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Introduction

Targeted cancer therapy has been an interesting approach to
treat different types of cancer. Human DNA topoisomerase is
one of the major anticancer targets, due its role in cell prolifer-
ative process.[1] Based on their mechanisms of action, DNA top-
oisomerases are classified into two groups: type I and type II.
Type I acts by generating a transient single-stranded break in
the DNA molecule, whereas type II catalyzes topological
changes by breaking one double-stranded DNA segment,
transporting another double-stranded DNA through the break,
and finally, resealing the break.[2–4] Thus far, many compounds
with topoisomerase inhibitory activity have been successfully
used in clinical practice for the treatment of various neo-
plasms.[5, 6] Inhibitors of human topoisomerase IIa (htIIa) are
generally classified into two groups, which vary extensively in
their mechanisms of action. Poisons (group I) act by stabilizing
a transient covalent DNA–enzyme complex, thereby causing
damage to the DNA molecule. The catalytic inhibitors (group II)
interfere with a single step of the topo II catalytic cycle.[4] To
date, many compounds with topoisomerase inhibitory activity,
such as epipodophyllotoxins[7] (etoposide (1) and teniposide),
anthracyclines[8] (doxorubicin, daunorubicin, and mitoxan-

trone), and aminoacridine[9] (amsacrine) have been used for
cancer therapy. However, the low selectivity and high toxicity
of these inhibitors resulted in the urgent need for novel and
more efficient inhibitors of topo IIa.[1] Catalytic inhibitors
(group II) are extremely structurally diverse compounds with
different mechanisms of action. For example, aclarubicin and
suramine prevent binding between DNA and topoisomera-
se IIa,[10, 11] merbarone prevents DNA cleavage,[12] bisdioxipiper-
azine (e.g. , compound ICRF-187) derivatives inhibit ATP hydrol-
ysis,[13] and purine analogues (e.g. , compounds 2 and 3) inhibit
ATP binding.[14] In our previous work, we focused some of our
research efforts on the bacterial analogue of topo IIa, DNA
gyrase, and successfully identified several novel classes of in-
hibitors targeting the ATP binding site located at its B subu-
nit.[15–17]

Based on the homology with bacterial DNA gyrase, it was
proposed that htIIa is composed of an N-terminal fragment,
a central domain, and a C-terminal fragment. The first frag-
ment (the N terminus) includes two domains: the ATPase
domain, which is important for binding and hydrolysis of the
ATP molecule, and the second, named a transducer
domain.[3, 18] The ATPase domain of topoisomerase IIa belongs
to the GHKL superfamily, which includes enzymes such as DNA
gyrase, Hsp90, histidine kinase, and MutL proteins.[19, 20] The
second domain (central domain) is also known as the DNA
binding/cleavage domain, and the third domain is the C-termi-
nal tail, which is important for nuclear localization and contains
amino acid sites that are important for phosphorylation and in-
teractions with other proteins.[3, 18]

A major step forward in terms of structure-based drug
design of novel DNA topoisomerase IIa inhibitors was the de-
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termination of the crystal structure of the human ATPase
domain in complex with a non-hydrolyzable ATP analogue
(AMP-PNP (4)). As mentioned above, the ATPase domain is lo-
cated on the N-terminal fragment of htIIa, and it has been
broadly studied for potential inhibition.[21] In Figure 1, crucial
interactions are shown between AMP-PNP (4) and amino acid
residues in the ATP binding pocket, as determined by X-ray
crystallography. The crystal structure (PDB: 1ZXM) revealed
that the adenine ring of the AMP-PNP molecule forms direct
hydrogen bonds with Asn 120 and water-mediated interactions
with Thr 215 and Tyr 34’ (residue originating from another pro-
tomer of topo IIa). Two hydroxy groups of the ribose form hy-
drogen bonds with the side chains of Ser 149 and Asn 150. The
oxygen atoms in the three phosphate groups are involved in
several interactions with residues from the ATP lid (see Fig-
ure 1 B).[21] Interestingly, Lys 378 from the QTK (Gln 376, Thr 377,
Lys 378) loop[22] of the transducer domain forms a salt bridge
with the g-phosphate. Finally, an Mg2 + ion is octahedrally ori-
entated with all three phosphates, Asn 91, and two water mol-
ecules, whereas Glu 87 forms a water-mediated hydrogen
bond with the Mg2 + ion. Residues Ile 125, Phe 142, Ile 141,
Ile 217, and Asn 120 also contribute to nonpolar protein–ligand
interactions.[21]

Recently, several reports were published describing novel
catalytic inhibitors that bind to the ATP binding site. For exam-
ple: purine analogues (2 and 3),[14, 23–26] different synthesized in-
hibitors from the imidazole, triazine class, thiosemicarbazone,
and xanthone chemical classes,[27–32] and natural products.[33–36]

Based on virtual screening and homology modeling experi-
ments, researchers from Novartis[14] developed a series of topo-

isomerase IIa inhibitors (e.g. , compound 2) with
a purine fragment that acts as a replacement for the
adenine moiety in the AMP-PNP molecule. This
model proposed that the purine scaffold forms direct
hydrogen bonds with Asn 120 and Asn 91, whereas
the propyl group was designed to fill the ribose sub-
pocket of the ATP pocket by making favorable hydro-
phobic contacts with Ile 141, Phe 142, and Ala 167 res-
idues.[14] These hydrophobic residues were also ob-
served in several other modeling studies.[30, 37] Fur-
thermore, a novel diphyllin glycoside with an acety-
lated d-quinovose sugar moiety and N-fused
imidazoles possessing promising anti-topoisomerase
activity were synthesized and characterized.[27, 33]

In this study, we have focused our efforts on the
identification of novel htIIa inhibitors by taking the
available structural information about the binding of
the AMP-PNP (4) molecule to topo IIa as our starting
point. The designed multistep workflow, where a ple-
thora of in silico techniques were merged with exper-
imental methods, is schematically depicted in
Figure 2.

Results and Discussion

Design Phase I: structure-based virtual screening
campaign from AMP-PNP–topo IIa structure

A design starting point was provided by the structural informa-
tion from the crystal structure of the htIIa ATPase domain co-
crystallized with AMP-PNP (4) (PDB: 1ZXM).[21] Using LigandSc-
out pharmacophore software,[39] we derived a structure-based
pharmacophore model reflecting the interactions of the AMP-
PNP molecule with the htIIa ATPase domain.[21] The complete
structure-based pharmacophore model of the AMP-PNP mole-
cule in the ATP binding site generated by LigandScout[39] is
represented in the Supporting Information (Figure S1). To
design small-molecule fragments that mimic the adenine
moiety of the AMP-PNP molecule, this initial pharmacophore
model was reduced. The reduced structure-based pharmaco-
phore model depicted in Figure 3 A describes crucial interac-
tions of the AMP-PNP adenine moiety with the ATPase domain.
The structure-based pharmacophore model comprised four
pharmacophore features: one hydrogen bond donor modeling
the interaction with Asn 120, two hydrogen acceptors: one de-
scribing the interaction with Thr 215 via a conserved water
molecule (W 931), and another water-mediated (W 933) hydro-
gen bond to Tyr 34’ (from another protomer), and one hydro-
phobic feature. To find compounds with moieties that could
act as replacements of the adenine moiety, two hydrogen
bonds via conserved water molecules (W 931 and W 933) were
also included.[21] In comparison with other published models,
a hydrophobic feature was added to the ribose moiety, due to
the presence of several hydrophobic residues in its surround-
ings (e.g. , Ile 141, Phe 142, and Ala 167).[14, 30, 33, 37] This structure-
based pharmacophore was used in a large-scale virtual screen-
ing campaign by LigandScout software using an in-house li-

Figure 1. A) Structures of selected human DNA topoisomerase IIa inhibitors : non-interca-
lative poison etoposide (1) and catalytic inhibitors 2 and 3. B) Schematic in silico interac-
tions between AMP-PNP (4) and a human ATPase domain as revealed by X-ray crystallog-
raphy (PDB: 1ZXM).[21] Dotted lines indicate hydrogen bonds.
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brary of six million commercially
available compounds, which
contained approximately 6200
adenosine-like structures[40] (see
Experimental Section for details
concerning screening library
preparation). Approximately 500
virtual hits from different chemi-
cal classes were obtained from
the screening procedure. Exam-
ples of the novel hits identified
by LigandScout[39] include mono-
substituted compounds of the
established purine class (e.g. ,
compound 5), as well as com-
pounds from the pyrazolopyrimi-
dine class (compound 8), which
are presented in Figure 3 C,D
(see Figure S2 for LigandScout-
generated alignments of select-
ed inactive compounds from
both classes). Overall, the chemi-
cal diversity of the identified hit
compounds comprised several
other scaffolds from different
chemical classes (e.g. , 1,2,4-tria-
zol-1,5-pirimidines and thiadia-
zoles).

Approximately 500 hits ob-
tained in the first stage of the

Figure 2. Schematic workflow[38] used in the identification of novel human DNA topoisomerase IIa inhibitors.

Figure 3. A) Derived reduced 3D structure-based pharmacophore model of the AMP-PNP molecule. B) 3D-struc-
ture-based pharmacophore model without amino acid residues used in our virtual screening campaign. C, D) Ex-
amples of virtual hits 5 and 8, aligned with the pharmacophore model. Dark-grey arrows represent hydrogen
bond donors, light-grey arrows show hydrogen bond acceptors, dark-grey spheres indicate hydrophobic interac-
tions, and light-grey spheres show exclusion volumes.
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virtual screening campaign were docked into the htIIa ATPase
domain using the GOLD molecular tool.[41] A validation of the
docking model was done by redocking the AMP-PNP molecule
in the ATPase domain (see Figure S3). In the docking experi-
ments, a pharmacophoric constraint (Asn 120 as a hydrogen
bond donor) was introduced to assure that this interaction
with this important residue was always present.[21] In addition,
the conserved water molecules (W 931 and W 933) that were
also shown to be important in hydrogen bond interactions ex-
perimentally[21] were included in the docking calculations. As-
sessment of the docking poses was performed with the Chem-
Score scoring function, which showed the most optimal behav-
ior relative to the experimental results (see description of vali-
dation in the Experimental Section). After the docking proce-
dure, binding geometries, values of scoring function, values of
pharmacophore fit scoring function, and hydrogen bond dis-
tances between heteroatoms of the docked ligands and amino
acid residues were analyzed. Obtained binding geometries
were first visually inspected and carefully analyzed for poten-
tial interactions with the amino acid residues that were hy-
pothesized to be important for binding: a hydrogen bond with
Asn 120 and hydrophobic interactions with Ile 141, Phe 142,
and Ala 167.

Comparison of the docked AMP-PNP molecule and com-
pounds from the 9H-purine (5) class and 1H-pyrazolo[3,4]pyri-
midine (8) classes indicated that the 9H-purine ring of com-

pound 5 and the 1H-pyrazolo[3,4]pyrimidine ring of compound
8 overlapped with the adenine fragment of the AMP-PNP mol-
ecule, whereas the benzene moiety overlapped with the ribose
moiety and one phosphate group of the AMP-PNP (see Fig-
ure S4 for details). As indicated in the docking model between
compounds 5 and 8 and the ATPase domain, the 9H-purine
and 1H-pyrazolo[3,4]pyrimidine rings formed direct hydrogen
bonds with Asn 120 and Thr 215, whereas the benzene ring
was anchored in the hydrophobic pocket surrounded by resi-
dues Ile 141, Phe 142, and Ala 167. Finally, the carboxylic acid
formed a hydrogen bonds with residues Ser 149 and Asn 150
(Figure 4 A,B). In the case of compound 8 from the 1H-pyrazo-
lo[3,4]pyrimidine class, the carboxylic acid group formed an ad-
ditional hydrogen bond with Ser 148. Compounds 5–11 from
the aforementioned compound classes were selected for ex-
perimental evaluation (see Table S5 for compound origin de-
tails and vendor quality control procedures).

Biological activity of the selected compounds was deter-
mined using a standard htIIa assay (see Experimental Section).
The inhibitory htIIa assay was first validated using reference
compounds etoposide (1) and NSC35866 (3). The obtained IC50

value of 33.8 mm for 1 was in good accordance with the IC50

value reported in the literature (60.3 mm),[42, 43] as was the IC50

value established for compound 3 (IC50 = 85 mm) compared
with that reported earlier (IC50 = 50 mm).[25] It was gratifying to
observe that four compounds from the two structural classes

Figure 4. GOLD-calculated binding modes of mono- and disubstituted purine-based compounds 5 and 12 and pyrazolopyrimidine-based compounds 8 and
21 from design stages I and II. Residues important for binding are shown in grey, dark-grey arrows represent hydrogen bond donors, light-grey arrows show
hydrogen bond acceptors, and hydrophobic interactions derived by LigandScout are depicted as dark-grey spheres. For clarity, exclusion volume spheres are
not shown.
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selected on the basis of the performed virtual screening cam-
paign—namely, compounds 5 and 6 from the 9H-purine class,
and compounds 8 and 9 from the 1H-pyrazolo[3,4]pyrimidine
class—exhibited inhibitory activity against htIIa in the lower
micromolar range. Moreover, the compounds from the 1H-pyr-
azolo[3,4]pyrimidine class represent, to the best of our knowl-
edge, the first compounds containing this scaffold with the
ability to inhibit this enzyme. The discovered 9H-purine com-
pounds displayed further novel possibilities offered by this
scaffold for htIIa inhibition. The obtained inhibitory values
were similar to those of the established reference htIIa inhibi-
tors from the literature: etoposide (1) and NSC35866 (3). De-
tailed results of the inhibition assay are further presented in
Figure S5. These active compounds were also tested against
bacterial DNA gyrase in a standard inhibition assay,[44] and re-
sults are presented in Table 1. To eliminate aggregation and

nonspecific inhibition, a surfactant (Tween 20) was added to
the reaction mixture.[45] Selected 9H-purine 7 and 1H-pyrazo-
lo[3,4]pyrimidines 10 and 11, all containing a free NH2 group
without any additional fragments, which according to our
model, could form an interaction with Ser 149, did not show
any inhibition activity.

Design Phase II : disubstituted 9H-purine and 1H-pyrazo-
lo[3,4]pyrimidine compounds with improved lipophilicity

In the first step of our structure-based drug design efforts in-
hibitors, two different core fragments were successfully identi-
fied. One class of molecules contained purine, and the other

class contained a pyrazolopyrimidine fragment which, accord-
ing to in our in silico model, could potentially serve as replace-
ments of the adenine moiety interacting with Asn 120. The
second fragment is a benzene ring with meta or para position
of the carboxylic group which according to our model can in-
teract with hydrophobic residues located in the vicinity of the
ribose moiety of the AMP-PNP molecule. Due to the presence
of the carboxylic group in all active compounds, we immedi-
ately suspected that penetration through the cell membrane
could pose a problem for these compounds, thus we decided
to focus our design efforts on finding more lipophilic com-
pounds. Obtained clog P values for the active compounds 5, 6,
8, and 9 were found to be in the interval between 2.4–2.6 (see
Table S5). To obtain effective and lipophilic inhibitors, focused
libraries of approximately 200 analogues of 9H-purine and 1H-
pyrazolo[3,4]pyrimidine were assembled from our in-house li-

braries of commercially available
compounds. Initial 3D structures
were generated with OMEGA[46]

and docked into the human
ATPase domain[21] using GOLD
software.[41] Their calculated
docking poses were visually in-
spected for potential interactions
with amino acid residues of the
binding site using LigandScout
software.[39] Unfortunately, com-
pounds from both classes that
would retain the benzene ring
with the carboxylic group in
a meta or para position were
not available. Thus, we selected
several alternatives at the R2 po-
sition (e.g. , morpholine ana-
logues and meta- or para-substi-
tuted benzenes), also taking into
account the structure–activity re-
lationship results from previous
9H-purine studies.[14, 23] In addi-
tion, during compound selec-
tion, we included new additional
substitutions at the C2 position,
which was left unsubstituted in
design phase I. Previously, C6

substitution was also shown to be favorable.[14] In summary,
with these modifications, we wanted to increase the possibili-
ties for compound activity at the cellular level while preserving
and optimizing the interaction pattern. Eight disubstituted
compounds from the 9H-purine class (12–19) and ten disubsti-
tuted compounds from the1H-pyrazolo[3,4]pyrimidine class
(20–29) were finally selected (see Table S5 for selected com-
pound details and vendor quality control procedures) and as-
sayed for their htIIa inhibitory activity, with results presented
in Tables 2 and 3 (see Figure S5 for further inhibitory assay
data).

The obtained docking poses of the selected disubstituted
compounds from both focused libraries showed similar interac-

Table 1. Inhibitory activities toward htIIa and bacterial DNA gyrase determined for compounds 5–11 identified
in design phase I.

Compd IC50 [mm][a] Compd IC50 [mm][a]

htIIa gyrase htIIa gyrase

5 65�3.3 >1000 8 44�5.8 >1000

6 142�3.9 >1000 9 279�14.4 >1000

7 >1000 ND 10 >1000 ND

11 >1000 ND

[a] Data are the mean �SD of n = 2 independent experiments performed in duplicate; ND: not determined.
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tion patterns to those observed previously (hydrogen bonds
with Asn 120 and Ser 149 and hydrophobic interactions with
the lipophilic pocket), along with an additional hydrogen bond
with Asn 95. In Figure 4 C, one of the most active disubstituted
compounds, N-(3,4-dimethoxyphenyl)-6-(morpholino)-9H-purin-
2-amine (12), is shown to form a direct hydrogen bond with
Asn 120. An amine linkage at the R2 position forms a hydrogen
bond with Asn 95, two methoxy groups form hydrogen bonds
with Ser 149, and one methoxy group forms a hydrogen bond
with Lys 157, whereas the R2 morpholine group is positioned in
the hydrophobic pocket filled with residues Ile 141, Phe 142,
and Ala 167. These observations are in line with molecular
modeling observations of a series of purine analogues in the
ATPase domain reported previously.[14] Introduction of 1,2-di-
methoxybenzene (12 and 13) or a methoxybenzene moiety
(14) at R2 resulted in a moderate inhibitory activity against
htIIa (IC50 = 145 mm, 211 mm, and 258 mm, respectively). The ab-
sence of these moieties resulted in a loss in inhibitory activity
(compounds 16–19). Interestingly, an additional methoxy
group attached on the benzene fragment at the R1 position of
compound 13 did not increase the inhibitory activity. On the
other hand, compound 15, with a fluorophenyl moiety at R2,
showed weak activity (IC50 = 462 mm). Further analysis of the
binding poses compounds 16–19 that were inactive showed
an absence of the interaction with Ser 149 (see Figure S6 A).
Obtained clog P values for active compounds 12–14 were
found to be in the interval between 2.4 and 4.6 (see Table S5).

A similar interaction pattern was found for the docked
active compounds 20 (IC50 = 57 mm) and 21 (IC50 = 67 mm)

among the disubstituted pyrazolopyrimidines. In both com-
pounds, the amine group of the pyrazolopyrimidine ring forms
a hydrogen bond with Asn 120, the amine group at R2 forms
a new hydrogen donor bond with Asn 95, and the methoxy
phenyl is capable of forming hydrophobic interactions with
the hydrophobic pocket containing residues Ile 141, Phe 142,
and Ala 167. Moreover, the pyridine ring R2 substitution also
forms p–p interactions with Arg 98 (Figure 4 D), as in the case
of compound 21.

Pyrazolopyrimidine-containing compounds 26–29 were
found to be inactive (IC50>1000 mm). Inspection of the GOLD-
calculated binding mode revealed the lack of interaction with
Asn 95 in compounds 26–29. Proposed GOLD binding mode
for selective inactive compound 29 is available in Figure S6 B.
The absence of hydrogen in the piperazine fragment at the R2

position resulted in a significant decrease in activity of com-
pounds 26 and 29 when tested in the inhibitory assay com-
pared with the amine linkage in active compounds. Obtained
clog P values for the most active compounds, 20–22, were
found to be favorable (Table S5). Overall, our optimization ef-
forts in design phase II did not result in significant improve-
ment of the htIIa inhibitory properties, and compounds that
came out of both design phases are still inferior relative to
some of the similar reported catalytic inhibitors.[6] Nevertheless,
we were able to identify several interesting compounds of the
newly discovered 1H-pyrazolo[3,4]pyrimidine class and estab-

Table 2. Determined htIIa inhibitory activities of disubstituted 9H-purine
compounds 12–19, selected in design phase II.

Compd R1 R2 IC50 [mm][a]

12 145�2.8

13 211�12.7

14 258�14.9

15 462�38.0

16 >1000

17 >1000

18 >1000

19 >1000

[a] Data are the mean �SD of n = 2 independent experiments performed
in duplicate.

Table 3. Inhibitory activities against htIIa for disubstituted 1H-pyrazo-
lo[3,4]pyrimidine compounds 20–29 selected in design phase II.

Compd R1 R2 IC50 [mm][a]

20 57�4.1

21 67�2.8

22 360�23.3

23 449�38.9

24 508�34.8

25 578�29.8

26 >1000

27 >1000

28 >1000

29 >1000

[a] Data are the mean �SD of n = 2 independent experiments performed
in duplicate.
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lished compounds from the 9H-
purine class with promising htIIa
inhibitory activities, and in the
second stage, we identified com-
pounds with favorable character-
istics for potential cellular activi-
ty.

Human DNA topoisomerase IIa
decatenation assay

To explore whether the com-
pounds from both classes (8 and
12) could also inhibit catalytic
activity of the htIIa enzyme, the
effect of compounds on the
enzyme catalytic activity was
evaluated using a kDNA decate-
nation assay. The decatenation
assay was performed in dupli-
cate, as described in the Experi-
mental Section, with selected
compounds using kinetoplast
(kDNA) as a substrate and eto-
poside (1) as a reference com-
pound. The results of the kDNA
decatenation assay for com-
pounds 8 and 12 are presented
in Figure 5.

As shown in Figure 5, com-
pounds 8 and 12 significantly in-
hibited the decatenation of
kDNA in a concentration-depen-
dent manner (see also Table S2).
Almost no decatenation activity
was observed in the presence of
500 and 125 mm of compound
12 or in the presence of 500 mm

for compound 8. Moderate activ-
ity was observed at 31.5 mm of
compound 12. Overall, these re-
sults confirmed the influence of
both compounds on the catalyt-
ic activity of htIIa, with com-
pound 12 exhibiting similar to
slightly improved inhibitory ac-
tivity against htIIa decatenation
as the inhibitor etoposide (1).

Biophysical characterization and MD simulations of the 1H-
purine and 1H-pyrazolo[3,4]pyrimidine htIIa inhibitor
classes

SPR measurements

We subsequently investigated if the inhibitory activity of com-
pounds 8 and 12 was associated with their binding to the

htIIa ATPase domain using surface plasmon resonance (SPR)
experiments (Figure 6).[47, 48] The ATPase domain of htIIa was
immobilized on the CM5 chip, and its activity was confirmed
using etoposide (1) as a reference. Real-time sensorgrams were
recorded and analyzed using BIAeval 3.1 software (Biacore, GE
Healthcare) and are provided in Figure S7. General fitting and
steady-state affinity (one-site binding) were calculated using
Origin 6.1 (measured KD value of 30�2 mm for etoposide in
comparison with 41.6 mm, as reported in reference [35]). After
validation of the SPR method, 1H-pyrazolo[3,4]pyrimidine com-

Figure 5. Compounds 8 and 12 inhibited DNA decatenation catalyzed by htIIa. Each reaction contained the same
amount of htIIa and solvent DMSO (1 %), except in the case of the negative control reaction of kDNA, which was
performed in the absence of htIIa. The positive control band is indicated by (+). Etoposide (1) was used as a refer-
ence compound. The positions of bands, including open-circular DNA (OC), are also indicated.

Figure 6. SPR studies of the 9H-purine and 1H-pyrazolo[3,4]pyrimidine classes of htIIa inhibitors, with representa-
tive sensorgrams for compounds A) 8 and B) 12. The binding experiments were performed on a BiacoreX at
a flow rate of 30 mL min�1 at 25 8C in running buffer (10 mm HEPES pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005 % sur-
factant P20).
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pound 8 was tested at nine different concentrations and1H-
purine compound 12 at 12 concentrations, both in at least
three parallel experiments, and the KD values were determined
using a steady-state affinity binding model (one-site binding).
The maximal theoretical response was calculated according to
the molecular masses of the human ATPase domain and li-
gands 8 and 12. These results confirmed binding of com-
pounds 8 and 12 to the htIIa ATPase domain and, consequent-
ly, formation of the ligand–enzyme complex. We were pleased
to establish that KD values for both compounds 8 and 12 were
in good agreement with the determined IC50 inhibitory activity
values (Table 4). Steady-state affinity analysis disclosed a KD

value of 50�10 mm for compound 8 and a KD value of 194�
36 mm for compound 12. These SPR experiments consequently
provided more confidence in our in silico models of binding
generated by molecular docking
studies of both compound
classes. In addition, these experi-
ments confirmed that both com-
pounds bind to the human
ATPase domain, and they do not
form a covalent cleavable com-
plex. It should be noted that, re-
cently, a powerful flow linear di-
chroism (FLD) technique for con-
tinuous monitoring of the topoi-
somerization reaction was re-
ported, enabling in-depth
mechanistic studies of topo en-
zymes and their interactions
with ligands.[49] This promising
new approach could comple-
ment the SPR studies, offering
further insight into the inhibition
process of our discovered com-
pounds.

MD simulations of the proposed
complexes of compounds 8 and
12 with the htIIa ATPase
domain

To provide further insight into
the dynamic behavior of the
compounds from the 9H-purine
and 1H-pyrazolo[3,4]pyrimidine
classes of htIIa inhibitors, MD
simulations[50] were initiated for
the docked conformation of in-
hibitors 8 (1H-pyrazolo[3,4]pyri-
midine) and 12 (9H-purine) in
the htIIa ATP active site using
CHARMM software.[51] Experi-
mental data supporting the use
of the initial binding mode was
substantiated by our SPR data,
confirming the binding of this

compound to the htIIa ATPase domain. Constructed solvated
protein–ligand (8 and 12) systems were prepared, equilibrated,
and simulated as described in Supporting Information Sec-
tion 4.3 and are presented schematically in Figure 7 A. Anima-

Table 4. Comparison of the obtained IC50 and KD values for compounds 8
and 12.[a]

Compd IC50 [mm] KD [mm]

8 44�5.8 50�10
12 145�2.8 194�36

[a] IC50 values are from two independent experiments; KD values are the
mean �SD of n = 3 independent experiments performed in triplicate.

Figure 7. MD simulation studies of the 9H-purine and 1H-pyrazolo[3,4]pyrimidine classes of htIIa inhibitors.
A) Left : MD snapshot of 1H-pyrazolo[3,4]pyrimidine-based compound 8 in the solvated ATP binding site of the
htIIa protein; Right: time dependence of RMSD, and distance between the OD1 oxygen atom of Asn 120 and the
N4 nitrogen atom of the pyrazole fragment in compound 8. B) Left : MD snapshot of 9H-purine-based compound
12 docked into the solvated ATP binding site of the htIIa protein; Right: time dependence of RMSD and distance
between the OD1 oxygen atom of Asn 120 and the N3 nitrogen atom of the purine ring in compound 12.
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tions of the calculated production phase with 10 ns MD trajec-
tories for both compounds are available in the Supporting In-
formation.

The production 10 ns MD trajectories were first analyzed to
determine the stability of the ligand pose in the topo IIa ATP
binding site. RMSD (root mean square distance) time-depen-
dent graphs (Figure 7 B) shows deviation between the MD-gen-
erated conformations and the docking conformations, calculat-
ed with all atoms taken into consideration. The obtained
RSMD averages of 0.93�0.34 � (compound 8) and 0.98�
0.26 � (compound 12), calculated from the average structure,
indicated relatively stable binding conformations (Figure 7).

Next, we analyzed several docking-proposed hydrogen bond
distances (see Supporting Information Section 2.2 and
Figure 4) between investigated compounds 8 and 12 and resi-
dues in the htIIa ATP binding site.[21] The hydrogen bond inter-
actions were monitored between atoms of compound 8 and
corresponding GOLD-proposed interacting residues Asn 120,
Ser 148, Ser 149, Asn 150, and Thr 215. For compound 12, pro-
posed interactions between Asn 95, Asn 120, Ser 149, and
Lys 157 were investigated (see Figure 4 for docking modes of 8
and 12). In addition, after visualization of the MD trajectories,
the following residues were also analyzed (compound 8 :
Asn 91, Asn 95, Asn 98; compound 12 : Asn 91, Arg 98, Asn 150,
Thr 215). Time-dependence graphs of all monitored distances
are available in the Supporting Information (see Figure S9 A–S)
and selected time-dependence graphs of interactions of
Asn 120 with 8 and 12 are presented in Figure 7. Values of cal-
culated average distances are available in Table 5.

In both cases, the carbonyl oxygen of Asn 120 formed
a stable hydrogen bond acceptor interaction with the corre-
sponding nitrogen of the heterocyclic moieties of compounds
8 and 12. The observed average distance of 2.82�0.14 � for

compound 8 correlates nicely with the higher determined KD

and IC50 values with respect the 3.17�0.43 � value observed
for compound 12 (Figure 7). These results are in accordance
with the proposed interaction pattern observed in the docking
calculations for the studied heterocyclic moieties that are core
to both classes. The predicted hydrogen bond acceptor inter-
action between Thr 215 and the pyrazolo[3,4]pyrimidine core
of compound 8 was shown to be weak (3.92�0.28 �). Next,
Asn 95 which was also suggested as a potential interacting res-
idue for 9H-purine compound 12 showed a hydrogen bond in-
teraction in the 3.54�0.62 � range. When visualizing the MD
trajectories, additional moderate interactions were observed
with the Asn 91 and Arg 98 residues for both compounds.

Interestingly, moieties attached to the 9H-purine and 1H-pyr-
azolo[3,4]pyrimidine cores did not show the stable hydrogen
bond interactions observed in the docking poses with amino
acid residues Ser 148, Ser 149, Asn 150, and Lys 157 (Table 5).
These observations could be rationalized by a slightly in-
creased level of conformational flexibility of the attached 4-car-
boxyl-phenyl moiety in the case of the 1H-pyrazolo[3,4]pyrimi-
dine molecule, whereas in the case of purine compound 12,
the observed movement of the protein loop located between
residues 145 and 165 could provide some initial clues. In the
ATP binding site, the lipophilic area encompassed by amino
acids Ile 141, Phe 142, and Ala 167 was found to favorably inter-
act with benzene (8) and morpholine (12) moieties. Another in-
teresting observation occurred when we visualized the water
molecules surrounding the ATP binding site and ligand mole-
cules. Over the course of the MD simulation, the number of
water molecules surrounding compounds 8 and 12 in the ATP
binding site increased. Overall, the results of the MD simula-
tions provided initial dynamic insight into the conformational
behavior of ligands 8 and 12. The most important interaction
seemed to form between Asn 120 and the 9H-purine and 1H-
pyrazolo[3,4]pyrimidine core fragments.

MTT cytotoxicity assays of the 9H-purine and 1H-pyrazo-
lo[3,4]pyrimidine htIIa inhibitor classes

We evaluated active compounds 5, 6, 8, 9, 12–14, and 20–22
for their in vitro cytotoxicity against two human cancer cell
lines: MCF-7 (breast cancer), and HepG2 (hepatoma), while
HUVEC cells (human umbilical vein endothelial cells) were used
as non-cancer cells. Both selected human cancer cell lines,
MCF-7 and HepG2, are representative and well-established sys-
tems for cell-based evaluation of potential anticancer com-
pounds, and the HUVEC cell line provided critical comparison
of non-cancer cell growth inhibition. The decrease in cell viabil-
ity was determined by the tetrazolium-based colorimetric
assay (MTT assay) and compared with the decrease in cell via-
bility by etoposide at a concentration of 40 mm, which was
used as the positive control. In the first step, the exponentially
growing cells were exposed to the compounds at a single con-
centration (200 mm) for 24 h. Compounds 13 (9H-purine) and
22 (1H-pyrazolo[3,4]pyrimidine) from the second stage signifi-
cantly decreased the viability of cell lines at one concentration
(200 mm). For the two most effective compounds, 13 and 22,

Table 5. Calculated average interaction distances between compounds 8
and 12 and selected htIIa residues in the ATP binding site from MD simu-
lation studies.

Interacting Distance [�][a]

Residues Compd 8 Compd 12

Asn 91-O[b] 3.82�0.30 4.06�0.34
Asn 95-ND2 3.92�0.28 ND
Asn 95-OD1 ND 3.54�0.62
Arg 98-NE[b] ND 4.17�0.40
Arg 98-NH1[b] 4.05�0.42 ND
Asn 120-ND2 3.31�0.23 4.34�0.39
Asn 120-OD1 2.82�0.14 3.17�0.43
Ser 148-OG 4.22�1.31 ND
Ser 149-N 4.52�1.39 ND
Ser 149-OG 5.53�1.44 4.29�0.94
Ser 149-OG 6.76�1.18 6.05�1.49
Asn 150-OD1 5.72�1.37 4.59�0.70
Asn 150-ND2 3.99�1.18 4.09�0.70
Lys 157-NZ ND 5.70�1.41
Thr 215-OG1 3.97�0.32 4.66�0.44

[a] Average values and corresponding SD were calculated from 5000
equidistant conformations sampled from 10 ns MD simulations; ND: not
determined. [b] Residues in italics were subsequently included in the
analysis.
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which reduced cell viability by more than 80 % relative to the
untreated control, EC50 values were determined by testing
their cytotoxicity at concentrations ranging from 6.25 to
100 mm (Figure 8 B, D). Figure 8 C, E shows that both com-
pounds caused a dose-dependent decrease in the viability of
all three types of cells.

At a concentration of 100 mm, compound 13 significantly de-
creased the viability of HUVEC, HepG2, and MCF-7 cells, where-
as compound 22 significantly decreased the viability of HUVEC
and HepG2 cells relative to the control (Figure 8 B, D). At a con-
centration of 50 mm, compound 13 significantly decreased the
viability of MCF-7 cells compared with the vehicle control,
while compound 22 induced a significant decrease in the via-
bility of HUVEC and HepG2 cells. At lower concentrations (6.25,
12.5, 25 mm), the two compounds did not significantly affect
the viability of the three cell lines compared with the control.

From the EC50 values (Table 6), it is evident that compound
13 showed higher toxicity against HepG2 (EC50 = 37.0 mm) and

MCF-7 (EC50 = 36.2 mm) cancer
cells than against the non-cancer
HUVEC cells (EC50 = 50.9 mm).
Compound 22 showed similar
cytotoxicity against HepG2
(EC50 = 36.2 mm), HUVEC (EC50 =

45.4 mm), and MCF-7 (EC50 =

45.9 mm) cells. The inhibitory ac-
tivity of compounds 13 and 22
against two cancer-derived cell
lines (HepG2 and MCF-7) relative
to the non-cancer-derived
HUVEC cells was not statistically
significant. The cytotoxicity of
compounds 13 and 22 against
cancer cells appear to be related
to htIIa inhibitory activity
(Table 6). Compound 13, with
a lower IC50 value, was more ef-
fective against cancer cells than
compound 22. Nevertheless,
a caveat must be stated that the
higher cell-based activity of
compounds 13 and 22 com-
pared with the in vitro htIIa in-
hibitory activity indicates a possi-
bility that cell-based activity
might not be related exclusively
to this enzyme. As these com-
pounds target the htIIa ATP
binding site, several protein kin-
ases could also be affected by
these compounds. Influences of
structurally related 9H-purine
compound 3 on both htIIa and
cyclin-dependent kinases (CDK)
have been reported, with further
suggestions that such dual in-
hibitors of htIIa and CDK activity

may be useful as anticancer agents.[25]

Compounds 5, 6, 8, and 9, which showed some of the stron-
gest htIIa inhibitory activity, all have a carboxylic group in their
structure, which is a plausible reason for the displayed lower
cytotoxic activity in the MTT assay. As mentioned before, this
concern also stimulated us to develop a second stage of our
virtual screening campaign. To investigate this further, we cal-
culated clog P values for all compounds (available in the Sup-

Figure 8. Results of the MTT cell viability assay. A) HUVEC, HepG2, and MCF-7 cells were treated with active com-
pounds 5, 6, 8, 9, 12–14, and 20–22 at 200 mm for 24 h. Etoposide (1) at 40 mm was used as positive control (PC),
and DMSO (1 %) was used as vehicle control. The data are presented as percent cell viability relative to vehicle-
treated cells (data not shown). B, D) HUVEC, HepG2, and MCF-7 cells were exposed to various concentrations (100,
25, 12.5, and 6.25 mm) of compounds 13 and 22. C, E) Dose–response curves of log concentration versus percent
viability of cells for compounds 13 and 22. Data represent the mean�SD of three experiments; significant differ-
ences between the vehicle control and treated cells: **p<0.01, ***p<0.001.

Table 6. Determined cytotoxicities in HUVEC, HepG2, and MCF-7 cells for
compounds 13 and 22.

Compd EC50 [mm][a]

HUVEC HepG2 MCF-7

13 50.9 (38.5–67.3) 37.0 (31.7–43.2) 36.2 (29.8–43.9)
22 45.5 (36.2–57.0) 36.2 (31.4–41.8) 45.9 (40.5–51.9)

[a] Independent experiments were performed in five replicates and were
repeated three times; values in parentheses are means (95 %).
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porting Information). The clog P values for compounds 5 and 6
were found to be 2.4, and the clog P value for 8 and 9 were
2.5. In both cases, each pair of compounds represents the cor-
responding positional isomers (Table 1). On the other hand,
active compound 22 has a clog P value of 5.2, and 13 has
a clog P value of 4.6, indicating better characteristics for suc-
cessful penetration through the cell membrane. This observa-
tion could be one of the reasons for the higher cytotoxicity of
compounds 13 and 22 over compounds 5, 6, 8, and 9. It is im-
portant to note that these active compounds also display
some promising characteristics for further hit-to-lead optimiza-
tion. For example, the topological surface area (TPSA) for
active compounds 8, 12, 13, and 22 was found to be lower
than 120 (TPSA(8) = 98.44, TPSA(12) = 92.07, TPSA(13) = 110.09,
and TPSA(22) = 91.63).[52]

Conclusions

HtIIa is an important target for the development of anticancer
agents. In this study, a two-stage virtual screening campaign
was used to yield novel compounds from the established 9H-
purine class and a novel structural class of 1H-pyrazolo[3,4]pyr-
imidine compounds as htIIa inhibitors with micromolar inhibi-
tory activity. Our design starting point represented an experi-
mentally determined structure of the complex between AMP-
PNP and the htIIa ATPase domain. In the first design stage,
a structure-based pharmacophore model for the description of
crucial interactions was constructed, and after the virtual
screening campaign, combining pharmacophore models with
molecular docking calculations, active monosubstituted com-
pounds from the 9H-purine and 1H-pyrazolo[3,4]pyrimidines
classes were found to be micromolar inhibitors in the in vitro
inhibition assays. The compounds from the 1H-pyrazolo
[3,4]pyrimidine class represent, to the best of our knowledge,
the first compounds containing this scaffold that can inhibit
this enzyme. Several active compounds were also tested in
vitro against bacterial DNA gyrase and were found to be htIIa-
selective inhibitors. In the second design stage, computational
investigations of the focused libraries of 9H-purine and 1H-pyr-
azolo[3,4]pyrimidine compounds, followed by inhibition assays,
successfully provided novel disubstituted compounds from
both series possessing improved properties in terms of cyto-
toxic activity against cancer cell lines. Two representative
active compounds, 8 and 12, one from each class, were found
to inhibit htIIa-mediated DNA decatenation. Binding character-
istics of both discovered classes were characterized using SPR
measurements, which confirmed binding of these compounds
to the human ATPase domain and, consequently, the formation
of the ligand–enzyme complex. Both proposed complexes be-
tween compounds 8 and 12 and htIIa remained stable during
the performed 10 ns MD simulation studies, and subsequent
analysis provided dynamic insight into the observed interac-
tions, highlighting Asn 120 as a crucial interacting residue. Dis-
ubstituted compounds 13 and 22 from the second design
stage showed promising cytotoxic activity in HepG2 and MCF-
7 cancer cell lines, and derivative 13 appears as the most
promising compound with regard to potential anticancer activ-

ity. The cytotoxicity of compounds 13 and 22 showed a direct
relationship with htIIa inhibitory activity. These compounds
displayed good characteristics for further hit-to-lead develop-
ment. We believe that these novel reported compounds will
help to pave the way to novel anticancer agents necessary to
efficiently combat various cancers.

Experimental Section

Structure-based pharmacophore modeling and pharmaco-
phore-based virtual screening

The crystal structure of the complex between the htIIa ATPase
domain and a non-hydrolyzable ATP (AMP-PNP) molecule (4) was
retrieved from the Protein Data Bank (PDB: 1ZXM). A structure-
based pharmacophore was derived for the bound conformation of
compound 4 using LigandScout software, and the initial number
of pharmacophoric interactions were reduced[21] (see Figure S1).
The resulting structure-based pharmacophore model used in the
first stage of our design consisted of two hydrogen bond accept-
ors, one hydrogen bond donor, and a hydrophobic interaction
sphere. Exclusion volumes were automatically added to model the
steric circumference of the active site of htIIa. The structure-based
pharmacophore model was screened against approximately 6 mil-
lion commercially available compounds present in our library using
the LigandScout screening module.[40] Our library was composed of
compounds originating from several commercial vendors (e.g. , En-
amine, InterBioScreen, Vitas-M, ChemBridge, ChemDiv, LifeChemi-
cals, etc.), with each compound converted into a multifunctional
format (25 conformers for each compound in the library) using the
idbgen module available in LigandScout, coupled with the OMEGA
software.[46] The default high-throughput settings were used for li-
brary generation: maximum number of output conformers per
molecule = 25, RMS threshold to duplicate conformers = 0.8 �,
maximum number of all generated conformers per molecule =
30 000, and maximum number of intermediate conformers per
molecule = 4000.[53] The Pharmacophore Fit scoring function was
used to score hit molecules against the obtained structure-based
pharmacophore model. The LigandScout screening procedure re-
trieved approximately 500 hit compounds, which were visually in-
spected to select different compound classes.

Molecular docking calculations

Molecular docking experiments were carried out using the GOLD
docking tool.[41] First, the GOLD docking tool was validated.[54]

AMP-PNP (4) was extracted from its binding site (PDB: 1ZXM) and
redocked using the GOLD molecular docking tool.[41] In the valida-
tion procedure, AMP-PNP was docked 10 times into the htIIa
ATPase domain by applying different parameters of the GOLD ge-
netic algorithm (GA): population size = 100, selection pressure =
1.1, number of operations = 100 000, number of islands = 5, niche
size = 2, migrate = 10, mutate = 95, crossover = 95. Several different
scoring functions (ChemScore, GoldScore and ChemPLP) and spin
states of the water molecules W 931 and W 933 were used. The
active site was defined as a 10 � radius around reference ligand
AMP-PNP, and hydrogen atoms were added to the protein. Mg2 +

and all waters were removed, except W 931 and W 933, which were
included due to their importance in molecular recognition. These
waters were included in docking calculations, because it was previ-
ously assumed that they play an important role in the binding of
the AMP-PNP molecule.[21] To ensure that interactions similar to the
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interaction pattern of the purine moiety in the AMP-PNP molecule
would be obtained, a pharmacophore constraint was added to
Asn 120,[21] and a ChemScore scoring function was used. The bind-
ing pose of docked AMP-PNP resembled the experimentally deter-
mined conformation, which indicated that variables for docking
were reliable (see Figure S3). The RMSD comparison of the docked
conformations with experimental values were calculated. The best
agreement between the crystallized and docked poses was ob-
tained using the ChemScore function (RMSD = 0.9 �). This scoring
function and the docking settings described above were further
used for molecular docking calculations of the selected hit com-
pounds from the first and the second stage of our virtual screening
procedure.

MD simulations of the complex between compounds 8 and 12
and the htIIa ATPase domain

Molecular dynamics (MD) calculations for the ATPase domain (PDB:
1ZXM) with the corresponding docked conformation of com-
pounds 8 and 12 were performed using the CHARMM molecular
modeling suite.[51] The bound conformations in the ATP binding
site were generated as described in the Experimental Section (Mo-
lecular docking calculations) using the GOLD molecular docking
suite. In the PDB file (1ZXM), missing side chain atoms were report-
ed for the residues Lys 101, Lys 123, Lys 176, Asn 210, Glu 212,
Lys 265, Lys 278, Lys 287, Val 288, Met 303, Lys 343, and Lys 400. In
addition, protein loop residues between 345 and 350 were not ob-
served in the experimental electron density map. All of these resi-
dues are mostly located on the protein surface and do not form
direct interactions with the ATP binding site and the investigated
compounds. The missing side chain atoms of these residues, as
well as missing loop residues, were generated using the PDB
Hydro web server (lorentz.immstr.pasteur.fr/pdb_hydro.php [ac-
cessed September 2014]) in a two-stage procedure.[55] In the first
stage, the 1ZXM crystal structure was submitted to the PDB Hydro
web server to construct the missing protein loop. The PDB Hydro
web server detected automatically the missing loop residues from
the numbering and built them into the 1ZXM structure using an al-
gorithm based on Monte Carlo moves.[56] Subsequently, the result-
ing structure with the generated loop was retrieved and visually in-
spected to assess the produced loop conformation. In the second
stage, this structure was submitted to another available module on
the PDB Hydro server where missing side chains were detected,
and possible rotamers of these side chains were scanned selecting
the conformation with the lowest van der Waals (vdW) energy. This
procedure was performed sequentially for each residue to yield
the final structure with all protein atoms included.[55] Next, the
CHARMM-GUI environment was used for protein manipulation and
construction of the solvated complexes of MurD protein with com-
pounds 8 and 12.[57] The CHARMM parameter and topology files
(version 27) were used to specify the force field parameters of the
amino acid residues comprising the MurD protein.[58, 59] The
CHARMM general force field (CGenFF) was used to describe the
atom types and partial charges of compounds 8 and 12.[60] Deter-
mined partial charges and assigned atom types for both com-
pounds are listed in the Supporting Information (Tables S3 and S4).
The protein–ligand system was immersed in a TIP3 sphere of water
molecules[61] with a truncated octahedral shape with edge distan-
ces of 10 �, and six chlorine ions were added to make the system
electroneutral. Ion placement was performed using the Monte
Carlo method. The periodic boundary conditions (PBC) were ap-
plied based on the shape and size of the system. Grid information
for particle-mesh Ewald (PME) fast Fourier transform (FFT) was gen-

erated automatically. The final systems prepared for the MD simu-
lation were comprised of 73.287 and 72.347 atoms. Short steps of
energy minimization were then performed to remove bad con-
tacts. Three systems were then minimized for 2000 steps using
steepest descent (SD) method followed by 2000 steps of the modi-
fied Adopted Basis Newton-Raphson (ABNR) method and an MD
equilibration run of 350 ps.

These production MD trajectories were generated using the Leap-
frog integration scheme and a 2 fs simulation step using the
SHAKE algorithm. A 10 ns MD simulation production run was per-
formed. Conformations were sampled every 100th step, resulting
in 5000 conformations for subsequent analysis. Visualization and
analysis of the geometry parameters of the production MD trajec-
tories were performed using the VMD program.[62] Further inspec-
tion of the overall conformational behavior for each MD simulation
can also be seen in the generated movie animations (see Support-
ing Information).

In vitro screening of selected hit compounds for htIIa
inhibitory activity

The assay was performed on black streptavidin-coated 96-well mi-
crotiter plates. The plates were rehydrated using wash buffer
(20 mm Tris·HCl (pH 7.6), 137 mm NaCl, 0.01 % (w/v) BSA, 0.05 % (v/
v) Tween-20), and biotinylated oligonucleotide was immobilized
onto the wells. Next, the excess oligonucleotide was removed by
washing with wash buffer. The enzyme assay was carried out in
a reaction volume of 30 mL using 0.75 mg supercoiled plasmid
pNO1 as a substrate and 1.5 U of htIIa. Tested compounds (0.3 mL)
were added as stock solutions in DMSO, with a final concentration
of 1 % DMSO. Reactions were incubated at 37 8C for 30 min, and TF
buffer (50 mm NaOAc (pH 5.0), 50 mm NaCl, 50 mm MgCl2) was
added to the wells and incubated at room temperature for an ad-
ditional 30 min to allow triplex formation (biotin-oligonucleotide-
plasmid).[44] To eliminate aggregation and non-specific inhibition,
a surfactant (Tween-20) was added to the reaction mixture.[45] Un-
bound plasmid was removed by washing with TF buffer, and a solu-
tion of SybrGOLD stain (Invitrogen) in T10 buffer (10 mm Tris·HCl
(pH 8) and 1 mm EDTA) was added. After mixing, fluorescence was
read using a Tecan fluorimeter (excitation: 485 nm, emission:
535 nm). Preliminary screening was performed at inhibitor concen-
trations of 500, 125, 31.3, and 7.8 mm, and all active compounds
were tested at four additional concentrations (250, 62.5, 15.6, and
3.9 mm).[44] IC50 values were calculated using GraphPad Prism 6.0
software and represent the concentration of inhibitor at which re-
sidual activity of enzyme was 50 %. Results of the inhibition assay
for compounds 5, 6, 8, 9, 12–15, and 20–23 are presented in Fig-
ure S5.[44] Independent experiments were repeated twice. Obtained
IC50 values are presented in Tables 1 and 2. Commercially available
compounds 5, 6, 8, 9, 12–14, and 20–22, possessing htIIa activity,
were characterized by HRMS, and their purity was determined by
microanalysis using a PerkinElmer C, H, N, S analyzer and a modified
Pregl-Dumas method. Analyses indicated that all elements were
within 0.5 % of theoretical values. The purities of the tested com-
pounds were established as � 95 % (see Supporting Information
Section 13).

Determination of IC50 values for DNA gyrase using a standard
inhibitory assay

The assay was performed on black streptavidin-coated 96-well mi-
crotiter plates. The plates were rehydrated using wash buffer
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(20 mm Tris·HCl (pH 7.6), 137 mm NaCl, 0.01 % (w/v) BSA, 0.05 % (v/
v) Tween-20). In next step, biotinylated oligonucleotide was immo-
bilized onto the wells, and the excess oligonucleotide was re-
moved by washing with wash buffer. The enzyme assay was car-
ried out in a reaction volume of 30 mL containing 1 mg of relaxed
pNO1 plasmid as a substrate and 1.5 U of DNA gyrase from E. coli.
Tested compounds (0.3 mL) were added as stock solutions in DMSO
with a final concentration of 1 % DMSO. Reactions were incubated
at 37 8C for 30 min, and TF buffer (50 mm NaOAc (pH 5.0), 50 mm

NaCl, 50 mm MgCl2) was added to the wells and incubated at
room temperature for an additional 30 min to allow triplex forma-
tion (biotin-oligonucleotide-plasmid).[44] To eliminate aggregation
and non-specific inhibition, a surfactant (Tween-20) was added to
the reaction mixture.[45] Unbound plasmid was removed by wash-
ing with TF buffer, and a solution of SybrGOLD stain (Invitrogen) in
T10 buffer (10 mm Tris·HCl (pH 8) and 1 mm EDTA) was added.
After mixing, fluorescence was read using a Tecan fluorimeter (exci-
tation: 485 nm, emission: 535 nm). Preliminary screening was per-
formed at inhibitor concentrations of 500, 125, 31.3, and 7.8 mm,
and all active compounds were tested at four additional concentra-
tions (250, 62.5, 15.6, and 3.9 mm).[44] IC50 values were calculated
using GraphPad Prism 6.0 software and represent the concentra-
tion of inhibitor at which residual activity of enzyme was 50 %.[44]

Results are presented in Table 1.

Human DNA topoisomerase IIa decatenation assay

The htIIa decatenation assay was performed in collaboration with
Inspiralis (Norwich, UK). A decatenation assay kit from Inspiralis
was used to determine the effect of compounds 8 and 12 on DNA
decatenation; 1 U of htIIa was incubated with 200 ng kDNA in
a 30 mL reaction at 37 8C for 30 min under the following conditions:
50 mm Tris·HCl (pH 7.5), 125 mm NaCl, 10 mm MgCl2, 5 mm DTT,
0.5 mm EDTA, 0.1 mg mL�1 bovine serum albumin (BSA), and 1 mm

ATP. The final DMSO concentration in all the reactions was 1 % (v/
v). Compounds were serially diluted in DMSO and added to the re-
action before the addition of enzyme. Etoposide (1) was used as
a control compound. Each reaction was stopped by the addition of
30 mL chloroform/isoamyl alcohol (26:1) and 30 mL Stop Dye before
being loaded on a 1 % TAE gel and run at 85 V for 90 min. Experi-
ments were run in duplicate for both compounds. Bands were vi-
sualized by ethidium bromide staining for 15 min and destaining
for 10 min. Gels were scanned using documentation equipment
(GeneGenius, Syngene, Cambridge, UK), and inhibition levels were
calculated from band data obtained with gel scanning software
(GeneTools, Syngene, Cambridge, UK).

SPR experiments

Surface plasmon resonance (SPR) experiments were performed at
25 8C using a BiacoreX (Biacore, GE Healthcare) instrument. The
system was primed twice with running buffer (10 mm HEPES
pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005 % surfactant P20). Using
a standard amino coupling method, htIIa ATPase was immobilized
on the second flow cell of a CM5 sensor chip. The htIIa ATPase
domain (fragment containing residues 1–453 with a His tag) was
purchased from Inspiralis.[63] The carboxymethylated dextran layer
was activated with a 7 min pulse of EDC (1-ethyl-3-(3-dimethylethy-
laminopropyl)-carbodiimide) and NHS (N-hydroxysuccinimide) in
a 1:1 ratio. HtIIa ATPase, diluted to a final concentration of
50 mg mL�1 in 10 mm sodium acetate (pH 5.5), was injected in two
short pulses to reach a final immobilization level around 16 000 re-
sponse units. The rest of the surface was deactivated with a 7 min

injection of ethanolamine. The first flow served as a reference cell
for subtraction of nonspecific binding and was activated with EDC/
NHS and deactivated with ethanolamine. The system was reprimed
with new running buffer (10 mm HEPES pH 7.4, 150 mm NaCl,
3 mm EDTA, 0.005 % surfactant P20). Analytes were prepared as
100 � stock solutions in DMSO and were diluted with running
buffer (10 mm HEPES pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005 %
surfactant P20). Analytes were injected at a flow rate of
30 mL min�1 for 60 seconds, and dissociation was monitored for an
additional 30 seconds.[47] To diminish the difference in the refractive
index between samples and running buffer for the titration of ana-
lytes, 1 % (v/v) DMSO (2 mL 100 % DMSO) was added to the running
buffer (198 mL). Analytes were tested in at least eight different con-
centrations in three parallel titrations. Some concentrations were
injected several times to check reproducibility. Sensorgrams were
analyzed using BIAeval software (Biacore, GE Healthcare). Equilibri-
um binding responses were determined from the binding levels
5 sec before stopping the injections, and finally, KD values were de-
termined using Origin 6.1 software by fitting the data to 1:1
steady-state binding models.

In vitro cytotoxicity measurements (MTT assay)

The in vitro cytotoxicities of active compounds 5, 6, 8, 9, 12–14,
and 20–22 were evaluated against two human cancer cell lines—
MCF-7 (breast cancer) and HepG2 (hepatoma)—and against
HUVEC cells (human endothelial cells), which represent normal
cells in the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay, according to Mosmann,[64] with minor modifica-
tions.[65] HepG2 cells (provided by Prof. F. Darroudi from Leiden
University Medical Centre, Department of Toxicogenetics, Leiden,
The Netherlands) were cultivated in William’s medium E (W-1878,
Sigma), and MCF-7 (ATCC) and HUVEC (ECACC) were cultivated in
Eagle’s MEM medium. All media were supplemented with 10 %
fetal bovine serum, 2 mm glutamine, and 100 U mL�1 penicillin/
streptomycin. The cells were incubated at 37 8C in humidified at-
mosphere with 5 % CO2.

The cells were seeded onto 96-well microplates at densities of
9000 cells per well (HepG2) and 7000 cells per well (HUVEC and
MCF-7) in 200 mL growth medium and incubated overnight to
attach. The next day, the growth medium was replaced by fresh
complete growth medium containing appropriate concentrations
of the test compounds. Prepared microplates were then incubated
for an additional 24 h. In each experiment, a vehicle control (1 %
DMSO) and a positive control (etoposide, 40 mm concentration)
were included. After incubation, 20 mL of MTT reagent was added
to each well, and the plates were incubated for an additional 3 h.
The medium was then removed, and the resulting formazan crys-
tals were dissolved in 200 mL of DMSO. The amount of formazan
crystals directly correlates to the number of viable cells. The optical
density (OD) of the wells was measured at 570 nm (reference filter
690 nm) using a GENios microplate spectrofluorimeter (Tecan,
Trappes, France). Cell viability was determined by comparing the
OD of the wells containing the cells treated with test compounds
to those with the vehicle control. Independent experiments were
performed in five replicates and were repeated three times.

Data analysis and statistical evaluation

Statistical significance between treated groups and the vehicle
control was determined by a two-tailed Student’s t test, and P<
0.01 was considered significant. In addition, we calculated the stat-
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istical significance between the non-cancer HUVEC cell line and
cancer cell lines (HepG2 and MCF-7) using GraphPad Prism 6.0
(GraphPad Software). EC50 values were determined by nonlinear re-
gression using a dose–response equation of surviving cells after ex-
posure to compounds. The EC50 value is the concentration of inhib-
itor that gives a half-maximal response 50 %.[66]
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