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ABSTRACT: Bacterial DNA gyrase is a well-established and validated target for the development of novel antibacterials.
Starting from the available structural information about the binding of the natural product inhibitor, clorobiocin, we identified a
novel series of 4′-methyl-N2-phenyl-[4,5′-bithiazole]-2,2′-diamine inhibitors of gyrase B with a low micromolar inhibitory activity
by implementing a two-step structure-based design procedure. This novel class of DNA gyrase inhibitors was extensively
investigated by various techniques (differential scanning fluorimetry, surface plasmon resonance, and microscale
thermophoresis). The binding mode of the potent inhibitor 18 was revealed by X-ray crystallography, confirming our initial
in silico binding model. Furthermore, the high resolution of the complex structure allowed for the placement of the Gly97−
Ser108 flexible loop, thus revealing its role in binding of this class of compounds. The crystal structure of the complex protein
G24 and inhibitor 18 provides valuable information for further optimization of this novel class of DNA gyrase B inhibitors.

1. INTRODUCTION
The wide utilization of antibiotics in previous decades has
resulted in the increased incidence of bacterial resistance to
most of the available antibacterials, resulting in the urgent need
for novel and more efficient agents in this field.1 Current
research continues to discover new potential targets and novel
compounds with broad spectra of efficacy simultaneously by
taking into account some additional important issues such as
toxicity and ADME properties.2,3

At present, bacterial DNA gyrase, a type II topoisomerase
from the GHKL (gyrase, HSP 90, histidine kinase, MutL)
enzyme family, remains one of the most investigated and
validated targets for the development of novel antibacterials. Its
absence in the mammalian organism and the crucial role it plays
in the bacterial DNA replication cycle make this enzyme a very
suitable target for the development of potential drugs from the
perspective of selective toxicity.4,5 The main role of this enzyme
is the introduction of negative supercoils into the circular
bacterial DNA molecule changing the linking number by two in
each enzymatic step with concurrent occurring ATP hydrolysis.
DNA gyrase is a heterodimeric enzyme with an A2B2 structure.

The role of the A subunit is the breakage and reunion of the
double DNA strand, while the B subunit (DNA gyrase B)
possesses the ATPase activity, providing a sufficient amount of
energy for the DNA supercoiling.6

Currently, the 6-fluoroquinolone chemical class of molecules
are the only DNA gyrase inhibitors used in clinical practice.7

They act by binding to the complex formed between the DNA
molecule and the DNA GyrA subunit, consequently stabilizing
the complex, thus preventing the reunion of both DNA strands
and ultimately stopping the bacterial replication cycle. They are
mainly utilized in the treatment of respiratory and urinary
infections; however, the occurrence of some serious side effects
calls for novel research in this field.8

The ATP binding site is located on the DNA gyrase B
subunit and was broadly studied for its potential inhibition
because of its functional importance.9 The research in this field
dates back to the 1950s with the discovery of natural product
ATPase coumarin inhibitors (Figure 1) from the Streptomyces
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fungi species.10 All coumarins are comprised of three moieties:
the L-noviose sugar with the attached hydrogen bond donor
group (5-methylpyrrole-2-carboxylic acid or carbamoyl group),
the 3-aminocoumarin ring, and the 4-hydroxy-3-isoprenylben-
zoyl moiety (Figure 1). Novobiocin (NVB, 1) was licensed for
clinical use in the 1960s but was quickly withdrawn from the
market due to the occurrence of some serious toxicity issues.11

The other two structurally similar coumarins, e.g., clorobiocin
(CBN, 5) and coumermycin, were also well described and
characterized.12,13

Both 1 and 5 possess comparable inhibitory activities and
similar binding modes, as revealed by the X-ray crystallog-
raphy.12,13,16−20 They both bind to the ATP-binding site, and
the most important interactions of 5 in the Escherichia coli
DNA gyrase ATP active site (PDB: 1KZN) are schematically
presented in Figure 2. The hydrogen bond donating group
attached to the sugar moiety interacts with Asp73 residue and
via the conserved W1001 water molecule with Thr165 residue.
The 5-methylpyrrole ring of 5 forms additional hydrophobic
interactions with the residues Val43, Ala47, Val71, Ile78,
Val120, and Val167, creating the hydrophobic pocket within
the ATP binding site.13 The hydroxyl group of the L-noviose
sugar forms a hydrogen bond with the Asn46 residue, and both
methyl groups contribute substantially to the hydrophobic
interactions with the Ile 78 and Ile90. Two oxygen atoms of the
coumarin ring form strong hydrogen bonds with the Arg136
residue and create one of the most important interactions
responsible for tight ligand binding (Figure 2).12,13,16 The
importance of this interaction was further substantiated by
mutations of R136H, which led to a significant loss of coumarin
antibacterial activity.21 The binding ratio for both 1 and 5 was
determined to be 1:1, whereas one molecule of coumermycin
binds to two GyrB subunits simultaneously.
To retain biological activity and improve the ADME

properties of this chemical class of molecules that act only if
applied intravenously, several attempts to optimize the
coumarin class have been made by introducing different
substitutions on the coumarin ring, preferably at the position
4,22 making changes to the sugar part (L-noviose to L-rhamnose
or cyclohexyl moiety)23,24 or hydrogen bond donating group
(N-propargyloxycarbamate). Recently, researchers at AstraZe-
neca developed a series of gyrase inhibitors starting from the
pyrrole-2-carboxylic acid (Figure 1, compound 4).15 Some of

these changes resulted in potent compounds with favorable
pharmacokinetic properties and are currently undergoing
clinical trials; however, at present, no molecules have reached
the market yet.15

The second class of the natural product inhibitors act by
binding to the ATP-binding site of the bacterial DNA gyrase
are cyclothialidines (Figure 1, compound 2) from the same
fungi species. They all include a substituted resorcinol ring with
the attached pentapeptide chain (Cys, Ala, Ser, Pro, and
Ala).25−27 Despite their higher potency and better selectivity
against eukaryotic topoisomerases in comparison to the

Figure 1. Chemical structures of natural product inhibitors of the DNA gyrase B 1 and cyclothialidine GR122222X (2) and two synthetic inhibitors
from the chemical classes of pyrazolthiazoles (3)14 and pyrrolamides (4).15

Figure 2. (A) Interaction binding pattern between 5 and E. coli DNA
gyrase B ATP-binding site, as revealed by X-ray crystallography (PDB:
1KZN). Dotted lines represent hydrogen bonds between the inhibitor
and the protein active site residues. (B) Green residue represents
hydrogen bond acceptor, red residues hydrogen bond donors, and
black residues form hydrophobic interactions.13
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coumarin class, they lack in vivo antibacterial activity due to
their high lipophilicity. Recently, several fruitful attempts have
been made to improve their water solubility and permeability
characteristics and to increase their in vivo activity.28−30

Furthermore, compounds isolated from the Camellia sinensis
plant, mainly epigallocatechin gallate, have also been shown to
possess promising antigyrase activity, and their binding
properties have been characterized using fluorescence spec-
troscopy and two-dimensional NMR spectroscopy.31 In
addition, a series of diacylglycoside quercetin derivatives has
been developed which have also shown promising inhibitory
activity against resistant bacterial strains such as vancomycin-
resistant Enterococcus (VRE).32 Following the structure−activity
pattern of natural product compounds, other structural classes
of low molecular weight inhibitors have been synthesized in the
previous two decades. They are all composed of the same
structural element: a hydrogen bond donor−acceptor pattern,
which has been identified with the X-ray analysis as the crucial
structural element for the inhibition of the DNA gyrase B.
Synthetic inhibitors belong to the chemical classes of pyrrazoles
(Figure 1, compound 3),14,33 triazines,34 indolinones,35,36

indazoles,37 pyrimidines,34 benzimidazole ureas,38−40 and Schiff
bases of indolinone-2,3-diones.41 Taking the structural
information about natural cyclothialidines into account, several
phenol42,43 and resorcinol44 compounds were discovered as
DNA gyrase B inhibitors. Many of these inhibitors possess even
higher activity than their starting points from the pool of
natural compounds; however, none of them have progressed to
the clinic yet.
In the past, we have focused our research efforts on the

development of the DNA gyrase B inhibitors starting from the
cyclothialidine chemical class of natural gyrase inhibitors and
identified several novel low molecular weight inhibitors from
the resorcinol and phenol chemical classes.43,44 In this study,
we have focused our attention on the class of coumarin-based
natural DNA gyrase B inhibitors as our starting point. The
working outline of our multistep procedure is depicted in
Scheme 1, showing a plethora of in silico and experimental
methods used in our work. The two-step design process begins
with the analysis of the crucial interactions between the 5, a

potent coumarin inhibitor of gyrase B, and the G24 protein, the
smallest fragment of the N terminal part of the B subunit still
able to bind the ATP molecule (PDB code: 1KZN).13

Subsequently, a structure-based pharmacophore model was
constructed and validated for further utilization in a large scale
virtual screening (VS) campaign. Hit molecules from this first
step of the VS procedure were additionally docked into the
DNA gyrase B active site, and their predicted binding modes
were visually inspected (Design phase I, Scheme 1, green).
Selected commercially available compounds from different
chemical classes were experimentally assayed for their gyrase
inhibitory activity; a structural class of 4′-methyl-[4,5′-
bithiazole]-2,2′-diamines was identified as a starting point for
the second design phase (design phase II, Scheme 1, blue). In
the search for even more potent compounds, we have
constructed a focused library of this structural class, which
was utilized in the molecular docking studies into the G24 ATP
binding site to select a subset of novel promising molecules.
Assayed compounds enabled the initial SAR information about
the binding of this series. Furthermore, the most potent active
compounds were characterized using a wide range of
experimental techniques (experimental characterization,
Scheme 1, red) such as surface plasmon resonance (SPR),
microscale thermophoresis (MST), and differential scanning
fluorimetry (DSF). The in vitro antibacterial activity against
three different bacterial strains was determined, and finally two
most potent compounds were used in the crystallography X-ray
experiments to determine the binding mode of the most active
compounds predicted and additionally enable the retrospective
analysis of our in silico design steps and derived models.

2. RESULTS AND DISCUSSION

2.1. Design Phase I: The Structure-Based Virtual
Screening Campaign and Biological Evaluation of the
Selected Hit Compounds Starting from Clorobiocin
Binding Structural Information. In our effort to identify
novel potent gyrase inhibitors with drug-like properties, our
design starting point was the structural information embodied
in the crystal structure of the G24 protein, 24 kDa large N-
terminal part of the B subunit of DNA gyrase, cocrystallized

Scheme 1. Outline of the Computational and Experimental Work Presented in This Studya

aThe first phase of the design is presented in green, the second phase in blue, and the subsequent biophysical characterization in red. Molecular
docking, analysis and hit selection were performed in both design steps.
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with 5 (PDB ID: 1KZN). To find molecules that would retain
this efficient molecular recognition pattern, we employed

several in silico techniques as powerful drug design tools. First,
a structure-based pharmacophore model mimicking the

Figure 3. (A) Reduced structure-based pharmacophore model, created by using LigandScout software, describing the crucial interactions between
molecule 5 and the G24 protein (PDB: 1KZN). Green arrows represent hydrogen bond donors, red arrows hydrogen bond acceptors, and yellow
spheres hydrophobic areas. (B) Example of the LigandScout-generated conformation of the virtual hit 6 aligned to the pharmacophore model.

Table 1. Results of the Biological Assay of Selected Compounds 6−17 with Inhibitory Activity against the DNA Gyrase from
Design Phase I
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interactions of 5 with G24 active site environment was
generated using LigandScout software45 consisting of overall
12 pharmacophore features: two hydrogen bond donors, two
hydrogen bond acceptors, an aromatic ring, and seven
hydrophobic features (see Supporting Information, Figure S1
for the full pharmacophore model). Exclusion volume spheres
were also derived, mimicking the G24 protein environment.
To enlarge the chemical space that would be identified by the

pharmacophore model and increase the diversity of hits in the
virtual screening campaign, this initial pharmacophore was
further reduced. The reduced pharmacophore model describing
the tentative pattern of the most important interactions for
DNA gyrase B inhibition,21 without exclusion volume spheres
that modeled the spatially derived restraints of the active site, is
shown in Figure 3A (see Supporting Information, Figure S2 for
the reduced pharmacophore model with included exclusion
volume spheres). It was composed of the following elements:
one hydrogen bond donor modeling the interaction with the
Asp73 residue20 and two hydrogen bond acceptors, one
describing the interaction with the Thr165 residue via
conserved water molecule (W1001) and the other with the
Arg136 residue. Two hydrophobic interactions in the model,
the first describing the methyl group of the pyrrole moiety and
the pyrrole ring itself and the second which is located in the
place of methyl groups of the L-noviose moiety, were both
interpolated into two single hydrophobic spheres from
previously derived pairs of hydrophobic spheres, and their
tolerance was increased in size by 0.3 Å (see Supporting
Information, Figure S1 for the initial pharmacophore model).
The third hydrophobic sphere was positioned on the coumarin
moiety replacing the aromatic sphere. The remaining hydro-
phobic elements were not considered in the reduced model.
According to standard practice in VS procedures, this

pharmacophore model was successfully assessed for its ability

to recognize the bioactive conformation of 5 (see Supporting
Information, Figure S3). Subsequently, this pharmacophore
model was used in the large scale virtual screening campaign,
using a database of approximately 5 million commercially
available compounds.46 This procedure resulted in approx-
imately 400 virtual hits from different structural classes that
were able to comply with these pharmacophore features. An
example of a hit molecule (6) from 4,5′-bithiazole class
identified by LigandScout is shown (Figure 3B).
Hits obtained in the first crude step of the virtual screening

campaign were subsequently docked into the G24 active site
using the GOLD47 molecular docking tool (see Molecular
Docking Calculations, section 4.2. for GOLD parameter
settings) to explore the possible orientations of these molecules
in the ATP-binding site. A successful validation48 of the
docking model was made by redocking the molecule 5 (see
Supporting Information, Figure S4) in the ATP-binding site of
G24 protein. This binding site was defined as a 10 Å spherical
cavity around molecule 5, and a further constraint was added,
defining Asp73 as a hydrogen bond acceptor: the interaction
recognized as an essential feature for tight binding in several
structural experiments15,20 and also proficiently used in our
previous studies.43,44 The conserved water molecule, W1001,
coordinated with Asp73, Gly77, and Thr165 residues, was
included in the docking calculation. Its importance for the
successful inhibitor binding was confirmed in previous
thermodynamic and structural studies.49 The docking proce-
dure was performed by applying the GOLDScore scoring
function, and all docking solutions were visually inspected for
the crucial interactions with the ATP-binding site residues
Asp73, Thr165 (through the W1001 water molecule), and
Arg136 important for recognition of coumarin inhibitors.16

Twelve compounds from different structural classes: four
bithiazoles (6−9), two pyrazoles (10, 11), three cyanoacryla-

Table 2. Inhibitory Activity of the 4,5′-Bithiazole Compounds 6 and 18−25 against Bacterial DNA Gyrase from E. coli Selected
in Design Phase II
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mides (12−14), and one triazine (15), dihydropyrimidinone
(16) and thiadiazine(17) were selected from a pool of
approximately 400 hits by applying previously derived criteria,
and their biological activity was determined using a standard
DNA gyrase assay (see see Supporting Information, Table
S1).50 The results of the in vitro assay are presented in Table 1.
In the first design phase, only two compounds from the class of
4,5′-bithiazole-2,2′-diamines (6 and 7) were found to possess
antigyrase activity, and one of them (6) displayed inhibitory
activity in a low micromolar range with the determined IC50
value of 5.5 ± 1.0 μM. A variety of enzymes whose activity is
coupled with the ATP catalysis (e.g., the large family of protein
kinases) would also hypothetically bind the series of 4,5′
bithiazoles. An example of such binding was already observed
for the case of phosphoinositide 3-kinase (PI3K).51

2.2. Design Phase II: Virtual Screening of a Focused
Library of Compounds from the 4,5′-Bithiazole]-2,2′-
diamine Chemical Class. The first phase of our VS campaign,
described in Section 2.1, yielded a promising low micromolar
inhibitor of DNA gyrase from the chemical class of 4,5′-
bithiazole molecules. Consequently, a focused library (240
molecules) of 4′-methyl-N2-phenyl-[4,5′-bithiazole]-2,2′-dia-
mines was extracted from the eMolecules library of
commercially available compounds46 and their initial 3-D
structures were generated using OMEGA software.52 All
compounds were docked into the G24 ATP-binding site
using GOLD software, and their poses were visually inspected
for potential interactions with the amino acids residues of the
active site, particularly taking into account the previous
selection of residues: Asp73, Thr165 via the conserved
W1001 water molecule, and Arg136. Finally, eight commer-
cially available compounds were assayed for their DNA gyrase
inhibitory activity (Table 2). Two of the newly purchased
compounds (25 and 26) had slightly different structural
elements, both lacking the hydrogen bond acceptor group on
the para position of the phenyl ring, which enabled us to further
validate the importance of this interaction and expand the first
structure−activity relationship (SAR) analysis. The results of
the in vitro DNA gyrase assay are presented in Table 2. All
commercially available compounds possessing DNA gyrase
activity, 6 and 18−22, were characterized by HR-MS
techniques and their purity was determined to be ≥95% by
microanalysis. (see Section 4.3. and Supporting Information
Section 7).
The inhibition results obtained from both design phases were

first analyzed in light of our in silico model. In Figure 4, a
GOLD binding conformation of the inhibitor 6 is depicted.
Similar interaction pattern was observed throughout the 4,5′-
bithiazole series (see Supporting Information, Figure S5 for
GOLD-calculated binding modes of compounds 18 and 20).
Results of the docking process predicted the interaction of the
amide hydrogen with Asp73 residue and interaction of the 3′
nitrogen of the thiazole ring with the conserved water molecule
W1001. This shows that the 2-aminothiazole moiety is able to
fulfill the general prerequisite for gyrase inhibition by
containing this acceptor−donor interaction pattern and could
be considered a promising starting scaffold. As in our previous
study,44 the second thiazole ring appeared to be suitable linker
between the first thiazole ring and the substituted phenyl ring
and is additionally capable of hydrophobic interactions.
Furthermore, the phenyl ring substitution was shown to be of
importance, and the hydrogen bond acceptor on the para
position of the phenyl ring is apparently crucial for the

inhibitory activity. Both compounds (24, 25) lacking the
hydrogen bond acceptor on the para position were found to be
inactive (IC50 > 1000 μM). Interestingly, the compound 24
having the p-hydroxyl substituted phenyl ring was also inactive,
which is most probably the consequence of the presence of the
carboxyl group at the meta position being unable to form an
optimal interaction with the Arg136 residue. The comparison
of compounds 6 and 25 also favors this rationale. While
compound 6 showed inhibitory activity with an IC50 value of
5.5 ± 1.0 μM, compound 24 showed no activity (IC50 > 1000
μM), thus postulating that the meta substitution is not only less
favorable than the para substitution but it also leads to a
complete inactivity. Furthermore, the carboxyl group in
position R2 is preferred over the hydroxyl or acetamido
group, which is also in accordance with our model.
The group at the para position of the phenyl ring interacts

with the basic guanidyl group of the Arg136 residue (Figure 4).
In this case, the carboxyl group is capable of forming additional
ionic interaction, which contributes considerably to the
strength of binding interactions. Furthermore, in most cases,
the 2′-acetyl substitution of the 2′-amino group leads to a higher
activity of the inhibitor. The lipophilic part of the 2′ substituent
is positioned in the hydrophobic pocket of the ATP-binding
site and forms favorable hydrophobic interactions with Val43,
Val71, and Val167 residues, the only exception being
compounds 7 and 19, where the latter compound is more
active with the IC50 of 8.2 ± 1.6 μM. According to our in silico
model, the possible reason for this observation is that the
presence of the 2′-acetamido group in the case of compound 7
moves the sulfonamido group too far from the Arg136 residue,
thus disabling the optimal ionic interaction between the
inhibitor and the amino acid residue. The sulfonamido group
is apparently too bulky to be incorporated within the protein-
active site. In the case of compounds 20 and 22 (IC50 of 30 ± 3
μM and 125 ± 18 μM, respectively), the presence of the 2′-
acetyl group increases the activity by the factor of 4. The
importance of the 2′ substitution is further substantiated by the
comparison of compounds 6 and 18 (IC50 of 5.5 ± 1.0 and 1.1
± 0.2 μM, respectively), indicating that the hydrophobic pocket

Figure 4. GOLD-calculated binding mode of the VS hit compound 6
docked into the G24 ATP binding site. Amino acid residues Asp73 and
Arg136 along with water molecule W1001 important for molecular
recognition are depicted. Curved lines represent hydrophobic
interactions with residues Val43, Val71, Ile78, Ile94, and Val120,
which are omitted in this figure. A similar interaction pattern was
observed throughout the active 4,5′-bithiazole series.
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is large enough to incorporate even a propanoyl group. The
addition of another CH2 group thus increases the inhibitory
activity by a factor of 5; however, the hydrophobic pocket is
apparently too small to accommodate a benzoyl moiety, which
seems to be the main reason for the complete inactivity of
compound 8 (IC50 > 1000 μM).
All active compounds (6, 18−22) were tested for their in

vitro antibacterial activity against three bacterial strains: ATCC
29213 from Staphylococcus aureus, ATCC 29212 from Enter-
ococcus faecalis, and ATCC 49766 from Haemophilus influenzae
using the protocol as described in Section 4.4. Cefuroxime and
gentamicin were included as reference compounds. The results
of the antibacterial testing are presented in the Table 3.

Compound 22 displayed slight in vitro antibacterial activity
against all three bacterial strains, and compounds 6, 18, and 19
displayed weak antibacterial activity against the bacterial strain
ATCC 49766 from H. influenzae. Because E. coli bacterial
species, which was used in the design stages as well as the in
vitro assay of the hit compounds, was not used in the
microbiological activity study, comparison of the ATP-binding
sites was performed to inspect for potential differences of the
ATP binding site. Primary sequences of the DNA gyrase from
bacterial species E. coli, S. aureus, E. faecalis, and H. influenza
were retrieved from the Protein database, freely available at the
National Center for Biotechnology Information (NCBI).53

Multiple sequence alignment was performed using the Clustal
Omega program.54 Results of the alignment procedure are
presented in Table S3 of the Supporting Information. The
comparison revealed only negligible differences between four
bacterial strains. Second, previous investigations14,15 have
shown that the E. coli strain appears to be sensitive to similar
compounds only in Tol C form, i.e., without efflux transporter,
and such a strain was not available to us.
2.3. Biophysical and Structural Evaluation of the 4,5′-

Bithiazole-2,2′-diamine Chemical Class. 2.3.1. Differential
Scanning Fluorimetry (DSF) Experiments. The active
compounds from this novel 4,5′-bithiazole chemical class of
molecules were further investigated using different available
biophysical techniques. Their ability to stabilize the G24
protein was assessed utilizing the DSF technique by which the
thermal stability of the G24 native protein and of the protein
complex with the ligand is measured.55 Complexes with six
different ligands (6, 18−22) were stepwise heated from 25 to
95 °C in steps of 1 °C in the presence of the fluorescent dye
whose fluorescence increases when it interacts with the
hydrophobic residues of the protein. These residues become
exposed to the dye when the protein is denatured. A higher
positive shift of Tm in comparison to native protein means

higher stabilization of the complexes, which is a consequence of
the inhibitor binding. The results of the obtained melting
temperatures are shown in Supporting Information, Table S4.
Two compounds (6, 18) showed significant improvement in

the stability of the G24 protein−ligand complex; using our
design model, we were able to gain new evidence that the
carboxyl group at the para position plays an important role in
the complex stabilization by interacting with Arg136, as
suggested by our in silico model (Figure 4 and Supporting
Information, Figure S5). Furthermore, the lipophilic group that
occupies the hydrophobic pocket formed by the residues Val43,
Ala47, Val71, Val120, and Val167 also contributes to the
stabilization. The best improvement in the protein−inhibitor
complex stability was observed in the case of compound 18
with the Tm shift of 5.0 °C, which is in accordance with the
most potent DNA gyrase inhibition with IC50 of 1.1 ± 0.2 μM.
Figure 5 depicts the curves obtained in the DSF experiment for
the G24 protein−compound 18 complex (red) compared with
the native protein curve (blue).

2.3.2. Surface Plasmon Resonance (SPR) Experiments. The
binding mode of two most active compounds in the DSF
experiments (6, 18) was additionally validated with the surface
plasmon resonance (SPR) technique used for the character-
ization of the intermolecular interactions.56,57 Results of the
SPR experiments are presented in Figure 6 and revealed fast
and tight binding of inhibitors to the G24 protein at low
micromolar concentrations. The G24 protein was immobilized
on the CM5 chip, and its activity was tested and confirmed
using 1 as a standard (measured Kd of 28 nM in comparison to
19 nM in the literature).58 Both inhibitors were tested at least
eight different concentrations in three parallels depending on
the noticeable response of the immobilized protein (see Figure
S7 of Supporting Information for obtained sensorgrams of
compounds 6 and 18 at different measured concentrations),
and the Kd values were determined using Origin software with a
steady state affinity binding model (one site binding). Kd values
were in good agreement with the previously determined IC50
inhibitory activity values. The difference in Kd values clearly
shows the importance of the hydrophobic pocket (see Figure
2) occupation as the prolongation by another methyl group
resulted in an almost 10 times lower Kd value.

2.3.3. Microscale Thermophoresis (MST) Measurements.
Kd values for two molecules 6 and 18 were evaluated by using
microscale thermophoresis, an emerging new technique for
intermolecular interactions studies.59 The technique is based on

Table 3. In Vitro Antibacterial Activity of Selected
Compounds from the Class of 4,5′-Bithiazoles (in μg/mL)

compd
S. aureus ATCC

29213
E. faecalis ATCC

29212
H. influenzae ATCC

49766

6 256 128 64
18 >256 256 64
19 >256 256 32
20 >256 256 128
21 256 64 >256
22 64 32 64
Cefuroxime 0,5
Gentamycin 0,5 8

Figure 5. DSF experiment for compound 18 showing an increase in
thermal stability between the native G24 protein (blue) and G24
protein−compound 18 complex (red).
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the formation of the complex between the fluorescently labeled
protein and unlabeled ligand in a solution that is subsequently
heated with a laser. Upon heating, the migration of the complex
from the heated area occurs and the thermophoretic movement
of the fluorescently labeled molecule is measured by
monitoring the fluorescence distribution (F) inside a capillary.
The measurement signal directly corresponds to the fraction of
the bound molecules (see Figure S8 of Supporting Information
for the obtained thermogram plots), and Kd values are
calculated from the law of mass action. They were obtained
by fitting the binding curve with the quadratic solution for the
fraction of bound molecules (Figure 7). The Kd values for
compounds 6 (Figure 7A) and 18 (Figure 7B) were 51.1 and
7.9 μM, respectively, which is in reasonable agreement with the
previously determined values from the SPR experiments.

2.3.4. Structural Analysis of the G24 Protein Complex with
Compound 18. As the compounds 6 and 18 showed the
strongest inhibitory activity to the G24 protein, they were
further used in the crystallization experiments to determine the
structure of the G24 ligand complex, provide crucial structural
information for further optimization, and possibly enhance our
early in silico design steps via direct validation. Extensive initial
trials revealed some promising starting conditions, and after the
optimization process, crystals of the complexes between G24
subunit and compound 6 and 18 were grown in 0.1 M MES
(pH 6.4), 0.2 M NaNO3, and 22% PEG 3350 over a period of
two days. Unfortunately, only crystals of the G24 protein
cocrystallized with the inhibitor 18 (see Figure S10 of
Supporting Information) were of sufficient size and diffraction
quality to yield adequate diffraction data, collected in a Bessy
synchrotron (Berlin, Germany).
The atomic structure of DNA gyrase B fragment was similar

to previously published structure16 (rmsd for 182 aligned CA
atoms between 1KZN and our structure is 0.50 Å and 0.71 Å
for molecule A and B in asymmetric unit, respectively).
However, due to the improved resolution of 1.5 Å (when
compared to the previously solved closed structures of E. coli
G24 complex with different inhibitors),16 we were able to place
residues 97−108 from the flexible loop region,60 which were

Figure 6. The results of the SPR experiments for compound 6 (A) and
compound 18 (B) with the displayed calculated Kd values. RU denotes
response units.

Figure 7. MST experimental values for compounds 6 (A) and 18 (B) fitted on the binding curve.
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disordered in previous structures. The position and con-
formation of the inhibitor in the ATP binding pocket was
clearly defined by the electron density, and it was gratifying to
observe that in the determined crystal structure the
conformation of the 4,5′-bithiazole inhibitor 18 was fully in
line with our in silico model. In Figure 8A, the experimentally
determined binding mode for compound 18 is depicted within
the ATP-binding site. Structural coordinates of the refined
model have been deposited in the RCSB Protein Data Bank
under the accession code 4DUH.
The amide hydrogen of the 2′-propionylamido group forms a

direct hydrogen bond with the Asp73 residue, and the
heterocyclic 3′ nitrogen of the thiazole ring interacts with the
conserved W457 water molecule, which corresponds to W1001
in the 1KZN structure, and is further coordinated with the
Asp73, Gly77, and Thr165 residues. These two H-bonds, both
of the length 2.8 Å, together form the classical hydrogen bond
donor−acceptor interaction pattern representative for the
majority of DNA gyrase inhibitors.10,37 The para carboxylic
group on the phenyl ring forms two hydrogen bonds of 2.9 Å
lengths with the Arg136 residue as well as an additional ionic
interaction with this residue. Hydrophobic interactions between
the G24 protein and the inhibitor are formed by the propionyl
moiety, which sits in the hydrophobic pocket formed by the
Val43, Val71, Val120, and Val167 residues, and the 4′-methyl
group, which is placed in the position of the chlorine atom of 5
and interacts with Ile78 residue. The second thiazole ring,
which occupies the space where methyl groups of the sugar part
of coumarin inhibitors are placed, interacts with Ile78, Ile94,
and Val120 hydrophobic residues (Figure 8A).
An additional hydrogen bond was located between the 2-

amino hydrogen and Gly101 carbonyl oxygen (Figure 8A,B).
As glycine Gly101 is already a part of the flexible loop, its
interaction with the inhibitor most probably stabilizes the loop,
decreases its flexibility, and enhances chances for successful
crystallization as well as contributing to the enhanced binding.
Interestingly, several hydrophobic interactions with this loop
were described in the structure of the pyrrazolothiazole
inhibitor−G24 complex.14 This flexible loop, which was
extensively studied using computational approaches,60 was
additionally stabilized with the ionic interaction between
Lys103 residue from the loop and acidic residues Asp49 and
Glu50 (see Figure 8B and Supporting Information, Figure

S11). Lys103 plays a significant role in the binding of the
natural substrate ATP as observed in the native protein crystal
structure.9 It is important to note that our previous attempts to
obtain crystals of complexes with inhibitors lacking this
interaction did not meet with success. Inhibitor 18 showed
noteworthy stabilizing effect on the complex with G24 protein
as observed by DSF (Supporting Information, Table S3).
It should be noted that performing X-ray studies on the G43

fragment (gyrase B 43 kDa domain) of the DNA gyrase in
complex with the inhibitors would even further improve the
understanding of contacts with ATP binding site because it
takes into account the dimeric active form of the enzyme.
However, by using the G24 protein, a direct structural
comparison of the starting compound 5 in complex with G24
and inhibitor 18 is possible.
To compare the experimental binding mode with our in

silico model, which was used in both design stages, we
redocked compound 18 in the 4DUH structure using the same
procedure as described previously. The result of the docking
calculation is shown in Figure 9. The rms value between the
experimental (gray) and calculated (black) binding mode was
0.59 Å, confirming the appropriateness of our design model and
value for further drug design implementation. In addition,

Figure 8. (A) The position of the compound 18 in the active site of G24. Hydrogen bonds are presented with dotted lines; electronic density,
contoured at 2σ, is shown as meshed net. (B) Interactions stabilizing the flexible loop. Salt bridge formed between Lys103 and Asp49, Glu50
residues, and hydrogen bond between the amine nitrogen of inhibitor and carbonyl group of Gly101 residue.

Figure 9. Comparison of experimentally determined (gray) and
redocked (black) positions of the compound 18 in the 4DUH active
site.
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1KZN and 4DUH structures were superimposed and rmsd
value between GOLD-calculated binding modes of compound
18 in both protein structures was calculated. Only negligible
influence of the G24 protein structure on the generated docked
conformations of compound 18 was observed (see Supporting
Information, Figure S6).

3. CONCLUSION
In our continuous efforts to discover novel compounds with
antigyrase activity,10,35,36,43,44 the identification and character-
ization of a novel class of 4′-methyl-N2-phenyl-[4,5′-bithiazole]-
2,2′-diamine bacterial gyrase inhibitors within a low range of
micromolar activity (best active compound 18 with IC50 of 1.1
± 0.2 μM) is described. By utilizing a combination of in silico,
biophysical, and structural techniques43,44 starting from the
available structural data of the natural inhibitor 5 from the
coumarin class, a structure-based pharmacophore model for the
description of crucial ligand interactions was constructed,
yielding six active compounds of the 4,5-bithiazole structural
class. They were found to be low micromolar in vitro DNA
gyrase B inhibitors, and their binding mode was additionally
characterized using surface plasmon resonance (SPR), micro-
scale thermophoresis (MST), and differential scanning
fluorimetry experiments (DSF). It was gratifying to observe
that the highest increase of thermal stability of the complex
inhibitor 18−protein G24 matches the best in vitro activity of
this compound. The final proof of our design strategy was
obtained when the crystal structure of the complex of the G24
protein and compound 18 was solved at 1.5 Å. It showed good
agreement between the theoretically predicted and experimen-
tally determined binding mode consequently provoking the
advantages of the virtual screening techniques as a powerful
tool for the identification of new hit compounds in initial steps
of novel antibacterial discovery. In addition, the significance of
the inhibitor interaction with the protein loop residue Gly101
was revealed as significant factor in the binding of this
compound class. Furthermore, this class of 4,5′-bithiazole
compounds encompasses a collection of promising lead
compounds for further optimization and development to
yield novel drugs aimed to combat ever-present bacterial
infections.

4. EXPERIMENTAL SECTION
4.1. Structure-Based Pharmacophore Model Generation and

Virtual Screening Procedure. The crystal structure of the complex
between G24 DNA gyrase subunit and 5 was retrieved from the
Protein Data Bank (PDB code: 1KZN), and interactions were
examined using the LigandScout software. Subsequently, a structure-
based pharmacophore was derived for 5 (see Supporting Information,
Figure S1), and the initial number of pharmacophoric features was
reduced to obtain a sufficient molecular recognition pattern required
for ligand binding on one hand and to increase the chemical space
identified by the pharmacophore model on the other.16 The final
model used for the first phase VS campaign consisted of a hydrogen
bond donor, two hydrogen bond acceptors, and three hydrophobic
features (Figure 3A). Exclusion volume spheres were also included to
take into account the spatial constraints of the G24 protein binding
site (see Supporting Information, Figure S2 for model with exclusion
volume spheres). The pharmacophore model was according to
standard practice in VS48 successfully validated for its ability to
recognize the bioactive conformer of 5 (see Supporting Information,
Figure S3 for comparison). These results provided confidence for
subsequent virtual screening campaign. The pharmacophore model
was screened against 5 million commercially available compounds, all
previously converted into multifunctional format (25 conformers for

each compound in the database) also using LigandScout as a screening
tool. The conformers of molecules in the screening library were
generated using idbgen module available in LigandScout coupled with
OMEGA software. The default high-throughput settings were used for
the library generation (max number of output conformers per
molecule = 25, rms threshold to duplicate conformers = 0.8 Å, max
number of all generated conformers per molecule = 30000, max
number of intermediate conformers per molecule = 4000).

4.2. Molecular Docking Calculations. Molecular docking
calculations were performed using GOLD docking tool.47 To begin
with, the docking software tool GOLD was validated.48 For this
purpose, initial conformation of the molecule 5 within the G24 active
site (PDB: 1KZN) was extracted from its active site and subsequently
docked using the GOLD molecular docking package (Supporting
Information, Figure S4).47 The ATP binding site was defined as a 10 Å
cavity around 5, and a docking constrain defining Asp73 as a hydrogen
bond acceptor was added.17,20 Because of its importance revealed by
several structural studies, the water molecule W1001 located in the
ATP-active site was included in the GOLD docking studies.49 In the
validation procedure molecule 5 was docked 10 times into the defined
binding site by applying the following parameters of the GOLD
genetic algorithm (GA) (population size = 100, selection pressure =
1.1, no. of operations = 100000, no. of islands = 5, niche size = 2,
migrate = 10, mutate = 95, crossover = 95) and several different
scoring functions (GOLDscore, CHEMscore, and ASP). The best
agreement between the crystallized and docked pose was obtained
using GoldScore scoring function (rms of 0.55 Å, see Supporting
Information, Figure S4), which comprised of four components
(protein−ligand hydrogen bond energy, protein−ligand van der
Waals energy, ligand internal van der Waals energy, and ligand
torsional strain energy), and it was used further for the molecular
docking calculations of the selected compounds in both design stages.
These GOLD parameters were also used in docking of the bithiazole
focused library and redocking study of the inhibitor 18 into our newly
solved 4DUH crystal structure.

4.3. In Vitro Screening of the Selected Hit Compounds for
Inhibitory Activity and Determination of IC50 Values. The assay
for the determination of IC50 values (Inspiralis) was performed on the
black streptavidin-coated 96-well microtiter plates.50 The plate was
first rehydrated with the supplied 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 oligonucelotide was immobilized onto the wells. The
excess of oligonucleotide was then washed off, and the enzyme assay
was carried out in the wells. The final reaction volume of 30 μL
contained 1.5 U of gyrase from E. coli, 1 μg of relaxed pNO1 plasmid,
and 0.3 μL of inhibitors stock solution in DMSO. Reactions were
incubated for 30 min at 37 °C and after the addition of the TF buffer
(50 mM NaOAc pH 5.0, 50 mM NaCl and 50 mM MgCl2) which
terminated the enzymatic reaction for another 30 min at room
temperature to allow the triplex formation (biotin−oligonucleotide−
plasmid). Afterward, the unbound plasmid was washed off and the
solution of SybrGOLD stain in T10 buffer (10 mM Tris-HCl pH 8.0
and 1 mM EDTA) was added. After mixing the fluorescence
(excitation, 485 nm; emission, 535 nm) was read using a Tecan
fluorimeter. Preliminary screening was performed at inhibitor
concentrations of 500, 125, 31.3, and 7.8 μM, respectively. All actives
were further tested at 250, 62.5, 15.6, and 3.9 μM, and those showing
significant activity at 3.9 μM were also tested at 2, 1, 0.5, 0.25, and
0.125 μM depending on their activity at 3.9 μM. IC50 values were
calculated using GraphPad Prism software and represent the
concentration of inhibitor where the residual activity of the enzyme
is 50%. Obtained results are presented in Tables 1 and 2. All
commercially available compounds possessing DNA gyrase activity (6,
18−22) were characterized by HR-MS technique, and their purity was
determined by microanalysis performed on a Perkin-Elmer C, H, N, S
analyzer using a modified Pregl−Dumas method. Analyses indicated
that all elements were within 0.4% of the theoretical values. The purity
of the tested compound was established to be ≥95% (see Supporting
Information, Section 8).
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4.4. Antibacterial Activity Measurements. The antibacterial
activity study for compounds 6 and 18−22 was performed at the
Department of Microbiological Surveillance and Research, Statens
Serum Institute in Copenhagen, Denmark. Fresh overnight colonies
from 5% horse blood agar plates or chocolate agar plates were
suspended to a turbidity of 0.5 McFarland and further diluted 1:100 in
MH or HTM broth. Then 1024 mg/mL stock solutions of tested
compound were prepared in DMSO, and stock solutions of standards
(gentamicin, cefuroxime) were prepared in sterile water. To all
microtiter plates were added 50 μL of MH/DMSO (S. aureus and E.
faecalis) or HTM/DMSO (H. influenze). For control compounds, only
broth without DMSO was added. Then 50 μL of relevant solutions
were added to the first row and then diluted 1:1. A total of 50 μL of
diluted bacterial suspension was added to wells containing 50 μL of 2-
fold compound dilutions. Test range was 256−0.25 μg/mL. The plates
were incubated at 35 °C in ambient air for 16−20 h for S. aureus and E.
faecalis and 20−24 h for H. influenzae. Colony counts of the used
inoculum were correct, i.e., 1 ×106 CFU/mL, and all control
compounds were within the limits according to CLSI. All experiments
were performed in triplicate, and the results, MIC in μg/mL, are
shown in Table 3.
4.5. DNA Gyrase B 24 kDa Domain Protein Expression and

Purification. The 24 kDa domain protein was prepared according to
previously published procedure.36 The overnight culture of the E. coli
bacteria was grown for 12 h in Lysogeny broth (LB) media containing
150 μg/mL ampicillin at 37 °C with shaking (160 rpm). The culture
was inoculated in 4 × 0.5 L LB media (150 μg/mL of ampicillin) and
grown in the same conditions until the starting optical density of 0.1
reached the value of 0.5−0.7. The protein expression was induced with
the addition of 0.4 mM IPTG, and bacteria were grown for additional
3 h. After the expression, the cells were harvested by centrifugation
(5500 rpm, 4 °C, 10 min) and suspended in lysis buffer containing
0.1% deoxycholic acid. The mixture was further sonified (amplitude
40%, 1 s on, 2 s off for 3 min) and centrifuged (12000 rpm, 4 °C, 15
min). To the supernatant, a 20% streptomycin sulfate solution was
added stepwise until the final concentration of 4% was reached to
eliminate the DNA, and the dispersion was removed by additional
centrifugation (12000 rpm, 4 °C, 15 min). The supernatant containing
G24 protein was loaded onto a sepharose−novobiocin column, and
the protein was purified using affinity chromatography. Each loaded
fraction was washed with 50 mL of 20 mM Tris-HCl (pH 8.0), 0.5 M
NaCl, 25 mL of 100 mM NaAc (pH 4.0), 0.5 M NaCl, and again 50
mL of Tris-HCl buffer. Protein was eluted with 8 M urea in 20 mM
Tris-HCl (pH 7.5). Dialysis was performed 5 times overnight against
Tris buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 2 mM DTT), and
dialyzed protein was concentrated (3000 rpm, 4 °C) to the final
concentration of 10 mg/mL. The purity of the protein was analyzed by
SDS PAGE method. A volume of a protein fraction containing
approximately 10 μg of G24 protein was applied on the polyacrylamide
gel (1 mm, 12%), and 3 μL of a commercially available protein
molecular weight marker were added. The electrophoresis was run for
a period of 90 min at a constant voltage. The gel was afterward
transferred to a solution of Coomassie Brilliant Blue dye in 20% acetic
acid. After 15 min of incubation, it was washed several times with the
10% acetic acid in 30% ethanol until the complete transparency of the
gel was achieved. The purity of the protein was determined to be
>95% for each fraction as only single brands corresponding to the
molecular mass between 17 and 28 kDa were observed (see
Supporting Information, Figure S9)
4.6. Differential Scanning Fluorimetry (DSF) Experiments.

After the initial optimization, the optimal conditions 15 μL of G24
protein (2 mg/mL), 5 μL of dye (SyproOrange, 1:100), and 10 μL of
buffer (50 mM Tris-HCl pH 7.4, 2 mM EDTA) were established. In
inhibitor test, 3 μL of inhibitor in 1% DMSO (2.5 mM) were added.
The solutions were mixed and centrifuged and stepwise heated from
25 to 95 °C (1 °C/min). The fluorescence, which rises when the
protein is denatured and hydrophobic amino acid residues are exposed
to the dye, was measured three times every minute. Data were
processed using DSF spreadsheet, and Tm values were calculated by
fitting to the Boltzmann equation using Grafit.55 All the experiments

were performed in three parallels, and changes of Tm between the
native protein and the complex were calculated. The results are
presented in the Supporting Information, Table S3.

4.7. Surface Plasmon Resonance (SPR) Measurements.
Surface plasmon resonance (SPR) measurements for the compounds
6 and 18 were performed on a BiacoreX machine using CM5 sensor
chip (Biacore, GE Healthcare). The system was primed twice with
running buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 3 mM EDTA,
0.005% surfactant P20). The G24 protein was immobilized on the
second flow cell of a sensor chip CM5 using standard amino coupling
method. Briefly, the carboxymethylated dextran layer was activated
with a 7 min pulse of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxy succinimide (NHS) mixed in a 1:1 ratio.56

Protein was diluted to the final concentration of 50 μg/mL in 10 mM
sodium acetate (pH 4.5) and injected in two short pulses to reach the
final immobilization level around 17400 response units. Finally, the
rest of the surface was deactivated with 7 min injection of
ethanolamine. The first flow cell was activated with EDC/NHS and
deactivated with ethanolamine and served as a reference cell for
subtraction of nonspecific binding. Analytes were prepared as DMSO
100× stock solutions and were diluted with a running buffer prior to
the injection. They were injected at a flow rate of 30 μL/min for 90 s,
and dissociation was monitored for additional 120 s. As the
dissociation of analytes from the ligand was rapid, no regeneration
protocol was needed. For the titration of analytes, the 1% of the
DMSO was added to the running buffer in order to diminish the
difference in a refractive index between the samples and running
buffer.56

Both active compounds 6 and 18 were tested at at least eight
different concentrations (depending on their solubility) in three
parallel titrations. Some of the concentrations were injected several
times to check for the reproducibility of the binding. The sensorgrams
(see Supporting Information, Figure S7) were analyzed using BiaEval
software (Biacore, GE Healthcare). The equilibrium binding responses
were determined from the binding levels 5 s before the stop of the
injection. Kd values were determined by the fitting of the data to 1:1
steady state binding model as described in results.

4.8. Miocroscale Thermophoresis (MST) Experiments. The
G24 protein was first labeled with the commercially available NT-647
dye using NanoTemper’s Protein Labeling Kit RED (no. L001,
NanoTemper Technologies). The thermophoretic movement of the
fluorescently labeled protein in complex with selected inhibitors
(compounds 6 and 18) was measured by monitoring the fluorescence
distribution inside the capillary. The concentration of the labeled
protein was kept constant at ∼20 nM concentration, while the
concentration of the compound was varied from 125 μM, which was
further diluted to 1:1 15 times. The samples were loaded into standard
treated MST-grade glass capillaries. The intensities of the LED and
laser were 90% and 80%, respectively. After a short incubation period,
the MST analysis was performed using the Monolith NT.115.
Experimental thermograms are available in Supporting Information,
Figure S8.

4.9. 24 kDa N-Terminal Part of the GyrB Subunit
Crystallization and Data Collection. The protein was concentrated
to 10 mg/mL in 20 mM Tris-HCl buffer (pH 7.5), 3 mM EDTA, and
2.5 mM of compound 18. Crystals were grown in 100 mM MES (pH
6.4), 22% PEG 3350, and 0.2 M NaNO3 by the sitting drop method in
a period of two days. The diffraction data was collected at PX14.1
workstation at synchrotron Bessy (Berlin, Germany). The data were
processed using HKL2000 package.61 The structure was determined
by molecular replacement with Phaser62 using DNA gyrase (PDB ID:
1KZN) as a search model. The structure was refined with Refmac63

and MAIN.64 Geometric parameters for compound 18 were obtained
from Pury server.65 The data collection and refinement statistics is
summarized in Table 4.
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