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Within the framework of virtual organization CSLabGrid, high-throughput molecular screening has been performed for 
new antituberculosis compounds. Using the FlexX program installed on the Institute of Food Biotechnology and Genomics 
(IFBG) Cluster and models of four promising ligand binding sites on the surface of FtsZ protein from Mycobacterium 
tuberculosis, virtual screening has been done for the database containing 2886 compounds synthesized in the Institute of 
Organic Chemistry of the NAS of Ukraine. Based on the LE and ΔG scores, the docking scores of CCDC Gold, and the results 
of molecular dynamics, a group of Mycobacterial FtsZ inhibitors has been selected. In vitro validation have revealed 6 
compounds with the highest inhibition of GTPase activity of FtsZ. Also, based on in vitro experiment, three of selected 
compounds demonstrste strong inhibition of FtsZ polymerization together with inhibition of its GTPase activity.

K e y w o r d s: tuberculosis, structural biology, bioinformatics, high-throughput screening (HTS), and in vitro.
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NEW IMIDAZOLE INHIBITORS 

OF MYCOBACTERIAL FtsZ: THE WAY 

FROM HIGH-THROUGHPUT MOLECULAR SCREENING 

IN GRID UP TO in vitro VERIFICATION

Tuberculosis is one of the most widespread in-
fection diseases in the world. In 2011, the WHO 
reported 8.7 million new cases of disease and 1.4 
million fatal outcomes caused by Mycobacterium 
tuberculosis [1, 2]. In Ukraine, an outbreak of tu-
berculosis was recorded in 1995, and, unfortunate-
ly, the situation has not been improved yet [3—6]. 
It should be noted that the curing of tuberculosis 
is complicated by many factors, including one of 
the most important ones, a genetic variability of 
M. tuberculosis proteins targeted by drugs [7]. To 
this end, the most advisable strategy is to design 
new drugs targeting the most conservative pro-
teins. The majority of existing antituberculosis 

drugs are known to act at the stage of synthesis of 
cell walls, proteins or fat acids [8—10]. Among 
anti-TB compounds, there are such benzimida zo-
le derivatives as VRT-125853 and VRT-752586 
[11, 12] inhibiting the bacterial topoisomerases 
II and IV [11, 13].

At the same time, as the number of M. tuberculo-
sis strains resistant to the existing drugs grows, it 
is necessary to search new molecular targets and 
compounds in order to guarantee success in fight-
ing the tuberculosis pestilence [14]. Undoub ted-
ly, the highest potential can be showed by the 
proteins constituting the cell division mechanism 
[15], first of all, the bacterial homologs of tubulin, 
na me ly, FtsZ (Filamental temperature-sensitive 
Z)-pro teins [12, 16, 17]. The globular parts of bac-
terial FtsZ-proteins and eukaryotic tubulin show 
a quite high similarity of spatial structure [2]. To-
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ge ther they form a common protein family that 
signi ficantly differs from other GTP-binding pro-
teins [17]. Due to certain structural similarity of 
FtsZ-proteins and tubulins, selective interaction 
between the ligands and Mycobacterium FtsZ 
sho uld be caused by certain differences in ami no 
acid composition of respective sites of this pro-
tein as compared with the human tubulin. Ac-
cording to the literature data and the results of 
our own research the imidazole derivatives are 
considered very promising candidates for inhibi-
tors of FtsZ-protein polymerization [2, 13, 18]. 
Firstly, different imidazole derivatives show a cer-
tain specificity to various β-tubulins at the le vel 
of individual kingdoms [19, 20]. Secondly, as ex-
emplified by the benzimidazole derivatives, it is 
possible to cause destruction of bacterial cyto-
skeleton [21—23].

The main requirements for methodological ap-
proaches to be used for studying the substances 
capable of effecting the FtsZ-protein polymeriza-
tion are their high sensitivity and an approximat-
ed native ability to polymerize in vitro. At the 
beginning of prokaryotic cell division, the FtsZ-
proteins form a cytokinetic ring in the center of 
the cell, which acts as scaffold for association of 
other proteins of cell division. The formation of 
so called Z-ring plays a crucial role in proper lo-
calization of division plane. The dynamic assem-
bly of FtsZ-ring is regulated by a group of pro-
teins depending on the type of bacteria [24]. For 
instance, the ZapА, ZipA, and FtsA proteins are 
stabilizing factors, whereas the SulA, EzrA, and 
MinCD are typical destabilizers [25]. The over-
expression of stabilizing factors leads to the for-
mation of abnormal extended structure of the 
FtsZ-ring, while that of destabilizers can entail 
destruction of FtsZ-polymeric formations [26]. 
The SepF protein stimulates the assembly of 
FtsZ-protein in critical concentration and cre-
ates stable complexes with its monomers. Among 
negative regulators of the M. tuberculosis Z-ring 
formation, the SulA, EzrA, and MinCD proteins 
should be mentioned4. The SulA protein is bound 
directly to FtsZ-protein and depending on con-

centration can inhibit either polymerization or 
GTF activity of the latter. The EzrA protein is 
able to destabilize newly created FtsZ-ring there-
by preventing the creation of Z-ring in nonspe-
cific loci of the cell. Finally, the MinCD4 proteins 
prevent the creation of anomalous Z-rings on the 
cell poles [27].

The specific features of FtsZ-protein polymeri-
zation have been studied in vitro, therefore the 
formation of primary super-molecular structures 
such as straight and curved protofilaments, fila-
ment sheets as well as beams and tubes of the fila-
ments have been described in detail depending 
on the composition of components of polymeriza-
tion buffer, nucleotide concentration, and addi-
tional proteins involved in the reaction. The FtsZ 
protofilament architecture under the natural 
conditions has not been studied well yet, although 
electron cryotomography (ECT) on Caulobacter 
crescentus cells enable to assume Z-ring as a re-
sult of binding of relatively short primary proto-
filaments rather than of extensive assembly [28]. 

Hence, the bacterial FtsZ-proteins are undo-
ubtedly among the molecular targets of priority 
pharmacologic importance and should be studied 
very carefully. Recently, І. Ojima group [2] have 
showed that 3-substituted benzimidazole deriva-
tives are capable for efficientl inhibiton of myco-
bacterial FtsZ-protein. These data and our expe-
rience in structural bioinformatics and experi-
mental study of FtsZ-proteins, synthesis of new 
compounds of imidazole group [13, 23], and de-
velopment of algorithms for the application in 
Grid-technologies for searching and selecting new 
compounds with anti-tubulin effect [29—32] hit 
upon an idea of making experiment with the use 
high-throughput molecular screening for imida-
zole compounds effectively inhibiting the polym-
erization of FtsZ-proteins. In particular, the au-
thors of this research from the Institute of Organic 
Chemistry of the NAS of Ukraine have created a 
chemical library of imidazole derivatives num-
bering in 2886 individual compounds. This li-
brary has been used by us as framework for a vir-
tual library for Grid-based virtual screening.
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In 2011, a virtual laboratory CSLabGrid 
(http://ifbg.org.ua/uk/cslabgrid; http://www.
youtube.com/user/CSLabGrid) was launched 
based on Grid-cluster of the Institute for Fo od 
Biotechnology and Genomics of the NAS of Uk-
raine (http://ifbg.org.ua) [29—32]. CSLabGrid 
is aimed at joining computational resources and 
pro fessionals for solving theoretical and applied 
tasks of molecular and cell biology research of 
cytoskeleton. Therefore, the selection of FtsZ 
M. tuberculosis inhibitors is an example of bio-
logically active compound scre ening that fully 
complies with the conception of CSLabGrid, in 
particular, a practical combination of Grid com-
putations with further laboratory testing. Hen-
ce, this research is aimed at implementing the 
modern drug design algorithm chemical synthe-
sis → virtual screening → laboratory confirma-
tion of biological activity as exemplified by ben-
zimidazole series compounds capable to inhibit 
the FtsZ polymerization.

METHODOLOGICAL FRAMEWORK OF RESEARCH

3D modelling of M. tuberculosis 

FtsZ-protein 

The complete amino acid sequence of M. tuber-
culosis FtsZ-protein (P64170) [33, 34] was obta-
ined from the UniProt (www.uniprot.org/) data-
base [35]. Upon the results of PDB-blast search, 
crystallographic structures that are most similar 
to M. tuberculosis FtsZ-protein have been select-
ed from RCSB Protein Da ta Bank (http://www.
rcsb.org): 2Q1X (2,35 Å), 2Q1Y (2,30 Å), 1RLU 
(2,08 Å), 1RQ2 (1,86 Å) і 1RQ7 (2,6 Å). The 
quality of PDB-structures has been ana lyzed us-
ing «DeepView-Swiss-PdbVie wer4.0.3» (http://
www.expasy.org/spdbv/) [36]. 

The protein homological structure was mo-
del led using Modeller 9v8 (http://salilab.org/
modeller/) [37] software and selected template 
structures from RCSB Protein Data Bank (www.
rcsb.org). Two specific methods have applied: 
1) using a template x-Ray structure (Modeller) 
and 2) using a set of templates in accordance 
with I-TASSER server algorithm [38, 39]. A 

3D-model of fragment, from Asn6 up to Asp313, 
has been built with the help of homology mo-
delling method. 

Using a I-TASSER tool (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/) five full-atomic mo-
dels (job id S119158): Model 1 (C-score=–0.85); 
Model 2 (C-score=–1.68); Model 3 (C-score=–2.11); 
Model 4 (C-score=–2.43) і Model 5 (C-score=–3.04) 
have been developed (Fig. 1). According to the 
ser ver protocol, modelling in I-TASSER was ba-
sed on 10 leading structures (Table 1): 2rhlB_A 
(2.45 Å) from Bacillus subtilis; 4dxdA_A (2.01 Å) 
from Staphylococcus aureus; 1fszA (2.8 Å) from 
Metha nocaldococcus jannaschii; 2vamA (2.50 Å) 
from Ba cil lus subtilis; 2rhlB_B (2.45 Å) from Ba-
ci llus subtilis; 4dxdA_B (2.01 Å) from Staphy-
lococcus aureus; 1w5fA (2.0 Å) from Thermotoga 
maritima; 2rhlB (2.45 Å) from Bacillus subtilis; 
1rluA (2.08 Å) from My cobacterium tuberculosis 
and 2vawA (2.9 Å) from Pseudomonas aeruginosa 
(Fig. 1).

The ultimate full-atomic model of M. tubercu-
losis FtsZ-protein was built by homology model-
ling using the PDB data and results obtained 

Fig. 1. Full atom model of M. tuberculosis FtsZ-protein. It was 
built by the homology modelling method using x-Ray-struc-
tures of M. tubercu lo sis (2Q1X (2.35 Å), 2Q1Y (2.30 Å), 
1RLU (2.08 Å), 1RQ2 (1.86 Å), and 1RQ7 (2.60 Å) and on 
the basis of modelling results obtained with the help of 

I-TASSER server

Nucleotide (GTP)
binding region
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with the help of I-TASSER tool. The final model 
was assembl ed using EasyModeller 4.0 [40]. The 
molecular dynamics of the model was imple-
mented in aqueous environment using Gromacs 
(IFBG Cluster) package. After solvation and 
10 ns relaxation with the use of amber99 force 
field (GROMACS v. 4.5.5), model geometry was 
confirmed with ANOLEA (Atomic Non-Local 
En vi ronment Assessment) (www.protein.bio.puc.
cl) server [41], ProCheck program [42], and 
MolProbity server [43]. The final verification of 
results was made using Verify3D [44]. The final 
visualization of structures, structural alignment, 
and analysis of respective amino acid residues 
were made using Accelrys Discovery Studio 
Visualizer 3.1 (Accelrys Software Inc.-http://
accelrys.com/), and PyMOL (http://www.py-
mol.org/) software (Fig. 2).

Library of Low-Molecular Compound 

The library of ligands for molecular screening 
and docking was based on the collection of imi-
dazole compounds synthesized in the Institu te 
for Organic Chemistry of the NAS of Ukraine. 
Totally, it embraces 2886 individual compounds 
in the following formats: *.sd/*.mol, *.mol2. The 

3-substituted benzimidazole derivatives synthe-
sized by the team of Prof. Ojima group [2] (Fig. 3) 
were used as reference structures. Considering 
conformers built using JChem 5.12.0 (ChemAxon, 
2012, www.chemaxon.com), the total number of 
ligands exceeds 5000. The topology files were ob-
tained using SwissParam (www.swissparam.ch) 
server [45].

Search of Predicted Binding Sites 

of Heterocyclic Compounds at the Surface 

of M. tuberculosis FtsZ-Protein 

Since there are no complexes of heterocyclic 
compounds of imidazole group with FtsZ-pro te-
ins, which are confirmed by crystallographic me-
thods, we search for the most probable binding 
sites of these compounds at the surface of prote in 
molecules using I-TASSER server (Predicted Bin-
ding Site module) and built theoretical comp le xes 
with ligands from matrix structure: GSP (1rluA), 
SO4 (2rhhA і 2rhjA), PEPTIDE (1rq20), MG 
(3e22C і 1z2bC), T13 (3hkeB), HOS (3du7C), 
and TZT (3e22C) (Fig. 1).

The modelling was made for the following bin-
ding sites: GSP (5’-guanosine-diphosphate-mo-
nothiophosphate), T13 (2,3,4,5,6-pentafluoro-N-
(3-fluoro-4-methoxyphenyl) benzene sulfonate 
amid), HOS (phomopsine A), and TZT-1027 (sob-
lidotine). In addition, a model of predicted bind-
ing site of taxol has been designed upon the re-
sults of structural alignment of FtsZ-protein and 
tubulin. The PDB 2WBE, 3DCO, 2P4N, 2HXH, 
and 1JFF structures were used as reference. With 
the help of LeadIT program, models for the four 
binding sites: GTP/GSP; TZT-1027; HOS/T13 
and Taxol have been developed using the refer-
ence ligand method (Fig. 4). The models were re-
quired for molecular docking purposes. They 
were added to the repository of CSLabGrid vir-
tual laboratory for their further use within the 
CSLabGrid.

Further, binding sites were assessed using a lo-
cal version of LeadIT v.2.1.3 package and results 
of low-molecular ligand docking obtained with 
the help of CCDC GOLD package. While using 

Fig. 2. Structures of 3-substituted benzimidazoles (synthe-
sized by Prof. І. Ojima et.al) used for studying potential 
affinity of benzimidazoles to 4 studied sites: 1a-G4, 1a-G7, 

1b-G1, 1b-G2, 2a-1, and 2b-1 [2] 
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Fig. 6. Dynamics of FtsZ polymerization in the presence of compounds 
having no effect of inhibitor: F0478-0368, F0478-0449, F0478-0451, 

F0478-0497, B0106, and B0231

Fig. 7. Dynamics of FtsZ polymerization in the presence of compounds 
having a strong effect of inhibitor: B0026, F0478-0505, B0036, В0156, 

F0478-0130, F0478-0175, and F0478-0221
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Fig. 8. Inhibition of FtsZ GTPase 
activity by compounds studied
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the Hyde (LeadIT) module proceeding from the 
ligand efficiency of reference benzimidazoles 1a-
G4 (5-But-3-enoxycarbonylamino-2-cyc lo he xyl-
6-N,N-dimethylamino-1H-benzo[d]imidazole 
(ΔG) and LE, 1a-G7 (5-butoxycarbonylamino-2-
cyclohexyl-6-N,N-dimethylamino-1H-benzimi-
dazole), 1b-G1 (5- butoxycarbonylamino-2-cy-
clohexyl-6-(pyrrolidine-1-yl)-1H-benzo[d]imi-
dazole), 1b-G2 (5-benzyloxycarbonylamino-cy-
clohexyl-6-(pyrrolidine-1-yl)-1H-benzo[d]
imidazole), 2a-1 (7-acetylamino-5-etoxycarbo-
nylamino-2-phenyl-1H-benzo[d]imidazole) and 
2b-1 (ethyl-n-(5-acetamido-1-hydrogen-2-phenyl-
3a,6-dihydro-1H-1,3-benzimidazole-6-yl)-n-
hyd rogen carbonate) (Figs. 3 and 5) the possibi-
lity of 3-substituted benzimidazoles in the four 
above men tioned sites has been established. The 
results of the further verification based on the ana-
lysis of their mo lecular docking in CCDC GOLD 
package have showed that in terms of GoldScore, 
ChemScore, and ASP, GTP/GSP binding site is 
in the priority for reference compounds [46, 47]. 
This conclusion has been confirmed by the re sults 
of molecular dynamics in Gromacs (charmm27). 
Thus, the further virtual screening of tested com-
pounds was made for the GTP-binding site.

Virtual Screening in Grid Using FlexX Algorithm 

and Further Verification of Leading Compounds 

Using CCDC Gold and Molecular Dynamics

The high-throughput virtual screening of benz-
imidazole derivatives was made using the mole-
cular docking method and FlexX software instal-
led on the IFBG Cluster [32, 48]. The two perso-
nal academic licenses each valid for 1 month were 
used: Pavel Karpov-SN: 0BS080F1E97114A3B62 
E417780A8752D6F3; Ozeredov Sergey-SN: 0BS 
61DE9C1DFA4CD32BABB9DC02452EFF0B. 
The computations were made with the help of HP 
ProLiant AV340A (8 cores) (CSLabGrid) server. 
The model of GTP-binding site of M. tuberculosis 
FtsZ-protein as target and the library of com-
pounds syn thesized in the IOC were used. 

The complexes of imidazole group heterocyclic 
compounds with FtsZ-protein were assessed on 
the basis of LeadIT evaluation functions: Score, 
Match, Lipo, Ambig, Clash, Rot, RMSD, Simil, and 
Match, as well as the ligand affinity evaluation 
functions ΔG (Gibbs free energy/Binding affini-
ty) and LE (Ligand efficiency) of the Hyde mod-
ule (http://www.biosolveit.de) [49, 50]. Upon 
results of comprehensive verification, 50 perspec-
tive compounds were selected.

Fig. 4. Modelling of predicted sites of 
imidazoles. Bindin the reference ligand 
method with a distance of 10 Å, with the 
help of LeadIT software, models of four 
most perspective of predicted sites have 
been designed: 1) GTP/GSP, 2) TZT-

1027, 3) HOS/T13, and 4) Taxol

T131
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Taxol

GTP
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Glnl92
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Fig. 5. On the basis of binding energy (∆G) and LE 
(Ligand Efficiency) established using Hyde module 
(LeadIT software package) the above mentioned sites 
have been evaluated and a group of leading compounds 
has been selected for further docking with the use of 
genetic algorithm in CCDC GOLD. Example for the 
reference compound 1a-4G (Ojima Research Group) is 

given [2]
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The next stage was the docking of the 50 se-
lected compounds in GTP-binding site of M. tu-
berculosis FtsZ-protein using CCDC GOLD 5.2.2 
(www.ccdc.cam.ac.uk) [46, 47]. In order to cont-
rol the docking, the 3-substituted benzimidazoles 
synthesized by Prof. Ojima’s team [2]: 1a-G4, 
1a-G7, 1b-G1, 1b-G2, 2a-1, and 2b-1 were used. 
The Gold genetic algorithm enabled selection of 
the most perspective compounds based on cal-
culations of binding energy and number of hy-
drogen bonds. Using GoldScore, ChemScore and 
ASP evaluation func tions the number of com-
pounds was reduced to 26.

At the final stage of evaluation, the molecular 
dynamics of ligand-protein complexes applied 
using GROMACS (v. 4.5.5) [51, 52] and force 
field charmm27 (www.charmm.org) [53]. The 
ligand topology for charmm27 was taken from 
the SwissParam database [45]. The computa-
tions were made for solvatated environment (ed-
itconf and genbox modules). The volume of aque-
ous environment was generated automatically. 
The long-range electrostatic interactions were 
taken into consideration using PME (Particle 
Mesh Ewald) method [54]. The negative charge 
of obtained molecular systems was neutralized 
using the genion module, by substituting the wa-
ter molecules for sodium and chloride ions in 
physiological concentration (0.15 mole/l). The 
geometry of molecular systems was optimized by 
minimization of potential energy (grompp and 
mdrun) using steepest descent algorithms at a 
maximum number of steps of 1000 and a gradient 
of 0.1. The energy was minimized using force 
field charmm27 [53] as well. The next procedure 
of restrained molecular dynamics (molecular re-
straining) was made using the above mentioned 
modules at a temperature of 310 К during 0.2 ps. 
Also, molecular dynamics was carried out for 50 
ns using the grompp and mdrun modules. For 
simulating the bulk solvent, the periodical bo-
undary conditions were applied. The system 
temperature was kept at 310 К by the Berendsen 
thermostat with time of interaction of 0.1 ps. The 
constant pressure was kept by external barostat-

ic function. The length of bonds involving hy-
drogen atoms was fixed at an equilibrium level 
using the Lincs algorithm [55]. The molecular 
dynamics results for ligand/FtsZ-protein com-
plexes were analyzed using the genergy module 
enabling to evaluate the Coulomb (electrostatic) 
and Lennard—Jones (LJ) interactions of ligands 
both in the complex with protein and in free state 
in aqueous environment.

Energy of ligand/protein binding was calcu-
lated by the formula [56]:

ΔGbind = α(<Vl-s LJ>p — <Vl-s LJ>w) +

                      + β(<Vl-s el>p — <Vl-s el>w), (1)

where <Vl-s LJ>p is LJ component of ligand/pro-
tein interaction; <Vl-s LJ>w is LJ component of 
ligand/water interaction; <Vl-s el>p is electro-
static component of ligand/protein interaction; 
<Vl-s el>w is electrostatic component of ligand/
water interaction.

The coefficient values were taken from [57] by 
default and equal to α = 0.18 and β = 0.50.

Upon the results of molecular dynamics cal-
culations, the 6 compounds F0478-0451, F0478-
0505, F0478-0368, В0026, F0478-0175, and 
F0478-0221 have been concluded to have the 
highest potential affinity to Mycobacterial 
FtsZ-protein.

Fig. 9. Leading compounds selected on the basis of molecu-
lar docking and molecular dynamics data and upon the re-
sults of experimental verification of ability to inhibit polym-
erization and GTPase activity of Micobacterium tuberculosis 

FtsZ protein in vitro

B0026
2[(4-nitrophenyl) methylthio]-1, 
3-benzothiazol

F0478-0175
[2-(4-fluorophenyl) -2-oxo-ethyl]2-(1, 3- 
benzoxazole-2-ylthio) acetate

F0478-0221
8-indoline-1-ylsulfonylquinolin
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Fig. 10. Peculiarities of ligand-protein interaction of the leading compounds (B0026, F0478-0175, F0478-0221) with 
M. tuberculosis FtsZ-protein. Ligands position in GTP-exchange site of FtsZ-protein (left) and pharmacophoric maps 

of ligand-protein interaction (right). Reference – GTP molecule

F0478-0221 (8-indoline-1-ylsulfonylquinoline)

F0478-0175 ([2-(4-fluorophenyl)-2-oxo-ethyl]2-(1,3-benzoxazole-2-ylthio)acetate)

B0026 (2[(4-nitrophenyl)methylthio]-1,3-benzothiazole)
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In vitro Verification 

of the Leading Compounds 

The samples of 6 leading compounds, as well as 
of 7 ones that upon the screening results did not 
show respective affinity to FtsZ-protein were 
brought from the IOC of the NAS of Ukraine. 
The tests on influence of studied compounds on 
FtsZ-protein polymerization were made using the 
two methods: 1) the spectrophotometric identifi-
cation of FtsZ-protein polymerization dynamics 
at 320 nm and 2) the colorimetric identification 
of GTP hydrolysis in the reaction with benzalde-
hyde green. The FtsZ-protein sample was manu-
factured by Cytoskeleton Inc. The lyophilic prote in 
preparation was re-suspended in buffer (100 mМ 
MES-NaOH, pH = 6.5, 1 mM EGTA, 10 mM CaCl2) 
up to a concentration of 1 mg/ml. Further, the 
sample was incubated on ice for 30 min. The pro-
tein solution was centrifuged at 14 000 rpm, with 
supernatant taken for the further tests. The ulti-
mate concentration of protein in the reaction mix 
was checked by the spectrophotometric method 
and it reached 88 mg/ml. The FtsZ-protein po-
lymerization dynamics and GTP hydrolysis by 
FtsZ-protein were evaluated at the presence of 
heterocyclic compounds selected during the scre-
ening, in silico, at a concentration of 50 μM. The 
reaction mixes with respective dimethyl sulfox-
ide content were used as reference.

The spectrophotometric study of in vitro FtsZ-
protein polymerization dynamics was made using 
Specord 210 spectrophotometer (AnalytikJena, 
Germany) in double-beam mode, at a wavelength 
of 340 nm (4 nm detector, 5 s scanning pitch) for 
30 min in the cuvette holder thermostated by 
Peltier elements at 37 °С. The polymerization 
was induced by adding GTP to the reaction mix 
up to 1 mM. A buffer for polymerization without 
FtsZ-protein, which contained respective analyte 
was introduced to the reference cell in the dou-
ble-beam mode. 

While analyzing the influence of 13 heterocy-
clic compounds on the FtsZ polymerization dy-
namics, two discrete groups having different im-
pact on the process were distinguished. Six com-

pounds, namely F0478-0368; F0478-0449; F0478-
0451; F0478-0497; B0106; and B0231 did not 
significantly inhibit the polymerization; some of 
them showed a polymerization level that was 
higher than the reference one (Fig. 6). Among 
this group, two compounds (B0106 and B0231) 
showed the values close to the reference one, 
while the rest of them (F0478-0368, F0478-0449, 
F0478-0451, F0478-0497) and especially В0106 
exceeded the reference. This can be explained by 
capability of these compounds to trigger the for-
mation of protein aggregates, which, in its turn, 
enhanced optical absorption.

The other compounds (B0026, F0478-0505, 
B0036, В0156, F0478-0130, F0478-0175, F0478-
0221) can be characterized as potential inhibi-
tors of FtsZ polymerization (the polymerization 
either had minimum dynamics (B0026, B0036, 
В0156, F0478-0175, F0478-0221) or was instable 
and ended with FtsZ de-polymerization (F0478-
0505, F0478-0130)) (Fig. 7).

In vitro Study of FtsZ GTPase Activity 

The GTPase activity of FtsZ-proteins was stu-
died using PhosFree™ Phosphate Assay Biochem 
Kit (BK050, Cytoskeleton Inc., USA) based on 
colorimetric reaction of phosphate with benzal-
dehyde green. The changes in phosphate ion con-
centrations were compared in boundary time of 
FtsZ polymerization dynamics: 0 min (immedi-
ately after addition of GTP, with a 15 s delay of the 
measurement start with method manipu lations 
taken into account) and 30 min. The reaction took 
place in water bath, at 37 °С. The reaction was ter-
minated by perchlorate acid preparation. The op-
tical absorption was measured at 650 nm. The con-
tent of PO4

3- releasing during the GTP hydrolysis 
in micro-molecular range was determined using a 
calibration curve built by titration of reference 
phosphate solution.

The evaluation results showed that all studied 
compound samples demonstrated GTP hydro-
lysis level lower than that of the reference one 
(239 μМ PO4

3- for polymerization of 24.8 μM 
FtsZ in the presence of 50 mМ GTP). All samples 
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inhibited GTPase activity of FtsZ-protein with 
different efficiency (from 4 to 28%). However, in 
the case of the six leading compounds the inhibi-
tion of GTPase activity exceeded 18%: B0026 
(28%), F0478-0368 (24%), F0478-0451 (20%), 
F0478-0497 (24%), F0478-0175 (27%), and 
F0478-0221 (19%) (see Fig. 8).

Having compared the results of the two exper-
imental approaches for the studied compound 
samples, three compounds, namely, B0026 (2[(4-
nitrophenyl)methylthio]-1,3-benzothiazole), 
F0478-0175 ([2-(4-fluorophenyl)-2-oxo-ethyl]2-
(1,3-benzoaxole-2-ylthio)acetate), and F0478-0221 
(8-indoline-1-yl sulfonyl quinoline) were deter-
mined to have the highest inhibitory effect (max-
imum inhibition of polymerization and GTPase 
activity of FtsZ-protein) (Fig. 9). Therefore, pro-
ceeding from the obtained results these com-
pounds can be recommended for the further stu-
dy of their influence on M. tuberculosis fission.

These properties of above mentioned compo-
unds have been showed for the first time. Cur-
rently, they are considered perspective FtsZ in-
hibitors and will be further studied for establish-
ing their pharmacological capacity as new anti-
tuberculosis drugs. In addition, the establi shed 
specific features of interaction between the lead-
ing compounds and M. tuberculosis FtsZ-pro tein 
give us information on ligand-protein interaction 
(Fig. 10). The obtained information is very impor-
tant for the further design and synthesis of more 
effective inhibitors of mycobacterial division.

CONCLUSIONS

Within the framework of implementing the ob-
jectives of CSLabGrid virtual laboratory, new 
compounds with antituberculosis activity have 
been selected. A method for effective high-thro-
ughput screening of imidazole compounds has 
been developed combining the structural bioin-
formatics methods, Grid computations, and in 
vitro tests. Respective libraries of ligands and 
molecular targets for the further studies using 
CSLabGrid have been created. Upon the results 
of 2886-compound ligand library screening, as 

well as bio-informational and biochemical ana-
lyses, three compounds have been identified as 
maximally inhibiting both polymerization and 
GTPase activity (18—28%) of Mycobacterium tu-
berculosis FtsZ-protein, namely: B0026 (2[(4-ni-
trophenyl)methylthio]-1,3-benzothiazole), 
F0478-0175 ([2-(4-fluorophenyl)-2-oxo-ethyl]2-
(1,3-benzoaxole-2-ylthio)acetate), and F0478-0221 
(8-indoline-1-yl sulfonyl quinoline).

The research was supported by the project of tar-
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Ukraine «Fundamental Problems of Creating New 
Chemical Substances and Materials» (2012—13): 
«Search and Evaluation of Antituberculosis Action 
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of Structural Biological Docking and Design», (reg.
no. 0112U003389). Partly, the research is directly 
related to the creation of databases and use of Grid-
computations within the framework of the govern-
ment target R&D program for implementing Grid-
technologies for 2009—13 project «Use of Grid 
Technology in the Fundamental and Applied Cy-
toskeleton Research by Creating and Developing 
CSLabGrid Virtual Laboratory» (2012, reg. no. 
0112U004000).
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НОВІ ІМІДАЗОЛЬНІ ПОХІДНІ 
ЯК ІНГІБІТОРИ FtsZ-БІЛКІВ 

МІКОБАКТЕРІЙ: ВІД ВИСОКОПРОПУСКНОГО 
МОЛЕКУЛЯРНОГО СКРИНІНГу В Ґрід 

ДО ЕКСПЕРИМЕНТАЛЬНОГО АНАЛІЗУ in vitro

У рамках реалізації головної мети створеної в УНГ  вір-
туальної організації CSLabGrid було виконано пошук 
нових протитуберкульозних сполук. З використанням 
встановленої на IFBG Claster програми FlexX і моделі 
чотирьох перспективних сайтів зв’язування лігандів на 
поверхні FtsZ-білка Mycobacterium tuberculosis було ви-
конано скринінг бази даних, що містила 2886 сполук, 
синтезованих в Інституті органічної хімії НАН Украї-
ни. На підставі показників LE і G, результатів докінгу в 
програмі CCDC Gold і обрахунку молекулярної дина-
міки комплексів було відібрано групу перспективних 
інгібіторів FtsZ. Під час експериментальної перевірки 
in vitro шість речовин проявили найвищу ефективність 
інгібування ГТФ-азної активності FtsZ-білка. Також за 
результатами експериментальної оцінки in vitro було 
обрано три речовини, які водночас проявляють макси-
мальне пригнічення полімеризації та ГТФ-азної актив-
ності FtsZ-білка.

Ключові  слова: туберкульоз, структурна біологія, біоін-
форматика, віртуальний скринінг, in vitro.
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НОВЫЕ ИМИДАЗОЛЬНЫЕ ПРОИЗВОДНЫЕ 
КАК ИНГИБИТОРЫ FtsZ-БЕЛКОВ 

МИКОБАКТЕРИЙ: ОТ ВИСОКОПРОПУСКНОГО 
МОЛЕКУЛЯРНОГО СКРИНІНГА В Ґрід 

ДО ЭКСПЕРИМЕНТАЛЬНОГО АНАЛИЗА іn vіtro

В рамках реализации главной цели созданной в УНГ вир-
туальной организации CSLabGrіd был выполнен поиск но-
вых противотуберкулезных соединений. С использовани-
ем установленной на ІFBG Claster программы Flex и моде-
ли четырех перспективных сайтов связывания лигандов на 
поверхности FtsZ-белка Mycobacterіum tuberculosіs было 
выполнено скрининг базы данных, которая содержала 2886 
соединений, синтезированных в Институте органической 
химии НАН Украины. На основании показателей LE и ΔG, 
результатов докинга в программе CCDC Gold и обсчета мо-
лекулярной динамики комплексов была отобрана группа 
перспективных ингибиторов Fts. Во время эксперимен-
тальной проверки іn vіtro шесть веществ проявили высо-
чайшую эффективность ингибирования ГТФ-азной актив-
ности FtsZ-белка. Также по результатам эксперименталь-
ной оценки іn vіtro было избрано три вещества, которые 
одновременно проявляют максимальное угнетение поли-
меризации и ГТФ-азной активности FtsZ-белка.

Ключевые слова: туберкулез, структурная биология, 
биоинформатика, виртуальный скрининг, іn vіtro.
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