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a b s t r a c t

1-(indol-2-carbonyl)-4-(4-nitrophenyl)-thiosemicarbazide was synthesized and antibacterial and type
IIA topoisomerases (DNA gyrase and topoisomerase IV) activity was evaluated. It was found that it shows
activity against Gram-positive bacteria with MICs of 50 mg/mL and inhibitory action against topoisom-
erase IV with an IC50 of 14 mM. Although modification of its structure resulted in molecules with a lower
biological profile, our observations strongly implicate that thiosemicarbazide derivatives participate in at
least two different mechanisms of antibacterial activity; one is connected with the inhibition of topo-
isomerase IV, while the nature of the other cannot be elucidated from the limited data collected thus far.
The differences in bioactivity further investigated by the molecular modeling approach and docking
studies suggest that inhibitory activity of 4-arylthiosemicarbazides is connected with electronic structure
rather than the geometry of the molecule.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Increasing antibiotic resistance of bacterial pathogens has been
observed for many years, both in Gram-negative and Gram-positive
bacteria, concerning the isolates from hospitalized and ambulatory
patients. [1e5] Therefore, significant efforts have been made by
many research groups to improve the potency and antibacterial
spectrum of existing drugs. [5e9] A major goal, however, is that of
finding new chemical entries rather than continuing the search for
new members of already defined chemical classes. [10e13]

Attractive targets in the search for new antibiotics are well-
studied bacterial type IIA topoisomerases DNA gyrase and topo-
isomerase IV, two highly homologous enzymes that play essential
roles in bacterial DNA replication, chromosome segregation, and
DNA compaction. [14e21] These enzymes act by transporting one
segment of the DNA duplex through transient protein-linked
double-strand breaks in another DNA segment. This ATP-
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dependent strand-passing reaction plays an essential role in
modulating DNA supercoiling, knotting, and catenation. DNA
gyrase and topoisomerase IV are structurally and mechanistically
related but have acquired distinct characteristics during evolution.
DNA gyrase facilitates DNA unwinding at replication forks, and
topoisomerase IV has a specialized function in mediating the dec-
atenation of interlocked daughter chromosomes. Both DNA gyrase
and topoisomerase IV are heterotetramers consisting of two A and
two B subunits (A2B2). The A subunit contains the active-site
tyrosine involved in the DNA breakageereunion activity while the
B subunit catalyzes ATP hydrolysis. [19,22]

Recently, [23] in the search for novel bacterial topoisomerase
inhibitors, we have reported that two of our compounds, 4-benzoyl-
1-(indol-2-yl)-carbonylthiosemicarbazide (compound1p, Fig.1), and
4-benzoyl-1-(4-methyl-imidazol-5-yl)-carbonylthiosemicarbazide
(compound 5p, Fig. 1) represent a new class of topoisomerase IV
inhibitors. Based on theDFTand docking studies itwas proposed that
the inhibitory activity of 4-benzoylthiosemicarbazides is strongly
connectedwith the geometry of themolecule. In order to expandour
initial disclosure with further details on the structural features
required for bioactivity of thiosemicarbazide derivatives, new
analogswith4-arylthiosemicarbazide skeletonwere synthesizedand
tested for their antibacterial and topoisomerases (DNA gyrase and
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Fig. 1. Structures of bacterial topoisomerase IV inhibitors with 4-benzoylthiosemi-
carbazide skeleton.
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topoisomerase IV) inhibitory activities. Thus, the present study
reports the synthesis, the biological profile, and the structuree
activity relationship (SAR) evaluation of three series with
4-nitrophenyl-thiosemicarbazide (series o), indoleethiosemicarba-
zide (series 1), and thiadiazoleethiosemicarbazide (series 2) core. In
SAR studies, biological properties of thesemolecules were compared
with several theoretical parameters frequently used in SAR consid-
erations. Since the geometry of the molecule may be important for
a topoisomerase IV inhibitory action, conformational studies were
carriedout. In addition, thedistributionof the frontierorbitalsHOMO
and LUMO as well as the electrostatic potentials for geometries that
resulted fromdocking studieswereanalyzedas these featuresmaybe
related to the interaction of the molecule with the target receptor.

2. Results and discussion

2.1. Chemistry

The title 4-arylthiosemicarbazides were synthesized based on
known procedure [24e27] in the reaction of related hetero-
carboxylic acid hydrazide with phenyl isothiocyanate that con-
tained electron-rich or electron-poor substituent (Scheme 1). In
this way, twenty compounds with the general formula Rie(C¼O)e
NHeNH-(C¼S)eNHeRj were obtained. Substituents Ri (i ¼ 1, 2, 3
.) at the carbon atom and Rj (j¼ a, b, c.) at the nitrogen atom that
were used in this study are listed in Table 1. A combination of the
number “i” and the letter “j” allows for the unique identification of
a compound, e.g., 1o corresponds to 1-(indol-2-carbonyl)-4-(4-
nitrophenyl)-thiosemicarbazide, and is used in the following
sections.

2.2. Biological evaluation

As starting compound for our study, 1-(indol-2-carbonyl)-4-(4-
nitrophenyl)-thiosemicarbazide 1o, new analog of previously
described 1p, [23] was synthesized and antibacterial and type IIA
topoisomerases (DNA gyrase and topoisomerase IV) activity eval-
uated. It was found that it shows activity against Gram-positive
bacteria with MICs of 50 mg/mL (see Table 2) and inhibitory
activity against topoisomerase IV with an IC50 of 14 mM. To confirm
that 4-nitrophenylthiosemicarbazide scaffold can be developed
into an efficient Gram-positive antibacterials targeting topoisom-
erase IV, three new analogs 2oe4o with five-membered hetero-
cyclic ring were synthesized. Based on our previous experiments it
was expected that replacement of the indole with a smaller sized
heterocyclic ring would result in improved antibacterial activity.
Surprisingly, among tested compounds only 2o was found to be
active against Gram-positive stains. However, except for Micro-
coccus luteus ATCC 10240, it was w2-fold weaker in activity as
RjNCS
Rj

Ri = 1-5;  Rj = a-o (for symbols used to identify studied compounds see Table 1)

R
i

i

Scheme 1.
compared to 1o. Moreover, it had not shown inhibitory action
against both DNA gyrase and topoisomease IV. Based on these
results it was proposed that either 4-nitrophenylthiosemicarbazide
scaffold is not the key functionality required for antibacterial and
topoisomerase IV inhibitory activity or physicochemical properties
of molecule have very pronounced influence on its bioactivity. In
hope to provide deeper insight into molecular basis of antibacterial
activity of thiosemicarbazide derivatives, two series with indo-
leethiosemicarbazide 1 and thiadiazoleethiosemicarbazide 2
skeleton were synthesized and their biological potency was eval-
uated. As can be seen from the results collected in Table 2, for series
of 4-aryl-1-(indol-2-yl)-carbonylthiosemicarbazides 1 substitution
of the para-position of phenyl ring with an electron withdrawing
fluoro group, exemplified by 1h, resulted in 2-fold increase in
activity againstM. luteus ATCC 10240 as compared to the lead 1o. Its
antibacterial activity was also observed against the other Gram-
positive strains tested, however with 2-fold higher MICs than
that of 1o. Addition of a second fluoro group in the ortho-position,
exemplified by 1i, decreased slightly the activity in comparison to
1h. Substitution of ortho-position of the phenyl ring with fluoro 1f
or bromo 1k groups was not well tolerated; the molecules were
found to be 2e4-fold less active than that of 1o. Subsequently, the
antibacterial potency of 4-aryl-1-(4-methyl-thiadiazol-5-yl)-car-
bonylthiosemicarbazides 2 was tested. Compounds with an elec-
tron donating para-methoxy 2d and ortho-methyl 2b groups were
inactive. Among molecules with an electron withdrawing substit-
uents, para-chloro 2m showed the highest antibacterial potency,
MIC range 50e100 mg/mL. Biological activity diminishes regardless
of whether chlorine atom in 2m was replaced by less hydrophobic
fluorine 2h or more hydrophobic bromine 2l. Addition of a second
chloro group in ortho-position, exemplified by 2n, led to w2-fold
decrease in activity. The same trend was observed when antibac-
terial activities of 2h and 2i were analyzed; para-fluoro 2h had
antibacterial potency with MIC range 100e400 mg/mL while 2,4-
difluoro 2i was inactive. These observations together seem to
indicate that ortho-substitution is not well tolerated in this chem-
ical series. This hypothesis is supported by the antibacterial results
for 2j and 2k.

Presented above results of antibacterial assay suggest that the
position and the identity of individual substitutions are important
parameter influencing the activity of studied 4-arylthiosemi-
carbazides. Para-substitution seemed to be more important to
increase the antibacterial activity than substitution at the ortho-
position of the phenyl ring. Substitution of the phenyl ring by an
electron withdrawing groups seemed to be better than that by an
electron donating substituents. In order to clarify the effect of steric
and electronic properties of substituents on antibacterial potency of
tested thiosemicarbazides, some parameters such as the bulk
parameter based onmolar refractionMR and electronic parameters F
and R were taken from the literature [28] and correlated with bio-
logical activity, see Table 3. Experiments have shown [29,30] that
a parameter representing the volume of the substituents on each
compound, relative toothermembersof thesameseries,mayoftenbe
linearly correlated with the biological response. However, lack of
relationship between antibacterial activity of series 1 and 2 and the
bulk parameterMRor positionallyweighted parameters Fand Rwere
observed. Thus, physicochemical properties of substituents are
only secondary parameters for antibacterial activity of title
4-arylthiosemicarbazides.

Considering the results of the in vitro antibacterial assay, we
have conducted the DNA gyrase and topoisomerase IV inhibition
tests for 1i which showed high therapeutic potential against M.
luteus ATCC 10240 with MIC of 25 mg/mL. Among series 2 we have
selected the most active 2m, two less active 2h and 2l, and, in order
to exclude permeability barrier, efflux, in vivo affinity, [31] two



Table 1
Symbols used to identify studied compounds using substituents at thiosemicarbazide moiety.
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inactive 2i and 2k. Unfortunately, among tested compounds only 1i
and 2l were found as weak topoisomerase IV inhibitor with IC50 of
295 mM and 403 mM, respectively. Based on these findings we can
support our previously conclusion that thiosemicarbazides partic-
ipate in at least two different mechanisms of antibacterial activity;
one is connected with inhibition of topoisomerase IV, while the
nature of the other cannot be elucidated from the limited data
collected thus far.
2.3. Computational part

Initially we have calculated several parameters that are
frequently used in SAR studies to identify their role in modulating
the biological profile of title 4-arylthiosemicarbazides. As known,
lipophilicity ofmolecules has an important effect on their biological
activity. For the compounds, however, no close correlation between
lipophilicity, expressed as clogP, and biological activity was found.



Table 2
In vitro antibacterial activity (MIC [mg/mL]) of thiosemicarbazides.

Compound S. aureus S. epidermidis M. luteus B. subtilis B. cereus

1o 50a,b,c,d 50e 50f,g 50h 50i

2o 100a,b,c 100e 100f 100h 100i

200d 50g

1f 200a,c,d 200e 100f,g 100h 200i

100b

1h 100a,b,c,d 100e 50f 100h 100i

25g

1i 100a,b,c 100e 100f 100h 100i

200d 25g

1k 200a,c 200e 100f,g 200h 200i

100b,d

2a 400a,b,c,d 400e 100f 400h 400i

200g

2e 100a 200e 200f,g 200h 400i

50b

400c

200d

2g 200a,b 400e 200f 400h 400i

400c,d 100g

2h 400a,c,d 200e 100f,g 200h 200i

200b

2j 400a,c,d 400e 100f 200h 400i

200b 200g

2l 200a,c,d 200e 50f 100h 100i

100b 100g

2m 100a,c 50e 100f 50h 50i

50b,d 50g

2n 100a,b,c,d 100e 100f,g 100h 100i

Ciprofloxacin 0.5a,b,c,d 0.5e 4f <0.125h 1i

2g

Strains:
a NCTC 4163.
b ATCC 25923.
c ATCC 6538.
d ATCC 29213.
e ATCC 12228.
f ATCC 9341.
g ATCC 10240.
h ATCC 6633.
i ATCC 11778.
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As can be seen from results collected in Table 3, 2j, 2k, and 2m have
similar level of lipophilicity but considerably different level of
antibacterial activity. In the series of 4-nitrophenylthiosemi-
carbazides o two antibacterials 1o and 2o have clogP 3.10 and
0.44, respectively while 3owith clogP 0.92, 4owith clogP 0.40, and
5owith clogP�3.51 were inactive. Moreover,1o exhibited a strong
inhibitory action against topoisomerase IV while 1i, 2m, 2k, and 2l,
with comparable level of lipophilicity to 1o, were slightly active or
inactive. No correlationwas also observed between the positionally
weighted distributive parameter p, which is considered the
parameter of choice for correlating both binding to biological
macromolecules and transport through a biological system,
[32e35] and biological activity of studied thiosemicarbazides. On
the other hand, in analyzing the physicochemical parameters pre-
sented in Table 3 there are some SAR trends that were evident. As
can be seen, the most active 1o presents the highest values of
surface area (SA), volume (V), coreecore interaction (ICeC), and heat
of formation (HF). Moreover, it possesses higher values of refrac-
tivity (Rf) and polarizabilitiy (a) and lower values of total energy
(ET), isolated atomic energy (EIA), andelectronic energy (EE) than the
other compounds. In this way it can be proposed that both struc-
tural and electronic properties of 4-arylthiosemicarbazides are
important for their biological potency while lipophilicity is only
a secondary parameter.

As it was mentioned in the introduction, in our previous paper
[23] we have proposed that a very important factor influencing the
inhibitory effect of 4-benzoylthiosemicarbazides on topoisomerase
IV activity is the geometry of the molecule. It was observed that
the geometries of biologically active inhibitors 1p and 5p were
almost similar and considerably different from the structure of
inactive ap. Thus, in the search for the steric motif that may be
responsible for the inhibitory action of 4-arylthiosemicarbazides,
which differ from 4-benzoylthiosemicarbazides in the “length” of
the molecule, conformational analysis of thiosemicarbazides from
series o, 1, and 2 has been performed. The 4-arylthiosemi-
carbazides skeleton has 6 rotatable single bonds thus huge
conformational space that cannot be searched systematically at
either ab initio or DFT levels should be sampled in order to find the
most stable conformations. We have therefore carried out exten-
sive conformational searches at the molecular mechanics level
with OPLS force field implemented in HyperChem which gives
very good results for geometries and the energetics of this class of
compounds. [36] The most stable structures obtained were
subsequently optimized to the closest local minimum at the
semiempirical level using RM1 parametrization, which has been
shown to perform very well for s-triazoles, cyclic derivatives of
thiosemicarbazides. [37] As illustrated in Fig. 2, the most stable
conformations of inhibitors 1o, 1i, 2l are similar. Confusingly, the
superposition of the conformers of active 1o and inactive 2o also
revealed only minor deviations while structures of active 2l and
inactive 2k are almost superimposable. This may imply that the
binding of 4-arylthiosemicarbazides by the receptor depends on
their electronic rather than structural properties. It was reasonable
to suppose that the electrostatic interaction of thiosemicarbazides
with the active site of topoisomerase IV could be explained in
terms of the frontier molecular orbitals maps. [38] As expected,
the molecular modeling analysis of frontier molecular orbitals
revealed that the most active 1o differs from the others in low
distribution of both HOMO and LUMO around the sulfur atom, see
Fig. 3, suggesting the importance of these orbitals for
thiosemicarbazide-topoisomerase IV complex formation.

The thiosemicarbazideereceptor complexes were further
analyzed by means of AutoDock Vina docking program using the
same as the previous [23] model of the ATP binding site of Thermus
thermophilus gyrase B (PDB 1KIJ) complexed with novobiocin as
template. Default docking parameters and flexible space of
24 � 24 � 24 Å [3] were validated by re-docking native ligand
which docked exactly in the position present in the crystal struc-
ture with affinity of �11.0 kcal/mol. Subsequently, the binding
affinity of title thiosemicarbazides was evaluated. The overall good
correlation between the bioactivity of studied compounds and the
binding affinities predicted by AutoDock Vina was found as indi-
cated in Table 4. Although all molecules, with “length” very similar
to that of novobiocin, were found to be well fitted in the binding
pocket of the topoisomerase (see Fig. 4) our bioassay protocol
indicated that only 1o has a significant inhibitory action most
probably due to its ability to form strong hydrogen bond with
Glu49 as well as a large electrostatic contribution to
ligandereceptor binding. As can be seen from Fig. 5, all studied
compounds are characterized by a charge distribution substantially
different than that of novobiocin. The electrostatics of 1o shows
negative charge around carbonyl oxygen larger than in other
compounds and resembling high charge density of the amid part of
novobiocin as well as a large positive charge on the indole NeH
proton resembling that of hydroxyl of novobiocin. Finally, geome-
tries of the molecules in the active site of topoisomerase were
compared with those optimized without the presence of the
enzyme. No correlation between the strain energy defined as the
difference of heats of formation of the structure fully optimized and
the structure in the active site and the bioactivity defined by IC50
was observed.



Table 3
SAR parametersa of studied thiosemicarbazides.

Comp MR R p V a HOMO HLG c EB EE HF

F clogP SA Rf m LUMO h ET EIA ICeC

1o 6.0 0.16 0.22 918.58 38.26 �9.06 �7.82 5.15 �3240.93 �723,604.30 980.71
1.11 3.10 434.71 97.43 3.38 �1.24 3.91 �100,864.51 �97623.58 622,739.80

2o 6.0 0.16 0.22 817.84 33.66 �9.33 �7.66 5.50 �2567.62 �629,588.74 822.67
1.11 0.44 388.93 88.49 3.05 �1.67 3.83 �94,561.36 �91,993.74 535,027.38

3o 6.0 0.16 0.22 804.79 33.24 �9.14 �7.93 5.18 �2365.93 �571,316.25 969.25
1.11 0.92 395.83 84.80 4.77 �1.21 3.97 �87,810.35 �85,444.42 483,505.90

4o 6.0 0.16 0.22 788.94 30.99 �9.20 �7.90 5.25 �2669.23 �580,415.93 764.65
1.11 0.40 376.11 80.60 4.70 �1.30 3.95 �88,622.65 �85,953.42 491,793.28

5o 6.0 0.16 0.22 820.94 31.99 �9.34 �7.92 5.38 �2899.19 �633,407.46 699.80
1.11 �3.51 397.32 85.72 5.43 �1.42 3.96 �93,783.14 �90,883.95 539,624.32

1f �0.4 �0.29 0.00 876.73 36.33 �8.92 �8.27 4.79 �3274.04 �634,705.81 734.37
0.88 3.29 389.26 90.32 6.32 �0.65 4.14 �92,772.84 �89,498.80 541,932.98

1h �0.4 �0.34 0.15 867.61 36.33 �8.92 �8.29 4.78 �3274.00 �633,619.74 734.41
0.71 3.29 390.51 90.32 5.02 �0.63 4.15 92,772.80 �89,498.80 540,846.94

1i �0.8 e e 874.24 36.24 �8.97 �8.26 4.84 3338.13 �695,294.52 637.07
e 3.43 398.37 90.54 5.34 �0.71 4.13 �103,696.24 �100,358.11 591,598.28

1k 7.6 �0.15 0.84 915.69 39.04 �8.87 �8.23 4.76 �3276.79 �626,521.90 739.47
0.91 3.94 413.37 97.73 6.43 �0.64 4.12 �89,778.19 �86,501.40 536,743.71

2a e e e 751.36 31.82 �8.93 �7.49 5.19 �2534.37 �493,417.47 675.90
e 2.42 328.39 81.67 3.88 �1.44 3.75 �75,544.02 �73,009.65 417,873.45

2b 4.7 �0.12 0.49 793.16 33.65 �8.91 �7.48 5.17 �2783.28 �541,813.27 702.08
�0.07 2.89 350.50 86.71 4.04 �1.43 3.74 �79,104.68 �76,321.39 462,708.59

2d 6.5 �0.50 �0.12 836.30 34.29 �8.95 �7.64 5.13 �2784.72 �589,644.89 760.21
0.41 2.17 391.57 88.13 5.30 �1.31 3.82 �86,395.69 �83,610.98 503,249.20

2e 4.00 0.16 1.04 818.91 33.38 �9.15 �7.53 5.39 �2993.24 �728,866.77 392.49
0.79 3.30 358.28 87.64 4.39 �1.62 3.77 �111,892.56 �108,899.32 616,974.21

2g �0.40 �0.12 0.22 767.27 31.73 �9.08 �7.59 5.29 �2600.92 �550,565.85 576.14
0.69 2.56 337.81 81.88 4.47 �1.49 3.80 �86,469.88 �83,868.96 464,095.96

2h �0.40 �0.34 0.15 770.62 31.73 �9.15 �7.75 5.23 �2602.38 �546,963.43 574.68
0.71 2.56 345.56 81.88 2.83 �1.40 3.88 �86,471.34 �83,868.96 460,492.09

2i �0.80 e e 765.86 31.63 �9.11 �7.55 5.34 �2663.70 �606,441.76 480.14
e 2.70 350.93 82.10 2.27 �1.56 3.78 �97,391.97 �94,728.27 509,049.79

2j �0.80 e e 774.89 31.63 �9.12 �7.53 5.36 �2664.94 �608,541.73 478.91
e 2.70 347.64 82.10 3.83 �1.59 3.77 �97,393.21 �94,728.27 511,148.52

2k 7.60 �0.15 0.84 811.43 34.44 �9.01 �7.47 5.28 �2603.90 �540,850.80 581.01
0.91 3.21 367.37 89.29 4.09 �1.54 3.74 �83,475.46 �80,871.56 457,375.35

2l 7.60 �0.18 1.19 816.94 34.44 �9.09 �7.57 5.31 �2604.02 �539,278.50 580.89
0.73 3.21 374.23 89.29 3.11 �1.52 3.79 �83,475.58 �80,871.56 455,802.92

2m 4.80 �0.16 0.73 791.75 33.75 �9.07 �7.57 5.29 �2739.16 �540,372.12 447.99
0.69 2.94 368.45 86.47 2.72 �1.50 3.79 �84,069.27 �81,330.11 456,302.85

2n 9.60 e e 831.13 35.67 �9.15 �7.59 5.36 �2943.49 �592,273.66 220.55
e 3.46 397.76 91.28 2.00 �1.56 3.80 �92,594.05 �89,650.56 499,679.61

a Surfaces and refractivity in Å2, volumes and polarizability in Å3, moment dipoles in D, energies in kcal/mol.

A. Siwek et al. / European Journal of Medicinal Chemistry 46 (2011) 5717e5726 5721
3. Conclusions

In this contribution we have synthesized twenty 4-arylthio-
semicarbazides with six rotatable bonds to evaluate their antibac-
terial and inhibitory activity against type IIA topoisomerases DNA
gyrase and topoisomerase IV and have correlated biological results
with some molecular properties. The study revealed new lead 1-
(indol-2-carbonyl)-(4-nitrophenyl)-thiosemicarbazide with signif-
icant action against topoisomerase IV. Although modification of its
structure resulted inmoleculeswith a lower biological profile, some
indications for a molecular basis of antibacterial activity of thio-
semicarbazides have been interred from SAR studies and can be
summarized as follows: (i) the type and the position of substitu-
tion at phenyl ring are of great importance for antibacterial activity
of 4-arylthiosemicarbazides; the most appropriate is substitution
on the para-position by the electron withdrawing group, (ii)
both 4-benzoylthiosemicarbazides and 4-arylthiosemicarbazides
participate in at least two different mechanisms of antibacterial
activity; one is connectedwith inhibition of topoisomerase IV,while
the nature of the other cannot be elucidated from the limited data
collected thus far, (iii) in contrast to 4-benzoylthiosemicarbazides,
inhibitory activity of 4-arylthiosemicarbazides is connected with
electronic structure rather than geometry of the molecule, (iv) the
H-bond interactions seem to be the prevalent factors modulating
inhibitory activity of both 4-benzoyl- and 4-arylthiosemicarbazides.

The above results allow for rational design of new thio-
semicarbazide derivatives that should show higher affinities to ATP
binding pocket of topoisomerase and thus with increased inhibi-
tory activity.

4. Experimental section

4.1. Chemistry

All commercial reactants and solvents were purchased from
either Sigma-Aldrich or Lancaster with the highest purity and used
without further purification. Melting points were determined on
a FischereJohns block and are uncorrected. Elemental analyses
were determined by a AMZ-CHX elemental analyzer (are within
�0.4% of the theoretical values). IR spectra were recorded in KBr
using a Specord IR-75 spectrophotometer. 1H-NMR spectra were
recorded on a Bruker Avance (300 MHz). Analytical thin layer
chromatography (TLC) was performed with Merc 60F254 silica gel
plates and visualized by UV irradiation (254 nm).



Fig. 2. Overlay of structures of the most active topoisomerase IV inhibitor 1o, slightly active 1i and 2l, and inactive 2k and 2o.
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4.1.1. General procedure for synthesis of 1-substituted-4-aryl-
thiosemicarbazides

A reaction mixture of appropriate heterocarboxylic hydrazide
(0.01 mol) and related isothiocyanate (0.01 mol) was heated in an
oil bath at 80 �C and progress of reaction was monitored by thin
layer chromatography. After 12 h, the reaction was completed and
the crude reaction mixture was washed with diethyl ether and
crystallized from ethanol.

Physicochemical characterization of 2a and 2b was presented
previously. [39] Compound 3o is commercially available.

4.1.1.1. 1-(Indol-2-carbonyl)-4-(4-nitrophenyl)-thiosemicarbazide
1o. Yield: (3.23 g, 91%). Mp: 230e2 �C. IR (n, cm�1) 3100 (NH), 1661
(C¼O), 1625, 1577, 1510, 1491 (AreH), 1320 (C¼S). 1H-NMR (DMSO-
d6) dH 7.00e7.09 (m, 1H, CH), 7.14e7.26 (m, 2H, 2 � CH), 7.41e7.47
(m, 1H, CH), 7.65e7.68 (d, 1H, CH), 7.92e7.94 (d, 2H, 2 � CH),
8.20e8.23 (d, 2H, 2� CH), 10.19, 10.23, 10.65, 11.60 (4s, 4H, 4� NH).
Anal. C16H13N5O3S (C, H, N).

4.1.1.2. 1-(4-Methyl-thiadiazol-5-carbonyl)-4-(4-nitrophenyl)-thio-
semicarbazide 2o. Yield: (3.01 g, 89%). Mp: 191e3 �C. IR (n, cm�1)
3225 (NH), 2925, 2850, 1455, 1358 (Aliph.), 1665 (C¼O), 1610, 1580,
1512, 1479 (AreH), 1319 (C¼S). 1H-NMR (DMSO-d6) dH 2.86 (s, 3H,
CH3), 7.85e7.90 (m, 2H, 2 � CH), 8.20e8.26 (m, 2H, 2 � CH), 10.29,
10.51, 10.97 (3s, 3H, 3 � NH). Anal. C11H10N6O3S2 (C, H, N).

4.1.1.3. 4-(4-nitrophenyl)-1-(pyrrol-2-yl)-carbonylthiosemicarbazide
4o. Yield: (2.9 g, 95%). Mp: 230e32 �C. IR (n, cm�1) 3250 (NH),1656
(C¼O), 1620, 1579, 1521, 1487 (AreH), 1320 (C¼S). 1H-NMR (DMSO-
d6) dH 6.15 (s, H, CH), 6.96 (s, 2H, 2 � CH), 7.92 (d, 2H, 2 � CH),
8.18e8.21 (d, 2H, 2 � CH), 10.07, 10.17, 10.54, 11.69 (4s, 4H, 4 � NH).
Anal. C12H11N5O3S (C, H, N).
4.1.1.4. 4-(2-Fluorophenyl)-1-(indol-2-yl)-carbon-
ylthiosemicarbazide 1f. Yield: (2.96 g, 90%). Mp: 210e12 �C. IR (n,
cm�1) 3299, 3215 (NH), 3122, 1621, 1595, 1503, 1474, 744 (AreH),
1664 (C¼O) 1314 (C¼S). 1H-NMR (DMSO-d6) dH 7.02e7.07 (m, 1H,
CH), 7.15e7.32 (m, 6H, 6 � CH), 7.43e7.46 (d, 1H, CH), 7.63e7.66 (d,
1H, CH), 9.69, 9.92, 10.62, 11.74 (4s, 4H, 4 � NH). Anal. C16H13FN4OS
(C, H, N).

4.1.1.5. 4-(4-Fluorophenyl)-1-(indol-2-yl)-carbon-
ylthiosemicarbazide 1h. Yield: (2.89 g, 88%). Mp: 198e200 �C. IR (n,
cm�1) 3310, 3212 (NH), 1623, 1580, 1491, 1455 (AreH), 1664 (C¼O),
1316 (C¼S). 1H-NMR (DMSO-d6) dH 7.02e7.08 (m,1H, CH), 7.13e7.23
(m, 4H, 4 � CH), 7.43e7.47 (m, 3H, 3 � CH), 7.64e7.66 (d, 1H, CH),
9.79, 9.88, 10.55, 11.73 (4s, 4H, 4� NH). Anal. C16H13FN4OS (C, H, N).

4.1.1.6. 4-(2,4-Difluorophenyl)-1-(indol-2-yl)-carbon-
ylthiosemicarbazide 1i. Yield: (2.94 g, 85%). Mp: 178e80 �C. IR (n,
cm�1) 3319 (NH), 1630, 1589, 1499 (AreH), 1660 (C¼O) 1322 (C¼S).
1H-NMR (DMSO-d6) dH 7.03e7.09 (m, 2H, 2� CH), 7.18e7.31 (m, 4H,
4 � CH), 7.44e7.47 (m, 1H, CH), 7.64e7.66 (d, 1H, CH), 9.66, 9.96,
10.63, 11.75 (4s, 4H, 4 � NH). Anal. C16H12F2N4OS (C, H, N).

4.1.1.7. 4-(2-Bromophenyl)-1-(indol-2-yl)-carbon-
ylthiosemicarbazide 1k. Yield: (3.43 g, 88%). Mp: 191e3 �C. IR (n,
cm�1) 3305, 3212 (NH), 1618, 1579, 1501, 1470, (AreH), 1658 (C¼O),
1327 (C¼S). 1H-NMR (DMSO-d6) dH 7.02e7.08 (m, 2H, 2 � CH),
7.14e7.26 (m, 4H, 4 � CH), 7.34e7.46 (m, 2H, 2 � CH), 7.62 (d, 1H,
CH), 9.64, 9.88, 10.60, 11.72 (4s, 4H, 4 � NH). Anal. C16H13BrN4OS (C,
H, N).

4.1.1.8. 4-(4-Methoxyphenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2d. Yield: (2.91 g, 90%). Mp: 118e20 �C. IR (n,



Fig. 3. HOMO (left) and LUMO (right) maps of the most active topoisomerase IV inhibitor 1o, slightly active 1i and 2l, and inactive 2h, 2i, 2k, 2m, and 2o.
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cm�1) 3300 (NH), 3100, 1590, 1509, 1463 (AreH), 2865, 1446
(Aliph.), 1675 (C¼O), 1190 (C¼S). 1H-NMR (DMSO-d6) dH 2.83 (s, 3H,
CH3), 3.75 (s, 3H, OCH3), 6.88e6.94 (m, 2H, 2 � CH), 7.23e7.32 (m,
2H, 2 � CH), 9.76, 9.83, 10.80 (3s, 3H, 3 � NH). Anal. C12H13N5O2S2
(C, H, N).

4.1.1.9. 4-(2-Trifluoromethylphenyl)-1-(4-methyl-thiadiazol-5-yl)-
carbonylthiosemicarbazide 2e. Yield: (3.29 g, 91%). Mp: 184e6 �C. IR
(n, cm�1) 3318 (NH), 3112,1587,1519,1468 (AreH), 3030,1622,1487
Table 4
Binding free energy, H-bond contacts, and (RM1) heats of formation of the structures
fully optimized and the structures of the best docking poses.

Compd. DGb
(kcal/mol)

Hydrogen bonds
between atoms of
compounds and
amino acids

RM1opt
(kcal/mol)

RM1bind
(kcal/mol)

DRM1
(kcal/mol)

Atom of
compound

Amino
acid

1i �9.4 e e 637.0706 693.6096 56.5
1o �8.6 NHNHC(]S) Glu49 980.7148 1017.589 36.9
2h �7.8 e e 574.6769 600.9854 26.3
2i �7.8 e e 480.1422 507.1369 27.0
2k �7.8 e e 581.0132 617.0674 36.1
2m �7.7 e e 447.9944 458.6842 10.7
2o �7.6 e e 822.6685 843.5225 20.9
2l �7.5 e e 580.8924 606.3458 25.5
(Aliph.), 1668 (C¼O),1223 (C¼S). 1H-NMR (DMSO-d6) dH 2.83 (s, 3H,
CH3), 7.47e7.60 (m, 2H, 2 � CH), 7.65e7.75 (m, 2H, 2 � CH), 9.78,
10.01, 10.97 (3s, 3H, 3 � NH). Anal. C12H10F3N5OS2 (C, H, N).

4.1.1.10. 4-(3-Fluorophenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2g. Yield: (2.68 g, 86%). Mp: 154e6 �C. IR (n,
cm�1) 3322 (NH), 3110, 1591, 1522, 1466 (AreH), 3033, 1629
(Aliph.), 1667 (C¼O), 1235 (C¼S). 1H-NMR (DMSO-d6) dH 2.85 (s, 3H,
Fig. 4. Superimposition of the native ligand, novobiocin (rendered as tubes) and the
best conformations of 1o, 1i, 2l, 2h, 2i, 2k, 2m, and 2o docked to the ATP binding
pocket of gyrase B (1KIJ).



Fig. 5. Comparison of the electrostatic potential surfaces of novobiocin (top) and geometries of thiosemicarbazides that resulted from docking studies.
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CH3), 7.46e7.66 (m, 2H, 2 � CH), 7.69e7.72 (m, 2H, 2 � CH), 9.78,
10.06, 10.99 (3s, 3H, 3 � NH). Anal. C11H10FN5OS2 (C, H, N).

4.1.1.11. 4-(4-Fluorophenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2h. Yield: (2.74 g, 88%). Mp: 155e7 �C. IR (n,
cm�1) 3335 (NH), 3088, 1589, 1509, 1466 (AreH), 3055, 1632,
1479 (Aliph.), 1670 (C¼O), 1239 (C¼S). 1H-NMR (DMSO-d6) dH
2.83 (s, 3H, CH3), 7.14e7.23 (m, 2H, 2 � CH), 7.39e7.43 (m, 2H,
2 � CH), 9.91, 10.35, 10.85 (3s, 3H, 3 � NH). Anal. C11H10FN5OS2
(C, H, N).

4.1.1.12. 4-(2,4-Difluorophenyl)-1-(4-methyl-thiadiazol-5-yl)-car-
bonylthiosemicarbazide 2i. Yield: (2.83 g, 86%). Mp: 148e50 �C. IR
(n, cm�1) 3323 (NH), 3080, 1592, 1511, 1455 (AreH), 3015, 1630
(Aliph.), 1666 (C¼O),1243 (C¼S). 1H-NMR (DMSO-d6) dH 2.84 (s, 3H,
CH3), 7.07e7.13 (m, 1H, CH), 7.29e7.36 (m, 2H, 2 � CH), 9.74, 10.09,
10.93 (3s, 3H, 3 � NH). Anal. C11H9F2N5OS2 (C, H, N).

4.1.1.13. 4-(2,5-Difluorophenyl)-1-(4-methyl-thiadiazol-5-yl)-car-
bonylthiosemicarbazide 2j. Yield: (2.90 g, 88%). Mp: 156e8 �C. IR (n,
cm�1) 3300 (NH), 3079, 1591, 1518, 1460 (AreH), 3010, 1633
(Aliph.), 1669 (C¼O),1250 (C¼S). 1H-NMR (DMSO-d6) dH 2.68 (s, 3H,
CH3), 7.08e7.29 (m, 3H, 3 � CH), 9.75, 10.10, 10.88 (3s, 3H, 3 � NH).
Anal. C11H9F2N5OS2 (C, H, N).

4.1.1.14. 4-(2-Bromophenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2k. Yield: (3.54 g, 91%). Mp: 107e9 �C. IR (n,
cm�1) 3357 (NH), 3056, 1622, 1580, 1493 (AreH), 2966, 1460, 1391
(Aliph.), 1669 (C¼O), 1242 (C¼S). 1H-NMR (DMSO-d6) dH 2.83 (s, 3H,
CH3), 7.20e7.26 (m, 2H, 2 � CH), 7.36e7.43 (m, 2H, 2 � CH), 9.81,
9.98, 10.91 (3s, 3H, 3 � NH). Anal. C11H10BrN5OS2 (C, H, N).

4.1.1.15. 4-(4-Bromophenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2l. Yield: (3.05 g, 82%). Mp: 181e3 �C. IR (n,
cm�1) 3269 (NH), 3078, 1585, 1491, 1455 (AreH), 2962, 2870,
1466, 1365 (Aliph.), 1666 (C¼O), 1240 (C¼S). 1H-NMR (DMSO-d6)
dH 2.84 (s, 3H, CH3), 7.42e7.43 (m, 2H, 2 � CH), 7.51e7.56 (m, 2H,
2 � CH), 9.98, 10.33, 10.87 (3s, 3H, 3 � NH). Anal. C11H10BrN5OS2
(C, H, N).
4.1.1.16. 4-(4-Chlorophenyl)-1-(4-methyl-thiadiazol-5-yl)-carbon-
ylthiosemicarbazide 2m. Yield: (2.79 g, 85%). Mp: 185e7 �C. IR (n,
cm�1) 3270 (NH), 3089, 1589, 1498, 1463 (AreH), 2964, 2888, 1366
(Aliph.), 1659 (C¼O), 1241 (C¼S). 1H-NMR (DMSO-d6) dH 2.84 (s, 3H,
CH3), 7.38e7.49 (m, 4H, 4 � CH), 9.98, 10.41, 10.87 (3s, 3H, 3 � NH).
Anal. C11H10ClN5OS2 (C, H, N).

4.1.1.17. 4-(2,4-Dichlorophenyl)-1-(4-methyl-thiadiazol-5-yl)-car-
bonylthiosemicarbazide 2n. Yield: (3.26 g, 90%). Mp: 167e9 �C. IR (n,
cm�1) 3290 (NH), 3079, 1577, 1500, 1468 (AreH), 2968, 2890, 1368
(Aliph.), 1667 (C¼O),1243 (C¼S). 1H-NMR (DMSO-d6) dH 2.83 (s, 3H,
CH3), 7.40e7.48 (m, 4H, 4 � CH), 9.83, 10.26, 10.93 (3s, 3H, 3 � NH).
Anal. C11H9Cl2N5OS2 (C, H, N).

4.2. Antibacterial assay

The following microorganisms were used in this study:
Staphylococcus aureus (ATCC 25923, ATCC 6538, ATCC 29213, NCTC
4163), Staphylococcus epidermidis ATCC 12228, Bacillus subtilis
ATCC 6633, Bacillus cereus ATCC 11778, M. luteus (ATCC 9341, ATCC
10240), Escherichia coli (ATCC 10538, ATCC 25922, NCTC 8196),
Pemphigus vulgaris NCTC 4635, Pseudomonas aeruginosa (ATCC
15442, ATCC 27853, NCTC 6749), and Bordetella bronchiseptica
ATCC 4617.

Initially, antibacterial activity of thiosemicarbazides was
screened on the basis of growth inhibition zone (giz) utilizing the
disc diffusion method. For compounds showing the inhibitory
effect on the growth of tested bacteria, monitored as an appearance
of giz, the minimal inhibitory concentrations (MICs) were deter-
mined as the lowest concentration of the compound preventing
growth of the tested microorganism using agar dilution method.
[40,41]

4.3. Inhibition of bacterial type IIA topoisomerases

4.3.1. Supercoiling assay
The assays were performed using S. aureus Gyrase Supercoiling

Assay Kits (Inspiralis). Briefly, supercoiled pBR322 plasmid DNA
(0.5 mg) was incubated with 1 unit of gyrase, in the dedicated
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supercoiling assay buffer supplied by the manufacturer, in the
presence of varying concentrations of the test compounds. Reac-
tions were carried out at 37 �C for 1 h and then terminated by the
addition of equal volume of 2x STOP Buffer (40% sucrose, 100 mM
Tris-Cl pH 7.5, 1 mM EDTA, and 0.5 mg/ml bromophenol blue) and
chloroform/iso-amyl alcohol. Samples were vortexed, centrifuged
and run through a 15 cm 1% agarose gel in TAE buffer (40 mM Tris-
acetate, 2 mM EDTA) for 3 h at 50 V. Gels were stained with
ethidium bromide and visualized under UV light.

4.3.2. Decatenation assay
The assay was performed using S. aureus topoisomerase IV

decatenation kits (Inspiralis). Interlinked kDNA substrate (0.5 mg)
was incubated with 1 unit of topoisomerase IV (Inspiralis), in the
dedicated decatenation assay buffer supplied by the manufacturer,
in the presence of varying concentrations of the test compounds.
Reactions were carried out at 37 �C for 1 h and then terminated by
the addition of equal volume of 2x STOP Buffer (40% sucrose,
100 mM Tris-Cl pH 7.5, 1 mM EDTA, 0.5 mg/ml bromophenol blue)
and chloroform/iso-amyl alcohol. Samples were vortexed, centri-
fuged and run through a 15 cm 1% agarose gel in TAE buffer for 1.5 h
at 80 V. Gels were stained with ethidium bromide and visualized
under UV light. The concentrations of the inhibitor that prevented
50% of the kinetoplast DNA from being converted into decatenated
minicircles (IC50 values) were determined by plotting the results
obtained from the densytometric analyses of the gel images using
Quantity One software (BioRad).

4.4. Computational details

Conformational search, physicochemical parameters, and
HOMO/LUMO maps were calculated using HyperChem8.0.1 [42]
Extensive conformational searches were carried out using the
molecular mechanics level with OPLS force field. The most stable
structures obtained were subsequently optimized to the closest
local minimum at the semiempirical level using RM1 parametri-
zation. Convergence criteriawere set to 0.1 and 0.01 kcal mol�1 Å�1

for OPLS and RM1 calculations, respectively. Electrostatic potentials
were calculated for the geometries that resulted from docking
using Gaussian 03 and GaussView 5 at the HF/6-31G level.

Abbreviations of physicochemical parameters collected in
Table 3 are as follows: surface area (SA), volume (V), refractivity (Rf),
polarizabilitiy (a), moment dipole (m), the highest occupied
molecular orbital energy (EHOMO), the lowest unoccupiedmolecular
orbital energy (ELUMO), the difference between HOMO and LUMO
energy levels (HLG), hardness (h) obtained from the equation
h ¼ (ELUMO � EHOMO)/2, Mulliken electronegativity (c) obtained
from the equation c ¼ �(EHOMO þ ELUMO)/2, total energy (ET),
binding energy (EB), isolated atomic energy (EIA), electronic energy
(EE), coreecore interaction (ICeC), heat of formation (HF) and
HOMO/LUMO maps were calculated using HyperChem8.0.1
program at RM1 level of theory.
4.5. Automated docking setup

Flexible ligandereceptor docking was performed using Auto-
dock Vina program [43] using the default settings. Model of the ATP
binding site based on the structure deposited in the Protein Data
Bank [44] under the PDB ID 1KIJ [45] was employed. Default
docking parameters and flexible space of 24 � 24 � 24 Å [3] were
validated by re-docking novobiocin which docked exactly in the
position present in the crystal structure with affinity of �11.0 kcal/
mol. Subsequently, eight small molecule compounds were docked
using same docking parameters.
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