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Abstract

Background: The most dangerous issue in the healthcare arises is outbreak of the antibiotic-resistant bacteria worldwide. The
randomness of Salmonella infections rely on its serotypes and the immune response of the host. Children up to age of 5 years and
patients of older age are prone to the salmonella infections. The virulence genes of Salmonella encodes five different groups of Cell
invasion proteins (CIPs), including Sip A, B, C, D and E. Upon contact with the target cell, SipB undergo ‘type III’ export from the bacte-
rial cytoplasm and translocate into the cell membrane. Caspase-1 activity is essential for the cytotoxicity, and it has been proven that

binding of SipB to caspase-1 induces macrophage apoptosis, so functional inhibition of caspase-1 blocks macrophage cytotoxicity.

Methods: This study is to determine the components of the natural origin compounds (NOCs) have an anti-bacterial effect (ABE) and
capable to prevent the humans from bacterial infection Salmonella enterica serotype typhi. This Salmonella is using the most reliable
method is suitable for molecular docking. We used to find out the interaction study between the molecules and the protein. In our
study based on the inhibitor of Cell Invasion Protein SipB from Salmonella. We performed In Silico method for screening of all the
natural compounds against Cell Invasion Protein SipB inhibition.

Results and Discussion: The results we obtained from molecular docking shown that among 2228 molecules of natural origin from
natural product compounds library (20200427-L1400) was retrieved in SDF format from Inhibitor Expert (Selleckchem.com). Fif-
teen molecules are the best compounds observed through molecular docking and hydrophobic interactions and hydrogen bonding
with interaction are proposed as the novel inhibitors against the Cell Invasion Protein SipB from Salmonella. We demonstrate using
SwissADME online server tools and DrulLito that all fifteen natural molecules has better “drug-likeness and does not violate any
Lipinski, Ghose, Veber, Egan or Muegge rules.

Conclusion: Importantly, all fifteen natural compounds are more potent in treatment of against Cell Invasion Protein SipB in Salmo-

nella typhi but needs further experimental research.
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Highlights
e  Cell Invasion Protein SipB of Salmonella enterica serotype
typhi bind with selected natural compounds from Inhibitor

Expert (Selleckchem.com).

e  Cell Invasion Protein SipB interacted with drugs by hydro-

phobic interactions and hydrogen bond.

e  Natural compounds show good binding free energy with

protein complexes.

e Ligands were found to follow the Lipinski rule of five.

Introduction

The spread of antibiotic-resistant bacteria stands as one of the
most dangerous health care issues to human health worldwide,
with Food of animal origin such as eggs, milk, poultry, beef and
pork contributing to a large extent for zoonotic transmission of the
non-typhoidal Salmonella serotype [1,2]. In humans, the severity
of Salmonella infections depends on the serotypes involved and
the health condition of the host. Young children under the age of 5
years, old people and patients whose immune system is suppressed

are more prone to the infection than healthy individuals [3,4].

The most common sign of Salmonella infection in healthy adults
is Gastroenteritis, then bacteremia and enteric fever follows [5,6],
whereas systemic disease can also happen in children, elderly peo-

ple and those with compromised immune system [7].

Salmonella infection do not only affect humans, as animal too
are not exempted, be it mammals, birds or other cold-blooded ani-
mals [8]. But it is more common in poultry and swine as compared
to cattle. Fowl typhoid and pullorum are septicemic diseases that
mostly occur in chickens and turkeys, with Salmonella gallinarum
and S. pullorum, being the causative agents respectively. Anorexia,
diarrhea, dehydration, weakness and high mortality are the clinical
signs of the diseases in chicks and poults. More so, decreased in
egg production, fertility and hatchability problems are the common

signs of Salmonellosis in mature fowls [9,10].

The genus Salmonella is a gram negative, rod shaped and motile
bacteria that is serologically divided into over 2500 serovars with-
in the enterica species. Many of the S. enterica serovars actively in-
vade the mucosal surface of the intestine and S. typhi has evolved
the ability to spread deeper into human tissues such as spleen,
liver and bone marrow [11-13]. Large number of virulence genes

play a special role in the colonization of hosts by S. enterica, and
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molecular evaluation shows that most of these virulence genes are
clustered within Salmonella Pathogenicity Islands (SPI). The Sal-
monella enterica serovar typhi has numerous Pathogenicity Island
which controls its adhesion and colonization, invasion, intracellu-
lar survival and proliferation, so understanding the detailed mech-
anism for survival of this organism in the host cell is significant

for effective detection, treatment and drug design of this pathogen.

The virulence genes of Salmonella encodes five different groups
of Cell invasion proteins (Sips), including Sip A, B, C, D and E [14].
Upon contact with the target cell, SipB undergo ‘type III' export
from the bacterial cytoplasm and translocate in to the cell mem-
brane. Caspase-1 activity is essential for the cytotoxicity, and it has
been proven that binding of SipB to caspase-1 induces macrophage
apoptosis, so functional inhibition of caspase-1 blocks macrophage
cytotoxicity [15]. Medicinal plants were the major source of medi-
cines over many centuries. We have many examples of plant-de-
rived extracts and/or compounds isolated from plants that have
been widely used in the treatment of many significant diseases. To
name just two examples, Turmeric (Curcuma longa) and Congress
Grass (Parthenium hysterophorus L.) have been used over a long pe-
riod of time. In 1806 Friedrich Serturner isolated the alkaloid mor-
phine from poppy: an event that prompted a continuing search for
other plant-derived medicines. Almost Natural compounds show

the good anticancer, anti-bacterial, and anti-viral property [16].

Materials and Methods
Protein preparation

The crystal structure of Cell invasion protein SipB (PDB entry
code: 6TUL) was downloaded from the protein databank (http://
www.rcsb.org), and its original ligand and water were eliminated,
then all compounds from our data set were docked in the active site
of the studied protein. The preparation of the PDB file was done us-
ing Discovery Studio 2016 [17].

Library preparation

The literature-based 3D or 2D structure of natural product com-
pounds library (20200427-L1400) was retrieved in SDF format
from Inhibitor Expert (Selleckchem.com). All the unique collec-
tion of 2228 natural products for high throughput screening, high
content screening, Structurally diverse, bioactive, cell permeable,
Rich documentation with structure, NMR, and High Performance
Liquid Chromatography validated ensure high purity. Open Babel
molecule format converter was used for the conversion of 2D to 3D

conformation and Marvin Sketch software (version 15.10.0) per-
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formed the conversion from SDF to pdf (for docking) and mol (for
molecular properties prediction) file. Ligand’s energy was mini-
mized by relating the mmff94 force field and conjugate gradients

optimization algorithm using PyRx- Python prescription 0.8.

Visual screening and molecular docking

Molecular docking analysis was used to study the binding af-
finity and the type of interactions between all compounds and the
target Salmonella Cell inversion protein (SipB). The steps for pre-
paring ligands and proteins for docking protocol were done in the
Autodock 1.5.4 tools from MGL Tools package employing default
settings [18], a grid box (for center x -2.4236, y 2.3899, z 21.2142
and Dimensions (Angstrom) x 84.8047,Y 63.4355 and Z 59.4975),
the bioactive conformations were simulated employing Autodock
Vina. For Auto Dock Vina study, an extended PDB format, termed
PDBQT, is used for coordinate files, which includes atomic partial
charges and atom types. Torsion angles were calculated to assign
the flexible and non-bonded rotation of molecules. The results
were subsequently analyzed using Discovery studio 2016 and Py-
MOL.

ADMET properties
For the estimation of the ADMET properties, a statistical analy-

sis of natural compounds was carried out. In this analysis, we eval-
uated ADMET properties using the ADMET predictor FAFDrugs2
that runs on Linux OS. This method is freely available and used for

filtering in Silico ADMET. This technique has been widely used as
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a screen for compounds that are expected to be produced more
for product design programs. We have tested parameters such as
the number of rotatable No. bonds (> 10) and the number of rigid
bonds that suggest good oral bioavailability and good intestinal ab-

sorption of the compound.

Results and Discussion
Analysis of docking results of promising compounds

The Crystal structure of the Cell invasion protein SipB (PDB:
6TUL) of Salmonella Typhi was used for docking purposes. Mo-
lecular docking has been performed using the extra precision (XP)
mode of grid based ligand docking with energetics. We used known
natural compounds for docking purpose (Figure 1-3). We selected
the top 15 compounds with show good binding affinity, which were
docked with Cell Invasion protein SipB of Salmonella Typhi. Our re-
sult highlighted that; Cyclocurcumin; Stigmasterol; Procurcumenol;
1,7-bis (4-hydroxyphenyl)-1,4,6-heptatrien-3-one; Curcumenol;
1,5-Bis(4-hydroxyphenyl)penta-1,4-dien-3-one; (1E,4E)-1-(4-Hy-
droxy-3-methoxyphenyl)-5-(4-hydroxyphenyl)-1,4-pentadiene-3-
one; 2-Hepten-4-one, 6-(3-hydroxy-4-methylphenyl)-2-methyl-;
(6Z, 10S)-6,

4-Dione; Epiprocurcumenol; Cubebene; Isoprocurcumenol; Beta-

10-Dimethyl-3-propan-2-ylidenecyclodec-6-ene-1,

Caryophyllene; 1,3-dihydroxy-5-(tridec-4’,7’-dienyl)benzene and
DL-Borneol yielded a preeminent dock score with the Cell Invasion
protein SipB with docking score of -8.8, -8.8, -8.0, -7.8, -7.7, -7.6,
-7.5,-7.3,-7.1,-7.1, -6.6, -6.6, -6.5, -6.3 and -5.6 Kcal/mol respec-
tively (Table 1).

Figure 1: Mesh presentation of Cell invasion protein SipB (PDB: 6TUL) with top selected compounds. 1. Cyclocurcumin-Cell invasion

protein SipB; 2. Stigmasterol- Cell invasion protein SipB; 3.Procurcumenol- Cell invasion protein SipB; 4. 1, 7-bis (4-hydroxyphenyl)-1, 4,

6-heptatrien-3-one- Cell invasion protein SipB 5. Curcumenol- Cell invasion protein SipB 6. 1, 5-Bis (4-hydroxyphenyl) penta-1, 4-dien-

3-one-Cell invasion protein SipB.
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Figure 2: Mesh presentation of Cell invasion protein SipB (PDB: 6TUL) with top selected compounds. 7. (1E, 4E)-1-(4-Hydroxy-
3-methoxyphenyl)-5-(4-hydroxyphenyl)-1, 4-pentadiene-3-one-Cell invasion protein SipB; 8. 2-Hepten-4-one, 6-(3-hydroxy-
4-methylphenyl)-2-methyl- Cell invasion protein SipB; 9.6Z, 10S)-6, 10-Dimethyl-3-propan-2-ylidenecyclodec-6-ene-1, 4-Dione- Cell
invasion protein SipB 10. Epiprocurcumenol-Cell invasion protein SipB; 11.Cubebene-Cell invasion protein SipB; 12.Isoprocurcumenol-

Cell invasion protein SipB.

Figure 3: Mesh presentation of Cell invasion protein SipB (PDB: 6 TUL) with top selected compounds. 13. Beta-Caryophyllene- Cell inva-
sion protein SipB; 14. 1, 3-dihydroxy-5-(tridec-4', 7’-dienyl) benzene- Cell invasion protein SipB 15. DL-Borneol -Cell invasion protein
SipB.
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Sr. No. Compounds Name Pubchem Id | Docking Score (Kcal/mol)
1. Cyclocurcumin 69879809 -8.8
2. Stigmasterol 5280794 -8.8
3. Procurcumenol 189061 -8.0
4. 1,7-bis (4-hydroxyphenyl)-1,4,6-heptatrien-3-one 10447050 -7.8
5. Curcumenol 167812 -7.7
6. 1,5-Bis(4-hydroxyphenyl)penta-1,4-dien-3-one 6437306 -7.6
7. (1E,4E)-1-(4-Hydroxy-3-methoxyphenyl)-5-(4-hydroxyphenyl)-1,4-pentad- 10469828 -7.5
iene-3-one
8. 2-Hepten-4-one, 6-(3-hydroxy-4-methylphenyl)-2-methyl- 15858385 -7.3
9. (6Z, 10S)-6, 10-Dimethyl-3-propan-2-ylidenecyclodec-6-ene-1, 4-Dione 6442617 -7.1
10. Epiprocurcumenol 10263440 -7.1
11. Cubebene 91747196 -6.6
12. Isoprocurcumenol 14543198 -6.6
13. Beta-Caryophyllene 5281515 -6.5
14. 1,3-dihydroxy-5-(tridec-4’,7’-dienyl)benzene 637432 -6.3
15. DL-Borneol 10049 -5.6

Table 1: Docking score (Kcal/mol) of the cell invasion protein SipB (PDB: 6 TUL) with selected compounds detected by

molecular docking.

Interactions between the target protein and selected natural
compounds

Protein-ligands interactions are generally highlighted by hydro-
phobic interactions and Hydrogen bonds, which play a specific role
in predicting the binding affinity of the ligand with target proteins.

All selected fifteen compounds in the dataset were docked into the

active site of the Cell Invasion Protein SipB of Salmonella typhi (Fig-
ure 4-6) depicts the binding conformation of the selected natural
compounds in the binding pocket of the Target protein. The active
site of the target protein showed hydrophobic interactions with the
help of Val210, Leu101, Lys148, Ile147, Phe129, Ile115, Trp111
and Ala123 etc. amino acids.

Figure 4: Protein-ligand interactions profile of Cell invasion protein SipB (PDB: 6TUL) of Salmonella typhi with selected compounds. 1.

Cyclocurcumin-Cell invasion protein SipB; 2. Stigmasterol- Cell invasion protein SipB; 3.Procurcumenol- Cell invasion protein SipB; 4. 1,

7-bis (4-hydroxyphenyl)-1, 4, 6-heptatrien-3-one- Cell invasion protein SipB 5. Curcumenol- Cell invasion protein SipB.
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Figure 5: Protein-ligand interactions profile of Cell invasion protein SipB (PDB: 6TUL) of Salmonella typhi with selected compounds. 6.
1, 5-Bis (4-hydroxyphenyl) penta-1, 4-dien-3-one-Cell invasion protein SipB; 7. (1E, 4E)-1-(4-Hydroxy-3-methoxyphenyl)-5-(4-hydroxy-
phenyl)-1, 4-pentadiene-3-one-Cell invasion protein SipB; 8. 2-Hepten-4-one, 6-(3-hydroxy-4-methylphenyl)-2-methyl- Cell invasion
protein SipB; 9. 6Z, 10S)-6, 10-Dimethyl-3-propan-2-ylidenecyclodec-6-ene-1, 4-Dione- Cell invasion protein SipB 10. Epiprocurcum-

enol-Cell invasion protein SipB.

Figure 6: Protein-ligand interactions profile of Cell invasion protein SipB (PDB: 6TUL) of Salmonella typhi with selected compounds.
11.Cubebene-Cell invasion protein SipB; 12.Isoprocurcumenol-Cell invasion protein SipB; 13. Beta-Caryophyllene- Cell invasion protein

SipB; 14. 1, 3-dihydroxy-5-(tridec-4', 7’-dienyl) benzene- Cell invasion protein SipB 15. DL-Borneol -Cell invasion protein SipB.
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The amino acids are present in the active site of Cell Invasion
Protein SipB like Val210, Phe129, Ala113, and Trp111 are most
common found to create hydrophobic interaction via Pi Hydropho-
bic, Alkyl Hydrophobic, and mixed Pi/Alkyl Hydrophobic with the

top fifteen natural ligands. Beside hydrophobic interactions, there
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are some hydrogen bonds present between amino acids and top
natural compounds. The active site of the Cell Invasion protein
SipB showed hydrogen bonds with the help of Thr214, Glu105,
Glu116, GIn118, Asn225, Ser126, Asp151, Thr150, Thr209, Gly97,
and Ala113 amino acids (Table 2).

Sr. No. Compounds Name Hydrophobic Interactions Hydrogen Bonds
1. Cyclocurcumin Val B:210, Leu A:101 -
2. Stigmasterol Val B:210, Lys A:148, lle A:147 -
3. Procurcumenol Ala C:113, Ile A:115, Trp A:111, -
Mse A:114, Phe A:129
4. 1,7-bis (4-hydroxyphenyl)-1,4,6-heptatrien-3-one Val B:210 Thr B: 214, Glu A:105
Curcumenol Ile A:115, Mse A:114, -
Trp A:111, Phe A:129,
Ala C:113
6. 1,5-Bis(4-hydroxyphenyl)penta-1,4-dien-3-one Thr A:94, Thr B:150, Val B:210 -
(1E,4E)-1-(4-Hydroxy-3-methoxyphenyl)-5-(4- Ala C:109, Ala C: 113, Glu C:116
hydroxyphenyl)-1,4-pentadiene-3-one Trp A: 111
8. 2-Hepten-4-one, 6-(3-hydroxy-4-methylphenyl)-2-methyl- Ile A:115, Phe A:129, Gln A: 118, Asn A:225
Ala C: 113, Mse A:114, Trp A:111
9. (6Z, 10S)-6, 10-Dimethyl-3-propan-2-ylidenecyclodec-6-ene-1, Ile A:123, Phe A:129, Ser A:126
4-Dione Ala C:113, Trp A:111
10. Epiprocurcumenol Ile A:115, Mse A:114, -
Phe A:129, Ala C:113
11. Cubebene Val B:210, Tyr B:143, Ile B:147 -
12. Isoprocurcumenol Ile C:147, Lys C:154 Asp C:151, Thr C:150,
Thr C: 209
13. Beta-Caryophyllene Val B:210, Tyr B:143 -
14. 1,3-dihydroxy-5-(tridec-4’,7’-dienyl)benzene Ile B: 147, Val B:210 Gly A:97
15. DL-Borneol Trp A:111 Ala C:113

Table 2: Protein-ligand interaction profile of cell invasion protein SipB of Salmonella typhi (PDB: 6TUL) with selected compounds.

A good number of amino acids are found to appear in the hydro-
gen bonding and hydrophobic interactions. The active site of the
Cell Invasion Protein SipB has mostly show hydrophobic interac-
tions with the top ligands. Hydrophobic interaction successfully
delineates specific functional groups that may be responsible for
the hydrophobic generating effect of these compounds with strong
binding affinity against target Cell Invasion Protein SipB and may
play a highly influencing against Salmonella enterica serovar Typhi

infection.

ADMET properties of leads compounds
ADME/T properties of the lead compounds (Figure 4-6) were

appraised by using the DruLiTo is an open source software. It can
calculate different molecular properties and screen the molecules
based on drug likeness rules such as, Lipinski’s rule, MDDR-like
rule, Veber Rule, Ghose Filter, BBB Rule, and CMC-50 like rule and
Quantitative estimate of drug-likeness (QED) (Figure 8 and table
3). Swiss ADME BOILEDegg (Figure 7) allows for evaluation of HIA

as a function of the position of the fifteen molecules in the WLOGP-
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Versus-TPSA referential. Moreover, polar surface area, high oral bioavailability, H-

bond donors, and acceptors are being important criteria for the development of

therapeutic agents. Molecule 1 (Cyclocurcumin) is predicted as absorbed by gas-

tro intestines (White Region) but are not brain penetrate (Yolk) (Figure 7). All the

molecules evaluated are PGP not subject to active efflux (Red dot) (Figure 7) All

these models unscrew the qualitative prediction and ranking of absorption, for-
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mulation effects on drug permeability, determining the mechanism(s) of perme-

ability, and the potential for transporter-mediated drug-drug interactions. All the

good scoring ligand has drug-likeness properties by Lipinski’s rule. It may also be

predictable that the combination of these drugs/s may be a good idea to prevent

Salmonella enterica serovar Typhi infection.

Sr. Com- nAtom | nAcid- nRig S
Molecule N M LogP | Al HBA | HBD | TPSA | AMR RB R A HB
No. olectie Name pound Id w 8 8P S n Ring ic . idB narom | n Alerts
1. Cyclocurcumin 69879809 | 368.13 | 1.895 | 0.241 6 2 85.22 | 110.77 | 5 47 0 3 24 2 8 1
2. Stigmasterol 5280794 | 41237 | 11.017 | 1.257 1 1 20.23 | 12529 | 5 78 0 4 28 0 2 1
3. Procurcumenol 189061 | 234.16 | 1.671 | 2.091 2 1 373 | 69.39 0 39 0 2 18 0 3 1
4. 1,7-bis 10447050 | 292.11 | 2.498 | 2.216 3 2 57.53 | 98.83 5 38 0 2 18 2 5 2
(4-hydroxyphenyl)-
1,4,6-heptatrien-
3-one
Curcumenol 167812 | 234.16 | 1.748 | 2.327 2 1 29.46 | 86.04 0 39 0 3 19 0 3 1
6. 1,5-Bis(4-hydroxy- | 6437306
phenyl)penta-1,4-
dien-3-one
7. (1E,4E)-1-(4- 10469828 | 296.10 | 1.833 | 1.246 4 2 66.67 | 95.16 5 38 0 2 18 2 6 1
Hydroxy-3-
methoxyphenyl)-5-
(4-hydroxyphenyl)-
1,4-pentadiene-3-
one
8. 2-Hepten-4-one, 15858385 | 232.15 | 2.322 | 2.445 2 1 37.30 | 74.08 4 37 0 1 13 1 3 1
6-(3-hydroxy-
4-methylphenyl)-
2-methyl-
9. (6Z,10S)-6,10-Di- | 6442617 |234.16 | 2.039 | 2.623 2 0 3414 | 71.53 0 39 0 1 17 0 2 2
methyl-3-propan-
2-ylidenecyclodec-
6-ene-1, 4-Dione
10. | Epiprocurcumenol | 10263440 | 234.16 | 1.671 | 2.091 2 1 37.30 | 69.39 0 39 0 2 18 0 3 1
11. Cubebene 91747196 | 204.19 | 6.499 | 1.645 0 0 0.00 | 63.99 1 39 0 3 16 0 0 1
12. | Isoprocurcumenol | 14543198 | 234.16 | 1.56 1.83 2 1 37.30 | 68.34 0 39 0 2 18 0 3 2
13. | Beta-Caryophyllene | 5281515 | 204.19 | 6.044 | 3.229 0 0 0.00 | 67.69 0 39 0 2 16 0 0 1
14. 1,3-dihydroxy- 637432 | 288.21 | 6.926 | 0.552 2 2 40.46 | 89.76 | 10 49 0 1 11 1 4 2
5-(tridec-4’7’-die-
nyl)benzene
15. DL-Borneol 10049 154.14 | 2.734 | 0.943 1 1 20.23 | 44.28 0 29 0 2 12 0 2 0

Table 3: Structural; physicochemical; biochemical; pharmacokinetics and toxicity properties of top fifteen natural compounds.

MW: Molecular Weight; Accept H: Estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution; Donor H:

Estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution; TPSA (Total Polar Surface Area: PSA is a reference

point for since the latter descriptor is a ratio of the (Lipophilicity to hydrophilicity AlogP98); No of Rigid Bonds>=18; Number of Rings>=3; Number Rotable Bonds>=6;
In Ghose Filter (MW between 160 to 480, LogP value between -0.4 to 5.6, Atom Count between 20 to 70, Refractivity between 40 to 130); BBB Likeness property
(Mw<=400, H-bonds total <=8, No acids =0); CMC-50 Lik Rule (LogP value between 1.3-4.1, Atom count between 30 to 55, Mw between 230 to 390 and Molar Refractiv-

ity between 70 to 110); Unweighted QED ( Weighted QED>=0.5, Unweighted QED>=0.5); Veber Rule (Rotable Bond<=10, Polar Surface Area<=140).
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Figure 7: Boiled egg diagram and bioavailability rader map of top fifteen natural compounds.

Figure 8: All the fifteen compounds show in colored zone are the suitable physiochemical space for oral bioavailability and show the
LIPO(Lipophilicity), SIZE (Molecular Weight), POLAR (Polarity), INSOLU (Insolubility), INSATU (Instauration) and FLIX (Rotable bond
flexibility) parameters.
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Conclusion

In this study, it has been shown that selected fifteen natural
screened compounds have good docking score and strong hydro-
phobic interactions and Some H-bonding and follows the Lipinski
rule of five. Thus, these compounds might have the potential to
be utilized against the Salmonella enterica serovar typhi infection.
Here, in this study, we can conclude that the obtained compounds
from this In Silico study may be an excellent agent to combat Sal-
monella enterica serovar typhi infection either alone or in combi-
nation. However, the natural product library available in the form
of solution and the evaluation of their in vitro and in vivo activity
against Cell invasion protein SipB could be an interesting target for
the development of new antibiotic /drugs for the near future appli-

cations for treatment and follow-up of the patients as well.
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