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In silico screening of potential compounds from Medicinal plants by targeting

Streptococcus mutans deoxycytidylate deaminase

Abstract

Dental caries is the chronic infectious disease caused by bacteria to from a biofilm formation on
the tooth surface of man. Drug-resistant Streptococcus mutans (S. mutans) poses a vital public
health issue. To overcome this, the development of effective drugs with novel mechanism of
action is requisite. Drug repurposing is considered a viable alternative approach to overcome the
above issue. In the present study, we have attempted to selected unique and traditional source use
as in traditional medicine. Traditionally, many cultures use chewing sticks for oral hygiene
maintenance. When properly used, these chewing sticks are found to be efficient due to the
combined effect of mechanical cleaning, enhanced salivation and the antimicrobial action of
leached out plant. Inibition of the S.mutans deoxycytidylate deaminases (SmdCDs) is the most
promising drug development strategy against the S.mutans, responsible for the biofilm formation.
In the present work, out of 871 phytochemicals 211 phytochemicals were showed the most
druggable substance with zero violation from any of druglikeness rule. Further, the binding
energy indicates the affinity of the adhesion of protein structure docked with the 2 hit potential
herbal compounds of which Cyclocurcumin and Androsta-1,4,6-triene-3,17-dione showed best
docking with the SmdCD.
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Figure 1. outline of the study

Introduction

The oral hygiene is influenced by numerous factors, mainly diet and host immune competence,
promoting the virulence and adhesion of microorganisms (Gao et al., 2018; Reibel, 2003) About
700 microbial species are identified from oral microbiome(Jr et al., 2008). Dental caries is one of
the most common chronic infectious and diseases that occur at any age of humans (Gao et al.,
2018). Generally, dental plaques occur when the oral microbial is low pH, thereby creating the
presence of increased acid producing and acid tolerant bacteria in a structurally and functionally
organized biofilm formation (Marsh, 2010). This has been attributed to the consumption of
dietary free sugars (sucrose), either as additives or preservatives, and they are linked to biofilm
induced tooth decay (Abdel-Aziz et al., 2020; Moynihan, 2016).The main causative agent is
gram-positive bacteria Streptococcus mutans (S. mutans) associated with dental caries and dental
plaque formation(Bowen & Koo, 2011).Unlike microbial biofilms display increased tolerance to
the host defenses and antimicrobial agents (Algburi et al., 2017; Marsh, 2010), challenging the
clinical management of dental plague. The commonly used method for caries prevention was
mechanical plaque control, such as tooth brushing and flossing. Excessive use of antimicrobials

is considered as an appropriate combinatory measure for the control of dental caries, particularly



in the high risk population (Rath & Singh, 2013). Microbes within the several different
approaches have been developed to prevent dental caries such as Chlorhexidine (CHX) is one of
the most common antimicrobial agents. It is recognized as the principal agent for chemical
plaque control (Jones, 1997). However, CHX has cytotoxic effects on a wide variety of human
cells including oral mucosal cells, blood cells, keratinocytes, osteoblasts, and osteoclasts (Cabral
& Fernandes, 2007; Ribeiro et al., 2004). Besides, CHX can cause taste confusions, tooth
staining, and drug resistance. Thereby, alternative antibacterial agents are still needed for the
control of dental plaque and caries.

The search for new drug candidates against tooth disease has led to the discovery of molecular
targets, the development of drug, and explores of new bioactive substances. Despite this, there is
no effective treatment available in the market. Hence in this study, we used small molecule
phytochemicals against Putative deoxycytidylate deaminase(dCD) alloenzyme of S. mutans
because several efforts have been devoted to characterizing the mechanisms of action of these
phytochemicals. Numerous studies have been done on the antibacterial effects of natural
medicinal plants. Several reports suggest that phytochemicals possesses remarkable inhibitory

activities against bacteria.

In gram-positive bacteria and eukaryotic organisms, deoxycytidine-5’-monophosphate (dCMP)
deaminases, dCDs catalyze the conversion of dCMP to deoxyuridine monophosphate (dUMP) in
the pyrimidine salvage pathway. A crystal structure of dCD complexed with deoxycytidine
triphosphate (dCTP) and a substrate analogue from Streptococcus mutans (SmdCD-dCTP)
indicates an activation mechanism triggered by dCTP (Li et al., 2016). dCTP can allosterically
bind to SmdCD and induce a conformational change to activate deamination. The
deoxythymidine triphosphate (dTTP) bound complex adopts an inactive conformation that is
consistent with its inhibitory role. To clarify the significance of the variability of the regulatory
mechanism, it is necessary to compare a pair of activator-bound and inhibitor-bound SmdCD
structures from the same species. As dTTP increases, dCTP can be replaced by dTTP from
SmdCD and the deamination activity decreases, and vice versa. Furthermore, SmdCD reduces
the efficiency of anticancer and antimicrobial drugs (Hernandez-Santiago et al.,,
2002)(Vellappally et al., 2017), which indicates that SmdCD inhibitors have a potential
application for drug discovery.



Currently, herbal medicines have received greater attention because of their multiplicity of
curing diseases, safety and being well tolerated remedies when compared with the conventional
drugs. Plants are known to produce a variety of phytochemicals to protect themselves against a
variety of pathogens. The use of phytochemicals present in the medicinal plants plays a crucial
role in destroying the cross-links of the biofilm matrix. If we focus on the search for new drug
candidates against periodontal diseases has led to the discovery of molecular targets and explores
of new bioactive inhibitors. Hence in this study, we used selected medicinal plants
phytochemicals derivatives against SmdCD. In the present study, we aimed to test the potency of
871 derivatives in inhibition of the SmdCD target through in silico methods. Therefore, drug-like
properties was also predicted to ascertain the pharmacokinetics and drug ability of selected
phytochemicals. The ligand based virtual screening of the library is carried out with target
substrate were performed with the hit compounds.

Material and Methods

Construction of phytochemical library

Text mining analysis of plants by using Carrot2 and PubTator server which showed that selected
plants photochemical had potential antimicrobial properties. Hence to find out an antibacterial
activity against SmdCD enzyme, a library of 871 phytochemicals was constructed from 13 plants
through searching the scientific literature and PubChem database. Further, 3D structure of each
phytochemicals retrieved from PubChem https://pubchem.ncbi.nlm.nih.gov) in SDF format and
further converted all of them into PDB format by using Open Babel tool(O’Boyle et al., 2011).

Enzyme preparation

The 3D crystal structure of SmdCD target with PDB ID 5C20 was retrieved from the Protein
Data Bank (https://www.rcsb.org). Here, the all water molecules, charge ions, and extra ligands
were removed from the enzyme using PyMOL software(Lua & Lichtarge, 2010). After that the
adding of hydrogen atoms to the enzyme was carried out by using MG Tools of AutoDock Vina
software (Trott & Olson, 2009). The crystal structure of allosteric protein was then saved in PDB

format for further analysis.

Ligand preparation



The 3D structure of each phytochemical was retrieved from  PubChem
(https://pubchem.ncbi.nlm.nih.gov) in SDF format and then converted into PDB files using Open
Babel open source software. The crystal structure of SmdCD complexed with TTP(Compound
CID: 64968 ) is presented at 2.35 A resolution.The structure of reference molecule was retrieved

from Protein Data Bank(https://www.rcsb.org).

Drug-likeness prediction

Analysis of molecular properties and drug-likeness of the screened phytochemicals is an
important step in drug discovery. To be effective as a drug, a potent phytochemicals must reach
its target in the body in sufficient concentration, and stay there in a bioactive form long enough
for the expected biologic events to occur. Here, we used the new Swiss ADME web tool (Daina
et al., 2017) that gives free access to a pool of fast yet robust predictive models for
physiyological property pharmacokinetics, drug-likeness and physicochemical properties. Easy
efficient input and interpretation are ensured through the login-free website
http://www.swissadme.ch.(Egan et al., 2000).Therefore, all screened phytochemicals were
evaluated for their drug-like nature under different rules: Lipinski’s rules of five;"RO5 (Lipinski,
2000), Ghose filter, PAINS filter and Verber filter. The drug-likeness property of the hit

molecules was checked by SwissADME web tool.

Molecular docking

Molecular Docking is the computational technique use a drug discovery. Molecular Docking is
the method which predict of prefer orientation of the phytochemicals to bind at the active site of
the receptor domain to form a stable complex by using AutoDock Vina software in PyRx open-
source software (GUI version 0.8 of AutoDock) (Trott & Olson, 2009). Firstly docking was
performed using SmdCD, reference molecule to validate docking protocol. Pdbqgt format of the
receptor and phytochemicals were dragged into their respective columns in form of pdbqt
formate. The grid box centere for docking set as X, Y, Z and with the dimensions of the grid box
for SmdCD target. Now, we can run docking with Vina. Docking was performed to obtain a
population of possible orientations and conformations for the phytochemical at the binding site.
The finally, the binding energy table was extracted from the software. Once the analysis is
completed we can check the result of best different confirmation with the lowest binding energy

pose or docking score than that of the positive control was chosen after the docking search was



completed. The binding affinities of phytochemicals for SmdCD target were recorded. At the end
of the docking, the best conformations were compared with the rigid docking for binding energy
(kcal/mol).The best conformation of the phytochemicals which had lower binding energy as

compare to reference molecule were chosen for further toxicity prediction analysis.

SmdCD-Experimental ligand SmdCD-Docked ligand

Figure 2. Binding pocket of SmdCD showing experimental and docked reference ligand(Blue
color) binds to modulator site residues. Modulator site residues are in orange circles
representation. Hydrogen bonds and that formed between protein and ligand are shown by green

dotted lines and other residues are hydrophobic bond-forming residues.

Toxicity prediction

Screened phytotochemicals obtained from molecular docking were preceded for toxicity
prediction. The toxicity analysis of phytotochemicals which have a good binding affinity with
protein was carried by using OSIRIS property explorer program(Sander et al., 2009). The main
aspect of US Food and drug administration toxicity risk predictor tool OSIRIS evaluated various
toxicity risks properties phytotochemicals such as tumorigenicity, mutagenicity, irritation, and

reproductive development toxicity.



Visualization

Now, we were able to see our phytochemicals have been docked in the substrate active site. The
result can be visualized and analysed different bioinformatics tool LigPlot + v.2.2.5 softwere.
The 2 D depiction of hydrogen-bond interactions of the complex receptor-ligand structure was
done by LigPlot + v.2.2.5 software (Wallace et al., 1995) to identify the interactions of amino
acid between protein and ligand complex. LigPlot depicted hydrophobic bonds, hydrogen bonds,
and their bond lengths in each docking pose.

Results

S.mutans is gram-posative pathogenic bacteria causing dentel carie. Many treatments are already
available for bacteria and various kinds of antibiotics and synthetic mouthwash are available to
treat dental disease. The major problem with these chemicals is that they are toxic nature which
is harmful for human health, and cause many diseases. Another problem is the drug resistance
problem which arises due to the mutation in the target enzymes. To solve these entire problems,
this research is focused mainly on the discovery and identification of some phytochemicals
against SmdCD target . Hence our study may help identify potential therapeutic phytochemicals
against targets SmdCD.

Construction of Phytochemical library

In this process takes more advantage in biomedical research and drug discovery. In this process,
useful information is extracted from different data sources via the recognition and exploration of
interesting patterns. However, finding the large number of medicinal plants is a laborious as
well as time-consuming process. In this study, we were prepared library of 13 medicinal plants
through text mining analysis Carrot2 and PubTator servers showed that these plants have
potential anti-bacterial activity and phytochemicals of these plants can have anti-bacterial

properties.

Hence to find out natural phytochemicals with an anti-bacterial activity against S.mutans, a
library of 871 phytochemicals was constructed from 13 plants, namely, Acacia nilotica, Acacia

catechu, Allium sativum, Aloe vera, Azadirachta indica, Curcuma longa, Embelia ribes,



Glycyrrhiza glabra, Hemidesmus indicus, Juglans regia, Mangifera indica, Mimusops elengi and
phyllanthus emblica through searching the scientific literature and download from PubChem
server. The 3D structures of phytochemicals were generated from PubChem Server in sdf format
and then convert into pdb format by using Open Babel software.

Drug-likeness prediction

Currently, due to continuous advancement in computer science, lot of successful findings drugs
from natural products using computer aided drug design methods for example the development
of Dazamide, Imatinib, Dasatinib and Ponatinib etc (Ghose et al., 1999). The rationale behind
these in silico approaches are due to relatively lower cost time factor involved compared to
standard ADMET profiling(Darvas et al., 2002; DiMasi et al., 2003). In the present study we
used SwissADME online software tool which is available free for the users to evaluate the
ADME properties.

The results obtained from in silico studies clearly indicate 211 phytochemicals were showed the
most druggable substance with a zero violation from any of drug likeness rules. It was interesting
to note that the results from the SwissADME predictor values of Log P with the most important
rules of drug likeness. eg. Lipinski, Ghose, Veber, Egan etc. Though these phytochemicals were
exhibiting good hydrophilic lipophilic balance and same predicted bioavailability, the hydroxy
derivative with high lipophilicity was expecting to show decent Gl absorption. This hydroxy
derivative with a higher value of probability of antibacterial activity and non-carcinogenic and

mutagenic properties were predicted as the lead in the study.
Molecular docking

All the 211 selected phytochemicals were docked with SmdCD (PDB ID (5C20)) using PyRx
software by selecting AutoDock Vina as the docking engine to find the reasonable binding
geometry and discover the protein-ligand complex, and it was found that the 3 phytochemicals
have good binding affinity to the receptors as campared to reference molecule. Before
performing the virtual screening, validation of the protocol was done by re-docking the reference
compound (TTP) into the molulator site of SmdCD. The result showed that the docked TTP was
completely superimposed with co-crystallized TTP in PDB ID(5C20). The results showed that



all selected inhibitors were in the pocket of the target SmdCD, exhibiting a possible interaction
and ranked based binding energies with SmdCD on specific binding pocket (Table 1). The
binding energies of the screened phytochemicals were found to be in the range —7.9 kcal/mol to -
7.5 kcal/mol and indicate good inhibition of the enzyme. 3 phytochemicals were observed to
better fit strong binding in the allosteric substrate pocket. The binding energy of the screened
phytochemicals was found in the following order; Cyclocurcumin(—7.9kcal/mol) =
Elatin(—7.9kcal/mol) > Androsta-1,4,6-triene-3,17-dione(—7.6kcal/mol) = SmdCD reference
ligand(—7.5kcal/mol). The results obtained were given in Table 1. Docking results are ranked
based on binding energies. Now, after docking studies all these 3 successful natural screened
phytochemicals further proceeded for toxicity prediction.

Tablel: Molecular docking scores of various screened Phytochemicals with the SmdCD.

Protein-ligand Compound Binding Affinity
S.No SMILES structure of compound
complex ID (kcal/mol)
CC1=CN(C(=0O)NC1=0)C2CC(C(02)COP(=0)(O)OP(=
1 SmdCD - Reference 64968 -7.5
0)(0)OP(=0)(0)0)O
SmdCD - COclcc(/C=C/C2=CC(=0)C[C@H](02)c2ccc(c(c2)OC)
2 ] 69879809 -7.9
Cyclocurcumin O)ccclO
SmdCD -Androsta-
. O=ClC=C[C@]2(C(=Cl)C=C[C@@H]1[C@@H]2CC][
3 1,4,6-triene-3,17- 104880 -7.6
) C@]2([C@H]1cce2=0)C)C
dione
4 SmdCD -Elatin 44257938 Oclccc(cecl)cloc2ec(O)ec(c2¢(=0)c10)0 -7.9

Toxicity prediction

The above three phytochemicals were also further proceeded to predict their tumorigenicity,
mutagenicity, irritation, and reproductive toxicity by the OSIRIS tool. The predicted toxicity of
three phytochemicals is shown in Table 2. According to Table 2, the 1 phytochemical i.e. Elatin
showed a high risk of toxicity, while, 2 phytochemicals i.e. Cyclocurcumin, Androsta-1,4,6-
triene-3,17-dione, were non-toxic (non-mutagenic, non-tumorigenic,non-irritant, and no
reproductive effect). The drug-score show ranges between 0 to 1, where as the value 1 indicates
the possibility of a compound to be drug molecule, whereas, the score value 0 indicates that
compounds having no possibilities of drug candidates. Therefore, these 2 phytochemicals




(Cyclocurcumin, Androsta-1,4,6-triene-3,17-dione,) can be further subjected to study their
binding interaction with SmdCD.
Table 2. Toxicity profile of the reference molecule and hit phytochemicals

S. No. Compound Name TUM MUT IRR REP Drug-Score
1 Reference(TTP) Non Toxic Non Toxic Non Toxic Non Toxic 0.39
2 Cyclocurcumin Non Toxic Non Toxic Non Toxic Non Toxic 0.73
Androsta-1,4,6-triene-
3 Non-Toxic Non-Toxic Non-Toxic Non-Toxic 0.75
3,17-dione
4 Elatin Toxic Non-Toxic Non-Toxic Non-Toxic 0.46
Visualization

LigPlot+ v.1.4.5 was used to visualize the protein-ligand interactions. The docked poses of these
two compounds with SmdCD is shown in Figure 3. SmdCD -reference the docked TTP showed
interaction with the amino acid residues by hydrogen and hydrophobic bonds as found in the
experimental structure shown in Figure 2. It forms seven hydrogen-bonds with five residues
Thr42, Tyrd4, Asn53, Thr23 and Asn75 of SmdCD. It also formed the five hydrophobic bonds
with residues Ala49, Gly47, Gly46, Gly43 and GIn79 of SmdCD as shown in Figure 3.
According to Figure. 2(A), SmdCD - Cyclocurcumin formed one hydrogen bonds with Thr42
which have the bond distance 3.08 A and It also formed nine hydrophobic bonds with Ala49,
GIn79, Ala4l, Gly47, Gly46, Asn75, Tyrd4, Val48, and Lys82. SmdCD - Androsta-1,4,6-triene-
3,17-dione interacted with Tyr44 that make one hydrogen bonds having the bond distance 3.14 A
and seven hydrophobic bonds with Asn53, Gly47, Asn75, Gly43, GIn79, Ala49 and Asp50,
residues were found to participate in SmdCD - Androsta-1,4,6-triene-3,17-dione complex

showed in table 3.

Table 3. 2D details Interactions between the SmdCD and top hits after the molecular docking.
The bold residues represent the common interacted residues between SmdCD-reference complex
and SmdCD -screened phytochemical complex.



Compounds Number of ) ) Common active site
S. No Interacted residues with SmdCD )
Name H-bonds residues
1 Reference(TT . Ala49, Gly46, Gly47, GIn79, Gly43, Thr23,
P) Tyrd4, Asn53, Asn75, Thr42
SmdCD - Tyrd4, Gly46, Gly47, Asn75, Ala4l, Thr42,
2 Cyclocurcumi 1 GIn79, Ala49, Val48, Lys82
Ala49, Gly47, GIn79,
n
Tyr4d4, Asn75
SmdCD -
Ala49, Gly47, GIn79, Asn75, Tyr44, Asn53,
Androsta-
3 1 Gly43, Asp50
1,4,6-triene-
3,17-dione
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Figure 3. 2D interaction of protein-ligand complexes with Hydrogen and Hydrophobic-bonds
between hit phytochemicals (reference ligand, Cyclocurcumin, and Androsta-1,4,6-triene-3,17-
dione) and dotted green lines denote hydrogen bonds, red half arcs indicate hydrophobic

interactions.
Discussion and Conclusion

Despite the improvement in pharmacology and conventional chemistry in developing rapidly
new synthetic antibiotics, altering existing antibiotics or finding suitable protein targets against
which inhibitors can be developed. Present global drug development programs may not be able
to afford new effective antibiotics for the next decade (Abdallah EM., 2011). In our study, we
used different compounds from selected medicinal plant against allosteric substrate of SmdCD.
These are all of the plants used in Ayurveda and the ancient medicinal system with antibacterial,
anti-inflammatory, antiviral, antioxidant, anticancer, and antidiabetic activities.Glycyrrhiza
glabra is one of the extensively used herbs from the ancient medicinal history of Ayurveda. The
antimicrobial activity of G. glabra has been both researched and exploited medicinally for many
years. Natural Plant products (NPPs) of G. glabra is considered as antitussive, mucolytic,
expectorant, antimicrobial, immunostimulant as well as a flavoring agent (Vandeputte et al.,
2011). Saponins have also been reported to possess antimicrobial activity due to their detergent
like nature they can cause leakage in the membrane by interacting with proteins and certain
enzymes from the bacterial cell (S.A. Tamil et al., 2011). Rationale based selection of G. glabra
against P. aeruginosa by employing bioprospection, in silico and in vitro study is reported
previously (Chakotiya, Chawla, et al., 2016; Chakotiya, Tanwar, et al., 2016).. Curcumin is a
active component C. longa is having many properties such as antioxidant, anti-inflammatory,
anti-viral, antibacterial, antifungal and anticancer activities and also works against various
malignant diseases such as diabetes (Spinetti et al., 2013), arthritis, Alzheimer’s(Mishra &
Palanivelu, 2008) and other chronic diseases has been reported. Cyclocurcumin, a curcumin
derivative of C. longa, exhibits immune-modulating ability and is a potential phytochemical for
the treatment of rheumatoid arthritis. TNF-a is a key factor in a variety of inflammatory diseases.
The role of cyclocurcumin in overcoming p38a-induced production of TNF-a and hence can be
used as a therapeutic agent to target rheumatoid arthritis(Fu et al., 2017). Cyclocurcumin can be
used as a herbal drug or proved to be a good lead compound for oral and cervical cancers



(Nomin€ et al., 2005; ULLMAN et al., 1996). The information is quite significant in drug
development for oral and cervical cancers. Here in this study, we employed in silico techniques
to investigate the natural compound Cyclocurcumin and Androsta-1,4,6-triene-3,17-dione as
possible to control biofilm formation.

Therefore, to find out potential phytochemicals, we prepared a library of phytochemicals of 10
selected medicinal plant and buildup a library of 871 phytochemical. Afterthat, It is used to
filtered a library of 871 phytochemical through Swiss ADME web tool. Further filtered 211
phytochemical were subjected to molecular docking against SmdCD. Based on Virtual screening
of Elatin phytochemical of selected pants we found the top 3 phytochemicals against SmdCD,
namely Cyclocurcumin, Androsta-1,4,6-triene-3,17-dione, Elatin, and all these compounds
showed good binding energy with SmdCD as compared to reference compounds. After virtual
screening we were checked toxicity prediction of screened phytochemicals through OSIRIS
softwere. Now, we get the result out of 3 phytochemicals, 2 phytochemical were non toxic in
nature. Through these results, we can suggest these phytochemicals can be used against SmdCD
target. Our drug repurposing study, both phytochemicals were found to inhibit the SmdCD and
these phytochemicals may be used against the S.mutans microbial infection. Finally, we suggest
based on a future perspective on the in vitro and in vivo research, that these phytochemicals
namly Cyclocurcumin, and Androsta-1,4,6-triene-3,17-dione may become development of

organic mouthwash and potent anti biofilm drugs to oral care.

Reference

Abdallah EM. (2011). Plants: an alternative source for antimicrobials. . J App Pharm Sci., 1, 16—
20.

Abdel-Aziz, M. M., Emam, T., & Raafat, M. M. (2020). Hindering of Cariogenic Streptococcus
mutans Biofilm by Fatty Acid Array Derived from an Endophytic Arthrographis kalrae
Strain. Biomolecules, 10(5), 811. https://doi.org/10.3390/biom10050811

Algburi, A., Comito, N., Kashtanov, D., Dicks, L. M. T., & Chikindas, M. L. (2017). Control of

Biofilm Formation: Antibiotics and Beyond. Applied and Environmental Microbiology,



83(3). https://doi.org/10.1128/AEM.02508-16

Bowen, W. H., & Koo, H. (2011). Biology of &It;i&gt;Streptococcus mutans-&lIt;/i&gt;Derived
Glucosyltransferases: Role in Extracellular Matrix Formation of Cariogenic Biofilms.
Caries Research, 45(1), 69-86. https://doi.org/10.1159/000324598

Cabral, C. T., & Fernandes, M. H. (2007). In vitro comparison of chlorhexidine and povidone—
iodine on the long-term proliferation and functional activity of human alveolar bone cells.
Clinical Oral Investigations, 11(2), 155-164. https://doi.org/10.1007/s00784-006-0094-8

Chakotiya, A. S., Chawla, R., Thakur, P., Tanwar, A., Narula, A., Grover, S. S., Goel, R., Arora,
R., & Sharma, R. K. (2016). In vitro bactericidal activity of promising nutraceuticals for
targeting multidrug resistant Pseudomonas aeruginosa. Nutrition, 32(7-8), 890-897.
https://doi.org/10.1016/j.nut.2016.01.024

Chakotiya, A. S., Tanwar, A., Narula, A., & Sharma, R. K. (2016). Alternative to antibiotics
against Pseudomonas aeruginosa: Effects of Glycyrrhiza glabra on membrane permeability
and inhibition of efflux activity and biofilm formation in Pseudomonas aeruginosa and its
in vitro time-kill activity. Microbial Pathogenesis, 98, 98-105.
https://doi.org/10.1016/j.micpath.2016.07.001

Daina, A., Michielin, O., & Zoete, V. (2017). SwissADME: a free web tool to evaluate
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules.
Scientific Reports, 7(1), 42717. https://doi.org/10.1038/srep42717

Darvas, F., Keseru, G., Papp, A., Dorman, G., Urge, L., & Krajcsi, P. (2002). In Silico and Ex
Silico ADME Approaches for Drug Discovery. Current Topics in Medicinal Chemistry,
2(12), 1287-1304. https://doi.org/10.2174/1568026023392841

DiMasi, J. A., Hansen, R. W., & Grabowski, H. G. (2003). The price of innovation: new
estimates of drug development costs. Journal of Health Economics, 22(2), 151-185.
https://doi.org/10.1016/S0167-6296(02)00126-1

Egan, W. J., Merz, , Kenneth M., & Baldwin, J. J. (2000). Prediction of Drug Absorption Using
Multivariate Statistics. Journal of Medicinal Chemistry, 43(21), 3867—3877.



https://doi.org/10.1021/jm000292¢

Fu, M., Chen, L., Zhang, L., Yu, X., & Yang, Q. (2017). Cyclocurcumin, a curcumin derivative,
exhibits immune-modulating ability and is a potential compound for the treatment of
rheumatoid arthritis as predicted by the MM-PBSA method. International Journal of
Molecular Medicine, 39(5), 1164-1172. https://doi.org/10.3892/ijmm.2017.2926

Gao, L., Xu, T., Huang, G., Jiang, S., Gu, Y., & Chen, F. (2018). Oral microbiomes: more and
more importance in oral cavity and whole body. Protein & Cell, 9(5), 488-500.
https://doi.org/10.1007/s13238-018-0548-1

Ghose, A. K., Viswanadhan, V. N., & Wendoloski, J. J. (1999). A Knowledge-Based Approach
in Designing Combinatorial or Medicinal Chemistry Libraries for Drug Discovery. 1. A
Qualitative and Quantitative Characterization of Known Drug Databases. Journal of
Combinatorial Chemistry, 1(1), 55-68. https://doi.org/10.1021/cc9800071

Hernandez-Santiago, B., Placidi, L., Cretton-Scott, E., Faraj, A., Bridges, E. G., Bryant, M. L.,
Rodriguez-Orengo, J., Imbach, J. L., Gosselin, G., Pierra, C., Dukhan, D., & Sommadossi,
J. P. (2002). Pharmacology of B- <scp>l</scp> -Thymidine and - <scp>I</scp> -2'-
Deoxycytidine in HepG2 Cells and Primary Human Hepatocytes: Relevance to
Chemotherapeutic Efficacy against Hepatitis B Virus. Antimicrobial Agents and
Chemotherapy, 46(6), 1728-1733. https://doi.org/10.1128/AAC.46.6.1728-1733.2002

Jones, C. G. (1997). Chlorhexidine: is it still the gold standard? Periodontology 2000, 15(1), 55—
62. https://doi.org/10.1111/j.1600-0757.1997.tb00105.x

Jr, R. P., Chalmers, N., Rickard, A., & Kolenbrander, P. (2008). Community Development in
Bacterial Biofilms of the Oral Cavity. Microscopy and Microanalysis, 14(S2), 1554-1555.
https://doi.org/10.1017/S1431927608088831

Li, Y., Guo, Z., Jin, L., Wang, D., Gao, Z., Su, X., Hou, H., & Dong, Y. (2016). Mechanism of
the allosteric regulation of Streptococcus mutans 2'-deoxycytidylate deaminase. Acta
Crystallographica Section D Structural Biology, 72(7), 883-891.
https://doi.org/10.1107/S2059798316009153



Lipinski, C. A. (2000). Drug-like properties and the causes of poor solubility and poor
permeability. Journal of Pharmacological and Toxicological Methods, 44(1), 235-249.
https://doi.org/10.1016/S1056-8719(00)00107-6

Lua, R. C., & Lichtarge, O. (2010). PyETV: a PyMOL evolutionary trace viewer to analyze
functional site predictions in protein complexes. Bioinformatics, 26(23), 2981-2982.
https://doi.org/10.1093/bioinformatics/btq566

Marsh, P. D. (2010). Microbiology of Dental Plaque Biofilms and Their Role in Oral Health and
Caries. Dental Clinics of North America, 54(3), 441-454.
https://doi.org/10.1016/j.cden.2010.03.002

Mishra, S., & Palanivelu, K. (2008). The effect of curcumin (turmeric) on Alzheimer's disease -
An overview. Annals of Indian Academy of Neurology, 11(1), 13.
https://doi.org/10.4103/0972-2327.40220

Moynihan, P. (2016). Sugars and Dental Caries: Evidence for Setting a Recommended Threshold
for Intake. Advances in Nutrition, 7(1), 149-156. https://doi.org/10.3945/an.115.009365

Nomin€, Y., Charbonnier, S., Miguet, L., Potier, N., Dorsselaer, A. Van, Atkinson, R. A.,
Trave, G., & Kieffer, B. (2005). 1H and 15N resonance assignment, secondary structure
and dynamic behaviour of the C-terminal domain of human papillomavirus oncoprotein E6.
Journal of Biomolecular NMR, 31(2), 129-141. https://doi.org/10.1007/s10858-004-7802-y

O’Boyle, N. M., Banck, M., James, C. A., Morley, C., Vandermeersch, T., & Hutchison, G. R.
(2011). Open Babel: An open chemical toolbox. Journal of Cheminformatics, 3(1), 33.
https://doi.org/10.1186/1758-2946-3-33

Rath, S. K., & Singh, M. (2013). Comparative clinical and microbiological efficacy of
mouthwashes containing 0.2% and 0.12% chlorhexidine. Dental Research Journal, 10(3),
364-3609.

Reibel, J. (2003). Tobacco and Oral Diseases. Medical Principles and Practice, 12(Suppl. 1),
22-32. https://doi.org/10.1159/000069845

Ribeiro, D. A., Bazo, A. P., da Silva Franchi, C. A., Marques, M. E. A., & Salvadori, D. M. F.



(2004). Chlorhexidine induces DNA damage in rat peripheral leukocytes and oral mucosal
cells. Journal of Periodontal Research, 39(5), 358-361. https://doi.org/10.1111/j.1600-
0765.2004.00759.x

S.A. Tamil, M.G. Dinesh, R.S. Satyan, B. Chandrasekaran, & C. Rose. (2011). Leaf and seed
extracts of Bixa orellana L. exerts anti-microbial activity against bacterial pathogens. J.
Appl. Pharm. Sci. , 1, 116-120.

Sander, T., Freyss, J., von Korff, M., Reich, J. R., & Rufener, C. (2009). OSIRIS, an Entirely in-
House Developed Drug Discovery Informatics System. Journal of Chemical Information
and Modeling, 49(2), 232-246. https://doi.org/10.1021/ci800305f

Spinetti, G., Fortunato, O., Caporali, A., Shantikumar, S., Marchetti, M., Meloni, M., Descamps,
B., Floris, 1., Sangalli, E., Vono, R., Faglia, E., Specchia, C., Pintus, G., Madeddu, P., &
Emanueli, C. (2013). MicroRNA-15a and microRNA-16 impair human circulating
proangiogenic cell functions and are increased in the proangiogenic cells and serum of
patients with critical limb ischemia. Circulation Research, 112(2), 335-346.
https://doi.org/10.1161/CIRCRESAHA.111.300418

Trott, O., & Olson, A. J. (2009). AutoDock Vina: Improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. Journal of
Computational Chemistry, NA-NA. https://doi.org/10.1002/jcc.21334

ULLMAN, C. G., HARIS, P. I.,, GALLOWAY, D. A., EMERY, V. C., & PERKINS, S. J.
(1996). Predicted a-helix/B-sheet secondary structures for the zinc-binding motifs of human
papillomavirus E7 and E6 proteins by consensus prediction averaging and spectroscopic
studies of E7. Biochemical Journal, 319(1), 229-239. https://doi.org/10.1042/bj3190229

Vandeputte, O. M., Kiendrebeogo, M., Rasamiravaka, T., Stévigny, C., Duez, P., Rajaonson, S.,
Diallo, B., Mol, A., Baucher, M., & El Jaziri, M. (2011). The flavanone naringenin reduces
the production of quorum sensing-controlled virulence factors in Pseudomonas aeruginosa
PAOL. Microbiology, 157(7), 2120-2132. https://doi.org/10.1099/mic.0.049338-0

Vellappally, S., Divakar, D. D., Al Kheraif, A. A., Ramakrishnaiah, R., Algahtani, A., Dalati, M.
H. N., Anil, S., Khan, A. A., & Harikrishna Varma, P. R. (2017). Occurrence of



vancomycin-resistant Staphylococcus aureus in the oral cavity of patients with dental caries.
Acta Microbiologica et Immunologica Hungarica, 64(3), 343-351.
https://doi.org/10.1556/030.64.2017.033

Wallace, A. C., Laskowski, R. A., & Thornton, J. M. (1995). LIGPLOT: a program to generate
schematic diagrams of protein-ligand interactions. “Protein Engineering, Design and
Selection, ” 8(2), 127-134. https://doi.org/10.1093/protein/8.2.127



