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ABSTRACT

Introduction. The bacterial chromosomal replication initiator protein, DnaA, plays an
essential role in the bacterial cell cycle, making it a promising target for the development
of new antibiotics. Objective. To identify flavonoids with potential to bind and inhibit
DnaA through iz silico screening. Materials and Methods. The DnaA sequence from Shi-
gella dysenteriae was retrieved from the UniProt database. A homology model of DnaA was
generated using SWISS-MODEL, a widely used and fully automated protein homology
modeling server. Model accuracy was assessed using ERRAT, PROCHECK, and Mol-
probity. The refined model, obtained through the GalaxyWEB server, was then utilized
in molecular docking experiments with a library of 300 flavonoids. The pharmacokinetic
properties of the top-scoring compound, Corylin, were predicted using admetSAR 2.0.
Results. Virtual screening of 300 flavonoids using AutoDock Vina software identified
Corylin as a top-scoring ligand with a binding affinity supetior to that of ADP. Molecular
docking analysis revealed key interactions between Corylin and DnaA, including hydrogen
bonds with residues T'™, R y R®* as well as hydrophobic interactions with residues
F# T G, G, K78, H'® e % Discussion. Corylin is predicted to be absorbed in
the gastrointestinal tract and does not appear to inhibit the Organic Cation Transporter
2 (OCT?2). However, it may potentially inhibit the function of human cytochrome P450
enzymes. Conclusions. Preliminary 7x silico screening identifies Corylin as a potential lead
compound for DnaA inhibition, warranting further investigation and validation 7 witro
and 7 vivo for its potential as an antimicrobial agent.

RESUMEN

Introduccion. La proteina DnaA, iniciadora de la replicacién cromosémica bactetiana,
desempefia un papel fundamental en el ciclo celular, convirtiéndola en un objetivo pro-
metedor para el desarrollo de nuevos antibiéticos. Objetivo. Identificar flavonoides con
potencial para unitse e inhibir DnaA mediante cribado in silico. Materiales y Métodos.
La secuencia de DnaA de Shigella dysenteriae se obtuvo de la base de datos UniProt. Se
gener6 un modelo de homologfa de DnaA utilizando SWISS-MODEL. La precision del
modelo se evalué utilizando ERRAT, PROCHECK y Molprobity. El modelo refinado se
utiliz6 en experimentos de acoplamiento molecular con una biblioteca de 300 flavonoides.
Las propiedades farmacocinéticas se predijeron utilizando admetSAR 2.0. Resultados. El
cribado virtual de 300 flavonoides identificé el flavonoide Corylin como un ligando de alta
puntuacién con una afinidad de unién superior a la del ADP. El anilisis de acoplamiento
molecular revel interacciones clave entre el Corylin y el DnaA, incluyendo puentes de
hidrégeno con los residuos T', R%S y R, asi como interacciones hidrofébicas con los
tesiduos F'*!, T G', G'77, K!8, H'® e I**. Discusi6n. Se predice que el Corylin se
absorbe en el tracto gastrointestinal y no parece inhibir el Transportador de Cationes
Orginicos 2 (OCT2). Sin embargo, podtia inhibir potencialmente la funcién de las en-
zimas del citocromo P450 humano. Conclusiones. El ctibado 7# silico identifica al Corylin
como un posible compuesto lider para la inhibicién de DnaA, lo que justifica una mayor
investigacion y validacién iz vitro e in vivo por su potencial como agente antimicrobiano.
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INTRODUCTION

The World Health Organization has highlighted the global crisis of widespread bacterial resistance to
antibiotics, prompting the development of innovative strategies for new antimicrobial discovery”. Shigella
infections, a leading cause of mortality worldwide, pose a significant threat due to the emergence of multi-
drug resistant strains, underscoring the urgent need for novel antibiotics with distinct molecular targets .
Flavonoids, a class of natural compounds found in plants, have shown promise in combating microbial
infections caused by resistant organisms. For instance, flavones have demonstrated inhibitory activity against
common wound pathogens in diabetic patients, including Escherichia cols, Klebsiella pneumoniae, and Psendomonas
aernginosa™ . Furthermore, Zhang et al.,) suggested that Epigallocatechin Gallate (EGCG), a polyphenol
found in tea, could potentially inhibit the growth of the gastrointestinal pathogen Shigela flexneri. These
findings highlight the potential of phytochemicals as a valuable resource for the development of new
antibiotics®™ .

Molecular docking, an in-silico approach widely used in drug discovery, enables the rapid screening of vast
libraties of compounds to identify those that interact specifically with a target enzyme or protein”’. For
instance, Ye et al.,’ employed QSAR and docking techniques to identify sigmacidins, benzoic acid-detived
antimicrobial compounds capable of inhibiting streptococci by binding to the RNA polymerase o factor.
Similatly, Hosen et al.,”) utilized iGEMDOCK software to identify glycoside detivatives with potential
inhibitory activity against the YkuD L, D-transpeptidase protein (PDB ID: 4A1)) from Bacillus subtilis. Al-
Khayyat!"” further demonstrated the utility of molecular docking by screening 50 DrugBank compounds
against a kinase from the isoprenoid pathway in Salwnonella typhimurium using AutoDock Vina. Additionally,
Al-Khayyat"V employed this approach to screen phytochemicals, including Amentoflavone, for their potential
inhibition of chorismate synthase, a key enzyme in the shikimate pathway and a promising antimicrobial
target.

Proteins involved in bacterial division machinery, such as the DNA replication initiator protein DnaA,
represent promising targets for the development of novel antibiotics. While existing antibiotics like
fluoroquinolones target type IIA topoisomerases?, DnaA’s dual function as an ATPase and transcriptional
regulatot, crucial for initiating chromosome teplication at the otiC locus* '
opportunity. This study investigates the potential of flavonoids as DnaA inhibitors in Shigella dysenteriae, with

the aim of discovering new lead compounds for antimicrobial development.”

), presents a unique therapeutic

MATERIALS AND METHODS

Sequence retrieval and binding site predictions

The sequence of the chromosomal replication initiator protein, DnaA (UniProt ID: Q329B6) from Shigella
dysenteriae, was retrieved from the UniProt database (https://www.uniprot.org/uniprotkb). Binding site pre-
dictions wete performed using the IntFOLD server (https://www.reading.ac.uk/bioinf/IntFOLD/)® to
identify potential key amino acid residues involved in ligand binding.

Homology Modeling and Validation tests

A homology model of the DnaA protein was generated using SWISS-MODEL (https://swissmodel.ex-
pasy.org/)% without magnesium ions. The model was refined using the GalaxyWEB server (https://galaxy.
seoklab.org/)"", which optimizes the backbone and side chains by rebuilding loops and terminal segments.
Model quality was assessed using the SAVES setver (https://saves.mbi.ucla.edu/), specifically the ERRAT
19 and PROCHECK" tools, which evaluate structural etrots and steteochemical quality, respectively. The
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Molprobity server (http://molprobity.biochem.duke.edu/)*” was also employed to further validate model
accuracy through all-atom contact analysis.

Molecular Docking

The structure of ADP (ZINC12 ID: 12360703) was obtained from the ZINC12 database (https://zinc.
docking.org/)®" and used as a control ligand. A library of 300 flavonoids with molecular weights less than
500 Da®” was curated from the Natural Product Activity and Species Source database (https://bidd.group/
NPASS/browse_np_hierar.php). Flavonoid structures were converted to PDB format using Open Babel
9 and hydrogen atoms and Gasteiger charges were added. Non-polar hydrogens were merged to generate
PDBQT files for docking, Molecular docking was performed using AutoDock Vina 1.1.2¢% with default pa-
rameters and a grid box of 60X60x60 A centered at X=34.131, Y=83.056, and Z=13.796. Ten poses were

25)

generated for each ligand, and the resulting protein-ligand complexes were visualized using LIGPLOT™ to

analyze hydrogen bonding and hydrophobic interactions.

The top ten compounds with the highest binding affinities in AutoDock Vina were selected for re-docking
using IGEMDOCK"™ with the following parameters: population size 200, generation 50, and run times 2.

Molecular dynamic simulation

Molecular dynamics (MD) simulations were petformed using the SiBioLead online server (https://sibiolead.
com/) following the method desctibed by Chen et al.,””. The following parameters were used: OPLS/AA
force field, simple point charge (SPC) water model, neutralization with NaCl at a concentration of 0.15 M,
energy minimization using steepest descent for 5000 steps, temperature of 300 K pressure of 1 bar (default),
leap-frog integrator for 100 ns with 5000 frames.

Pharmacokinetics and toxicities
The absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of the top ten ligands
were predicted using the admetSAR 2.0 server (http://Immd.ecust.edu.cn/admetsar2)*.

RESULTS

Homology Modeling and Validation

A homology model of the DnaA protein from Shigella dysenteriae was generated using the SWISS-MODEL
server!'”, with 118q.1A (from Aguifex aeolicus) as a template (39.43% sequence identity) (Figure 1). The initial
model was refined using the GalaxyWEB server'”. Model quality assessment performed using ERRAT!?,
PROCHECK"”, and Molprobity””, showed significant improvement after refinement (Table 1), (Figure 2).
The final model exhibited an ERRAT quality score of 94.753%, with 93.1% of residues in the most favored
regions of the Ramachandran plot.
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Figure 1. The built model of DnaA protein by SWISS-Model. Compared with the original template

of Aquifex aeolicus.

Table 1: Protein evaluation by Molprobity server

Criterion initial model (%) Refined model (%) Goal (%)
Poor rotamers 4.24 0.71 <0.3
Favored rotamers 91.1 98.23 >98
Ramachandran outliers 2.7 0.90 <0.05
Ramachandran favored 91.59 96.40 >98
Rama distribution -0.09 £ 0.45 0.78% 0.42 Abs Z-score <2.0
Z-score
CB deviation > 0.25 A° 3.16 3.48 0
Bad bonds 0.047 0.59 0
Bad angles 1.42 0.93 <0.1
Cis prolines 22.22 0.0 Expected =5%
Cis nonprolines 0.31 0.0 <0.05

CB = C beta, Abs = Absolute
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Figure 2. Ramachandran plot as predicted by PROCHECK

Binding Site Prediction
The IntFOLD7 server predicted the following residues as potential participants in the DnaA binding site:
N14() F14l V142 N147 G173 T174 G175 L176 G177 I<178 T179 Hl8() D235 1305 I<309 V%%”ﬁ R334 E337 Q215 N217 R245.

R, T+ (Figure 3).

~

Figure 3. The binding pocket of DnaA protein as predicted by IntFold7 Molecular Docking.
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Virtual screening of 300 flavonoids with molecular weights less than 500 Da (database available in the
Supplementary data, Table S1) was performed using AutoDock Vina®". This screening, based on Lipinski’s
Rule of Five for drug-likeness””, identified Corylin as the top-scoring ligand with a binding affinity of -9.1
kcal/mol, supetior to that of ADP (-6.8 kcal/mol). Molecular docking analysis revealed key interactions
between Corylin and DnaA, including hydrogen bonds with residues T'”, R*, and R**, and hydrophobic
interactions with residues F'*', T G, G, K'¥, H"| and " (Figure 4). The top ten ligands identified
by AutoDock Vina were re-docked using iGEMDOCK (Table 3). 6-Cinnamylchrysin showed the highest

Innovaciencia 2024; 12(1); e4005

docking fitness (-101.80 kcal/mol) with iGEMDOCK.
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Figure 4. Interaction of ADP (A) and Corylin (B) with DnaA model as predicted by LigPlot

Table 3: Results of molecular docking by iGEMDOCK and interaction.

Docking fit . .

Compounds C()IC{cal%mori)e > Binding residues
ADP _9950 N14U F141 G175 G177 H180 I<308 V333 R334
Corylin ~73.79 Y2 K2 D20 K2 G T
Erythrabyssin I -86.08 HI36 Fi 142 sz 1308
Buceracidjn _8838 T174 G]75 L176 G177 I<178 T]79 D235 D236 R334
Licoflavone B -85.13 T G, LY, G177 KI8T H202) R¥
AbySSil’lOIlC 1 -80.23 H]?)()’ G175, L176, G177, I<178, T179, H180, R334
6-Hydroxy-8,8-dimethyl-2-phen- -83.87 G5 L6 G177 K178 T179. D236, R
ylpyrano|2,3-h| chromen-4-one ' T T ’
6-Cinnamylchrysin -101.80 T G, G777, KI8T R3%*
(S)-5,7,8”-trihydroxy-2”,2”-dimeth- . ’

. ) _ . H]36 177 I{l/S 179 D235 R334
yl-2,6”-bichroman-4,4"-dione 88.54 G T ’
Meliternatin -88.26 T4 G LY, T HO R
Artochamin C -92.00 G L7, G177 K78, 'T179 §331 R3%*
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Molecular Dynamics Simulation
Molecular dynamics (MD) simulations of the Corylin-DnaA complex revealed that the system reached
equilibrium after 25 ns, with a root mean square deviation (RMSD) not exceeding 0.8 nm (Figure 5). This
indicates the stability of Corylin binding within the DnaA active site.
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Figure 5. (A) Root means square deviation (RMSD) and (B) Root mean square fluctuation of
Corylin-DnaA complex

ADMET Prediction
The ADMET properties of the top ten ligands were predicted using admetSAR 2.0 (Table 4). All ligands
are predicted to be absorbed in the gastrointestinal tract. However, Erythrabyssin I and Meliternatin might
penetrate the blood-brain barrier. Several ligands showed potential to inhibit cytochrome P450 enzymes and

the hERG channel.

Table 4: Pharmacologic properties of the tested compounds represented by AdmetSAR 2.0

probabilities.
HIA BBB Inhibition of cytochromes OCT2* hERG** Hepa- Neph-
Coipomic! w o+ CYP3A4 CYP2C9 CYP2C19 CYP2C6 CYP1A2 fotox-  rotox-
icity icity

Corylin + - + + + - - - . - +
Erythrabyssin I + + - - + - + - . -
Buceracidin + - + + + - - - - +
Licoflavone B + - - + + - + - + + _
Abyssinone I + - + + + - - - - - +
6-Hydroxy-8,8-dimeth-
yl-2-phenylpyrano[2,3-h]  + - + + + - - - - . -
chromen-4-one
6-Cinnamylchrysin + - + + + - + - - - -
(8)-5,7,87-trihydroxy-
27,2”-dimethyl-2,6”-bi- + - + + - . . - . B +
chroman-4,4”-dione
Meliternatin + + + + + + - - + + -
Artochamin C + - - + + - - . -

HIA = Human intestinal absorption, BBB = Blood brain pene
2 inhibition, hERG = Human Ether-a-go-go-gene-Related gene inhibition.

tration, OCT2 = Organic cation transporters
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DISCUSSION

The generation of a reliable 3D model of the DnaA protein from Shigella dysenteriae through homology
modeling® validated by various assessment tools (ERRAT, PROCHECK, Molprobity)"*""*" represents
a significant step towards the discovery of novel antibiotics'”. The identification of Corylin as a top-
scoring ligand in the virtual screening, corroborated by iGEMDOCK results suggests its potential as a
DnaA inhibitor®. Molecular docking and dynamics simulations provide insights into the key interactions

contributing to Corylin’s binding affinity and stability within the DnaA active site”" .

The selection of flavonoids with molecular weights less than 500 Da in this study was based on Lipinski’s Rule
of Five™, a set of empirical criteria that predict the likelihood of a compound having favorable absorption
and permeability properties. By adhering to this criterion, we aimed to prioritize flavonoids with higher
potential for drug development, as compounds that violate Lipinski’s Rule of Five often face challenges in
oral bioavailability and membrane permeation.

It is important to note that homology modeling relies on the premise that proteins with substantial sequence
similarity fold similarly, and the accuracy of the alignment between the target and template sequences
significantly influences the accuracy of the model®. In this study, the 39.43% sequence identity between the
DnaA protein of S. dysenteriae and the template from Aguifex aeolicus (118q.1A) justifies the application of this
approach.

The three-dimensional structure of the DnaA protein, composed of three main domains (IIla, I1Ib, and
IV)©Y, reveals the importance of specific residues in ligand binding, The prediction of these residues using
IntFOLD7" allowed for the identification of potential interaction sites for Corylin and other flavonoids.
The validation of this homology model, which included an assessment of deviations from ideal bond lengths
and angles, Ramachandran outliers, and clashing contacts”, ensures the structural integrity and reliability of
the model for further analysis. Additionally, the use of MolProbity for quality assessment provided updated
dihedral-angle diagnostics and comprehensive all-atom contact analysis”, further confirming the accuracy
of the refined model.

The identification of Corylin as a promising lead compound is further supported by previous studies
highlighting its therapeutic potential. Corylin, a natural product found in Psoralea corylifolia L., has been shown
to exhibit antioxidant, anti-tumot, and anti-inflammatory properties. Research by Hung et al.,”? suggests
that Corylin’s anti-inflammatory action may suppress immunologic responses and potentially treat septic
shock. Additionally, Zaidi et al.,”” demonstrated the potent antimicrobial activity of P. corylifolia L., extracts
against Helicobacter pylori, with minimal bactericidal concentrations ranging from 15.6 to 62.5 pg/ml. These
findings, combined with the results of our /#-sz/ico screening, reinforce the potential of Corylin as a valuable
lead compound for antimicrobial drug development”®. The use of a consensus scoring approach, employing
both AutoDock Vina and iGEMDOCK, strengthens the reliability of our virtual screening results””. By
comparing the scores from different docking programs with distinct scoring functions, we enhance the
accuracy of ligand selection and improve the overall success rate of identifying potential inhibitors. The high
docking fitness of 6-Cinnamylchrysin in iGEMDOCK (-101.80 kcal/mol) further supports its potential as
a DnaA inhibitor.
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However, the ADMET predictions® raise concerns about the potential for cytochrome P450 inhibition
“9and hERG channel interference” for some of the top-scoring ligands. These findings underscore the
importance of further investigation and optimization to mitigate potential adverse effects. The inhibition
of cytochrome P450 enzymes can lead to drug-drug interactions and affect the metabolism of other
medications™. Similarly, hERG channel inhibition can cause cardiac arrhythmias and pose safety risks"™.
Additionally, the predicted blood-brain batrier penetration of Erythrabyssin I and Meliternatin®’ raises
concerns about potential neurotoxicity, warranting further investigation into their safety profile. Moreover,
while none of the compounds are predicted to inhibit OCT2, this transporter plays a crucial role in the
renal clearance of many drugs, and its inhibition could lead to altered pharmacokinetics and potential drug

interactions“?.

Opverall, this study highlights Corylin and 6-Cinnamylchrysin as potential lead compounds for DnaA inhibition
and warrants further exploration for their antimicrobial drug development potential®* *. Future studies
should focus on 7 vitro and in vivo validation of these findings, including assessment of their antimicrobial
activity and potential toxicity. Additionally, the evaluation of the top-scoring ligands in animal models and
clinical trials™” will be crucial to determine their efficacy and safety as potential antimicrobial agents. The
increasing prevalence of multi-drug-resistant microbial pathogens necessitates the exploration of alternative
targets for new antibiotics, and DnaA, as an essential protein in bacterial DNA replication, presents a

promising avenue for antimicrobial drug development™* .,

CONCLUSIONS

In this 7z silico study, we identified ten natural products with potential to bind and inhibit the bacterial
chromosomal replication initiator protein, DnaA. Among these, Corylin, a natural flavonoid, exhibited the
highest binding affinity compared to the native ligand ADP. Molecular docking and dynamics simulations
suggest that Corylin forms stable interactions within the DnaA active site, highlighting its potential as a
lead compound for antimicrobial drug development. However, ADMET predictions indicate a risk of drug
interactions and potential toxicity due to cytochrome P450 inhibition and nephrotoxicity associated with
some of the identified compounds, including Corylin. These findings underscore the need for further 7z vitro
and 7 vivo pharmacological studies to validate the antimicrobial activity and safety profile of these natural
products, particularly Corylin, before they can be considered for clinical development.

ACKNOWLEDGMENTS

The author would like to thank University of Mosul, College of Education for Pure Sciences for great help
in providing facilities.

REFERENCES

1. Salleh MZ, Nik Zuraina NMN, Hajissa K, Ilias MI, Banga Singh KK, Deris ZZ. Prevalence of
multidrug-resistant and extended-spectrum beta-lactamase-producing Shige/la Species in Asia: a systematic
review and meta-analysis. Antibiotics. 2022;11(11):1653. https://doi.org/10.3390/antibiotics11111653

2. Chagas M do SS, Behrens MD, Moragas-Tellis CJ, Penedo GXM, Silva AR, Gongalves-de-
Albuquerque CF. Flavonols and flavones as potential anti-inflammatory, antioxidant, and antibacterial
compounds. Oxid Med Cell Longev. 2022;2022. https://doi.org/10.1155/2022/9966750

3. Dsouza D, Nanjaiah L. Antibacterial activity of 3, 3’, 4-Trihydroxyflavone from Justicia wynaadensis
against diabetic wound and urinary tract infection. Brazilian ] Microbiol. 2018;49:152-61.
https://doi.org/10.1016/j.bjm.2017.05.002

Innovaciencia

9


http://dx.doi.org/10.15649/2346075X.4005
https://doi.org/10.3390/antibiotics11111653
https://doi.org/10.1155/2022/9966750
https://doi.org/10.1016/j.bjm.2017.05.002

d.) http://dx.doi.org/10.15649/2346075X.4005 [nnovaciencia 2024; 12(1); e4005

4. Zhang Y, Zhang Y, Ma R, Sun W, Ji Z. Antibacterial activity of epigallocatechin gallate (EGCG)
against Shigella flexcners. Int | Environ Res Public Health. 2023;20(6):4676.
https://doi.org/10.3390/ijerph20064676

5. Sweet R, Booth C, Gotts K, Grove SF, Kroon PA, Webber M. Comparison of Antibacterial Activity
of Phytochemicals against Common Foodborne Pathogens and Potential for Selection of Resistance.
Microorganisms. 2023;11(10):2495. https://doi.org/10.3390/microorganisms11102495

6. Al-Khafaji ZHA, Saeed YS. Investigate the Antimicrobial Activity of Methanolic Extract of Cladophora
lomerata. | Commun Dis (E-ISSN 2581-351X P-ISSN 0019-5138). 2024;56(1):8-12.
https://doi.org/10.24321/0019.5138.202402

7. Pinzi L, Rastelli G. Molecular docking: shifting paradigms in drug discovery. Int | Mol Sci.
2019;20(18):4331. https://doi.org/10.3390/ijms20184331

8. Ye ], Yang X, Ma C. Qsar, docking, and molecular dynamics simulation studies of sigmacidins as
antimicrobials against streptococci. Int ] Mol Sci. 2022;23(8):4085. https:/ /doi.org/10.3390/ijms23084085

9. Hosen MI, Mukhrish YE, Jawhari AH, Celik I, Erol M, Abdallah EM, et al. Design, synthesis, in silico
and POM studies for the identification of the pharmacophore sites of benzylidene derivatives. Molecules.
2023;28(6):2613. https://doi.org/10.3390/molecules28062613

10.Al-Khayyat MZ. In silico Screening for Inhibitors Targeting 4-diphosphocytidyl-2-C-methyl-D-erythritol
Kinase in Salmonella typhimurium. Jordan | Biol Sci. 2021;14(1). https://doi.org/10.54319 /jjbs /140110

11.Al-Khayyat MZ. In silico screening of natural products targeting chorismate synthase. Innovaciencia.
2019;7(1). https://doi.org/10.15649/2346075x.505

12.Grimwade JE, Leonard AC. Targeting the bacterial orisome in the search for new antibiotics. Front
Microbiol. 2017;8:315840. https://doi.org/10.3389 /fmicb.2017.02352

13.Van Eijk E, Wittekoek B, Kuijper EJ, Smits WK. DNA replication proteins as potential targets for
antimicrobials in drug-resistant bacterial pathogens. | Antimicrob Chemother. 2017;72(5):1275-84.
https://doi.org/10.1093 /jac/dkw548

14.Menikpurage IP, Woo K, Mera PE. Transcriptional activity of the bacterial replication initiator DnaA.
Front Microbiol. 2021;12:662317. https://doi.org/10.3389 /fmicb.2021.662317

15.McGuffin L], Edmunds NS, Genc AG, Alharbi SMA, Salehe BR, Adiyaman R. Prediction of
protein structures, functions and interactions using the IntFOLD7, MultFOLD and ModFOLDdock
servers. Nucleic Acids Res. 2023;51(W1):W274-80. https://doi.org/10.1093 /nar/gkad297

16.Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL.:
homology modelling of protein structures and complexes. Nucleic Acids Res. 2018;46(W1):W296-303.
https://doi.org/10.1093 /nar/gky427

17.Shin WH, Lee GR, Heo L, Lee H, Seok C. Prediction of protein structure and interaction by GALAXY
protein modeling programs. Bio Des. 2014;2(1):1-11. https://www.bdjn.org/journal /view.htmlruid=6

18.Colovos C, Yeates TO. Verification of protein structures: patterns of nonbonded atomic interactions.
Protein Sci. 1993;2(9):1511-9. https://doi.org/10.1002/pro.5560020916

19.Laskowski RA, MacArthur MW, Moss DS, Thornton JM. PROCHECK: a program to check the
stereochemical quality of protein structures. ] Appl Crystallogr. 1993;26(2):283-91.
https://doi.org/10.1107/s0021889892009944

20.Williams CJ, Headd JJ, Moriarty NW, Prisant MG, Videau LL, Deis LN, et al. MolProbity: More
and better reference data for improved all-atom structure validation. Protein Sci. 2018;27(1):293-315.
https://doi.org/10.1002/pro.3330

21.Irwin JJ, Tang KG, Young J, Dandarchuluun C, Wong BR, Khurelbaatar M, et al. ZINC20-a free
ultralarge-scale chemical database for ligand discovery. ] Chem Inf Model. 2020;60(12):6065-73.
https://doi.org/10.1021 /acs.jcim.0c00675

10 Innovaciencia


http://dx.doi.org/10.15649/2346075X.4005
https://doi.org/10.3390/ijerph20064676
https://doi.org/10.3390/microorganisms11102495
https://doi.org/10.24321/0019.5138.202402
https://doi.org/10.3390/ijms20184331
https://doi.org/10.3390/ijms23084085
https://doi.org/10.3390/molecules28062613
https://doi.org/10.54319/jjbs/140110
https://doi.org/10.15649/2346075x.505
https://doi.org/10.3389/fmicb.2017.02352
https://doi.org/10.1093/jac/dkw548
https://doi.org/10.3389/fmicb.2021.662317
https://doi.org/10.1093/nar/gkad297
https://doi.org/10.1093/nar/gky427
https://www.bdjn.org/journal/view.html?uid=6
https://doi.org/10.1002/pro.5560020916
https://doi.org/10.1107/s0021889892009944
https://doi.org/10.1002/pro.3330
https://doi.org/10.1021/acs.jcim.0c00675

d.) http://dx.doi.org/10.15649/2346075X.4005 [nnovaciencia 2024; 12(1); e4005

22.Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches to
estimate solubility and permeability in drug discovery and development settings. Advanced drug delivery
reviews. 2012; 64:4-17. https://doi.org/10.1016/j.addr.2012.09.019

23.0’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison GR. Open Babel: An
open chemical toolbox. ] Cheminform. 2011;3:1-14. https://doi.org/10.1186/1758-2946-3-33

24.Trott O, Olson A. Software news and update AutoDock Vina: Improving the speed and accuracy of
docking with a new scoring function. Effic Optim Multithreading. 2009;31:455-61.
https://doi.org/10.1002/jcc.21334

25.Wallace AC, Laskowski RA, Thornton JM. LIGPLOT: a program to generate schematic diagrams of
protein-ligand interactions. Protein Eng Des Sel. 1995;8(2):127-34.
https://doi.org/10.1093 /protein/8.2.127

26.Hsu KC, Chen YF, Lin SR, Yang JM.iGEMDOCK: a graphical environment of enhancing GEMDOCK
using pharmacological interactions and post-screening analysis. BMC Bioinformatics. 2011;12:1-11.
https://doi.org/10.1186/1471-2105-12-S1-833

27.Chen QH, Chen XM, Chen XH, Komori A, Hung A, Li H. Structure-based multi-ligand molecular
modeling to predict the synergistic effects of limonin and obacunone from simiao pill against nitric oxide
synthase 3 associated with hyperuricemia. Precis Med Res. 2023;5:13.
https://doi.org/10.53388 /pmr20230013

28.Yang H, Lou C, Sun L, Li J, Cai Y, Wang Z, et al. admetSAR 2.0: web-service for prediction and
optimization of chemical ADMET properties. Bioinformatics. 2019;35(6):1067-9.
https://doi.org/10.1093 /bioinformatics/bty707

29.Pavlopoulou A, Michalopoulos I. State-of-the-art bioinformatics protein structure prediction tools. Int
J Mol Med. 2011;28(3):295-310. https://doi.org/10.3892/ijmm.2011.705

30.Tiwari M, Gupta S, Bhargava P. Virtual screening and molecular dynamics simulation studies to predict
the binding of Sisymbrium irio L. derived phytochemicals against Staphylococcus aureus dihydrofolate
reductase (DHFR). ] Appl Nat Sci. 2022;14(4):1297-307. https://doi.org/10.31018 /jans.v14i4.3641

31.Erzberger JP, Pirruccello MM, Berger JM. The structure of bacterial DnaA: implications for general
mechanisms underlying DNA replication initiation. EMBO J. 2002; 4763-4773.
https://doi.org/10.1093/emboj/cdf496

32.Praznikar J, Tomi¢ M, Turk D. Validation and quality assessment of macromolecular structures using
complex network analysis. Sci Rep. 2019;9(1):1678. https://doi.org/10.1107/52053273318094494

33.Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X, et al. MolProbity: all-atom contacts
and structure validation for proteins and nucleic acids. Nucleic Acids Res. 2007;35(suppl_2):W375-83.
https://doi.org/10.1093/nar/gkm216

34.Hung YL, Fang SH, Wang SC, Cheng WC, Liu PL, Su CC, et al. Corylin protects LPS-induced
sepsis and attenuates LPS-induced inflammatory response. Sci Rep. 2017;7(1):46299.
https://doi.org/10.1038/step46299

35.Zaidi SFH, Yamada K, Kadowaki M, Usmanghani K, Sugiyama T. Bactericidal activity of medicinal
plants, employed for the treatment of gastrointestinal ailments, against Helicobacter pylor:. ] Ethnopharmacol.
2009;121(2):286-91. https://doi.org/10.1016/j.jep.2008.11.001

36. Shahid F, Alghamdi YS, Mashraqi M, Khurshid M, Ashfaq UA. Proteome based mapping and
molecular docking revealed DnaA as a potential drug target against Shigella sonnei. Saudi | Biol Sci.
2022;29(2):1147-59. https:/ /doi.org/10.1016/j.sjbs.2021.09.051

37.Blanes-Mira C, Fernandez-Aguado P, de Andrés-Lépez J, Fernandez-Carvajal A, Ferrer-Montiel
A, Fernandez-Ballester G. Comprehensive survey of consensus docking for high-throughput virtual
screening. Molecules. 2022;28(1):175. https://doi.org/10.3390 /molecules28010175

Innovaciencia

11


http://dx.doi.org/10.15649/2346075X.4005
https://doi.org/10.1016/j.addr.2012.09.019
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1093/protein/8.2.127
https://doi.org/10.1186/1471-2105-12-S1-S33
https://doi.org/10.53388/pmr20230013
https://doi.org/10.1093/bioinformatics/bty707
https://doi.org/10.3892/ijmm.2011.705
https://doi.org/10.31018/jans.v14i4.3641
https://doi.org/10.1093/emboj/cdf496
https://doi.org/10.1107/S2053273318094494
https://doi.org/10.1093/nar/gkm216
https://doi.org/10.1038/srep46299
https://doi.org/10.1016/j.jep.2008.11.001
https://doi.org/10.1016/j.sjbs.2021.09.051
https://doi.org/10.3390/molecules28010175

12

d.) http://dx.doi.org/10.15649/2346075X.4005 [nnovaciencia 2024; 12(1); ¢4005

38.Lamothe SM, Guo J, Li W, Yang T, Zhang S. The human ether-a-go-go-related gene (hERG) potassium
channel represents an unusual target for protease-mediated damage. ] Biol Chem. 2016;291(39):20387-
401. https://doi.org/10.1074/jbc.m116.743138

39.Zhao HC, Wu J, Zheng L, Zhu T, Xi BS, Wang B, et al. Effect of sound stimulation on Dendranthema
morifolium callus growth. Colloids Surfaces B Biointerfaces. 2003 Jun;29(2-3):143-7.
https://doi.org/10.3390/ijms222312808

40.Van De Waterbeemd H, Gifford E. ADMET in silico modelling: towards prediction paradise? Nat Rev
Drug Discov. 2003;2(3):192-204. https://doi.org/10.1038 /nrd1032

41.Wright SH. Molecular and cellular physiology of organic cation transporter 2. Am ] Physiol Physiol.
2019;317(6):F1669-79. https://doi.org/10.1152/ajprenal.00422.2019

42. Zarei A, Ramazani A, Pourmand S, Sattari A, Rezaei A, Moradi S. In silico evaluation of COVID-19
main protease interactions with honeybee natural products for discovery of high potential antiviral
compounds. Nat Prod Res. 2022;36(16):4254-60. https://doi.org/10.1080/14786419.2021.1974435

43. Khan MI, Pathania S, Al-Rabia MW, Ethayathulla AS, Khan MI, Allemailem KS, et al. MolDy:
Molecular dynamics simulation made easy. Bioinformatics. 2024;40(0).
https://doi.org/10.1093 /bioinformatics/btae313

44.Lewis K. Platforms for antibiotic discovery. Nat Rev Drug Discov. 2013;12(5):371-87.
https://doi.org/10.1038/0rd3975

45.Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. Pharm Ther. 2015;40(4):277.
https:/ /www.ncbi.nlm.nih.gov/pmc/articles/PMC4378521/

Innovaciencia


http://dx.doi.org/10.15649/2346075X.4005
https://doi.org/10.1074/jbc.m116.743138
https://doi.org/10.3390/ijms222312808
https://doi.org/10.1038/nrd1032
https://doi.org/10.1152/ajprenal.00422.2019
https://doi.org/10.1080/14786419.2021.1974435
https://doi.org/10.1093/bioinformatics/btae313
https://doi.org/10.1038/nrd3975
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4378521/



