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HIGHLIGHTS
¢ Flavonoids potentially target GyrB.
e Screened flavonoids have good bioavailability and no toxicity.
e Flavonoids could preferentially interact with GyrB and some of them exhibit higher binding affinity

towards GyrB than novobiocin.

Abstract: Clostridium difficile infection (CDI) is the most common hospital acquired diarrheal disease with its
increasing incidence and mortality rate globally. DNA Gyrase B (GyrB) is a key component of DNA replication
process across all bacterial genera; thus, this offers a potential target for the treatment of CDI. In the present
study, several virtual screening approaches were employed to identify a novel C. difficile GyrB inhibitor. The
139 known metabolites were screened out from the 480 flavonoids in PhytoHub database. Molinspiration and
PROTOX Il servers were used to calculate the ADME properties and oral toxicity of the metabolites, whereas
mutagenicity, tumorigenicity, irritant, and reproductive effect were predicted using DataWarrior program. The
binding mode and the binding efficiency of the screened flavonoids against the GyrB were studied using
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FlexX docking program. From virtual screening of 139 metabolites, we found 25 flavonoids with no
mutagenicity, tumorigenicity, irritant, and reproductive effect. Docking study suggested that flavonoids 1030
((-)-epicatechin 3'-O-sulfate), 1032 ((-)-epicatechin 4'-O-sulfate), 1049 (3'-O-methyl-(-)-epicatechin 4-O-
sulfate), 1051 (3'-O-methyl-(-)-epicatechin 7-O-sulfate), 1055 (4'-O-methyl-(-)-epicatechin 7-O-sulfate) and
1317 (quercetin sulfate) have significantly higher binding affinity than the known GyrB inhibitor novobiocin.
The results from molecular dynamics simulation and free energy calculations based on solvated interaction
energy suggested that (-)-epicatechin 3'-O-sulfate could be a potential drug candidate in the management of
CDI.

Keywords: Clostridium difficile infection; Virtual screening; ADMET.

INTRODUCTION

Clostridium difficile, a gram-positive spore-forming anaerobic bacterium, is one of the leading pathogens
that cause nosocomial infections [1]. Clostridium difficile infection (CDI) is the most common hospital acquired
diarrheal disease with its increasing incidence and mortality rate globally. There are many reports regarding
community acquired C. difficile infections (CA-CDI) that sprung in the U.S. between 1991 and 2005 [2, 3]. A
CDiI clinical symptom ranges from asymptomatic colonization to life-threatening colitis. CDI is caused by
being in contact with C. difficile spores, receiving treatments like regular intake of antibiotics that could destroy
the normal microflora of the intestinal tract, and the absence of well-being of the person such as old age,
critical current diseases, decreased immune response, and damaged immunity [3]. Symptoms of CDI include
watery diarrhea, fever, loss of appetite, nausea, and abdominal pain or tenderness. However, many bacterial
development processes depend mainly on local unwinding of duplex DNA to transcribe its genetic information
[4]. To determine consequent DNA supercoils, knots, and recombination intermediates, many
microorganisms including bacteria have an advanced class of enzymes known as topoisomerase that
relieves the adverse impacts of overwound and entangled chromosomes [5]. The most widely studied
member of type IIA topoisomerase is DNA gyrase. DNA Gyrase B (GyrB, Figure 1), consists of the N-terminal
ATPase domain, whereas the C-terminal region includes Toprim domain and Tail based [6-8]. GyrB utilizes
the energy of ATP hydrolysis to introduce negative supercoils into DNA. It is vital for all types of bacteria, due
to its key role in the process of transcription and replication [6,8]. Inhibiting GyrB by small molecules has
been an important mechanism in the treatment of bacterial infections. Many GyrB inhibitors have been
reported with antibacterial activity such as novobiocin, coumermycin Al, clorobiocin, etc. which are
categorized as aminocoumarin [7]. Among them, novobiocin is the most potent and widely used antibiotic to
target GyrB [9-11]. It is also known as “golden era” of antibiotics as this was the first drug in the category of
aminocoumarins [12] for the treatment of bacterial diseases. Novobiocin is a natural product which is isolated
from the bacteria streptomyces [13]. It competitively inhibits GyrB at the ATPase domain of the bacterial DNA
gyrase enzyme which is involved in the energy transduction [14]. Novobiocin binds to DNA gyrase, blocking
its activity [7,11]. However, it is withdrawn from the market due to its side effects and efficacy issues [7]. In
addition, novobiocin has been found to be ineffective and resistant [11,15] towards many bacterial species
such as Staphylococci [7,16], facilitating their spread, which leads to bacterial infection. Therefore, there has
been a keen interest in the exploration of potential plant-derived small molecules against GyrB for the
treatment of CDI and to overcome the infection problem.

Flavonoids are well known category of phenolic compounds [17] and are widely found in various fruits
and vegetables such as soy, honey, tea, nuts, and wines [18]. They have various medicinal properties such
as antiviral, antimicrobial, antiallergic, and anti-inflammatory properties [18]. Notably, flavonoids have been
used as dietary supplements or herbal medicines due to their nontoxic therapeutic effects [19]. Several
flavonoid analogs have been reported to inhibit GyrB by interacting with the ATPase domain [20]. Moreover,
quercetin, a widely known flavonoid, binds to the ATP-binding pocket of GyrB with a Kp value of 15 yM and
inhibits the ATPase activity of GyrB [21]. Recent studies also highlight that molecular dynamics simulation is
one of the vital techniques these days and it has significant impact in understanding the dynamic behavior of
the protein complex and the structural and functional elements changes at atomic level [22-25]. Computer
aided simulations are also utilized in several areas of research such as identification and optimization of
potent inhibitors to explore drug resistance mechanism and to determine protein-protein interactions [26,27].
In the present study, we aimed to replace the antibiotics which damage the normal flora of the intestine [28-
30] by introducing plant-derived compounds which can have potential health benefits and limited or no side
effects. Thus, we screened flavonoids from the PhytoHub database [31] to identify a potential candidate
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against CDI. The obtained results could possibly provide further valuable insights into CDI and will help to
gain better understanding of the role of GyrB as target in the treatment of CDI.

P

Novobioci

Hydrophobicity Hydrophilicity

Figure 1. The 3D homology model of the ATPase domain of C. difficile GyrB protein, in which novobiocin in the ATP-
binding pocket is shown in yellow stick. The coordinate of novobiocin was obtained from the PDB entry 1KIJ [32].

MATERIAL AND METHODS

Homology modeling

Homology modelling is a process where the three-dimensional structure of a protein is modelled using a
known experimental structure of a homologous protein or its template [33]. The amino acid sequence of the
protein was retrieved in FASTA format from Uniprot database (UniProtkKB - Q18C89). The 3D structure of
GyrB of C. difficile was modeled using SWISS-MODEL server [34,35] using Thermus thermophilus GyrB in
complex with novobiocin (PDB ID: 1KIJ [32]) as template. Subsequently, the stereochemical quality of the
3D structure was evaluated using RAMPAGE: Ramachandran Plot Assessment, online version [36]. This
program predicts the conformation of the polypeptide backbone via the phi/psi torsion angles from the amino
acid sequence. If the determination of the structure is reliable, it is presumed that most pairs will be within
the core or the favored regions of the plot. All ionizable amino acids (D, E, K, R, and H) of the protein were
protonated at pH 6.0 using PROPKA 3.0 [37]. In addition, the AMBER ff14SB force field [38] was applied for
the protein. In the present study, the protonated structure was used for further analysis.
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Figure 2. Diagrammatic representation of the work done in the present study.

ADMET Analysis

ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) properties play a key role in the
process of drug screening as it accounts for the failure of almost 60% of drugs in clinical phase trials. Thus,
it is very important to carry out ADME analysis in the early phase of drug development. In order to eliminate
the molecules with poor bioavailability, the various molecular descriptors and physiochemical properties were
calculated for all 139 known metabolites of flavonoids from PhytoHub database and novobiocin used as
reference drug by employing Molinspiration program (http://www.molinspiration.com). It calculates
physicochemical parameters such as miLogP, molecular weight, TPSA (topological polar surface area) value,
the number of hydrogen bond acceptor, hydrogen bond donor and rotatable bonds. These physiochemical
properties are 9 together contributed to formulate Rule of Five (Lipinski Rule of Five) [44]. Subsequently, the
oral toxicity analysis was performed using ProTox-1l server [45]. The oral toxicity analysis is a very important
part for the process of drug design and development. The ProTox calculation is based on 2D similarity to
molecules exhibiting known LDsg values and on the recognition of chemical fragments that were over-
represented in compounds found to be toxic [46]. According to the Globally Harmonised System (GHS),
toxicity is categorized into the six different classes based on LDso range [47] published by the Occupational
Safety and Health Administration (OSHA) [48] (Supporting Information Table S2).

Toxicity feature valuation

The analysis for toxicity parameters were carried out by employing DataWarrior program for the screened
molecules from ADMET analysis. The toxicity features (mutagenicity, tumorigenicity, irritant and reproductive
effect) of the compounds were estimated based on the precompiled lists of fragments available using the
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algorithm that gives rise in the toxicity alerts in case that the compound structure is similar to that of the list
of toxic fragments [48].

Molecular docking

The protonation state of each molecule was determined at pH 6 using MarvinSketch implemented in
ChemAXxon software [49-51]. Protonation state has major role in the protein ligand binding. Also, the docking
results depends on several factors such as protonation sites of protein and the ligand [52,53]. Then, the initial
structure of ligands were generated using Gaussian program according to the standard protocols [54-56].
The optimized ligands were individually docked into the ATPase domain of GyrB with 100 docking runs using
FlexX docking program [57]. FlexX docking is a best enrichment tool in structure-based drug design. It helps
to generate precise poses of a ligand structure in target protein binding site. Moreover, it docks huge
compound libraries by using ultra-high speed docking [58].The poses are scored and the conformer with the
lowest docking score was considered to be the most probable binding confirmation of the ligand to the protein.

System Preparation and MD simulations

The antechamber and parmchk modules of AMBER16 were employed to generate the restrained ESP
charges and missing parameters of all studied compounds. The bonded and non-bonded interaction
parameters for the protein were treated with the AMBER ff14SB force field26 and generalized AMBER force
field version 2 (GAFF2) [59], accordingly. The hydrogen atoms were added using the LEaP module
implemented in AMBERL16. In solvation, the TIP3P water model [60] was used in order to solvate the system
with a minimum padding of 10.0 A between the protein surface and the solvation box edge, and the box
dimensions were approximately set to 114 x 97 x 92 A3, To neutralize the overall charge of the molecular
system, either sodium or chloride ions were randomly added. Minimization of the added hydrogen atoms and
water molecules were carried out using 500 steps of steepest descent (SD) followed by 1500 steps of
conjugated gradient (CG) methods prior to run the MD simulations, while the rest of the molecules were fixed.
Subsequently, each protein-protein complex was minimized by means of SD (500 iterations) and CG (1500
iterations) with constrained solvent molecules. Lastly, the whole complex was fully minimized using the same
procedure.

The studied systems were simulated under the periodic boundary condition with the isothermal—isobaric
(NPT) scheme, as previously described [61-65]. In short, the electrostatic interactions were treated by the
particle mesh Ewald summation method [66] and a cutoff distance for non-bonded interactions was set to 10
A. The SHAKE algorithm [67] was employed to constrain all covalently connected hydrogen atoms.
Controlling the temperature and pressure were done by the Langevin thermostat [68] with a collision
frequency of 2 ps? and the Berendsen barostat [69] with a pressure relaxation time of 1 ps, respectively. In
the heating step, temperature in each simulated system was gradually increased from 10 to 300 K set for
200 ps with a harmonic positional restraint of 30.0 kcal/mol A? to the Ca atoms of protein. Subsequently, four
steps of restrained MD simulations at 300 K were responsible for equilibrating the system of each complex,
while harmonic restraints were set to 30, 20, 10 and 5 kcal/mol A2 for overall 1300 ps and another 200 ps
without any restraint. The entire system was then simulated under the NPT ensemble (300 K, 1 atm) until
reaching 50 ns. The MD production for all systems was set to 50 ns by increasing the time step in a 2-fs
increment, while each MD trajectory was saved every 10 ps.

To evaluate the binding affinity, the total binding free energy (AGeinding) Of €ach complex was calculated
based upon solvated interaction energy (SIE) [70] approach. The general terms to estimate AGping Of @ protein
with a ligand in a solvent system are expressed in Equation 1 below.

AGping (SIE) = alpha (AEvaw + AEeie + RF + cavity) + constant (1)

For this purpose, the MD trajectories were extracted for 100 snapshots from the last 10 ns (40-50 ns) of
the MD production in order to calculate each energy component, which collectively represents the AGyinging Of
each simulated protein-ligand complex. All data used to represent protein-ligand interactions and the binding
free energies calculations were done by using the CPPTRAJ [71] and MMPBSA.py [72] modules of
AMBER16, respectively.
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RESULTS

Generation of 3D model and validation

The quality of the modeled structure of ATPase domain of C. difficile GyrB protein generated by Phyre2
was evaluated using PROCHECK software [73]. The Ramachandran plot is displayed in Figure 3, and the
results showed that the psi and phi angles are mainly presented in favored and allowed regions (99%),
indicating a reliable model.

Virtual Screening (VS) is a computer-based technique which helps to identify new potent molecules that
binds to the target protein efficiently [39]. This approach is becoming popular in the pharma industry for the
identification of lead molecule [40]. It helps to screen against a target protein specificaly, to a limited number
of compounds that inhibit a maximum chance to a lead to be a drug candidate [40]. VS approach is mainly
employed for screening large data set of compounds in a short time period and at low cost [41]. There are
two types of VS approaches ligand (pharmacophore based) or structure-based (docking) VS techniques
which are broadly used in high-throughput screening [42]. However, the widely used VS technique is
molecular docking, where a drug candidate is placed into the active site of the target protein virtually and its
binding affinity is calculated based on binding energy scores [43]. Figure 2 shows the flow of the VS work
carried out in the present study.
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Figure 3. Ramachandran plot displaying structure validation of the ATPase domain of C. difficile GyrB protein.

ADMET analysis

In the process of drug development, many drug failures occur at early and late discovery pipeline
because of poor ADME (Absorption, Distribution, Metabolism, and Excretion) and toxicity properties [48, 73-
75]. Therefore, it is important to address these issues in the early phase of drug discovery. Herein, the 139
flavonoids (known metabolites) were extracted from a total of 480 flavonoids from the PhytoHub database
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and were then considered for the ADMET analysis. Initially, Molinspiration program [48, 76] was employed
to calculate various principal descriptors of ADME based on Lipinski rule of five for all molecules. Keeping
the threshold value as O nviolations, the flavonoids were screened out. For instance, there were 62 out of
139 known metabolites violating the Ro5. Thus, 77 molecules were in comparable zone with O nviolations
(Figure 4). Subsequently, these 77 molecules were subjected to oral toxicity analysis [45,48,77,78].
Moreover, the focused molecules were evaluated their toxicity based on the LDsg and Tox class values [45].
Out of 77 molecules, 35 compounds were found to be in criteria (listed in Table S1). Finally, these 35 known
flavonoids metabolites were then subjected to toxicity parameter assessment (Figure 5, discussed later).
Note that, there are several reported flavonoids which follow the Lipinski rule of five and possess the
acceptable ADMET properties. Some of the widely known flavonoids have shown good ADMET properties
with many biological properties such as anti-microbial, anti-cancer, anti-inflamatory, etc. as reported in
previous studies [79-81]. Epicatechin and catechin, well known flavonoids, have shown good ADME
properties with zero voilations and were found to exhibit anti-inflammatory against phospholipase A2, COX,
LOX and anti-proliferative activity towards cervical, colon cancer respectively [82]. Gossypetin and Taxifolin,
the known antiviral inhibitors, were found to be in range of Lipinski rule of five demonstrating their potential
to be a drug like candidate [83]. This is another confirmation showing that flavonoids have good bioavailability
with various biological activities. The 2D structures of all 35 flavonoids were represented in Figure S1.
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Figure 4. ADMET analysis of small molecules using Molinspiration and ProTox server.

Toxicity assessment

A total of 35 flavonoids which efficaciously passed the Lipinski Rule of Five and oral toxicity analysis was
exposed for toxicity analysis. The flavonoids were screened out in comparison to the reference GyrB inhibitor
novobiocin. The graphical representation for toxicity criteria was plotted using DataWarrior program (Figure
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5). The spheres in blue, red, and green colors indicate the high toxicity, low toxicity, and no toxicity,
respectively. After calculations, only 25 flavonoids (i.e., 662, 1030, 1032, 1033, 1036, 1049, 1050, 1051,
1054, 1055, 1146, 1241, 1256, 1278, 1282, 1317, 1365, 1419, 1455, 1747, 1752, 1772, 1040, 1057 and
1059; Figure S1) were found to have no mutagenicity, tumorigenicity, irritant, and reproductive effect, in good
agreement with the reported biogical activities [81, 82, 84-86]. Therefore, these molecules were then
subjected to binding affinity prediction against the ATPase domain of GyrB using molecular docking analysis.

high

Dataset Name Novobioe
A 1773 Dataset Name r—
4 high

high none high none
(a) Mutagenicity (b) Tumorigenicity
‘Datasevt Na‘sm.n : Dataset Néme
high low none s; 2 high
@

low none high

none

(c) Irritant (d) Reproductive effect

Figure 5. Toxicity analysis for 35 known metabolites of flavonoids in terms of (a) mutagenicity (b) tumorigenicity (c)
irritant and (d) reproductive effect.
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Molecular docking

To identify the most potent candidate for the treatment of CDI, the screened 25 molecules were docked
into the ATPase domain of C. difficile GyrB using FlexX program. The docking score of each flavonoid is
summarized in Figure 6. The obtained results revealed that the reference GyrB inhibitor novobiocin showed
the docking energy of -19.00 kcal/mol, and among 25 flavonoids, there were seventeen compounds that
show good binding affinity in the range of the novobiocin (i.e., 662 (isorhamnetin; -24.26 kcal/mol), 1033 ((-
)-epicatechin 5-O-sulfate; —22.35 kcal/mol), 1036 ((-)-Epicatechin sulfate; -23.83 kcal/mol), 1050 (3'-O-
Methyl-(-)-epicatechin 5-O-sulfate; -23.47 kcal/mol), 1054 (4'-O-Methyl-(-)-epicatechin 5-O-sulfate; -23.19
kcal/mol), 1241 (epicatechin; —22.00 kcal/mol), 1241 (epicatechin;-22.00 kcal/mol), 1256 (4-(1-
Carboxyphenyl)beta-D-glucuronic acid; -25.24 kcal/mol),1278 Isovanillic acid-3-O-sulfate; -20.36 kcal/mol),
1282 (methylvanillate;-12.86 kcal/mol), 1365 (calycosin; -20.89 kcal/mol), 1419 (petunidin; —19.52 kcal/mol),
1455 (malvidin; —20.78 kcal/mol), 1747 (3'-O-methyl-epicatechin; —20.89 kcal/mol), 1752 (4-hydroxybenzoic
acid -3-sulfate; —18.17 kcal/mol), 1040 ((epi)catechin O-sulfate; —24.01 kcal/mol), 1057 (4'-O-
methyl(epi)catechin O-sulfate; —22.23 kcal/mol) and 1059 (4'-O-Methyl(epi)gallocatechin O-sulfate; -20.76
kcal/mol). Interstingly, there were six flavonoids showing the significantly higher binding strength than the
novobiocin, including 1030 ((-)-epicatechin 3'-O-sulfate), 1032 ((-)-epicatechin 4'-O-sulfate), 1049 (3'-O-
Methyl-(-)-epicatechin 4-O-sulfate), 1051 (3'-O-methyl-(-)-epicatechin 7-O-sulfate), 1055 (4'-O-Methyl-(-)-
epicatechin 7-O-sulfate) and 1317 (quercetin sulfate) with the docking energy of —30.10, —29.42, -27.75, —
27.71, —28.79 and —26.41 kcal/mol, respectively. Notably, the docked orientation of these flavonoids in the
ATP-binding pocket of GyrB was somewhat similar to that of novobiocin (Figure 7). Altogether, these six
flavonoids could likely be potent molecules for the treatment of CDI.
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Figure 6. FlexX docking score for 25 flavonoids in complex with the ATPase domain of C. difficile GyrB protein. Note
that the top six compounds with docking energy significantly lower than the novobiocin ((i.e., 1030 ((-)-epicatechin 3'-O-
sulfate), 1032 ((-)-epicatechin 4'-O-sulfate), 1049 (3'-O-Methyl-(-)-epicatechin 4-O-sulfate), 1051 (3'-O-methyl-(-)-
epicatechin 7-O-sulfate), 1055 (4'-O-Methyl-(-)-epicatechin 7-O-sulfate) and 1317 (quercetin sulfate)) are highlighted in
blue boxes.

(-}-Epicatechin 3'-O-sulfate
(-)-Epicatechin 4'-Osulfate
¥'-0-Methyl{-)-epicatechin 4-O-sulfate
¥-0-methyl{-}-epicatechin 7-O-sulfate
4'-0-Methyl{-}-epicatechin 7-O-sulfate
Quercetin sulfate

Novobiocin

B000000

Figure 7. Superimposed structures of 1030 ((-)-epicatechin 3'-O-sulfate), 1032 ((-)-epicatechin 4'-O-sulfate),
1049 (3'-O-Methyl-(-)-epicatechin 4-O-sulfate), 1051 (3'-O-methyl-(-)-epicatechin 7-O-sulfate), 1055 (4'-O-

Brazilian Archives of Biology and Technology. Vol.64: €21200402, 2021 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

10 Verma, K.; et al

Methyl-(-)-epicatechin 7-O-sulfate) and 1317 (quercetin sulfate) from the docking study with that of novobiocin
in the ATP-binding pocket of GyrB.

The overall binding mode of top six compounds in the ATP-binding pocket is illustrated in Figure 8. The
dashed line represents hydrogen bond (H-bond), whereas green color label represents hydrophobic residues
and spline segment highlights the hydrophobic contact. In all of the top compounds, F103 residue of GyrB
was involved in the hydrophobic interaction. (-)-Epicatechin 3'-O-sulfate interacted with GyrB, forming H-
bonds with N45, E49, R75, G76, K102 and F103, whereas E49, R75, G76, 177, P78 and F103 were involved
in hydrophobic interactions (Figure 8a). (-)-Epicatechin 4'-O-sulfate could form eight H-bonds with D98, H98,
A99, K101, V117 and R22 from the N-terminal arm of the other monomer residues, whereas hydrophobic
interactions were observed between residues D48, G100, F103, G104, K109, V117, R22 and the ligand
(Figure 8b). 3'-O-Methyl-(-)-epicatechin 4'-O-sulfate was found to form eight H-bonds with E41, N45, D48,
H98, K101, R22 and hydrophobically interact with G100, F103, G104, G116 and V117 (Figure 8c). H-bonds
formed between 3'-O-Methyl-(-)-epicatechin 7-O-sulfateand GyrB included residues R75, G76,K102, F103
and T164, while E49, R75, G76, 177, P78, F103 and K109 made hydrophobic contacts with this compound
(Figure 8d). 4'-O-Methyl-(-)-epicatechin 7-O-sulfate formed seven H-bonds with residues N45, D48, H98,
A99, G116 and R22 and hydrophobically contacted with D48, H98, G100, F103, K109, G116, V117 and R22
(Figure 8e). The inteaction of Quercetin sulfate and GyrB involved seven H-bonds with residues N45, D48,
R75, G76 and K109 and hydrophobic contacts with residues R75, P78, F103 and K109 (Figure 8f).
Novobiocin interacted with GyrB, forming four H-bonds with residues Q9, R75, K109 and G116, while
hydrophobic interactions with this compound was made by residues R75, P78, F103, K109, G116, V117 and
R22 (Figure 8g). However, the the docked novobiocin orientation in complex with ATPase domain of C.
difficile GyrB was different from the crystal structure of ATPase domain of T. thermophilus GyrB in complex
with novobiocin [32] due to the differences between the two bacterial species.

It should be noted that the hydroxyl group (-OH) group on the phenyl ring of the flavonoids were mainly
involved in the H-bond formations. Altogether, the interaction pattern of all the top six flavonoids shares some
key binding residues with the reference novobiocin. This highlights the importance of the present study as it
analyzes potent compounds that could efficiently replace novobiocin which could bind and occupy the same
binding cavity in the ATPase domain of GyrB enzyme. However, further experimental validation should be
conducted.
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Figure 8. Interaction Diagram of protein-ligand complexes of top four compounds and reference molecule
with GyrB protein (a) (-)-epicatechin 3'-O-sulfate, (b) (-)-epicatechin 4'-O-sulfate, (c) 3'-O-methyl-(-)-
epicatechin 4-O-sulfate, (d) 3'-O-methyl-(-)-epicatechin 7-O-sulfate, (e) 4'-O-Methyl-(-)-epicatechin 7-O-
sulfate, (f) quercetin sulfate, and (g) novobiocin.
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System stability of simulated complexes

To inspect the overall stability of the simulated protein-ligand complexes during the entire MD run, root
mean square deviation (RMSD) of the protein backbone was calculated within the 5.0 A sphere of the ligand.
As shown in Figure 9, RMSDs of almost all complexes were within the same range (~1-2 A) except the GyrB-
1317 complex, which showed dramatic deviation up to approximately 3.0 A of RMSD value that may indicate
the lower overall stability of this complex during the simulated time. However, RMSD of all complexes became
more stable when the simulation time was increased and were very slightly deviated in the vicinity of the last
10 ns. Therefore, the MD trajectories from 40 to 50 ns, which were considered reaching their equilibrated
conformations were then extracted to explore protein-ligand binding affinity in terms of binding free energy

(AGping)-

2 m, M | “ IM

| M‘ﬂ " Wuw g WWWWWMMMWWWM

3 Wm

"l S
i i y | pr—

0 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Time (ns)

Figure 9. Backbone RMSD plot within the 5.0 A sphere of the ligand.

Binding Free Energy

Binding free energy (AGuing) calculations sufficiently define the coupling strength between protein and
ligand, and it is therefore known as a parameter for estimation of protein-ligand binding affinity in the process
of drug discovery [87]. AGuing calculation based on the solvated interaction energy (SIE) was applied to
estimate the binding affinity of all GyrB-candidate complexes. The AGeing Values of the six screened flavonoids
from the last 10 ns are listed in table 1 in comparison to the known inhibitor, novobiocin. According to the
molecular mechanics (AEuv = AEvaw + AEeie ) calculations, we found that the electrostatic attraction is the main
interactive energy contributing to the process of molecular complexation between GyrB and six candidate
compounds. When the reaction field and cavity were taken into account, the AGuing value of the studied
complexes was obtained and used as the representative parameter to compare protein-ligand binding
capability among candidate compounds. The AGpinga results showed that compound 1030 (AGying Of -8.45
kcal/mol) has higher binding affinity toward GyrB than the novobiocin (-8.32 kcal/mol), while the other
compounds showed lower binding capability compared to novobiocin. Even though these candidate
compounds exhibited lower AGping, Wwe suggested that the compounds 1051 (AGying Of -7.50 kcal/mol), 1055
(AGping Of -7.41 kcal/mol) and 1317 (AGying Of -7.16 kcal/mol) remained interesting as their calculated AGping
value is lower than -7 kcal/mol (considered as a second top among screened compounds). However, other
two compounds including 1032 (AGying Of -6.59 kcal/mol) and 1049 (AGying Of -6.52 kcal/mol) revealed
dramatically higher AGuing than the novobiocin, indicating the lower level of binding capability towards GyrB
and could be neglected to be explored further. To sum up, compound 1030 has been considered to plausibly
exhibit the greatest binding affinity to GyrB while compounds 1032 and 1049 could be assumed to be least
effective of binding among screened candidates. For other remaining candidate compounds (1051, 1055,
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and 1317), we assumed that their capability seems to be similar in magnitude based upon the predicted
AGeing. Additionally, we noted that the implications of number of surrounding atoms and SASA towards
binding features of all studied complexes are in good agreement with the calculated AGeina as discussed
below.

Table 1. AGuing Values (kcal/mol) of candidate compounds as well as novobiocin in complex with GyrB calculated with
the SIE method using alpha, gamma, and constant coefficients of 0.10, 0.01, and -2.89, respectively.

Energy Components

Candidate Compound

reaction filed

AEvaw AEele (RF) cavity AGping
1030 -36.93+0.30 -88.31+1.31 79.86+0.89 -7.72+0.03 -8.45+0.05
1032 -32.61+0.28 -44.38+0.79 48.38+0.62 -6.67+0.06 -6.59+0.04
1049 -32.90+0.36 -56.92+0.93 63.37+0.82 -8.24+0.04 -6.52+0.05
1051 -40.20+0.29 -35.01+0.66 38.91+0.58 -7.75+0.03 -7.50+0.04
1055 -36.66+0.31 -58.65+0.67 60.05+0.66 -7.90+0.08 -7.41+0.06
1317 -32.18+0.27 -50.51+0.57 48.94+0.37 -7.05+0.03 -7.16+0.04
Novobiocin -53.20+0.40 -33.96+0.53 46.48+0.43 -11.04+0.08 -8.31+0.06

Number of surrounding atoms and solvent accessibility

The non-covalent contacts of any atoms within the 5.0 A sphere of the ligand were identified by
calculating the distance between each pair of atoms as depicted in Figure 10A. The number of surrounding
atoms averaged in the last 10 ns of each candidate compound was counted and raked in the order of 1051
(278 atoms) > 1030 (246 atoms) > 1049 (230 atoms) ~ 1055 (229 atoms) = 1317 (229 atoms) > 1032 (222
atoms). It could be estimated that compounds 1051 and 1030 tend to have greater intermolecular
interactions, which are related to stronger protein-ligand recognition within the cleft of binding site, while
compound 1032 may occur in least non-covalent interactions among candidate compounds. However, we
found that; even though compound 1051 could have greater contacts with surrounding amino acid residues,
the observed SASA in the binding pocket remained high (Figure10B), implying that these water molecules
may somehow interrupt and reduce the interaction strength during GyrB-1051 complex formation. In addition,
predicted number of surrounding atoms of compound 1317, which exhibits a low-SASA feature as discussed
below has a lower level of contact than compound 1030.

Furthermore, the accessibility of the water acting as a solvent in the protein binding pocket was taken
into consideration, since it could affect the ligand binding affinity. To measure the surface area occupied by
water molecules, the calculation of solvent accessible surface area (SASA) on the amino acid residues within
the 5.0 A sphere of the ligand was carried out and the results were illustrated in the FigurelOB. It was
observed that SASA value of all studied complex, at the beginning of simulated time was seen to be fluctuated
ranging from slight to gradual deviation; however, SASA of all simulated complexes became more stable
when they reached into their equilibrated state (40-50 ns). To compare the SASA feature of all candidate
compounds, we set the average GyrB-novobiocin’s SASA value in the last 10 ns of 820.82 A? for a reference
and we thus found that GyrB-1317 and GyrB-1030 showed a significant lower SASA value (avg. SASA of
619.04, and 670.31 A?) than a reference complex, indicating well-fitted orientation/conformation within the
binding pocket, which may exhibit a greater binding affinity than any other screened compounds. On the
contrary, binding of compound 1032 and 1049 to GyrB binding site resulted in the huge accessibility of water
molecules (avg. SASA of 840.66 A2, and 869.11 A? respectively) that could probably reduce the binding
capability due to interfering the protein-ligand intermolecular interactions. Whereas, candidate compounds
1051 (avg. SASA of 771.24 A?) and 1055 (avg. SASA of 774.41 A?) have gradually lower value of SASA
when compared to GyrB-novobiocin, implying affinity of these two compounds towards GyrB may be
satisfactory.
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For the lines of evidence regarding AGuing, NUmMber of surrounding atoms, and SASA, we suggested that
compound 1030 could be the most superior in terms of binding affinity towards GyrB and could exhibit higher
potency than the known inhibitor (novobiocin) while compounds 1051, 1055 and 1317 may have a potential
to become specific GyrB inhibitors. These four flavonoid compounds identified from this study could become
viable candidates for further investigation necessary for the development of therapeutic agents targeting
GyrB.
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Figure 10. (A) Number of surrounding atoms and (B) SASA on the amino acid residues within the 5.0 A
sphere of each candidate compound.

CONCLUSION

GyrB is highly essential for DNA replication process across all bacterial genera, making it an attractive
drug target for the development of a novel antibacterial agent. Conceptually, there is an urgent need to identify
such potent lead molecules as they will have lesser side effects compared to synthetic available drugs. Also,
the pre-clinical investigation of the drugs for calculating their pharmacokinetic properties via in silico strategy
is vital for its long-term success. The present study aimed to identify potential drug candidates against GyrB
protein of C. difficile for the treatment of CDI. Initially, we screened out the compounds from PhytoHub
database based on ADMET properties and toxicity parameters. Subsequently, the screened flavonoids were
predicted for the binding affinity against GyrB using docking approach. The virtual screening results revealed
that, among the 139 known metabolites, only six flavonoids, including (-)-epicatechin 3'-O-sulfate, (-)-
epicatechin 4'-O-sulfate, 3'-O-methyl-(-)-epicatechin 4-O-sulfate, 3'-O-methyl-(-)-epicatechin 7-O-sulfate, 4'-
O-methyl-(-)-epicatechin 7-O-sulfate, and quercetin sulfate have good bioavailability and no toxicity along
with higher binding affinity than the reference novobiocin. Six potent molecules with higher binding affinity as
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compared to novobiocin were selected for simulation studies and free energy calculations. According to
SASA and number of contact atom analysis, we found that compound 1030 ((-)-epicatechin 3'-O-sulfate) has
less accessibility to water molecules and has good number of contact atoms which in turn lead to efficient
binding of 1030 ((-)-epicatechin 3'-O-sulfate) to GyrB. Binding free energy calculations based on SIE method
showed that 1030 has the highest binding efficiency with lower solvent accessibility at the ATP-binding pocket
than the novobiocin. In this regard, we can propose that these flavonoids could likely be potent lead molecules
for the treatment of CDI via targeting GyrB enzyme. This study thus had efficiently derived a potent bioactive
compound (-)-epicatechin 3'-O-sulfate against GyrB for the CDI treatment. Therefore, we propose that
flavonoids could possibly have inhibitory action towards GyrB and will help to target other antibacterial
diseases too. Overall, this is the first report of flavonoids inhibitory action against GyrB for the management
of CDI.
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