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Abstract DNA gyrase subunit B, that catalyzes the hydrolysis
of ATP, is an attractive target for the development of
antibacterial drugs. This work is intended to rationalize molec-
ular recognition at DNA gyrase B enzyme – inhibitor binding
interface through the evaluation of different scoring functions
in finding the correct pose and scoring properly 50 Escherichia
coli DNA Gyrase B inhibitors belonging to five different
classes. Improving the binding free energy calculation accuracy
is further attempted by using rescoring schemes after short
molecular dynamic simulations of the obtained docked com-
plexes. These data are then compared with the corresponding
experimental enzyme activity data. The results are analyzed
from a structural point of view emphasizing the strengths and
limitations of the techniques applied in the study.
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Introduction

The continuing drug resistance developed by bacteria jus-
tifies the need to investigate new antibacterial targets that

could lead to the design of drugs with a novel mechanism of
action and without resistance issues [1]. Still, finding an
appropriate antibacterial lead using a target-based screening
approach is not an easy and cheap task [2]. A more afford-
able strategy is to investigate validated antibacterial targets
searching for new agents with different binding modes so
that known mechanisms of resistance do not affect their
inhibitory effect.

DNA gyrase is one example of a target that can be used
for this kind of strategy [3]. It is an essential prokaryotic
type II topoisomerase enzyme with no direct mammalian
equivalent that introduces negative supercoiling in DNA at
the expense of ATP hydrolysis. It participates in DNA
replication, transcription, and recombination. DNA gyrase
is a tetrameric enzyme, each monomer having two subunits,
GyrA and GyrB. The A subunit of DNA gyrase is involved
in DNA breakage and reunion while the B subunit catalyzes
the hydrolysis of ATP [4]. Inhibitors of GyrB bind to the
ATP binding pocket in the N-terminal domain of GyrB
competing with ATP which causes the interruption of
DNA synthesis and further cell death [4]. The novobiocin
reached the clinical phase but was withdrawn from clinical
use due to toxicity issues [5]. At the moment no commercial
antibiotic targets the B subunit of gyrase. However, new
chemotypes have been identified. An example is the last
structures of the Staphylococcus aureus GyrB ATPase do-
main in complex with pyrrolamide inhibitors deposited in
the Protein Data Bank (PDB) with the codes 3U2K, 3U2D
and 3TTZ [6, 7] by Prof. A.E. Eakin and colleagues.

The mode of action of many drugs is related to the
activation or inhibition they exert on biological targets.
Design of new small compounds that bind the receptors
with high inhibition strength can be guided by an in silico
study of thermodynamic properties like the binding free
energy ΔG°. The application of this strategy to the design
of new ATPase inhibitors is given by the work of Schechner
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et al. [8] where a consensus map was built by calculating the
binding free energy of different functional groups to indicate
binding sites that are insensitive to the specific protein confor-
mation. Yu and Rick have reported the use of thermodynamic
integration computer simulations to calculate the free energy,
enthalpy and entropy for the water molecules involved in hy-
drogen bonds with the inhibitors novobiocin and clorobiocin
and polar atoms of certain residues in the ATP active site [9].
Brvar et al. [10] reported a novel class of 2-amino-4-(2,4-
dihydroxyphenyl)thiazole based inhibitors with lowmicromolar
antigyrase activity. They combined molecular docking calcula-
tions with three-dimensional structure-based pharmacophore
information derived from the available description of the
cyclothialidine GR122222X binding mode.

In order to contribute to the drug discovery process of new
antibacterial agents, we attempt to evaluate in this work the
capability of different scoring functions to score a set of
Escherichia coli DNA GyrB inhibitors. The possible improve-
ment of the binding free energy calculation is further explored
by using rescoring schemes after short molecular dynamic

simulations of the obtained docked complexes. The results
are compared with the corresponding experimental enzyme
activity data and discussed in detail from a structural standpoint
identifying the strengths and limitations of these techniques
when applied to the prediction of DNA GyrB inhibition.

Materials and computational details

Data set

A set of 50 compounds was used in the study (see Fig. 1).
Specifically five indazole analogues [11], 16 4-amino-
pyrazolopyrimidine analogues [12], 13 cyclothialidine de-
rivatives [13, 14] and 16 novobiocin derivatives [15–18]
were used to model the inhibition of the E. coli DNA GyrB
subunit (see Table S1 in the Supplementary material for
structural detail of every compound).

The experimental enzyme activity data have been reported
elsewhere describing the in vitro supercoiling assay where the

Fig. 1 General structure of the
compounds used in the study
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introduction of superhelical turns into a relaxed plasmid (plas-
mid and enzyme from E. coli) is determined by gel electro-
phoresis and expressed as the maximum noneffective
concentration (MNEC in μg mL-1) [11] [12] [13, 14] or the
concentration of a drug that is required for 50 % inhibition in
vitro (IC50 in μg mL-1 only in the case of the novobiocin
derivatives) [15–18].

We also collected six crystallographic structures of DNA
GyrB complexed with five different inhibitors. The inhibitors
with their ID in the dataset, PDB code, organism and resolution
of the x-ray structure are: I) novobiocin(ID50) (1AJ6 [19] PDB
code, E. coli, 2.30 Å and 1KIJ [20] Thermus thermophilus
2.30 Å); II) clorobiocin(ID44) (1KZN [21] E. coli, 2.30 Å);
III) GR122222X(ID34) [22] kindly provided by Prof. D.
Wigley (E . coli , 2.10 Å); IV) one indazole [11]
(3-((4-(benzyloxy)-1H-indazol-3-yl)methylthio)benzoic acid
(ID5), 12b24.pdb Staphylococcus aureus, 2.36 Å) and V) one
4-amino-pyrazolopyrimidine [12] (3-(4-amino-1-(3,5-
dichlorophenyl)-3-ethyl-1H-pyrazolo[3,4-d]pyrimidin-
6-ylthio) benzoic acid (ID8), 13b24.pdb Staphylococcus au-
reus 2.3 Å) from Prof. D. Kostrewa.

Ligand preparation

The 50 molecules were sketched in the ChemDraw Ultra
[23] software package and their SMILES notations were
generated. The 3D structure of the compounds was built
with programs from OpenEye Scientific Software Inc,
makefraglib and OMEGA version 2.3.2 [24]. Atomic partial
charges were assigned using the AM1BCC partial charge
model from the Molcharge software included in QUACPAC
version 1.3.1 (QUality Atomic Charges, Proton Assignment
and Canonicalization) [25]. The structure of the GyrB
subunit complexed with cyclothialidine GR122222X was
used as the query file to specify the coordinates for the core
substructure of the cyclothialidine-like input molecules. The
protonation of the ligands was defined using the calculator
plugins for pKa included in MarvinSketch 5.4.1.1[26].

Receptor preparation before the molecular docking experiment

Following the fact that the flexible loop 2 of the GyrB has
been described to be in an open conformation in complexes
involving phosphate free compounds [27], the use of this
structure seems to be a rational approach to apply in virtual
screening of possible GyrB inhibitors. For this purpose, the
coordinates for the receptor structure were taken from the
crystal structure of the E. coli GyrB—clorobiocin (CBN)
complex, PDB code 1KZN [21]. The missing coordinates of
the flexible loop 1 (residues His83 to Glu86) were taken from
the PDB entries 1EI1 [28] (E. coliGyrB43-ADPNP structure).
Since these residues are identified as His82A, Pro82B,
Glu82C and Glu82D in the 1KZN file when reporting missing

residues, a conversion of the numbering of residues between
Gly83 and Ala96 into Gly87 and Ala100 was executed to
match the numbering in the E. coli sequence described so far.

On the other hand, the missing coordinates of loop 2
(residues Gly101 to Val118 in E. coli) were taken from the
PDB entry 1KIJ [20] (T. thermophilus GyrB43-NOV) based
on the facts that both have an open conformation and that both
species show about 77.8 % of sequence identity in that region
(14 out of 18 residues are the same) [20]. The Dali server was
used for superimposing the structures from 1EI1 and 1KIJ
with the one from 1KZN for extracting coordinates of loop 1
and loop 2 respectively. The pertinent mutations were carried
out in the case of loop 2 as described in a previous work [29].

A short MD simulation was performed including the
clorobiocin (CBN) ligand to stabilize the loops while keep-
ing the rest of the protein restrained as previously reported
[30]. A crystal water molecule (HOH1 in 1KZN), that has
been reported to be conserved in the complex of DNA
gyrase B with ATP and other inhibitors, was kept in the
receptor structure [11, 20–22, 31–34].

Docking experiments. Scoring and rescoring calculations

Autodock4.2 [35] was used to look for the best poses while
docking the different ligands in the active site. Autodock4.2
atom types were assigned to the protein and ligand structures
and Gasteiger charges were added to the receptor. The protein
and ligand structures were saved only with polar hydrogens
(the hydrogens which are bound to C were united into the
carbons) in the PDBQT format by using AutoDockTools
(ADT) version 1.5.4 [36]. All possible torsions were activated
in the ligands and amides were allowed to rotate.

Different grid boxes were generated with ADT. The first
box was set based on the binding site defined by all the protein
residues within 6 Å from the atoms of the two biggest in-
hibitors (clorobiocin and GR122222X) of the data base whose
x-ray coordinates were at our disposal. This grid box had the
center in position (26.002 Å, 37.59 Å, 36.35 Å) with 38, 56
and 44 points in the x, y and z dimensions respectively with
spacing step of 0.375 Å. Six more boxes were generated by
increasing the size (i.e., increasing number of points in the x, y
and z dimensions but keeping the spacing step of 0.375 Å) to
explore the possible influence of the defined binding pocket
on the docking simulations. The description of every box used
in the analysis is given in Table 1.

The Lamarckian genetic algorithm was run 50 times per
molecule under the following conditions: number of individ-
uals in population equal to 150, maximum number of energy
evaluations 2,500,000 and maximum number of generations
27,000. The protein structure was considered as rigid during the
docking. The other Lamarckian genetic algorithm parameters
related to the local search were set to the default values pro-
posed in the Autodock program.
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The pose prediction accuracy of the five inhibitors whose
crystallographic structures were available was assessed by
the root mean square deviation (RMSD) of the docked
structure from the crystal structure. A threshold value of
2.0 Å was considered for defining the docked pose success-
fully. The binding pose of the rest of the compounds (nine-
tenths of the data set) was evaluated following the ideas
behind the interactions-based accuracy classification
(IBAC) scheme described by Kroemer et al. [37]. According
to this, the quality of the predicted pose is ascertained by
visually comparing to the crystallographic reference structure
regarding the hydrogen-bonded and other key ligand-protein
interactions by parts, first the scaffold and then the remaining
fragments. The pose was deemed correct in case of conserving
all the key interactions, nearly correct when some relevant
interactions (up to a quarter) were not reproduced and incor-
rect if more interactions are missing.

Only random starting conformations of the ligands were
used as input to perform the docking experiments. The
visual analysis of the poses of the docked ligands and their
interactions with the protein, especially the hydrogen bond-
ing network as well as all the molecular graphics images
were performed using the UCSF Chimera package [38].
Figures in this manuscript describing binding modes of the
ligands are shown in 3D using wall eye stereo camera for
better understanding.

The scoring functions Shapegauss [39], PLP[40],
Chemgauss3, Chemscore [41], OEChemscore and
Screenscore [42], available in the Fast Rigid Exhaustive
Docking (FRED) program, were used to score the best
docked poses from Autodock4.2 in order to explore their
performance in correlating the activity values and the pre-
dicted binding energies. In addition, the Zapbind function
[43] was used to rescore the molecules. This is a function
that combines a surface area contact term and an electro-
static interaction calculated using the Poisson-Boltzmann
(PB) solvent approximation.

For this aim the receptor was prepared by using the
FRED receptor program version 2.2.5 [44]. The conditions
will be explained in terms (put in quotation marks “”) of this
software's graphical interface.

The ligands clorobiocin and GR122222X were kept in the
receptor to define the active site. The docking site detection
was done using the “molecular method” that is based on
multiple molecular probes which are small molecules
representing the shapes of druglike molecules. The docking
event is more favorable in those regions where more probes
dock. The top docking scores of the probes are used to
generate a shape potential field which is the negative image
of the active site and it is used as a first quick filter to select the
best docking poses of the ligand molecules [44–46]. The
quality of the shape potential was defined as “medium” fol-
lowing the reasons described in our previous work [30]. The

resulting box volume was 10,080 Å3, with contours of 61 Å3

inner and 1699 Å3 outer. The final receptor was saved con-
sidering the hydrogen bond constraint with Asp73 residue and
the conserved crystal water molecule (HOH1 in 1KZN). The
docking solutions obtained by Autodock4.2 (i.e., the best pose
found for the compounds), were first refined using the Merck
molecular mechanics force field [47] and then scored by the
different scoring and rescoring functions included in FRED
and previously mentioned here. This refinement allows a full
coordinate optimization of the ligand atoms while the protein
is held rigid providing a fairer basis for the comparison of the
performance between the scoring/rescoring functions under
analysis [48].

Molecular dynamics simulation and MM-PBSA/MM-GBSA
as rescoring functions

Molecular mechanics—Poisson-Boltzmann surface area
(MM-PBSA) [49] and generalized Born (MM-GBSA) [50,
51] are endpoint methods that combine molecular mechan-
ics and continuum solvent calculations to analyze binding
free energies. Usually, conformational ensembles from a
single molecular dynamics simulation of a complexed sys-
tem in explicit water are used to extract the conformational
snapshots for complex, ligand and receptor that will be
combined with a continuum solvent model to calculate their
free energy contributions [52].

The binding free energy is then calculated as the differ-
ence between the energy of the complex and the two un-
bound binding parts. The energy of every component is
considered as the sum of the vacuum and the solvation
energy. The vacuum energy term comprises the enthalpy,
calculated by the molecular mechanics force field, and also
the gas phase entropy which has translational, rotational and
vibrational contributions being the last one determined by
normal mode analysis. The solvation free energy contribu-
tions are calculated using a continuum solvent model where
the electrostatic component is estimated by the Poisson-
Boltzmann formulation or the alternative generalized Born

Table 1 Information about the different grid box generated by using
ADT

Box
number

Center position Number of points in the
x, y and z dimensions

1 26.00 Å, 37.59 Å, 36.35 Å 38×56×44

2 26.00 Å, 36.80 Å, 37.00 Å 40×60×48

3 26.00 Å, 36.80 Å, 37.80 Å 40×60×52

4 26.00 Å, 36.80 Å, 37.50 Å 42×60×54

5 25.40 Å, 36.80 Å, 37.50 Å 46×60×54

6 25.40 Å, 37.50 Å, 37.50 Å 46×64×54

7 26.00 Å, 37.59 Å, 36.35 Å 60×64×60
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model and the non-polar contribution to the solvation is
linearly dependent on the solvent accessible surface area
(SASA) [53].

In this work, MD simulations of the resulting docked struc-
tures were performed by using the AMBER package (version
10) [54] considering the protein or the ligand free of constraints
as described in more detail in our previous work [29]. The
Antechamber program [55] was used for the preparation of the
ligands. The general AMBER force field (GAFF) was chosen
for the ligands [56] and the ff03 force field for the protein [57,
58]. The explicit water model consisted in a truncated octahe-
dral box of water molecules (TIP3PBOX) [59] keeping at the
same time the conserved water molecule also included in the
docking experiment. Na + ions were added for electrostatic
neutrality. The assignment of the protonation state of the histi-
dine residues in the active site was done based on the pKa
calculations for the wild type protein reported by Schechner et
al. [8], which also has been used by Yu et al. [9]. The proton-
ation of the histidine residues in the active site was as follows
(E. coli PDB numbering): 37 HID, 38 HIP, 55 HIE, 64 HIE, 83
HIE, 99 HIP, 116 HIP, HID136, 141 HIE, 147 HIP, 215 HIE,
and 217 HIP, (HID is the Nδ tautomer, HIE is the Nε tautomer,
and HIP is doubly protonated) [8, 9, 29]. We followed the
typical scheme of the simulation covering the minimization
and heating as well as the equilibration process of the system
first at constant volume and switching then to constant pressure
as described in our previous work [29]. The production simu-
lations covered a period of 2 ns in total with a time step of 2 fs.
Long-range electrostatics interactions were estimated by the
particle mesh Ewald (PME) method [60] with a non-bonded
cut off distance of 10 Å. The covalent bonds with hydrogen
atoms were constrained applying the SHAKE method [61].
Periodic boundary conditions were applied to all dimensions.
After equilibration, coordinates were saved every 200 steps
(0.4 ps) for a total of 5000 snapshots collected. Enthalpy
calculations were performed using 2500 snapshots from 2 ns
of the molecular dynamics simulations with 0.8 ps time
intervals. Due to the computational expense of the nmode
calculations, entropy was calculated using 20 snapshots
from molecular dynamics simulations with 100 ps time
intervals.

Results and discussion

Molecular docking results. Binding mode analysis

After running molecular docking simulations under the dif-
ferent grid box conditions, the successful reproduction of
the binding mode of the five reference compounds whose
crystallographic structures were available (ID5, ID8, ID34,
ID44 and ID50), was assessed by estimating the RMSD.
The results of this experiment are shown in Table 2.

As can be seen, only the use of box 1, with the smallest
size, led to RMSD values lower than 2 Å for every reference
compound. Using other boxes we found deviations mainly
in the poses predicted for compounds like novobiocin
(ID50), cyclothilidine compound GR122222X (ID34) and
the pyrazolopyrimidine ID8. For example, the deviation of
the docked poses of novobiocin was found in the coumarin
and butenylbenzamide substructures. In the cyclothilidine
compound GR122222X (ID34), the positions of the resor-
cinol and 12-membered lactone ring moieties were close to
the one found in its crystallographic structure but the R5
substituent (−NH-3Hyp-Ala, see Table S1 for structural de-
tails) showed deviations. The most critical case was the
binding prediction of the pyrazolopyrimidine ID8. By in-
creasing the size of the original box it was found that the
pyrazolopyrimidine was predicted to be posed closer to the
surface of the cavity thereby loosing the hydrogen bond
with Asp73.

Despite that the definition of box 1 can seem narrow to
properly accommodate all selected ligands, all the residues
forming the cavity of the protein, including part of loop 2,
are contained in this box. By increasing the size of the box,
we include other residues from loop 2 (in open conforma-
tion) and in general, more surface of the protein that are
supposed to be in contact with the solvent (which is not
taken into consideration explicitly in the docking experi-
ments) and are not part of the cavity. This increment is not
efficient and can lead to the distortion of the pose of sub-
stituents of compounds like novobiocin and GR122222X
(see Fig. S1 in the Supplementary material for graphical
representation of different boxes).

Based on the accurate reproduction of the binding mode
of the reference compounds by using grid box 1 we decided
to apply the same conditions in the docking simulation of
the rest of the compounds in the data set.

Following the IBAC scheme described by Kroemer et al.
[37] the interactions established by the rest of the com-
pounds in the active site were compared to the ones
established by the crystallographic references analyzing first
the scaffold and then the remaining fragments of the mole-
cules. Those compounds whose scaffold differed from the
ones of the respective reference in chirality were not
assessed by this scheme. The most important interaction
included in the derivation of IBAC criterion to classify a
pose as correct was the hydrogen bond between the con-
served water molecule (HOH1), Asp73 and the ligands.
Such interaction pattern was observed in most of the com-
pounds. In general, the pose found by molecular docking for
these compounds was classified in the majority of the cases
as correct since all the key interactions with the protein were
displayed. The other interactions considered for the classi-
fication of the pose are explained next in details for every
subset of congeneric compounds.
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In the case of the pyrazolopyrimidine analogues (ID6-ID21),
π-stacking to the salt bridge Arg76-Glu50 [62] either from 4-
hydroxy-coumarin or a 3-mercapto benzoic acid substituent
was predicted. The phenyl group linked directly to the pyrazole
moiety was involved in lipophilic interactions with Ile94. The
acid group of 3-mercapto benzoic acid derivatives established
ionic interactions with Arg136 while analogues with 4-
hydroxy-coumarin substituents interacted with this residue by
hydrogen bonding. Bigger substituents (in comparison with the
ones in the reference structure) as acetamide and butylurea
(−NHCONH(CH2)3CH3) were located in a similar pocket as
the isopentenyl group of the novobiocin (NOV) inhibitor. Sub-
stituents on the amino group of the pyrazolopyrimidine ana-
logues like cyclopropyl (compounds ID9 and 15) and ethyl
(compound ID10) interacted in the region of the hydrophobic
pocket with residues Val43, Ala47, Val71, Gln72 and Val167,
similar to the methylpyrrole ring of ligand clorobiocin (CBN)
(see Fig.S2 in the Supplementary material).

The binding mode of indazole analogues (ID1-ID5) resulted
similar to the one predicted for the pyrazolopyrimidines given
the common substituents these subsets share; coumarin frag-
ment and 3-mercapto benzoic acid. Only in the case of
3-phenyl-1H-indazole (compound ID1) the orientation differed
from the rest of the compounds in this subset. At first sight
compound ID1 could be classified as incorrect but since its
structure differs to a large extent from the reference ID5 be-
cause of the phenyl group attached directly to the indazole, we
considered that we did not have enough information for clas-
sification. Its best pose is predicted to be anchored in a deep
hydrophobic pocket enhancing hydrophobic interactions be-
tween the indazole and the residues Gln72, Val71, Val167
and Val43. The phenyl substituent interacts with Met95 and

Val120. Nevertheless, the hydrogen bond between the NH
group of the indazole and Asp73 is observed (Fig. 2).

When analyzing cyclothialidine derivatives, the positions of
the resorcinol and 12-membered lactone ring moieties (ID22-
ID34) were found to be similar to the one in the GR122222X
reference and comparable to previous docking reports [63, 64].
However, both predictions present shifted lactone ring hydro-
gen bonding the Asn46 side chain NH2 which is not observed
in the reference GR122222X-GyrB x-ray structure since the
Asn46 amide side chain has a 180o flipped conformation
regarding the docking receptor structure (see Fig. S3 and S4
in the Supplementary material). We considered then the pose
predicted for these compounds as nearly correct.

The binding mode predicted for the novobiocin ana-
logues (ID35-ID50) was very similar to the one of the
reference crystallographic structures of novobiocin and
clorobiocin which has been described in detail before [19,
22, 27, 65]. Lamarckian GA reproduced the bent conforma-
tion of the butenylbenzamide substituent starting from a
random generated input structure.

The best pose ranking achieved by using Autodock4.2
ranged between 1 and 3 for all the compounds of the data set
(see Table S2 of Supplementary material).

Activity vs. Scoring. Molecular dynamics simulations.
Rescoring functions. Good news?

Table 3 shows the correlation coefficients between the
scaled values of DNA supercoiling inhibiting activity
(log(Activity)) and the scoring function energy values for
every congeneric set of compounds. All experimental en-
zyme activity data was converted from μg mL-1 into μM

Table 2 Parameters resulting
from the Autodock4.2 molecular
docking simulations of the five
reference structures in the data
using seven different grid boxes

aRank and energy are related to
the Autodock4.2 search algo-
rithm output models

ID Parametersa Box number

1 2 3 4 5 6 7

ID5 RMSD 1.05 2.38 1 1.44 0.9 1.81 1.24

Rank 1 1 1 1 1 1 1

Energy −9.15 −8.90 −8.84 −8.67 −8.94 −9.02 −8.89

ID8 RMSD 0.84 5 4.69 4.65 – 4.82 3.66

Rank 1 22 24 24 – 23 16

Energy −9.78 −6.46 −6.30 −6.34 – −6.20 −6.61

ID34 RMSD 1.66 2.54 2.1 2.25 2.64 2.42 3.29

Rank 1 1 1 1 1 1 1

Energy −10.64 −11.25 −11.38 −12.38 −12.17 −11.19 −10.33

ID50 RMSD 1.5 4.32 2.75 2.63 6.74 4.32 2.68

Rank 1 6 7 5 2 6 5

Energy −7.42 −6.02 −6.02 −6.23 −6.46 −6.67 −6.67

ID44 RMSD 1.7 1.84 1.84 4.11 4.26 4.63 1.56

Rank 2 2 2 1 2 25 3

Energy −8.75 −7.25 −7.26 −8.33 −7.68 −5.38 −8.67
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units for a better correlation with the kcal mol-1 units
counting for the energy (for individual scoring function
values see Table S2 of Supplementary material).

The performance of the scoring functions varied from
one subset to another. The strongest correlation was found
for the indazole analogues by using the scoring function
from Autodock4.2 (R=0.896) as well as a correct ranking-
order. This was followed by Chemgauss3 scoring function
in the case of cyclothialidine like compounds (R=0.755).
Pyrazolopyrimidine and novobiocin analogues were consid-
ered lack of any correlation. As can be seen, the molecular
docking algorithm used in the study had a better perfor-
mance predicting the correct binding poses, which in many
cases was identified as the best-docked pose with the lowest
energy, than predicting binding affinities.

Improved correlations were found when using rescoring
functions for indazole and pyrazolopyrimidine analogues.
However, for cyclothialidine compounds, the rescoring corre-
lation was lower (MM-PBSA R=0.628) when compared to
the scoring functions Chemgauss3 (R=0.755), Autodock4.2
(R=0.645) and Screenscore (R=0.650).

The MM-PBSA method performed better than the rest of
the rescoring functions except for the pyrazolopyrimidine
analogues where the correlation when using Zapbind was
slightly higher (R=0.417; MPBSA R=0.399) (for individual
rescoring function values see Table S3 of Supplementary
material). To find the source of the problems in the correla-
tions, we will discuss every subset separately.

Indazole analogues subset (ID1-ID5)

Autodock4.2 was the only one able to predict compound ID4
as the most active one thus perfectly ranking the indazole
analogues (ID1-ID5) subset. Moreover, the favorable effect
of the refinement applied to the structure before using the
Zapbind function and the MM-PB(GB)SA rescoring led to
enhanced interactions thereby improving the correlation and
the ranking of the compounds of this subset.

In general all the scoring and rescoring functions recog-
nized the more favorable effect of the bicyclic coumarin
over the monocyclic benzoic acid moiety (ligands ID3 and
ID5 respectively). This is an example of expected successful

Fig. 2 Binding mode
prediction for indazole ID1.
Carbon atoms of the reference
ligand (ID5) are in magenta
color and the ones of compound
ID1 are in light blue. The
interacting residues are in green
as well as their surface

Table 3 Values of calculated
correlation between scoring and
rescoring functions with the ac-
tivity for every subset of com-
pounds in the study

Indazoles
derivatives

Pyrazolopyrimidine
analogues

Cyclothialidine
derivatives

Novobiocin
derivatives

Compounds ID1-ID5 ID6-ID21 ID22-ID34 ID35-ID50

Autodock4.2 0.896 −0.167 0.645 0.082

Shapegauss 0.566 0.082 0.427 0.155

PLP 0.568 0.133 0.584 0.168

Chemgauss3 −0.103 −0.098 0.755 0.078

Chemscore 0.76 0.123 0.622 0.107

OEChemscore 0.579 0.006 0.538 0.097

Screenscore 0.384 0.295 0.650 0.220

Zapbind 0.84 0.417 0.416 0.041

MM-PBSA (ΔG(PB)-subt) 0.972 0.399 0.628 0.142

MM-GBSA (ΔG(GB)-subt) 0.952 0.279 0.604 0.132
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application of the rescoring methods in scoring/ranking since
it is a very small subset where the compounds display signif-
icant structural differences leading to dramatic changes in the
activity that are well captured by the functions.

Pyrazolo-pyrimidine analogues subset (ID6-ID21)

Both, scoring and rescoring functions overestimated the
affinity of pyrazolopyrimidine analogues with alkyl substit-
uents at the 4-amino group (cyclopropyl in ID9 and ID15,
ethyl in ID10) which are experimentally around 30 and 14-
fold less active than the reference analogue of this subset
(ID8). Drawing an analogy with the methylpyrrole of
clorobiocin inhibitor [29], these alkyl groups displace two
water molecules (1021.water and 1046.water in the GyrB-
ID8 x-ray structure, see Fig. S5 in Supplementary material)
from the hydrophobic pocket. From experimental thermo-
dynamic data reported for GyrB bound to coumarins
clorobiocin and novobiocin [19, 21, 31, 66] it has been
described how the more favorable enthalpy driven by keep-
ing these water molecules upon binding of novobiocin to
GyrB is affected by an entropic cost leading to a better
binding free energy and activity for clorobiocin. Interestingly,
the enzymatic activity data of pyrazolopyrimidine analogues
under analysis show that alkylamino compounds are less ac-
tive. These data suggest that freezing the alkyl substituents
might cause entropic penalty comparable to keeping water in
the pocket. To explore this, a newMD simulation was run with
the docked conformation of 4-amino- pyrazolopyrimidine ID8
including the two crystal water molecules interacting with the
amino group. The further calculation of its free binding energy
was done by means ofMM-PB(GB)SAmethods (for enthalpy)
and the normal mode method (for entropy). In addition, the
entropy for 4-alkylamino-pyrazolopyrimidine analogues ID9,
ID10 and ID15 was also estimated. Table 4 shows the results.

Although the predicted enthalpy energy for the GyrB-ID8
interaction was enhanced by including the ordered water
molecules at the protein hydrophobic pocket-ligand interface
(ΔG(PB)-subt=−41.30 kcal mol-1 and ΔG(GB)-subt=−43.09
kcal mol-1 without water; ΔG(PB)-subt=−44.15 kcal mol-1 and

ΔG(GB)-subt=−52.83 kcal mol-1 with water) it did not surpass
the enthalpy predicted for binding of 4-alkylamino derivatives.

Entropy evaluation helped to explain the activity ranking of
the 4-alkylamino analogues. Among these alkylamino com-
pounds, the higher binding free energy of ID9 (with ethyl) was
given by a combination of a higher enthalpy, explained by the
smaller size of the substituent decreasing hydrophobic contact
in the pocket, and an entropic cost (similar to keeping water
molecules in the GyrB-ID8 simulation) due to the freezing of
a more flexible ethyl regarding the cyclopropyl group (in ID15
and ID9) upon complexation.

The effect of the protonation state of the 4-hydroxyl-
coumarin pyrazolopyrimidines analogues on the MD simu-
lations will be discussed together with the novobiocin
analogues.

Cyclothialidine analogues subset (ID22-ID34)

The typical bias produced by the assignment of the
more favorable score to larger compounds, due to the
larger pair-wise interactions was found in most of the
scoring functions (e.g., cyclothialidine Ro 09–1437 with
ID33 in data, Table S2). One of the main issues in this
subset is the scoring of different stereoisomers. The
majority of the scoring functions identified as the most
active steroisomer cyclothilidine analogues those ones
with the C4(R) and C7(S) configuration in agreement
with the enzyme activity data [67] (See Table S2).
Compounds like ID25(C4(R)/C7(R)), ID26(C4(S)/C7(S))
were correctly ranked by the scoring functions while
MM-PB(GB)SA method did not distinguish a significant
difference in their energies (See Table S3). All the
scoring and rescoring functions failed predicting the
inactivity of compound ID27 with the C4(S)/C7(R) con-
figuration. An additional problem was that no scoring or
rescoring functions identified molecule ID32 as the most
active compound in the subset.

Analyzing first the binding mode of compounds ID24 till
ID27 it was seen that the methoxyformyl substituent
(COOMe) was predicted to interact either with Arg136,

Table 4 Binding free energy values for 4-alkylamino (hydrophobic pocket water free) and 4-amino (including water) -pyrazolopyrimidines-GyrB
complexes

ID ΔG(PB)-subt ΔG(GB)-subt TSTOT ΔG(PB)-total ΔG(GB)-total −log(MNEC)

ID8 −44.15 −52.83 −22.26 −21.89 −30.57 −0.27

ID15 −45.39 −56.02 −17.64 −27.75 −38.38 0.88

ID9 −45.61 −53.86 −19.65 −25.96 −34.21 1.20

ID10 −41.90 −51.04 −22.06 −19.84 −28.98 1.21

TSTOT is the total entropy parameter comprising the translational, rotational, and vibrational entropy of the solute (TS=temperature multiplying the
entropy). ΔG(PB)-total andΔG(GB)-total are the final binding free energy values that include the effect of the entropy. Values of energy are reported in
kcal mol-1 units.
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Arg76 and Pro79 when linked to C4(R) configuration (ID24
and ID25) or with Pro79 and Ile94 in the case of C4(S)
(ligands ID26 and ID27). Furthermore, COOMe is affected
by the C7 configuration. Though in all stereoisomers the
carbamate group of the t-butoxyformamide substituent at C7
was predicted to interact with Phe104, the t-butyl fragment
interacted whether with Asp49 for C7(S) configuration (ID24
and ID26) or close to residues of loop 2 like Asp105, Val118,
Lys110 and Tyr109 for C7(R) (in ID25 and ID27). Compound
ID25 is not close enough to Arg136 to establish hydrogen
bonding with its COOMe substituent at C4(R). So far, these
differences in the stereoisomer binding modes are reflected in
the correct ranking predicted by the scoring functions for
compounds ID24, ID25 and ID26. Conversely, during the
MD simulations the t-butoxyformamide substituent at C7(S)
(ID24 and ID26) gets a conformation similar to the one found
in the docked conformation of compounds with C7(R) (ID25
and ID27) and rotations of the bond connecting the carbonyl
group from the methoxyformyl substituent to C4 are ob-
served. This might justify the similar energies predicted by
the MM-PB(GB)SA for ligands ID24, ID25 and ID26. How-
ever, it seems that our models shift the lactone macrocycle of
ID27 from the reference binding mode avoiding expected
clashes but still displaying hydrophobic interactions that lead
to overestimated energy score values.

On the other hand, compound ID32 is structurally similar
to compounds ID30 and ID31. They have a 3-methyl-1,2,4-
oxadiazol-5-yl attached to C4 and no substituent at C7. The
main difference lies in that ID31 and ID32 are 6-thioxo
lactones while ID30 is a 6-oxo lactone. ID32 also has a
hydroxymethyl group at C8(S) of the lactone ring which is
predicted to interact with residues Asn46 and Val118.

The scoring functions Autodock4.2 and Chemscore as
well as the rescoring functions Zapbind and MM-
PB(GB)SA could not rank these compounds predicting neg-
ative correlations between the two parameters, energy and
activity, instead (Table 5, correlation Exp1 row).

Analysis of MD simulations of the GyrB-ID32 complex
based on RMSD calculations showed that the most flexible
regions comprised residues from loop 2 and Arg136 and
Asn46 with its surrounding residues Lys110, Glu42 Val118
and Val120 (Fig. S6 in Supplementary material) where the
Asn46 side chain is very exposed to the solvent. Therefore,
the Asn46 side chain conformation was analyzed in the
enzyme structure used in the docking experiments (from
pdb entry 1KZN) and the crystallographic structure of the
DNA gyrase bound to the inhibitor GR122222X.

In the 1KZN structure, the NH2 from Asn46 side chain
points to the protein-ligand interface establishing van derWaals
interactions with the clorobiocin noviose sugar and a hydrogen
bond with Water1162 while the main chain makes hydrogen
bonds with residues Glu42, Val43 and Asp49. The Asn46 side
chain NH2 has the opposite orientation in the GyrB-
GR122222X x-ray structure and is stabilized by a hydrogen
bond with Glu42. The side chain carbonyl (CO-Ans46) dis-
plays van derWaals interactions with GR122222X. The Asn46
backbone interacts by hydrogen bonding with Glu50 and Wa-
ter92 (see Fig. S7 in Supplementary material).

The MolProbity web service [68] was used then, to
analyze the Asn46 side chain in the crystallographic struc-
ture of the DNA gyrase bound to the inhibitor GR122222X.
The program REDUCE [68] that considers all-atom steric
overlaps was used to pick out the residues that might be
flipped to improve the quality of the structure. After analyz-
ing the GyrB-GR122222X x-ray structure, there was no
evidence that a flip for the Asn46 side chain was needed
(Rotamer data 45.6 % (m-80) chi angles: 281.9, 276.3).

To study the effect of this flip on the scoring and rescoring
we performed additional experiments. After manually rotating
the Asn46 side chain in the docking receptor to obtain the
same rotamer as in the x-ray GyrB-GR122222X complex,
new molecular docking, MD simulations with further energy
calculations were performed for ID30, ID31 and ID32 (see
Table 5, Exp2 for results).

Table 5 Energy predictions for compounds ID30, ID31 and ID32 under the two different conditions of experiments

log(MNEC) Autodock4.2 Chemgauss3 Chemscore Zapbind ΔG(PB)-subt ΔG(GB)-subt

ID32(Exp1) −1.66 −7.97 −86.85 −21.81 −12.29 −31.68(5.69) −41.36(3.53)

ID31(Exp1) −1.33 −8.43 −83.81 −22.32 −12.03 −42.27(3.85) −47.44(2.89)

ID30(Exp1) −0.91 −8.12 −79.96 −22.61 −12.18 −44.31(3.50) −47.94(3.05)

Correlation Exp1a – −0.25 1.00 −0.97 0.36 −0.90 −0.87

ID32(Exp2) −1.66 −8.53 −88.76 −19.05 −18.91 −27.85(5.83) −41.36(3.60)

ID31(Exp2) −1.33 −8.34 −87.07 −21.03 −13.03 −39.35(4.24) −46.51(3.10)

ID30(Exp2) −0.91 −8.20 −85.05 −20.04 −13.01 −32.81(4.46) −42.08(2.87)

Correlation Exp2a – 0.99 1.00 −0.44 0.83 −0.37 −0.06

Exp1 and Exp2 denotes the conditions of the two experiments. Exp1 = NH2 of Asn46 side chain pointing to the cavity; Exp2 = carbonyl of the
Asn46 side chain pointing to the cavity. a Pearson r correlation coefficient between activity (log(MNEC) and scoring energy values from the
different functions calculated for the sample containing only compounds ID30 to ID32
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After flipping the Asn46 side chain the new binding
mode predicted for these compounds showed more resem-
blance to the reference regarding to the position of the
macrocycle. The hydrogen bonding pattern between the 3-
methyl-1,2,4-oxadiazol-5-yl substituent at C4 and Arg136
was found in all the complexes while ID32 was the only
ligand able to make a hydrogen bond with the Asn46 side
chain given its hydroxymethyl substituent making the differ-
ence in binding energy with the rest of the subset (see Fig. 3).
In general, improvements in correlations were observed for
the scoring and rescoring functions. It seems that the solvation
parameter has a significant influence in the successful predic-
tion of the binding energy of these compounds justifying the
improvement in the predictions of scoring functions like
Autodock4.2 [35] and Zapbind function [43], that include
solvation parameter, with respect to Chemscore [41]. It is
important to note the advantages of the Zapbind method in
this subset over theMM-PB(GB)SAmethodwhichmakes use
of expensive MD simulations. Zapbind method is able to rank
correctly these compounds when starting from a correct bind-
ing pose while the MM-PB(GB)SA results are negatively

influenced by the fluctuations of some residues in the binding
interface during the MD simulations.

Furthermore, Autodock4.2 was used to dock molecules
clorobiocin, GR122222X and ID32 into the enzyme using
the same protocol as before but considering the Asn46 side
chain flexible. In all cases the docked solutions showed a
flip in the Asn46 side chain leading to the rotamer observed
in the Gyr-GR122222X x-ray structure in agreement with
the MolProbity results.

Novobiocin derivatives subset (ID35-ID50)

The protonation state of the ligands had an important influ-
ence on the complex stability along the MD simulations and
the relative binding free energy calculated byMM-PB(GB)SA
methods in this subset. Based on the pKa values calculated by
MarvinSketch 5.4.1.1, primary and secondary 4-amine-
coumarin analogues were protonated (ID35 to ID37) while
4-hydroxy-coumarin were deprotonated (ID45 to ID49).
However, the assignment of the protonation state was not
trivial for 4-hydroxy-coumarin derivatives novobiocin and

Fig. 3 Binding mode
prediction for compounds
ID30(cyan carbons),ID31 (dark
blue carbons) and ID32 (green
carbons) under the conditions
of experiment 2. The binding
mode predicted for compound
ID31 (element colored) under
conditions of experiment 1 has
been display for comparison

Fig. 4 pKa values calculated
by MarvinSketch 5.4.1.1 to
estimate the protonation state of
the compounds in the subset
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clorobiocin compounds (ID50 and ID44 respectively) since
their pKa values were close to the physiological pH 7.4 (see
Fig. 4). The rest of the compounds in the novobiocin ana-
logues subset were considered neutral.

In most of the crystal structures available in the PDB, the
flexible loop 2 has not been resolved due to disorder of the
region. So far we can mention three structures, the pdb entry
KIJ [20] (novobiocin ligand in T. thermophilus 2.30 Å),
3G7E [33] (pyrazolthiazole based ligand in E. coli 2.20 Å)
and the very recently published structure 4DUH [34] (4,5′-
bithiazole based ligand in E. coli 1.5 Å) whose loop 2 co-
ordinates have been completely or partially given. In these
structures some interactions have been described that contrib-
ute to the stabilization of loop 2. In the 1KIJ structure, the
novobiocin interacts with residues Lys102, Phe103, Lys109

and Val117 (equivalent to Lys103, Phe104, Lys110 and
Val118 in E. coli numbering), in 3G7E, residues Gly102,
Phe104, Asp105 and Asp106 are involved in hydrophobic
interactions with the pyrazolthiazole inhibitor while in
4DUH, a salt bridge formed by Lys103, Asp49 and Glu50,
as well as a hydrogen bond between the amine nitrogen of the
inhibitor and a carbonyl group of Gly101 are found.

Likewise, the complexes involving deprotonated 4-
hydroxy-coumarins based compounds like novobiocin de-
rivatives (ID45 to ID49) and pyrazolopyrimidine analogous
(ID12 to ID20), were stable along the MD simulations. In
both cases loop 2 was stabilized by interaction of the
deprotonated hydroxyl either with Lys103 side chain or with
Phe104 side chain (CB) in the case of novobiocin deriva-
tives and pyrazolopyrimidines respectively (Fig. S8 in

Table 6 Binding free energy (kcal mol-1) predictions by MM-PB(GB)SA for deprotonated 4-hydroxyl-coumarins

ID R1

ΔG(PB)-

subt

ΔG(GB)-

subt

TSTOT
ΔG(PB)-

total

ΔG(GB)-

total

log(IC 50)

ID49 −43.96 −53.62 −24.35 −19.61 −29.27 −1.13

ID48 −43.59 −54.61 −25.79 −17.80 −28.82 −0.62

ID46 −42.51 −48.94 −25.16 −17.35 −23.78 0.10

ID47 −40.55 −48.66 −26.55 −14.00 −22.11 1.28
H
N

H
N

H
N O

H
N O

Table 7 The influence of the different protonation states on the MD simulation and the calculation of relative binding free energy by MM-
PB(GB)SA methods for 4-hydroxyl-coumarins, 4-methylamine-coumarin, 4-(1-methylpiperazine)-coumarin and 4-piperazyl-coumarin

ID/(charge) Log(IC50) ΔG(PB)-subt ΔG(GB)-subt ID/(charge) Log(IC50) ΔG(PB)-subt ΔG(GB)-subt

ID49/(0) −1.13 −38.36(4.66) −51.69(4.34) ID44/(0) −0.68 −45.04(5.68) −66.86(3.40)
ID49/(−1) −1.13 −43.96(4.52) −53.62(4.11) ID44/(−1) −0.68 −43.54(5.56) −52.94(5.45)

ID48/(0) −0.62 −42.35(4.12) −51.80(3.44) ID50/(0) −0.39 −39.44(4.94) −44.82(4.95)
ID48/(−1) −0.62 −43.59(5.25) −54.61(4.73) ID50/(−1) −0.39 −37.34(5.01) −41.27(6.59)

ID45/(0) −0.48 −29.42(3.97) −36.45(2.84) ID36/(0) −0.7 −45.82(4.20) −56.93(3.22)
ID45/(−1) −0.48 −39.02(5.56) −41.09(4.02) ID36/(+1) −0.7 −39.46(4.47) −48.16(3.70)

ID46/(0) 0.1 −38.36(4.25) −48.77(3.15) ID37/(0) −0.64 −45.20(4.64) −57.93(3.60)
ID46/(−1) 0.1 −42.51(5.65) −48.94(4.31) ID37/(+1) −0.64 −43.49(4.64) −55.84(3.45)

ID47/(0) 1.28 −35.33(4.69) −42.24(4.32) ID35/(0) −0.54 −38.96(4.31) −45.20(3.12)
ID47/(−1) 1.28 −40.55(4.34) −48.66(3.36) ID35/(+1) −0.54 −34.43(4.79) −43.14(3.64)
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Supplementary material). Longer residence times of interac-
tions exhibited at protein-ligand interfaces were typically
related to stronger interaction energies that were captured
by MM-PB(GB)SA calculations.

However, deprotonation had a detrimental effect in the
simulations involving novobiocin (ID50) and clorobiocin
(ID44) where the butenylbenzamide substituent of both
ligands adopted an extended conformation being accessible
by the solvent.

Similar to pyrazolopyrimidine ID8, the enthalpy was
underestimated for compound ID45 by MM-PB(GB)SA
method because the two water molecules at the hydropho-
bic pocket interface were not included in the simulation.
MM-PBSA technique correctly ranked compounds ID46
to ID49 identifying the more favorable effect of alkyloxy
over the alkylic substituents. The entropy calculation
showed that those compounds with more rigid substituents
(ID49 and ID46) displayed a lower entropy penalty
(shown in Table 6).

Complexes involving protonated 4-amino coumarin ana-
logues ID35 and ID36 resulted unstable in terms of RMSD
along the MD simulation (Fig. S9 in Supplementary
material). Fluctuations were observed in these ligands
(coumarin substructure with animo group) and residues
Arg136 and Gly77 as well as a more open conformation of
loop 2 leading to the loss of interactions and thus,
underestimated binding free energy values derived from
MM-PB(GB)SA methods. Interestingly, GyrB-ID37 complex
was stable in both protonation states of the ligand (NH2 and
NH3

+) due to interactions between the piperazyl substituent
and the Asn107 side chain stabilizing loop 2 during the
simulation (Fig. S9). These data suggest that the more rigid
the coumarin-substituent substructure the more stable the
GyrB-ligand interface interaction during the MD simulations.
The relative binding free energy for the complexation involv-
ing the compounds under analysis estimated by the MM-
PB(GB)SA methods is shown in Table 7 in neutral and
charged states.

Conclusions

A comprehensive study of the performance of different
molecular modeling tools for the in silico calculation of
the binding free energy ΔG related to the inhibition of the
DNA GyrB24 subunit of E. coli inhibition by a diverse set
of ligands is presented. The study shows that the Lamarck-
ian genetic algorithm as implemented in Autodock4.2 is a
useful tool that can be used to predict the possible binding
mode of potential new DNA GyrB inhibitors. A valuable
benefit of this algorithm is its capability to handle, with
adequate accuracy, the flexibility of the Asn46 side chain
whose conformation is affected upon ligand binding.

However, as in the case of many docking studies on other
targets, the performance of the different assessed scoring
functions aimed at the prediction of the DNA GyrB24
subunit of E. coli inhibition was not successful in all the
subsets of congeneric compounds. The study also shows that
although rescoring schemes (based on MM-PB(GB)SA) in-
troduce improvement, these techniques are of limited value
when used in virtual screening. These energy calculations are
very dependent on the stability of the structure along the MD
simulations, which is also reliant on the stabilizing effects of
the ligand on residue Arg136 and at least a few anchoring
points in the flexible loop 2. In this sense we found that rigid
ligand substituents close to loop 2 can have a more favorable
effect on the stabilization of loop 2 which can be taken into
account when designing new GyrB inhibitors.

A limitation of the MM-PB(GB)SA method is the accu-
racy in ranking analogues that differ in whether they have a
substituent interacting with residues Val43, Ala47, Val71
and Val167 replacing two water molecules from the cavity.
The technique overestimates the enthalpy contribution of
large ligand substituents in this pocket compared to the
energy obtained in the presence of the two water molecules.

However, the normal mode method is able to capture the
entropic cost of either keeping the two water molecules in
the protein-ligand interface or displacing the water mole-
cules by flexible substituents interacting in the deep pocket.
These results suggest that when designing GyrB inhibitors,
the addition of planar and rigid substituents that interact
with the hydrophobic pocket can have an entropic favorable
contribution to the complex formation and hence to the
GyrB inhibitory activity.

In general we can conclude that despite the limitations,
the technique is useful to get insight into DNA GyrB
ATPase inhibition that can be used to support the further
rational design of inhibitors.
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