: α and β. The isoforms are encoded by different
genes, share about 70% of amino acid sequence identity and
have different levels of expression in the cells; α is expressed
predominantly in proliferating cells, while the β isoform is
expressed in equal parts in dormant and proliferating cells.6−9

Type II topoisomerases act through a complex catalytic cycle
that starts with the binding of the first DNA segment (G
segment) to the enzyme to catalyze its double-strand break
(cleavage reaction) so that a second bound DNA segment (T
segment) can pass through the break. The cycle ends with the
relegation of the G segment and the release of both DNA
segments. Topo II uses the chemical energy of adenosine 5′-
triphosphate (ATP) hydrolysis, which transformed into
molecular movement, further enables the action of this
biological molecular motor.10−13

Topoisomerase inhibitors are roughly divided into two
groups: topo II poisons and catalytic inhibitors,14−16 the first
group being the more established. Topo II poisons stabilize the
normally transient covalent complex between topo II and
DNA, which leads to the formation and accumulation of DNA
strand breaks that cause the cell to enter the mitotic phase of
cell division and lead to cell death. Some examples of the
popular topo II poisons used in clinical practice are etoposide
(nonintercalator),17 doxorubicin (intercalator),18 and amsa-
crine (intercalator).19 The side effects of this group, in
particular cardiotoxicity associated with anthracyclines18 and
induction of secondary malignancies, which is more
pronounced in the podophyllotoxin group of topo II poisons,20

have stimulated further drug design efforts in this field.
Another reason for the development of new cancer drugs is
drug resistance; many cancers can over time develop resistance
to cancer drugs through DNA mutations, metabolic changes,
and other mechanisms.21−24 Thus, catalytic inhibitors of the
human topo IIα, which use alternative ways to tackle this
enzyme, are now being actively researched.15 They can, for
example, prevent the binding between DNA and enzyme (e.g.,
aclarubicin),25,26 inhibit DNA cleavage (e.g., merbarone),27 or
inhibit ATP hydrolysis and trap the topo II in a closed clamp
(e.g., ICRF-187 and ICRF-193).28,29 Finally, the catalytic
inhibitors also act by inhibiting the binding of the ATP
molecule such as various groups of purine-based inhib-
itors.30−33

Some of our earlier research activities were involved in the
investigation of the last-mentioned approach. So far, we have
characterized several classes of catalytic inhibitors targeting the
ATP binding site, including triazin-2(1H)-ones,34,35 1,3,5-
triazines,36 1H-pyrazolo[3,4]pyrimidines,37 9H-purines,37 and
1H-indazoles.38 In addition, we also investigated inhibitors of
bacterial DNA gyrase. Starting from the binding mode of the
natural product clorobiocin, we identified a series of 4′-methyl-
N2-phenyl-[4,5′-bithiazole]-2,2′-diamines as inhibitors of
DNA gyrase and determined for the representative compound
13 its binding mode in the ATP binding site using protein
crystallography.39

Building on our previous research, we report here on a new
class of substituted 4,5′-bithiazoles as catalytic inhibitors of the
human topo IIα with promising anticancer activity and
thoroughly investigated inhibition mechanism. The outline of
our work, which combines computational and experimental
methods in a synergetic way, is presented in Figure 1.
Compounds were designed by structural analysis and

comparison of the ATPase domains of human and bacterial

type II topoisomerases, followed by virtual screening of a
compiled focused library of compounds. In this step, we looked
for substitutions of the 4,5′-bithiazole scaffold, which would
allow an optimal interaction with the ATP binding site of
human topo IIα. The inhibition was first evaluated with a high-
throughput screening (HTS) relaxation assay, and for several
active compounds, the catalytic mechanism of topo IIα
inhibition was investigated with functional assays and
biophysical binding studies. Then, to study the dynamic
properties that guide the inhibitor molecular recognition
process, molecular dynamics (MD) simulations were coupled
with dynamic pharmacophore (dynophore) calculations. We
also performed cytotoxicity measurements on HepG2 and
MCF-7 cancer cell lines, which was followed by an
investigation of the mechanism of action at the cellular level.

2. RESULTS AND DISCUSSION
2.1. Comparison of the ATP Binding Sites of Human

and Bacterial Type II Topoisomerases and Virtual
Screening of a Focused Chemical Library of Substituted
4,5′-Bithiazoles. In the first phase of our design, we aligned
the ATPase domains of the human topo IIα (PDB: 1ZXM)40

and the bacterial DNA gyrase (PDB: 1EI1),41 both with bound
AMP-PNP ligand, to determine the differences and similarities
between the two ATP binding sites. Figure 2B shows the result
of the alignment of the compared ATP binding sites and
outlines some of the most important amino acids.
Both ATP active sites contain an amino acid that interacts

with the purine ring of the AMP-PNP ligand. This corresponds
to Asn120 in the case of topo IIα and Asp73 for the DNA
gyrase, both acting as H-bond acceptors. The interaction of
these residues with ATP is also partly mediated by water.
Residue pairs with similar roles in ATP interactions include
Asn91/Asn46, Lys378/Lys337, and the Gln367/Gln335 pairs.
The latter two pairs of residues could help to ensure the
correct position of the γ-phosphate group during ATP
hydrolysis. The structural analysis also showed that the
human topo IIα contains two serine residuesSer149 and
Ser148which anchor the sugar moiety, while only Gly102
plays this role in its bacterial counterpart. There is also a
difference between Asn150 and Lys103 residue pair interacting
in the phosphate part of the ATP site. Another critical
difference, which should be outlined as it will become
important in our design steps, was found between the

Figure 1. Workflow used in the identification and characterization of
novel substituted 4,5′-bithiazoles as catalytic inhibitors of the human
DNA topoisomerase IIα.
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Arg136 found in the DNA gyrase, while the human topo IIα
has a rigid Pro126 at this position (Figure 2B in blue).40,41 In
Table S2, the similarities and differences in the interaction
patterns between the AMP-PNP ligand in the ATP binding
sites in both type II topoisomerase are also presented in the
two-dimensional (2D) representation.
At the beginning of the design activities, we took the

substituted 4,5′-bithiazole compound 13 from its DNA gyrase
co-crystal structure (PDB: 4DUH) depicted in Figure 2A and
docked it to the ATP active site of the human topo II ATPase
domain (PDB: 1ZXM) (Figure 2C). In addition, we also
docked compound 13 to PDB 1EI1 (DNA gyrase with bound
AMP-PNP) and PDB 1KZN (DNA gyrase structure used in
the original virtual screening that led to the discovery of
compound 13) to determine whether our docking protocol
could replicate the experimental determined conformation as
well as to detect any differences of the ligand conformation in
different DNA gyrase structures (Figure S2). The obtained
binding positions were also analyzed to determine the ligand−
target interaction patterns.
In the human topo IIα, the predicted binding mode of 4,5′-

bithiazole 13 resembled the conformation of a native ATP-
based ligand (Figure 2C). The N-terminal group on the first

thiazole ring interacted with Asn120 acting as a H-bond
acceptor, analogous to the Asp73 interaction in DNA gyrase,
while the far end of the molecule positioned itself around the
position of the first AMP-PNP phosphate group. In the DNA
gyrase co-crystal structure with compound 13 (PDB: 4DUH),
this compound retained the conformation of the aminothiazole
head by interacting with the Asn120 analogue of the DNA
gyrase, Asp73 (Figure 2A). Here, however, the remainder of
the molecule carrying the R2 carboxyl group was oriented
outside the binding pocket that normally interacts with the
phosphates of ATP, and it was preferred to form H-bonds with
the Arg136 moiety (Figure 2A), though an ionic interaction is
also a possible interaction between these two interacting
partners. When we docked this compound into the bacterial
DNA gyrase ATP binding site, where the flexible loop Gly97-
Ser108 was not visible (PDB: 1EI1), no major differences in
overall placement were observed, and the docked pose was
fully comparable to the experimental pose (Figure S2).
The results of the docking thus indicated a potential

difference in the binding of the bithiazole class to the bacterial
vs the human type II topoisomerase. To search for compounds
that better fit the ATP binding site of human topo IIα, we
compiled a focused chemical library of available 4,5′-

Figure 2. (A) Experimental binding mode of the substituted 4,5′-bithiazole (13) in the DNA gyrase ATP binding site (PDB: 4DUH). (B)
Structural alignment of the ATP binding sites of human topo IIα (PDB: 1ZXM) and bacterial DNA gyrase (PDB: 1EI1) located on their
corresponding ATPase domains with AMP-PNP ligand. Identical or similar residues are depicted in orange, while residues dissimilar site between
the enzymes are shown in red and italics. The Pro126/Arg136 residue pair located outside of the ATP pocket is shown in blue. (C) Structure-based
design of the substituted 4,5′-bithiazoles analogues by virtual screening of a focused library of compounds. (Left) Predicted binding mode of the
initial 4,5′-bithiazole 13 in the human topo IIα ATP binding site (PBD: 1ZXM). (Right) Docked binding mode of a favorable 4,5′-bithiazole
compound 1 from a focused chemical library selected for experimental evaluation.
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substituted bithiazoles using an E-molecule database.42 First,
we started a substructure search with N-(thiazol-2-yl)-
acetamide as search query and retrieved 3349 compounds.
We then filtered out and visually scanned the bithiazoles,
removed fragments and oversized compounds, and then
further narrowed down the selection using our chemical
intuition. We focused primarily on the modifications of its R1
2′amine group and the R2−R4 substitution of the phenyl ring,
which would allow additional interactions of these compounds
with the amino acids in the phosphate part of the topo IIα
ATP binding site (Figure 2C). Finally, 275 bithiazole
compounds from the focused library were docked to the
active site of the human ATPase domain.
The predicted poses were manually analyzed using

LigandScout to verify the predicted interactions of these
compounds with the ATP binding site of topo IIα. We focused
on the compounds that showed a favorable hydrogen-bonding
interaction of the R1 nitrogen with Asn120. The presence of
this hydrogen bond was evaluated by deriving three-dimen-
sional (3D) structure-based pharmacophores for the docking
poses of the focused bithaizole library. The second interaction
criterion was the presence of detectable H-bonds between the
R2 and R4 substituents on the benzene moiety and the “ribose
sugar part” (Ser148, Ser149, and Asn150 binding site residues)
and/or the “triphosphate part” (residues Asn91, Ala167, and
Lys168) of the ATP binding site. In addition, we checked for
the presence of hydrophobic interactions with the binding site
residues Ile125, Ile141, and Phe142 to outline a few. An
example of a docking mode for a hit compound 1 from the
focused library is shown in Figure 2C. After the analysis and
selection procedure, substituted 4,5′-bithiazole analogues 1−
14 (see Table S1, Supporting Information), which showed the
most promising interactions, were selected for the exper-
imental evaluation of topo IIα inhibition.
2.2. In Vitro HTS Relaxation Assay of the Selected

Compounds and Initial Structure−Activity Relationship
(SAR) Data. Selected 14-substituted 4,5′-bithiazoles 1−14
were experimentally assayed in a standard high-throughput
screening (HTS) relaxation assay.43 Etoposide was used as a
control compound to validate the assay; our experimentally
determined half-maximal inhibitory concentration (IC50) value
of 41.6 μM compared well with the value of 60.3 μM given in
the literature.44 The results of the initial HTS relaxation assay
are presented in Table 1. It was gratifying to observe that many
of our compounds exhibited comparable topo IIα inhibitory
activity to the reference etoposide drug, establishing the
substituted 4,5′-bithiazoles, to the best of our knowledge, as a
newly discovered class of human topo IIα inhibitors. In
particular, compounds 1, 2, 4, 6, 7, and 10 showed comparable
inhibition to etoposide, with IC50 values in the activity range
between 30 and 50 μM, which corresponds to the potency of
many topo IIα compound classes reported in the litera-
ture.14,15,45

The results of the HTS inhibition test assay provided further
insight into the structure−activity relationship (SAR) data of
the substituted 4,5′-bithiazole class. Both, compounds 1−6
with nonacetylated free amine and 7−14 with included R1-
acetylated amino group, exhibited comparable inhibitory
activity (Table 1), indicating some flexibility of these
compounds when binding to the target. This is probably due
to the fact that the ATP binding pocket of human topo IIα
provides enough space around the Asn120 residue. An
additional increase in R1 substituent size such as the ethyl

substituent in compound 13 did not lead to the improved topo
IIα inhibitory activity. Molecular docking also indicated a
water-mediated H-binding interaction between Asn91 and the
first thiazole heterocycle as an important aspect of the
molecular recognition of the ligand (Figure 2C).
Selected R2−R4 substituents on the terminal benzene

moiety, which is bound to the 4,5′-bithiazoles via an amino
linker, showed a certain chemical diversity. This is due to the
rather spacious lower part of the ATP pocket, which
accommodates three phosphate groups and contains various
interaction points with different properties. The identification
of different inhibitors at this point provides a beneficial basis
for further optimization both from a chemical and physical
point of view, since we can choose a substituent that ensures
better absorption or that can be more easily incorporated into
a future pharmaceutical formulation. The compounds also
possessed favorable druglike properties that made them
applicable for further development: calculated log P values
below 5 and topological surface areas (TPSAs) below 120.
In further analysis of the docking results, most of the

additional interactions of the R2−R4 substituents of the active
compounds were associated with the formation of new
interactions with Ser148, Ser149, and Asn150 residues in the
“ribose sugar” part of the ATP binding site and with Ala167
and Lys168 residues in its “triphosphate” part. In addition, the
bithiazole backbone as well as the phenyl ring showed
hydrophobic interactions with Ile125, Ile141, and Phe142, as
displayed by the yellow dotted lines in Figure 2C for
compound 1 (see also the predicted mode of compound 9;
Figure S3, Supporting Information). We also compared the
inhibition results for the tested bithiazoles that were favored in
our DNA gyrase design campaign.39 The compounds generally

Table 1. IC50 Values of the Selected Substituted 4,5′-
Bithiazoles 1−14 Determined in the HTS Screening
Relaxation Assay
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showed comparable micromolar inhibition of both top-
oisomerases (Table S3).
2.3. Investigation of the Inhibitory Mechanism. The

promising results of the HTS relaxation assay have encouraged
us to further investigate the inhibition mechanism of the
discovered 4,5′-bithiazoles. Due to the complex catalytic cycle
associated with the function of the topo IIα molecular motor,10

only additional functional and biophysical assays can provide
the necessary data for a deeper understanding of the specific
inhibition mechanism of these compounds. For further assays,
we selected the active R2 CF3-substituted compound 1 with
free amino group and the N-acetylated compound 9 with R2
carboxyl group from the second subgroup of active
compounds. In addition to the measured inhibition activities,
favorable physicochemical properties, especially solubility,
played a decisive role in the selection of these compounds
for further analysis.
2.3.1. Substituted 4,5′-Bithiazoles Act as Catalytic

Inhibitors of the Human DNA Topoisomerase IIα. To
investigate whether 4,5′-bithiazoles can inhibit DNA decate-
nation catalyzed by human topo IIα, we performed the
kinetoplast (kDNA) decatenation assay for selected com-
pounds 1, 9, and etoposide as the control compound. The
results of the decatenation assay are shown in Figure 3A.
Both compounds significantly inhibited the decatenation of

kDNA in a concentration-dependent manner. Etoposide
showed inhibition of human topo IIα decatenation activity,
comparable to the literature data,46 with significant inhibition
levels in the concentration range of 500 and 125 μM, with

inhibition of 95.6 and 67.2%, respectively. The free R1-amine
bithaizole 1 was shown to be more effective in inhibiting
decatenation, with complete inhibition observed at 125 and
500 μM and 19.1% of inhibition at 31.5 μM. Compound 9 was
also found to be an active inhibitor, although to some extent
less active than compound 1. These results confirmed the
significant influence of the 4,5′-bithiazole class on the catalytic
activity of human topo IIα, with compound 1 showing a higher
inhibitory activity of human topo IIα-catalyzed decatenation
compared to the etoposide standard. In addition, a comparable
degree of inhibition was also determined for compound 10, for
which the decatenation was performed at a later stage, as it
showed strong cytotoxicity to cancer cell lines, as will be shown
in the following chapter (see Tables S5 and S6 and Figures S5
and S6 for further details).
We were also interested in whether compounds can act on

both isoforms of the human topo II. Thus, we performed
human topo IIβ decatenation assays for compounds 1 and 9.
The results showed that compound 1 completely inhibited the
human topo IIβ at 500 and 125 μM concentrations and
showed an inhibition of 20.8% at 31.5 μM. Compound 9
showed 88.6% of inhibition at 500 μM and 73.9% of inhibition
at 125 μM (Figure 3B). This was comparable to the inhibition
observed with the topo IIα isoform. Etoposide showed a
certain selectivity against human topo IIα vs human topo IIβ
isoforms, in accordance with the reported experiments47,48 (see
also Tables S5 and S6 for more details).
In dealing with the catalytic topo II inhibitors, including

those targeting the ATP binding site, it has been found that

Figure 3. Substituted 4,5′-bithiazoles act as catalytic inhibitors of human DNA topoisomerase IIα. (A) Compounds 1 and 9 inhibited topo IIα-
mediated DNA decatenation. Control reactions had no compounds and were done in the presence of topo IIα (+) and in the absence of topo IIα
(−). Etoposide was used as the standard compound. (B) Same as (A), except topo IIβ was used instead of topo IIα. (C) Results of the topo IIα-
mediated cleavage assay for etoposide and compounds 1 and 9 at four concentrations. Etoposide was again used as the standard compound.
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inhibition of both α and β isoforms could be a desirable
property of the compounds.30 In this respect, the catalytic
inhibitors differ from the topo II poisons where selectivity for
the topo IIα isoform is preferred.30,35,49 Recent experiments
with mice have demonstrated that the topo IIα but not IIβ is
essential for cell proliferation,50,51 but further experiments with
siRNA showed that the topo IIβ isoform can compensate for
the depletion of topo IIα in certain cell lines.52 Therefore,
partial compensation should be considered in the development
of catalytic inhibitors, and inhibition of both topo II isoforms
could be beneficial.30 Some researchers also suggested that
topoisomerase IIβ could be used as a cancer target all by itself
when targeting both nonproliferative cells and cancer stem
cells, and it has been proposed as a target to counteract
glioblastoma cell resistance in glioblastoma therapy.53

To determine whether compounds act as catalytic inhibitors,
a cleavage assay was next performed for compounds 1 and 9.
After treatment with human topo IIα, the negatively
supercoiled plasmid was incubated with four different

concentrations of the investigated compounds 1 and 9 and
the etoposide control. The results obtained (Figure 3C) clearly
show the poison activity of etoposide, with the amount of
linear DNA increasing as the concentration of the drug
increases. In contrast, the same titration with compounds 1
and 9 did not reveal a significant amount of linear DNA above
the background level, indicating that they act as catalytic
inhibitors (see Table S7 and Figure S7, Supporting
Information).

2.3.3. Substituted 4,5′-Bithiazoles Act as ATP Competitive
Catalytic Inhibitors of Human DNA Topoisomerase IIα. To
investigate whether our compounds can inhibit ATP hydrolysis
catalyzed by human topo IIα, ATP hydrolysis assay was
performed for compound 1. This assay is coupled to the
oxidation of reduced nicotinamide adenine dinucleotide
(NADH) monitored by the decrease in optical density at
340 nm (OD340). Etoposide was used as a control compound.
As presented in Figure 4A, compound 1 successfully inhibited
75% (first parallel) or 85% (second parallel) of the ATP

Figure 4. Substituted 4,5′-bithiazoles act as ATP competitive catalytic inhibitors of human DNA topoisomerase IIα. (A) Results of the topo IIα
ATPase assay. Compound 1 almost fully inhibited the human topo IIα-mediated ATP hydrolysis at 125 μM. The graph shown is representative of
two independent experiments. (B) Results of the competitive topo IIα ATPase assay. (C) Microscale thermophoresis (MST) experimental binding
curve of compound 1. In the MST experiment, we kept the concentration of the human topo IIα ATPase domain labeled molecule constant, while
the concentration of unlabeled compound 1 was varied between 0.03 and 1000 μM.
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hydrolysis at 125 μM. For comparison, etoposide inhibited
ATP hydrolysis by 70% (first parallel) or 63% (second parallel)
at this concentration. Further data on this assay are provided in
the Supporting Information (Figures S8 and S9 and Table S8).
We then performed the competitive ATPase assay for

compound 1 to investigate how our compound class affects
ATP hydrolysis as a function of ATP concentration. Figure 4B
depicts the observed rates of ATP hydrolysis plotted against
the increased ATP concentration for different concentrations
of compound 1. From the graph obtained, it can be seen that
the rate of ATP hydrolysis was significantly faster at lower
concentrations of inhibitor 1 and was then slowed down as the
concentration of the compound increased. This showed that
compound 1 has a significant concentration-dependent effect
on the ATP hydrolysis rate. In addition, we also calculated the
IC50 values of compound 1 compared to different concen-
trations of ATP. These results are presented in Table 2, and a
significant decrease in IC50 values is observed with decreasing
ATP concentrations. This observed behavior corresponds to
the targeted ATP-competing inhibition mode of the sub-
stituted 4,5-bithiazole class. Additional data on this assay are
provided in the Supporting Information (Table S9).
Since DNA topoisomerase IIα is a complex molecular

motor, we also investigated the binding of inhibitor 1 to the
isolated human topo IIα ATPase domain using a novel
microscale thermophoresis (MST) technique. MST is a
versatile technique for the characterization of intermolecular
interactions between, among others, biomolecules and small
molecules. It quantifies biomolecular interactions based on the
physical principle of thermophoresis, the direct movement of
molecules in the temperature gradient. The thermophoretic
movement of the labeled protein in complex with a selected
inhibitor was measured by monitoring the fluorescence
distribution within capillary.54−56 MST experiments performed
in three independent runs showed concentration-dependent
binding to the ATPase domain and yielded Kd = 50.6 ± 7.6
μM for compound 1. The binding curve of compound 1 is
presented in Figure 4C. These results confirmed that
substituted 4,5′-bithiazoles bind to the truncated human
topo IIα ATPase domain, where the ATP binding site is
located. This observation coupled with the results of the
competitive ATPase assay provides ample evidence that the
mode of inhibition occurs via binding to the ATP binding site.
2.3.4. Analysis of the Proposed 4,5-Bithiazoles Inter-

actions in the ATP Active Site Using Molecular Dynamics
(MD) and Dynophore Analysis. Molecular docking experi-
ments can only provide a static binding pose prediction of the
target−ligand complex. Therefore, the application of molecular
dynamics (MD) simulations is necessary to obtain further
information about the dynamic behavior and properties of a
bound compound that guide molecular recognition. As our
performed experiments indicated that the ATP binding site
located on the human topo IIα ATPase domain serves as the

binding site of these compounds, we have further initiated MD
simulations57 using the docking binding mode of the active
4,5-bithiazole compound 1. It is important to mention that no
complex structure of a small-molecule inhibitor bound to the
human topo IIα ATP binding site has been reported to date.
Using the CHARMM-GUI platform,58 we constructed a

solvated topo IIαcompound 1 system, which was then
equilibrated and simulated in a molecular dynamics simulation.
The animations of the MD simulation are available in the
Supporting Information, and a representative MD snapshot is
depicted in Figure 5A. The bithazole and the amino group of
compound 1 were modeled in their deprotonated states, taking
into account the available pKa experimental data.59 It should be
also noted that ligands’ pKa values can significantly change
when compounds bind to the protein, and this can influence
the compound protonation pattern.60 In a first step, we
evaluated the stability of the docked binding modes for each
compound in the topo IIα ATP binding site. The generated
conformations proved to be stable overall, with a root-mean-
square deviation (RMSD) value of 2.4 ± 0.4 Å (see Figure 5B
for the RMSD time-dependent graph).
Next, we analyzed the interactions proposed by the docking

of compound 1. The main hydrogen bonding interaction
between the amide oxygen of Asn120 and the 4,5-bithiazole
core nitrogen N28 was maintained throughout the MD
simulation with an average distance of 3.1 ± 0.5 Å. Although
we observed the rotation of the side chain during the first part
of the MD simulation, the Asn120-mediated H-bond
interaction stabilized later and acted as a main anchor of
compound 1. This was as often observed in our previous
studies and MD simulations of other chemical classes we
developed (Figure 5B).34 Then, we investigated several
residues that were considered important in the molecular
docking experiments. An average distance between compound
1 and Asn91 of 5.5 ± 0.9 Å confirmed that this interaction is
primarily water-mediated, as suggested by the docking with
two crystal waters taken into account. Next, the average values
of ligand interactions with Ser149 5.3 ± 1.3 Å and Asn150 6.7
± 1.4 Å from the “triphosphate” and “ribose sugar” portions of
the ATP pocket were found to be more dynamic (Figure S4).
These interactions primarily reflected the interaction of the
CF3 group of the docked compound 1 with the ATP binding
site.
Since we wanted to further rationalize this observation, we

upgraded the geometric analysis of the MD trajectory by
generating a dynophore model. This is a powerful method for
the analysis of MD trajectories using structure-based
pharmacophore models developed at Freie Universita ̈t
Berlin.61−63 Dynophores should complement the information
of the classical pharmacophores, since they contain informa-
tion of all pharmacophores generated for each frame of the
MD simulation.

Table 2. IC50 Values for Compound 1 at Different Concentrations of ATP with the R2 Values for the Generated Fitsa

c(ATP) 2 1 0.75 0.5 0.25 0.1 0.075 0.05 0.025

IC50 (μM) 25.4 21.6 17.8 15.2 18.3 9.4 14.8 8.8 3.8
R2 0.981 0.971 0.972 0.985 0.992 0.974 0.958 0.929 0.474

aThe percent activity values at each ATP concentration were calculated by dividing the activity at each concentration of inhibitor by the activity in
the absence of inhibitor then multiplied by 100. This was done for each of the different ATP concentrations. These percent activities were then
plotted against inhibitor concentration. Curves were fitted using the equation y = y0 − (a e(−bx)), and then IC50 values were calculated from the
generated values of yo, a and b.
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The calculated dynophore pattern shown in Figure 5C
confirmed all predicted interactions. Hydrogen bonding with
the bithiazole scaffold was maintained for 71.4% of the MD
simulation time, 95.2% of which was with the residue Asn120,
which is consistent with our design hypothesis that this residue

serves as an anchor in the ATP pocket. Hydrophobic
interactions between the core bithiazole scaffold, its methyl
substituent, and the phenyl ring of compound 1 on one side,
and the ATP binding pocket (e.g. residues Ile125, Phe142,
Ile141, and Thr215) on the other, were present practically

Figure 5. (A) Representative conformation of compound 1 in the ATP binding site of the human topo IIα during MD simulation. The arrow
indicates an observed rotation of the Asn120 side chain during the simulation. (B) (Top) Time-dependent graph for the distance between the OD1
atom of Asn120 and the N28 nitrogen of compound 1; (bottom) time-dependent RMSD graph for compound 1. (C) Dynophore interaction
pattern for compound 1: (left) persistence of pharmacophore elements throughout the MD with listed interacting amino acids; (right) generated
dynophore model represented with pharmacophoric features. Hydrogen-bond acceptors, HBAs (red); hydrogen-bond donor, HBD (green); and
hydrophobic region, H (yellow).
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100% of the simulation time. Since such interactions cannot be
geometrically analyzed as easily as hydrogen bonds, dynophore
analysis proved here to be a very valuable tool. In this respect,

the obtained binding mode used in virtual screening was

additionally validated.

Figure 6. Cytotoxic activity of substituted 4,5′-bithiazoles in HepG2 and MCF-7 cells. (A) Results of the initial cytotoxicity screening using the
MTS assay at compound concentrations of 200 μM for compounds 1, 4, 5, 7, 8, 11, 13, and 14; 100 μM for compounds 2, 6, 9, 10, and 12; and 50
μM for compound 3 for 24 h. We used dimethyl sulfoxide (DMSO) (0.5%) as solvent control along with etoposide (200 μM) as the positive
control (PC). Analysis of variance (ANOVA) method was used to evaluated significant differences between treated cells and solvent control (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.001). (B) Dose−response curves for active substituted 4,5′-bithiazoles at 24 or 72 h treatment on
the HepG2 and MCF-7 cells. Experiments were performed in five parallels and repeated three times independently, and standard deviation (SD)
values were calculated.
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Finally, the dynophore model also provided a rational
interpretation of the influence of the CF3 substituent on the
phenyl ring of compound 1 for the topo II binding, as shown in
Figure 5C. Each fluorine atom comprising the CF3 group
forms interactions about one-third of the MD simulation time
with residues Thr147, Ser149, and Lys168, as suggested by the
initial docking. The CF3 substituent is not static; it rotates and
interacts with various amino acids in the ATP binding site,
which corresponds to the dynamic properties of this group.
Although the simulation MD run has been relatively long, it
still does not provide comprehensive coverage of the
conformational space for a clear quantitative ligand stability
assessment. In the absence of a crystal structure, however, it
provides valuable initial information on ligand dynamics, which
can be also employed in the ligand optimization.64

2.4. Activity of Substituted 4,5′-Bithiazoles on
Human Cancer Cell Lines. 2.4.1. In Vitro Cytotoxicity on
MCF-7 and HepG2 Cancer Cell Lines. We have determined
the cytotoxicity of the compounds using the human breast
cancer MCF-7 and human hepatocellular carcinoma HepG2
cancer cell lines by standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay.65 The two selected human cancer cell lines are
representative and well-established systems for the cell-based
evaluation of potential cancer drugs. Etoposide was again used
as a positive control (PC). We performed initial screening of
compounds 1−14 at one concentration. Depending on the
solubility of the compounds in the cell growth media, 200 μM
concentration was used for compounds 1, 4, 5, 7, 8, 11, 13,
and 14; 100 μM for compounds 2, 6, 9, 10, and 12; and 50 μM
for compound 3. Exponentially growing cells were exposed to
all compounds for 24 h, and the results are shown in Figure
6A. The most effective compounds reduced cell viability by
more than 80% compared to the untreated control in both cell
lines.
In addition, EC50 values were determined for the most

potent compounds by testing their cytotoxicity at different
concentrations to observe the dose−response curves for 24 h
(short-term) and 72 h (long-term) exposure treatment. We
selected the most potent compounds from the initial screening,
namely, compounds 1, 7, 9, 10, and 14 together with etoposide
as the positive control. Unfortunately, we could not determine
the EC50 value of compound 3 due to its low solubility in the
cell growth medium. The obtained dose−response curves are
shown in Figure 6B, and the EC50 values obtained after 72 h
exposure are listed in Table 3. The EC50 values, which were
also determined after 24 h exposure, are listed in Table S10
(Supporting Information). The compounds demonstrated a
higher cytotoxic activity after a longer exposure time, which
was expected. For comparison, we also determined the EC50

values for etoposide and confirmed that the EC50 values after
72 h were in the same range as for our compounds and in
accordance with the reported data.66,67 The compounds were
generally more cytotoxic for the MCF-7 cell line compared to
HepG2 cells. The most potent compound was compound 10
with an EC50 value of 4.5 μM on MCF-7 cell line after 72 h
treatment. For comparison, compound 10 was also the
strongest compound most potent in the enzyme relaxation
assay as an inhibitor of human topo IIα. Compounds 1, 7, and
9 were also potent topo IIα inhibitors as well as good cytotoxic
agents with EC50 values of 59.5, 6.6, and 13.8 μM in MCF-7
cells, respectively. Compound 14 was less potent in the
enzymatic assay (IC50 = 357.1 μM) but showed promising
cytotoxic activity. The observation could be rationalized by a
better cell permeability due to the unsubstituted phenyl
substituent. Compounds 6, 8, and 11 with the carboxylic acid
present on the phenyl ring had no or only minor effects on the
tested cell lines. In addition, in the HepG2 cancer cell line at
72 h exposure, the EC50 values of the tested compounds
ranged between 15 and 50 μM, and several compounds had
comparable cytotoxic activity compared to etoposide (Table
3).

2.4.2. Investigation of the Effect of 4,5′-Bithiazoles on Cell
Cycle, Cell Proliferation, and Induction of DNA Double-
Stranded Breaks. Encouraged by the promising cytotoxicity
provided by the MTS assay, we have conducted further studies
to gain more insights into the mode of action of selected 4,5′-
bithiazoles on cancer cells. To first investigate how our class of
compounds affects the cell cycle and the percentage of
proliferating cells, we performed a flow cytometry analysis on
HepG2 cells after 24 h of treatment. For this step, we selected
the in vitro most characterized substituted 4,5′-bithiazole 1.
HepG2 cells were selected based on our long experience with
this system, plus compound 1 had HepG2 cytotoxicity
comparable to the more active compounds, and as well as to
etoposide, which was used as the positive control.
While DNA damage can trigger a cell cycle arrest in the G1,

S, or G2 phase depending on the time of its occurrence, topo II
poisons seem to mainly cause the G2 phase arrest.68,69 On the
other hand, catalytic inhibitors do not directly damage DNA,
and several such molecules are thought to cause G1
arrest.70−72 In line with this, compound 1 induced the cell
cycle arrest in the G1 phase. More precisely, compound 1 at
the concentration of 50 μM significantly increased the
proportion of cells in the G1 phase of the cell cycle (60.6%)
and decreased their proportion in the S phase (17.5%)
compared to solvent control (46.7% in the G1 phase and
25.9% in the S phase). At a lower concentration of 10 μM, the
changes in the cell cycle were less pronounced56.5% of the
cells were in the G1 phase and 17.5% in the S phase. The
results of this experiment for compound 1 are shown in Figure
7A as a pie chart and in the Supporting Information as the
percentage of cells accumulated in each phase (Table S11). On
the contrary, etoposide (PC) decreased the proportion of cells
in the G1 phase (33.1%) and increased the proportion in the S
phase (44.0%) of the cell cycle compared to the solvent
control. This is in accordance with the literature data that
etoposide induces cell cycle arrest in the late S phase and early
G2 phase.73 These results confirmed that the presented
compounds act at the cellular level via a different mechanism
than topo II poisons. Representative histograms for the cell
cycle analysis are further described in Figure S10A.

Table 3. Determined Cytotoxicity of Substituted 4,5′-
Bithiazoles Represented by EC50 Values and Value Ranges
on HepG2 and MCF-7 Cancer Cell Lines

compound EC50 (μM) MCF-7 (72 h) EC50 (μM) HepG2 (72 h)

1 59.5 (58.1−59.3) 46.8 (47.1−49.3)
7 6.6 (4.6−7.6) 32.3 (29.7−37.2)
9 13.8 (9.7−15.9) 23.5 (17.1−32.1)
10 4.5 (3.4−5.9) 14.6 (12.7−19.5)
14 7.5 (5.2−6.7) 28.2 (20.5−29.9)
etoposide 12.6 (10.1−15.9) 25.8 (15.1−35.3)
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We also investigated the effect of compound 1 on the
proliferation of HepG2 cells labeled with antibodies against the
Ki67 cell biomarker and analyzed them by flow cytometry. The
expression of the human Ki67 protein is associated with cell
proliferation because the protein is present in all active phases
of the cell cycle (G1, S, G2, and M) and is not present in
resting (G0) cells.74 We treated HepG2 cells with 10 and 50
μM of compound 1 or 50 μM etoposide as a positive control
for 24 h treatment. In cells treated with 50 μM of compound 1,
we observed significantly reduced cell proliferation (65.1%)
comparable to that observed after treatment with 50 μM
etoposide (57.6%). The results are additionally shown
graphically in Figure S10B.
Finally, we analyzed the induction of DNA double-strand

breaks (DSBs) in HepG2 cells after exposure to compound 1
or etoposide. The presence of DSBs was analyzed by flow
cytometry by measuring the fluorescence signals of individual
cells, indirectly by detecting γH2AX foci. One form of DNA
damage that can occur are double-strand breaks (DSBs), which
can lead to chromosome breaks and rearrangement.68 DNA-
DSB are associated with severe side effects observed by topo II
poisons, such as cardiotoxicity and induction of secondary
malignancies.18,20,75 The phosphorylated H2AX histones
(γH2AX) are used as biomarkers for DSBs and DNA damage
while accumulating and forming foci at sites that correlate with
DSBs in a 1:1 ratio.76,77 We have performed this assay to
confirm, also on the cellular level, besides the previously
provided conformation on the in vitro level by the topo IIα-
mediated cleavage assay that this class of compounds does not
act as topo II poisons, but as catalytic inhibitors. Exposure to
compound 1 at concentrations of 10 and 50 μM did not induce
an increase in DNA-DSB formation, while etoposide (50 μM)
induced a significant increase in DNA-DSBs (Figure 7B).
These results demonstrated that different mechanisms of

action of topo IIα poisons and catalytic inhibitors are also
reflected at the cellular level. While the cytotoxic activity and
the inhibition of proliferation are comparable, the differences
in the disruption of the cell cycle and the induction of DNA
damage are observed. The results represent a first promising
indication that the efficacy of the discovered catalytic inhibitors
is comparable to that of the well-known topo IIα poisons.
Further preclinical studies are, however, necessary to evaluate
in more detail the activity of these compounds at the cellular
level. Particularly, to fully assess their potential, especially in
terms of the safety index, further assays on noncancer cell lines
will play an important role.

3. CONCLUSIONS

The development of efficient new cancer treatments is essential
due to the widespread occurrence of various types of cancer,
which represent a significant and ever-increasing health burden
due to the aging population and environmental influences.
Human type II DNA topoisomerases represent key targets and
catalytic inhibitors of these molecular motors that alter DNA
topology describe a new paradigm aimed at circumventing the
known limitations of topo II poisons such as cardiotoxicity and
induction of secondary tumors, along with addressing the
emergence of resistance to existing cancer therapies.
Based on our discovered substituted 4,5′-bithiazoles as

inhibitors of the bacterial DNA gyrase, we performed a
structural comparison and molecular docking to the human
topo IIα counterpart, which outlined two different binding
modes of these compounds. Based on this observation, we
developed a virtual screening campaign of a focused chemical
library of substituted 4,5′-bithiazoles to identify compounds
more closely matched to the topology of the human topo IIα
ATP binding site.

Figure 7. Cell cycle analysis and induction of the DNA double-stand breaks (DSBs) by the substituted 4,5′-bithiazole compound 1. (A) Percent of
HepG2 cells in certain phases of cell cycle after 24 h treatment to compound 1 at 50 and 10 μM in comparison to the solvent control (0).
Etoposide (50 μM) was used as a positive control (PC). (B) Results of the analyses of DNA double-strand break induction assessed by γ-H2AX
assay. (Left) The results are presented as the distribution of fluorescent signals of individual cells. Data are presented as quantile box plots with the
25th and 75th percentiles (edges of the box), the median value (line through the box), and the bars representing 95% confidence intervals. Ten
thousand events were recorded in each sample, and three independent experiments were performed. Significant difference between solvent control
(0.5% DMSO; indicated by 0) and treated cells is shown by ***p < 0.001. A positive control (PC; 50 μM etoposide) was included in each parallel.
(Right) Representative histograms for nonlabeled cells, vehicle control (0), compound 1 (10 and 50 μM), and etoposide (50 μM).
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In the inhibition assay, we identified several compounds with
an inhibitory activity comparable to that of the etoposide drug,
disclosing a new chemical class of topo IIα inhibitors. Further
detailed investigations confirmed the catalytic mode of topo
IIα inhibition by competitive ATP inhibition, and the MST
experiments confirmed compound binding to the isolated
ATPase domain. Dynamic properties that guide the inhibitor−
topo IIα binding at the targeted topo IIα ATP site were
assessed by molecular dynamics and dynamic pharmacophore
(dynophore) calculations to model the key determinants that
contribute to the bithiazole molecular recognition process. The
compounds were also able to inhibit the topo IIα as well as the
topo IIβ-catalyzed decatenation reaction, a potentially
favorable property of this catalytic inhibitors compared to
the topo II poisons.
In the cell-based studies, several compounds showed strong

cytotoxicity against HepG2 and MCF-7 cell lines comparable
to etoposide. In subsequent assays utilizing HepG2 cancer cell
line, no induction of DNA double-strand breaks was detected,
along with the significantly reduced cell proliferation and arrest
of the cell cycle predominantly in the G1 phase. This
confirmed that the mechanism of action differs from the
topo II poisons also at the cellular level. Current results clearly
demonstrate the potential of the substituted 4,5′-bithiazole
class for the development of efficient and potentially safe
cancer therapies based on the paradigm of catalytic topo II
inhibition.

4. EXPERIMENTAL SECTION
4.1. Molecular Docking Calculations. Molecular dock-

ing was performed using GOLD docking tool78 using human
topo IIα ATPase domain (PDB: 1ZXM)40 and DNA gyrase
(PDB: 1EI1)41 both with nonhydrolyzable AMP-PNP ligand.
Structural alignment of both domains was performed using the
Hermes protein alignment tool.
In the first step, the validation of GOLD docking tool was

performed79 by redocking the AMP-PNP molecule into the
human topo IIα ATP binding site. In our validation docking,
the AMP-PNP molecule was repeatedly docked 10 times in the
human topo IIα ATPase domain by employing the parameters
of the GOLD genetic search algorithm (GA) as they are listed
below: population size was 100, the selection pressure was 1.1,
the number of operations was 100 000, the number of islands
equaled 5, migrate was set to 10, mutate value numbered in 95,
the niche size amounted to 2, and the crossover reached 95.
The pdb was stripped of all ions and water molecules except
for waters W924 and W931. These two molecules are
supposed to form important interactions with AMP-PNP and
were thus considered during our docking process.31 Spins of
W924 and W931 were permitted to vary during docking. The
active site was defined as a 10 Å radius around the AMP-PNP
ligand, and hydrogen atoms were added to the protein. A
docking constraint to Asn120 was added to better preserve the
interactions between the purine ring of AMP-PNP and the
enzyme.40 The scoring function we selected was GoldScore.
The binding pose of AMP-PNP we obtained from our docking
calculations is close to the pose from the crystal structure,
which confirmed our docking parameters as reliable (Figure
S1, Supporting Information). We retrieved the best agreement
between the crystallized and docked conformation employing
the GoldScore scoring function (RMSD = 0.9 Å). The
parameters described above were then utilized in the molecular
docking calculations for the generated focused chemical library

of the substituted 4,5′-bithiazoles into the topo IIα ATP active
site.
In a similar manner, DNA gyrase ATP binding site was

prepared for docking of compound 13. The active site
comprised a 10 Å radius around the reference ligand AMP-
PNP with the water molecule W1601 included in the active
site. We used the same GA settings and a GoldScore scoring
function. Results of all GOLD docking calculations were
subsequently visualized using LigandScout.80

4.2. Molecular Dynamics Simulation and Dynophore
Calculations. We employed the CHARMM molecular
modeling suite58 for the molecular dynamics (MD) calcu-
lations of the complex between a single monomer of the
ATPase domain originating from the PDB: 1ZXM and
compound 1. We obtained the bound conformations of
compound 1 using the protocol described in Section 4.1. The
single monomer was preprocessed for MD as described
previously.34,36−38 The hydrated protein−compound complex
was generated with the CHARMM-GUI tool.81 Parameter and
topology files for the monomer were generated with
CHARMMversion 36,82,83 while compound 1 was para-
meterized with the CHARMM general force field (CGenFF).84

The protonation pattern of the bithazole 1 was approximated
by considering that the pKa value of the 2-aminothiazole is 5.4
with the first protonation occurring on the ring nitrogen.59

Thus, the bithazole ring and the amino group of 1 were all
modeled in their deprotonated forms. See the Supporting
Information (Table S4) for the assigned atom types and partial
charges of compound 1. Our system was solvated with TIP3
water molecules,85 in an octahedral box, edge distance
measuring 10 Å. To obtain an electroneutral system, three
chlorine ions were inserted with a standard Monte Carlo
method. Both the shape and size of the solvated system were
subject to periodic boundary conditions (PBCs). CHARMM-
GUI automatically produced this grid on the Particle-mesh
Ewald (PME) fast Fourier transform (FFT). The prepared
system consisted of 73 253 atoms. To remove bad contacts,
short steps of energy minimization were executed. The system
was first minimized for 10 000 steps by the steepest descent
method and subsequently subjected to a modified adopted
basis Newton−Raphson method (also 10 000 steps) and finally
an MD equilibration simulation of 1 ns without constraints.
The production simulation was 20 ns, in which we employed a
SHAKE algorithm (2 fs simulation step) and leapfrog
integration. Sampling occurred on every 500th step10 000
conformations in total. The trajectory was analyzed using
visual molecular dynamics (VMD) program.86 RMSD
calculations of compound 1 were performed by including all
atoms against its initial conformation obtained from docking.
We provide two movie animations to further illustrate the
conformational behavior during the MD simulation in the
Supporting Information.
To provide a more detailed look at the interaction pattern of

compound 1, we exported 1000 MD frames at equal time
intervals and analyzed them with the DynophoreApp from the
Molecular Design Lab led by Prof. Wolber at Freie Universitaẗ
Berlin, Germany, using their hardware.61−63 The obtained
model was visualized and analyzed in LigandScout.80 More
data are given in the Supporting Information.

4.3. HTS Relaxation Assay of Human Topo IIα. The
assay of all compounds 1−14 was performed as described
previously.35,87 The assay was performed at four different
concentrations of inhibitors: 7.8, 31.25, 125, and 500 μM. The
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IC50 values were calculated using GraphPad Prism 6.0
software88 and are shown as the concentrations of tested
compounds where the residual activity of the enzyme was
50%.43 All tested compounds were characterized with the high-
resolution mass spectrometry (HR-MS) technique. For key
compounds used in subsequent assays, the purity was
examined using microanalysis performed on a PerkinElmer
C, H, N, S analyzer (Pregl−Dumas method) as well as high-
performance liquid chromatography (HPLC) analysis (see the
Supporting Information).
4.4. Human Topo IIα- and Human Topo IIβ-Mediated

Decatenation Assay. We made use of the human topo II
decatenation assay kit from Inspiralis (Norwich, U.K.) to
assess the ability of selected compounds to impede DNA
decatenation.89,90 It was performed for topo IIα and topo IIβ
isoforms using the protocol as described previously.35 The
assay was carried out for compounds 1, 9, 10, and etoposide
(reference compound) in duplicate at four investigated
concentrations: 7.8, 31.25, 125, and 500 μM.
4.5. Human Topo IIα-Mediated Cleavage Assay. We

performed the assay in collaboration with Inspiralis (Norwich,
U.K.). We examined selected compounds 1, 9, and reference
compound etoposide at concentrations 3.9, 31.5, 125, and 500
μM, as described previously.35,87

4.6. Inhibition of the ATPase Activity. Determination of
whether compound 1 from the class of substituted 4,5′-
bithiazoles can inhibit the ATPase activity of human topo II
enzyme was performed in collaboration with Inspiralis using a
pyruvate kinase/lactate dehydrogenase assay.65 The assay
measures the reduction of NADH at 340 nm. Conversion of
NADH to NAD is caused by ADP, which is formed from ATP
hydrolysis. A mixture of linear pBR322 (1.5 μL of 1 mg/mL
per assay), assay buffer (composition: 20 mM Tris−HCl, 125
mM potassium acetate, 5 mM magnesium acetate, 2 mM
dithiothreitol (DTT), pH 7.9), phosphoenol pyruvate (0.5 μL
of 80 mM per assay), pyruvate kinase/lactate dehydrogenase
mix (0.75 μL per assay), NADH (1 μL of 20 mM per assay),
and water (34.35 μL per assay) was prepared. This mixture
(41.1 μL) was put into the wells on a 384-well microtiter plate.
DMSO (0.5 μL), etoposide, and compound 1 were added to
the wells and mixed. The dilution buffer (5 μL) or human topo
IIα (12 nM final concentration) was then added and mixed.
Then, a measurement of OD340 change was performed in a
plate reader over in a 10 min time period (called the prerun).
Then, 3.4 μL of 30 mM ATP was added and the OD340 was
monitored for the next 30 min. The assay temperature was 37
°C. The final DMSO concentration in all of the reactions was
1% (v/v). Assays were performed in duplicate at 3.9, 31.5, 125,
and 500 μM final concentrations of the investigated compound
1. Serial dilution of compound 1 was performed in DMSO and
added to the mixture before the enzyme was added. Etoposide
served as a control compound.
4.7. Human Topoisomerase II Competitive ATPase

Assay. The human topo competitive ATPase assay was
executed at Inspiralis (Norwich, U.K.). The compound was
analyzed using a kinase/lactate dehydrogenase assay as
described above.
A mixture of the assay buffer (20 mM Tris−HCl, 5 mM

magnesium acetate, 125 mM potassium acetate, 2 mM DTT,
pH 7.9), linear pBR322 (1.5 μL of 1 mg/mL per assay),
phosphoenol pyruvate (0.5 μL of 80 mM per assay), pyruvate
kinase/lactate dehydrogenase mix (0.75 μL per assay), NADH
(1 μL of 20 mM per assay), DMSO (1.5 μL per assay), and

water (32.85 μL per assay) was prepared. This mixture (41.1
μL) was put into the wells of a 384-well microtiter plate.
DMSO (0.5 μL) or the diluted investigated compound in the
DMSO was added to the wells and mixed. Subsequently, 5 μL
of the dilution buffer or human topo IIα (12 nM final
concentration) was added and mixed. Before the run, a prerun
was done where we added 3.4 μL of the appropriate
concentration of ATP and monitored the OD340 for up to
35 min. The assay temperature was 37 °C. Two negative
controls (4% DMSO and dilution buffer without enzyme) were
used in the presence of 2 mM ATP. The ATP concentrations
in this assay were 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, and 1
mM. The assays were executed in duplicate at 3.9, 31, 50, 75,
and 100 μM final concentrations of the investigated compound
1. DMSO has a final concentration of 4% (v/v) in all of the
reactions.

4.8. Microscale Thermophoresis (MST) Measure-
ments of Compound 1 Binding onto Human Topo IIα
ATPase Domain. For MST measurements, a Monolith NT
115 (NanoTemper Technologies, München, Germany) was
employed, using MST power at 20% and light-emitting diode
(LED) power at 20%. We purchased the proteinthe ATPase
domain of human topo IIα with 1−453 amino acid residues
from Inspiralis.91 It was labeled with the NT-647 dye using the
RED-MALEIMIDE labeling kit from NanoTemper (Cysteine
Reactive; no. L004, NanoTemper Technologies). The labeling
was performed following the supplier’s protocol in the labeling
buffer at 20 μM protein concentration (molar dye/protein =
1:3) at room temperature for 30 min. Then, the unbound dye
was eliminated by a gravity flow column and the protein was
rebuffered in the MST buffer (50 mM Tris−HCl (pH = 7.4),
10 mM MgCl2, 150 mM NaCl, 0.05% Tween-20).54−56 We
kept the concentration of the labeled protein constant at an
∼20 nM concentration using MST buffer. For the unlabeled
compound, a twofold dilution series was performed with
concentrations ranging from 0.098 up to 200 μM (12
concentrations). Samples were prepared and measured three
times to calculate average Kd values and SD. The DMSO
concentration was 10% in each sample. Premium capillaries
were used to load the samples (MO-K025, NanoTemper
Technologies, München, Germany). Thermophoresis was
measured at temperature 25 °C with 5/30/5 s laser off/on/
off times, respectively. Because of titrant-dependent fluores-
cence changes in the first step of measuring, SDS-denaturation
test was performed to confirm specific, ligand-induced binding
and data measurements were analyzed (MO, Affinity Analysis,
NanoTemper Technology) using the signal from initial
fluorescence.

4.9. Cytotoxic Activity of Studied Compounds in
HepG2 and MCF-7 Cell Lines. Cytotoxic activity of studied
compounds was determined in two human cancer cell lines:
hepatocellular carcinoma (HepG2) and breast cancer (MCF-
7) cells. Both cell lines were obtained from ATCC. HepG2
cells were cultured in minimum essential medium Eagle
(MEME) (Sigma, M2414), supplemented with 2 mM L-
Glutamine, 10% fetal bovine serum (FBS), 2.2 g/L NaHCO3, 1
mM sodium pyruvate, 1% nonessential amino acid (NEAA),
and 100 IU/mL penicillin/streptomycin, while MCF-7 were
cultured in Eagle’s minimum essential medium (MEM)
(Sigma, M5650), supplemented with 2 mM glutamine, 10%
FBS, and 100 IU/mL penicillin/streptomycin at 37 °C and 5%
CO2. After the exposure of cells to the tested compounds, their
viability was determined using the MTS assay.
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The cells were seeded at densities of 8000 and 7000 cells/
well for HepG2 and MCF-7 cells, respectively, in 200 μL of
complete growth medium onto 96-well microtiter plates
(Nunc, Thermo Fisher Scientific, Waltham, MA) and were
left overnight at 37 °C to attach. Subsequently, the growth
medium was replaced with a fresh medium containing graded
concentrations of the studied compounds. The cells were
further incubated for 24 h at 37 °C. After the incubation, 40 μL
of an MTS/PMS (20:1) mixture was added to each well. After
3 h incubation (37 °C, 5% CO2), the absorbance was
determined at 490 nm using a spectrofluorometer Synergy MX
(BioTek, Winooski, VT). Etoposide (200 μM) was used as a
positive control. Assay was performed at five concentrations of
each compound: 2, 25, 50, 100, and 200 μM for compounds 1,
7, and 14 and 1, 12.5, 25, 50, and 100 μM for compounds 9
and 10. In addition, etoposide was titrated at 5, 50, 100, 150,
and 300 μM. Cell viability was calculated by comparing the
optical density (OD) of the wells with exposed cells with the
wells of solvent control cells, and the results are shown as
percentage of cell viability ± SD. Experiments were performed
in three independent repetitions each time in at least three
replicates. The EC50 values were determined utilizing nonlinear
regression analysis available in GraphPad Prism 7.0 software.
Statistically significant difference between control and treated
groups was determined by one-way analysis of variance
combined with Dunnett’s multiple comparison test.
4.10. Effect of Compound 1 on the Cell Cycle, Cell

Proliferation, and Formation of the DNA Double-
Stranded Breaks. HepG2 cells were seeded onto 25 cm2

plates (Corning Inc., NY) at a density of 750 000 cells/plate
and were left to attach overnight. The next day, the cells were
exposed to compound 1 (10 and 50 μM) and a positive
control (etoposide, 50 μM) for 24 h. After the treatment, the
cells were trypsinized and collected (adherent and floating
cells). Subsequently, the cells were centrifuged (800 rpm, 4 °C
for 5 min), washed with ice-cold 1× phosphate-buffered saline
(PBS) twice, resuspended in cold PBS (0.5 mL), and fixed by
adding ethanol (1.5 mL) dropwise into the cell suspension,
while mixing. The cells were fixed overnight at 4 °C and stored
until analysis at −20 °C. The fixed cells were then centrifuged
(1200 rpm, 10 min), washed with ice-cold 1× PBS, and labeled
with Anti-H2AX pS139 antibodies (50-fold diluted) for DNA
DSB analysis, Ki67 antibodies (50-fold diluted) for prolifer-
ation analysis, and Hoechst 33342 dye for cell cycle analysis as
described in the manufacturer’s protocol. Flow cytometric
analysis was performed on an MACSQuant Analyzer 10
(Miltenyi Biotech, Germany). Fluorescein isothiocyanate
(FITC) intensity, corresponding to Ki67+ proliferation
marker, was measured on the FITC-A channel, and cell cycle
analysis was measured on VioBlueA channel. APC intensity,
corresponding to DNA DSBs, was measured on the APC-A
channel. Rea-FITC and rea-APC antibodies (Miltenyi Biotec,
Germany) were used to determine unspecific binding.
Ten thousand events were recorded in each sample. Three

independent experiments were performed. In each experiment,
a positive control (etoposide; 50 μM) and a vehicle control
(0.5% DMSO) were included. For the analysis of the results,
the raw data were exported from MACSQuantify software and
was converted to .fcs format and then to .csv format. For the
γH2AX positive cells, the statistical analysis between vehicle
control and treated groups was done with a linear mixed-effects
model. Further calculation was performed with the statistical
program R92 and its packages reshape93 and nlme.94
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(35) Bergant, K.; Janezǐc, M.; Valjavec, K.; Sosic,̌ I.; Pajk, S.;
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