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potential bacterial inhibitor for food preservative applications. Initially, 36 betalain derivatives
have been taken for primary screening using molecular docking. Afterward, the top ten ligands
are taken for further study and analysis. The results of Prediction of Activity Spectrum of

fgijzr;lsz Substances (PASS) assured the antibacterial capabilities of betalains, and Lipinski's rule-of-five
Betalains ensures the acceptability of the selected ligands as antibacterial inhibitors. The bacterial
Drug-likeness pathogens, such as C. botulinum (3FIE), E. coli 2ZWK), and S. typhi (3UU2) are selected for
Molecular Docking molecular docking by these betalain pigments. Furthermore, ADMET investigations and QSAR
OSAR studies are performed to check insights into the bacterial inhibition process. Most active and
Toxicity common binding sides were observed at GLY 159, ASN165, and SER166 for C. botulinum, at
pIC50 ASP8, LYS40, and TRP50 for E. coli; and at ARG37, GLNS, and ARG74 for S. typhi. The

present study clearly shows an excellent insight towards the invention of plant-based new organic
inhibitors to face the challenges of bacterial-resistant common food preservatives.
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1. Introduction

Consumption of leafy green vegetables or ready-to-eat (RTE) vegetables in raw, unprocessed, or cooked forms is an
ancient and worldwide practice phenomenon for human foods. Some of them, such as spinach, lettuce, tomato, basil, and
many others, are used raw for salads and garnished in food for daily life without processing or even cooking. Thus, green
and fresh plant bodies or vegetables are crucial requirements to get the apex level of nutrients, vitamins, and fibers.'? In
the last two decades, fresh leafy (FL) and RTE foods have been getting vast popularity despite the health concerns. Due to
high demand RTE market has rapidly and meticulously proliferated.’* However, many contaminations of these vegetables,
which are consumed raw, have illustrated the cardinal problematic concern in recent years. There are few studies on the FL
and RTE vegetable products and their bacterial attack. A study conducted in Italy has assured the presence of pathogenic
microorganisms in TRE.3 During the pre-harvest and harvesting processes, pathogenic bacteria, such as E. coli, Salmonella,
Clostridium, and Listeria, can attack edible parts of plants, and they can even persist after minimal processing of food.®
Several studies have demonstrated that plant roots, body, and soil contacting parts can be infected by living pathogens in
soil even edible parts of plants.” Widespread consumption of FL vegetables, for instance, spinach and lettuce were associated
with E. coli outbreaks in Canada in 2000, South Wales in 2005, North America in 2006, the United Kingdom in 2009, and
Germany in 2011. In 2012 and 2018, numerous people died due to food-borne illnesses in the United States of America.®®

Many natural pigments and flavonoids are capable of inhibiting FL vegetable pathogens, which are highly responsive
to decompose the vegetable and plants. Of them, betalains, natural pigments primarily derived from plants, are commonly
found in red beetroot, amaranths, prickly pear, red pitahaya. Betalains have a color range from red to violet to yellow to
orange. These are also found on Amanita muscaria, a fungus of a higher class.!® Betalains have pharmacological properties
in addition to their use as a food coloring. Numerous studies have been conducted on their antioxidant, anticancer,
antimalarial, antilipidemic, and antimicrobial properties.!!"!* Moreover; betanin (the most studied betalain) exerts an anti-
inflammatory effect aiding plant resistance to pathogenic activity. Their original nutritional betacyanin has significant
growth inhibition in tumor cells of the stomach, breast, lung, colon, and central nervous system.'* Presence of betalains in
fresh and also processed fruit and vegetables also contribute to similar functions consumers' health.'*
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Fig. 1. Structures of some potential antibacterial betalains.

So far, 75 betalain derivatives have been discovered from 17 plants. Among them, 36 betalains (L-1 to L-36) were chosen
for this study based on their availability in standard data banks. From the Prediction of Activity Spectra for Substances
(PASS) (e.g. antibacterial, antifungal, antiviral, antioxidant, and anti-carcinogenic properties) these betalains showed
substantial antibacterial properties. Hence, molecular docking against important food and water-borne three pathogenic
bacteria (E. coli, S. typhi, and C. botulinum) is conducted.'® The highly active ten compounds (L-1, L-2, L-4, L-18, L-24,
L-27, 1L-28, L-30, L-31, and L-34; some of them are shown in Fig. 1) are subjected for further study for chemical reactivity
descriptors, frontier molecular orbitals, drug-likeness, ADME/T, QSAR, and molecular dynamics and discussed here.!%!”

2. Results and Discussion
2.1. Optimized structures of betalains
The optimized molecular structure represents the most important fact for determining the molecular reactivity, chemical

reactivity, and biological activity. Through the use of computational tools, the DFT method was used to simulate the studied
betalain compounds, and their optimized chemical structures are listed below in Fig. 2.'8
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L-28 (Iresinin 1) L-31 (Lempranthin 1) L-34 (Mammillarinin)

Fig. 2. Optimized structures of ligands (betalains)
2.2. Prediction of Activity Spectrum for Substances (PASS)

In the PASS program, if a compound is to be considered a potential medication its Pa value must be greater than its Pi
value. If Pa>0.7, the probability of identifying the activity empirically is very high. When Pa values are between 0.5 and
0.7 (0.5<Pa<0.7), biological activity is significantly reduced.' For this study, antibacterial, antiviral, antifungal, anti-
carcinogenic, and antioxidant properties of betalains are analyzed and are mentioned in Table 1.

Table 1. PASS calculated data of betalains.

S/N Com- Predicted activities
pound No. ™0 i cterial Antifungal Anti-carcinogenic Antiviral Antioxidant
Pa Pi Pa Pi Pa Pi Pa Pi Pa Pi

01 L-1 0.486 0.018 0.219 0.125 0.265 0.074 0.305 0.086 0.326 0.019
02 L-2 0.486 0.018 0.219 0.125 0.265 0.074 0.305 0.086 0.326 0.019
03 L-4 0.479 0.018 0.363 0.059 0.210 0.110 0.407 0.084 0.287 0.025
04 L-18 0.313 0.055 NA NA NA NA 0.409 0.082 NA NA
05 L-24 0.325 0.051 0.307 0.078 0.441 0.025 0.212 0.076 0.475 0.008
06 L-27 0.416 0.026 0.359 0.060 0.392 0.032 0.300 0.089 0.489 0.007
07 L-28 0.492 0.017 0.439 0.042 0.387 0.033 0.331 0.192 0.365 0.015
08 L-30 0.555 0.012 0.353 0.062 0.318 0.052 0.589 0.007 0.323 0.020
09 L-31 0.457 0.021 0.275 0.093 0.395 0.031 0.203 0.085 0.392 0.013
10 L-34 0.491 0.017 0.208 0.132 0.451 0.024 0.286 0.282 0.408 0.011

NA = not available

Pa values of Betalain compounds showed 0.159<Pa<0.555 for antibacterial, 0.219<Pa<0.462 for antifungal,
0.210<Pa<0.441 for anti-carcinogenic, 0.203<Pa<0.589 for antiviral and 0.130<Pa0.475 for antioxidant properties. Overall
predicted results indicated that the selected compounds might have better antibacterial properties compared to their
antifungal and anti-carcinogenic and antioxidant properties (Table 1). As betalains possessed significantly greater
antibacterial properties than the remaining properties, this study further aims to demonstrate whether betalains are viable
drug candidates against bacteria.
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2.3. Molecular docking and binding affinity analysis

Molecular docking is commonly utilized in current drug design to investigate drug-receptor interactions, and the docking
result is expressed in terms of the drug's affinity for the pathogen's active site, as well as the number of hydrogen bonds,
hydrophobic bonds, polar and non-polar bonds, and the polar and non-polar links that connect them.?’ Based on the docking
score top 10 compounds out of 36 (Table 2 and S1) are represented here.

For the E. coli pathogen, compounds L-10, L-12, L-13, L-15, L-19, L-21, and L-22 had binding affinity less than -6.0
kcal/mol. All other compounds had binding affinity greater than -6.0 kcal/mol, with lempranthin II (L-31) having the
greatest binding affinity of -7.9 kcal/mol. Betalain compounds had a stronger binding affinity against S. #yphi since the
binding affinity of all 36 compounds was larger than -6.0 kcal/mol. Lempranthin IT (L-31) has the highest binding affinity
of -10.0 kcal/mol out of all of them.

In the case of C. botulinum, it was established that betalain compounds are perhaps the most active, with 32 compounds
out of 36 having a binding affinity greater than -8.0. L-29 had the highest binding affinity in this case (-10.5 kcal/mol).

From the study, it can be summarized that compound L-31 has the highest binding energy with E. coli, S. typhi, and C.
botulinum proteins. Supplementary Tables (S8, S9, and S10) displayed the amino acid residues of S. typhi, E. coli, and C.

botulinum for hydrogen bond and hydrophobic bond interaction with bond distance, respectively.

Table 2. Molecular docking score (kcal/mol) against three bacterial pathogens.

Escherichia coli Salmonella typhe Clostridium botulinum
g £ HE g 3 i¢ 4 3 ig
Ligand 5 S s = S 3 s = 2 3s
SIN Sat = = E = = E = = E
No. » - = ® = = & = S
E s g 8 s = = s £
£ 2 o g 2 = 2 2 g
< S < e < S
= ] =
2 2 2
01 L-1 -7.1 6 1 -8.6 10 No 9.5 10 No
02 L-2 -7.1 4 1 -9.0 7 No -9.8 8 No
03 L-4 -7.8 7 1 9.2 11 No -9.9 10 No
04 L-18 -6.9 3 No -1.9 5 No -9.4 9 1
05 L-24 -7.4 6 2 -9.5 10 1 -10.1 10 1
06 L-27 -7.0 11 No -9.3 11 No -8.9 14 1
07 L-28 -6.6 10 No 9.1 10 1 9.8 13 1
08 L-30 -6.9 5 No -8.7 11 1 9.1 7 No
09 L-31 -1.9 7 3 -10 11 1 -9.6 10 1
10 L-34 -7.0 6 No -8.8 11 No -9.3 13 No

*Based on combined binding affinity only ten betalains are selected
2.4. Chemical reactivity and descriptors

HOMO denotes the highest occupied molecular orbital, while LUMO denotes the lowest unoccupied molecular orbital,
both of which are considered substantial orbitals of frontier molecular orbitals (FMOs).2! FMOs energy-related data are
presented in Table 3.

Table 3. Frontier molecular orbitals and Reactivity descriptor analysis.
°© £ 3 =£F =TI 5T I :F &g 1% 2%
E g 2 ZZ §y 232 Eg = =2 - g
= ) == s 2 = - = - &
) =) o [=NG) g <3 2 = a L= IR ]
£ S N £s a5 2SS 2 ~3 << &
g < " = 2 s =
3 C z g g % & 2
L-1 -3.459 -7.993 4.534 7.993 3.459 -5.726 2.267 5.726 7.231 0.441
L2 -3.459 -7.993 4.534 7.993 3459 -5.726 2.267 5.726 7.231 0.441
L-4 -4.488 -7.966 3.478 7.966 4.488 -6.227 1.739 6.227 11.14 0.575
L-18 -2.064 -8.364 6.300 8.364 2064  -5214 3.150 5214 4315 0.317
L-24 -1.933 -7.560 5.627 7.56 1.933 -4.746 2.813 4.746 4.003 0.355
L-27 -1.953 -8.034 6.081 8.034 1.953 -4.993 3.040 4.993 4.100 0.328
L-28 -3.503 -8.034 4.531 8.034 3.503 -5.7685 2.265 5.768 7.343 0.441
L-31 -2.812 -8.070 5.258 8.07 2.812 -5.441 2.629 5.441 5.630 0.380
L-34 -1.094 -8.330 7.236 8.33 1.094 -4.712 3.618 4.712 3.068 0.276

The lower the energy gap between the two levels, the higher the chemical reactivity and the lower the chemical stability.
The energy is listed in Table 3 conveys the chemical reactivity, thermal stability, part of the electrophilic or nucleophilic
region, and biological dissociation or attachment with protein.?! It is revealed that the HOMO-LUMO energy gaps are about
-6.00 to -9.00 eV for best fitting organic compounds (Table 3).2223 In addition, the softness for these ligands is obtained
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from 0.574 to 0.317 eV while sample L-4 shows the highest softness value.
2.5. Frontier molecular orbital of HOMO and LUMO

Frontier molecular orbital of HOMO and LUMO has been depicted below (Fig. 3) by different colors for well
understanding. Also, a specific color map makes all other molecules available and accessible. In HOMO, the deep radish
color represents positive nodes and the yellow color represents negative nodes. That is why the HOMO is the part of
biologically active molecules where the electrophilic attractive group can be attached to form the chemical bonding, and
the LUMO is the positive part where the nucleophilic group can be added.?*?° The negative part of the orbital is lime green,
while the positive part is olive green.
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L-28 (Iresinin 1) L-31 (Lempranthin Il) L-34 (Mammillarinin)

Fig. 3. Frontier molecular orbitals diagram for HOMO and LUMO
2.6. Drug-like properties of betalains

The drug-like properties of potential compounds are predicted using Lipinski's rule of drug-likeness or the rule-of-five.
According to this rule, a compound exhibits optimal drug-like behavior if it possesses at least four of the five characteristics
including, a molecular weight of fewer than 500 Daltons, five or fewer hydrogen bond donors, ten or fewer hydrogen bond
acceptors, the lipophilicity of less than five, and molar refractivity between 40 and 130.27-2% All these data are presented in
Table 4 and shows that ligands L-5 to L-21 and L-35 follow Lipinski rule-of-five. Ligand L-5, L-7, L-8, L-14, L-15, and
L-21 show a strong bioavailability score as we know 0.55.%

Table 4. Data of Lipinski rule, pharmacokinetics, and drug-likeness.

Log KP

Ligand NBR HBA HBD TE’SA Consensus (Skin ) Lipinski rule MW Bioavailability GI .
A Log Po/w permeation) score absorption

cm/s Result Violation
L-1 7 13 8 249.38 -3.14 -10.73 No 3 550.47  0.11 Low
L-2 7 13 8 249.38 -3.14 -10.73 No 3 55047  0.11 Low
L-4 9 16 8 301.13 -3.58 -11.89 No 3 503.30  0.11 Low
L-18 8 11 5 203.80 -0.74 -9.08 Yes 1 420.33  0.11 Low
L-24 13 17 8 282.64 -0.20 -10.40 No 3 726.64  0.11 Low
L-27 11 20 11 343.33 -3.53 -12.58 No 3 726.59  0.11 Low
L-28 16 23 12 409.20 -4.92 -14.34 No 3 870.72  0.11 Low
L-30 9 16 8 301.13 -3.47 -11.49 No 3 630.53  0.11 Low
L-31 12 16 8 28491 -1.78 -10.58 No 3 726.64  0.11 Low
L-34 14 21 12 369.07 -4.85 -13.58 No 3 799.66  0.11 Low
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2.7. ADME properties of betalains

Absorption, distribution, metabolism, and excretion (ADME) are all terms used to describe how drugs move into,
though, and out of the body- known as the pharmacokinetics of a drug. For evaluating pharmacokinetic properties of betalain
compounds total of eight properties, including human intestinal absorption, Caco-2 permeability, blood-brain barrier, P-
glycoprotein substrate and inhibitor, renal organic cation transporter, sub-cellular localization, CYP450 2C9 substrate, and
CYP450 1A2 inhibitor were taken in our study. admetSAR was used for predicting these eight properties.'73

All 36 betalain compounds showed negative blood-brain barrier & human intestinal absorption. So, they cannot pass
through the blood-brain barrier and don't have good gastrointestinal absorption. L-25 showed the highest intestinal
absorption, whereas L.-32 showed low intestinal absorption.

P-glycoprotein inhibition can cause chemical species absorption, permeability, and retention to be disrupted. According
to our findings, none of these compounds were found as inhibitors. Except for L-5 and L-6, there were no CYP450 1A2
inhibitors among the 36 compounds. Aside from that, none of the 36 compounds tested were CYP450 2C9 substrates. These
eight mentioned properties of ten compounds, which showed the highest binding affinity, are listed in Table 5.

Table 5. Pharmacokinetic parameters of the best betalain compounds.

E
2 .E .E )
S/N g g 5 ’5 § § go § E 5 § @ g
. w3 25 55 % S_& 23 s g2
- y 2 < 2 g2 - 52 g2 T3 TE
E g g E St wmE w2 £S5 L5 =2 =3
) 5 S s = " S & & =] o] =
T < O & &2 M a5 A3 KO K @ 2 @ O =
L-1 0.9530 0.6622 no no yes 0.7801 Nucleus no no
L-2 0.9530 0.6622 no no yes 0.7801 Nucleus no no
L-4 0.9397 0.6103 no no yes 0.8303 Lysosome no no
L-18 0.6978 0.7203 no no yes 0.8133 Mitochondria no no
L-24 0.8331 0.6075 no no yes 0.6709 Mitochondria no no
L-27 0.7470 0.6589 no no yes 0.6857 Mitochondria no no
L-28 0.9333 0.6317 no no yes 0.8396 Mitochondria no no
L-30 0.9632 0.6166 no no yes 0.8469 Lysosome no no
L-31 0.9722 0.6255 no no yes 0.7705 Nucleus no no
L-34 0.9671 0.6691 no no yes 0.7621 Nucleus no no

2.8. Aquatic and non-aquatic toxicity of betalains

Green chemistry is a chemical science approach that focuses on minimizing or eliminating the usage of hazardous
compounds. When developing a drug, it is vital to ensure that the medicine will not be detrimental to the environment and
free of aquatic and non-aquatic toxicity. Hence, an environmental impact study of aquatic and non-aquatic attributes was
theoretically conducted using admetSAR, a web-based tool.!”! Eight ADMET parameters are investigated for evaluating
aquatic and non-aquatic toxicity, including AMES toxicity, carcinogenicity, water-solubility, plasma protein binding, acute
oral toxicity, acute oral toxicity in rats, fish toxicity, and T. pyriformis toxicity (Table 6).

Table 6. Aquatic and non-aquatic toxicity of betalain compounds.

@ > 5 3 = 5
= £ 5 £ 5 = E 3 z = 2~
2 E = ) ) SR i) 24
= 3 ER T = O = <3 Z E - X
S & S e =3 P 553 S «§f %
» 2 a 2 s £ sz 2 =7 S
4 5 £ = £3 25 E3E = O s
Z : 2 2 43 E g £3 S5

&} z A = O = 2
L-1 1o 1o -2.5688 0.754 2.401 24833 0.8206 0.5557
L-2 1o 1o -2.5688 0.754 2.400 2.4833 0.8206 0.5557
L-4 1o 1o -3.2566 0.858 2.717 2.5384 1.1675 0.5224
L-18 1o 1o -2.8326 0.890 1.960 2.4120 1.1993 0.4165
L-24 1o 1o -2.3983 1.019 2227 2.5418 0.5650 0.6453
L-27 1o 1o -2.4206 0.749 2.620 2.4698 0.6531 0.5696
L-28 no no -2.9600 0.446 2.766 2.6770 0.7932 0.6514
L-30 no no -3.1954 0.749 2.661 2.5275 1.2160 0.4867
L-31 no no -2.5555 1.038 2.254 2.5326 0.7415 0.6259

L-34 no no -2.5366 0.668 2.736 2.4900 0.9649 0.5099
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The Ames toxicity test is used to determine whether a chemical substance is capable of causing mutagenesis. According

to our findings, ligands L-5 and L-6 have the potential to cause AMES toxicity. Similarly, carcinogenic toxicity is studied,
and it is determined that no betalains are carcinogenic.

According to a prior study,*? substances displayed low acute toxicity in rats when their molecular weight was between
2.1398 and 2.5469 mol/kg. According to this study, betalains likewise have low acute toxicity in rats, with a median fatal
dose (LDsp) ranging from 2.1117 to 2.5418 mol/kg. By comparing our findings to those of various other research,* it can
be concluded that our study established values for water solubility, plasma protein binding, acute oral toxicity, fish toxicity,
and T. pyriformis toxicity, which are safer to use. Aquatic and non-aquatic toxic properties of ten Ligands, which showed
the highest binding affinity, are listed in Table 6.

2.9. OSAR and pICsy analysis of betalains

The following multiple linear regression (MLR) equation is used for calculating pICsy values.

pICso (Activity) = —2.768483965 + 0.133928895 x (Chiv5) + 1.59986423 x (bcutm1) + (— 0.02309681) x (MRVSA9)
+(—0.002946101) x (MRVSAG6) + (0.00671218) x (PEOEVSAS5) + (- 0.15963415) x (GATSv4) + (0.207949857) x (J) +
(0.082568569) x (Diametert)

MLR equation is used to investigate the association between a single dependent variable (pICso) and a set of independent
variables (descriptors Chiv5, bcutml, MRVSA9, MRVSA6, PEOEVSAS, GATSv4, J, and Diametert).?® Table 7 shows the
QSAR data and estimated pICsg values. It is seen from the data that the values of pICs range between 3.98 and 5.66, which
are considered standard levels. It means that all 36 compounds have the potential to be used against bacteria.

Table 7. QSAR and pICs of betalain compounds.
S/L L-1 L-2 L-4 L-18 L-24 L-27 L-28 L-30 L-31 L-34
pICso 4.798 4.798 5.66 4.24 4.72 5.11 5.02 5.05 5.28 5.18

2.10. Different interactions of betalains with bacterial proteins

The hydrogen bonding and hydrophobic bonding against C. botulinum (3FIE), E. coli (2ZWK), and S. typhi (3UU2)
proteins are calculated with the bond distance (supplementary Tables S8, S9, and S10). The hydrogen bond distance is lower
than the hydrophobic bond distance. Fig. 4 represents the various docking poses for the L.-34 ligand with C. botulinum, E.
coli, and S. typhi bacterial proteases, and hydrogen bonding modes (similar results for all other ligands attached in
supplementary files).

2D interactions

Hvdrogen bonding

H-Bonds
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Ligand in protein pocket
. -

Acceptor il

S-arvon
B Corventona Hydragen Bond 05
A& Tghaped
Carbon Hydragen Bond -

(b)

H-Bonds
Donor

Acceptor Ml

(c)
Fig. 4. Various poses after docking against (a) C. botulinum, (b) E. coli, and (c) S. typhi for L-34
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Compound L-32 was found to form twelve hydrogen bonds and no hydrophobic bonds with S. #yphi protein (3UU2).
Hydrogen bonds are formed at positions ARG37 (2.40557 A), GLNS55 (3.05904), ARG74 (3.04629), ARG74 (2.96977),
GLY111 (2.05138), ASP113 (2.37028), GLN123 (1.97551), ARG124 (2.15953), ARG132 (1.92716), GLY111 (2.67761),
ASP105 (2.06046), and TYR9S8 (2.70845).

In the case of E. coli protein (2ZWK), eight hydrogen bonds were formed by compound L-34 at the position ASP8
(2.68086), LYS40 (2.50927), TRP50 (2.24932), ASP8(2.53093), GLY44(2.43073), ASP45 (2.63056), LEU39 (2.25202),
GLY46(3.25372) and a hydrophobic bond was formed at the position TYR48 (5.09098).

The study also found that compound L-32 was found to form six hydrogen bonds and no hydrophobic bonds with C.
botulinum protein (3FIE). Hydrogen bond was formed at position GLY159 (2.26503), ASN165 (2.57693), SER166
(2.26306), ARG171 (2.13738), THR194 (2.11572), and ASN165 (3.3639).

2.11. Electrostatic potential (ESP) charge distribution

A map illustrating the attractive or repulsive force experienced by a fixed charged particle (typically a point positive
charge, i.e., a proton) at various points in space that are equidistant from a molecular surface. Fig. 5 shows a 3D mapped
electrostatic potential charge distribution, with blue representing a negative charge and red representing a positive charge.
It is evident from the ESP that the negative charge region is greater than the positive charge region, indicating that the
electrophilic groups in these molecules are more attractive.

. L
Fig. 5. 3D mapped of electrostatic potential charge distribution

2.12. Molecular dynamics simulations

RMSD stands for root-mean-square deviation and is a standard measure of structural distance. In other words, the RMSD
between two sets of atomic coordinates tells us how much the protein conformation has changed. On the other hand, RMSF
stands for root mean square fluctuation and is a measure of how much a residue moves (fluctuates) during a simulation.
Molecular dynamics is a method for assessing docking accuracy in terms of RMSD and RMSF (RMSF).* Protein-ligand
RMSD, ligand-protein interaction, hydrogen bonding, and ligand RMSF were all used to assess the stability of docked
complexes. In this study, the RMSD was calculated for 0-100 ns and protein amino acid residue interaction.

To proceed, the RMSD is shown in Fig. 6a-i in terms of time and amino acid residue dependence where an innovative
relationship is found for the first three figures. The RMSD is less than 2.0 shown in Fig. 6b (without bond or interaction)
indicating its best-fitting nature with protein. But the RMSD changes after the formation of a backbone or hydrogen bond
as it increases to 2.6. With an RMSD of about 2.6, hydrogen bonds have little effect on molecular docking affinity and
stability, but hydrophobic bonds in protein-ligand interactions play a major role in docking score and stability. The docked
complexes are more stable when their RMSF is low. The RMSF is approximately 3 when there is no bonding or interaction,
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such as ligand-protein interaction. The hydrogen bond scores 2.6, indicating a low response to stability. The RMSF of
derivatives L-2 and L-24 was around 0.7, indicating the highest stability of the docked complexes.
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Fig. 6. Various pictures of RMSD and RMSF for C. botulinum protein (3FIE)

3. Conclusions

A detailed structural and antibacterial in silico study of the potential 36 natural betalains are described here. From PASS
analyses and molecular docking best ten highly potential betalains are selected for probable future investigations. Drug-
likeness, toxicity, ligand-protein interaction, QSAR, and molecular dynamics simulation indicated their standard drug
nature. Although different ADME attributes of these compounds indicated a lower value, advantageously all these natural
pigments are non-carcinogenic and are less hazardous in both aquatic and non-aquatic environments. As a result, these
findings may aid in the development of antibacterial agents. In short, many of the food and vegetable decompositions due
to bacterial invasion could be prevented by using spraying betalains type natural organic pigments, which are comparatively

safe.
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4. Computational details
4.1. Optimization and ligand preparation

Each of the structures of betalains (L-1 to L-36) was downloaded from MDL/SDF format on the PubChem database
server (https://pubchem.ncbi.nlm.nih.gov). Then, using the B3LYP/6-31G basis set in Gaussianl6 software, each of the

pigment structures was optimized.>* These ligands were then prepared using the AutoDock tools. With the help of following
equations, the global reactivity descriptors, such as global softness (S), electron affinity (4), ionization potential (/),
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electronegativity (x), global hardness (1), global electrophilicity index (w), and chemical potential (1) can be determined.>>
37

E(gap) = ELumo - Enomo (1) n=~1-A)2 5
1= -Enomo 2 S=1/m (6)
A =-ErLumo (€)] X =+A4)2 7
W= ~(I+4)/2 “4) w = p/2n ®)

4.2. Optimization and ligand preparation

The PASS (prediction of activity spectra for substances) website (http://www.way2drug.com/passonline) accurately
predicts over 4000 pharmacological effects and biochemical mechanisms from a substance's structural formula. It is nearly
impossible to find out the biological activity of each potential drug-like compound for research. The PASS study enables
the rapid identification of drug candidates by predicting their biological potential.’® PASS prediction studies employ Pa
(probability of activity) and Pi (probability of inactivity) values to forecast whether tested biological substances belong to
the active or inactive subclass. Pa and Pi have values ranging from 0.0000 to 1.0000.

4.3. Ligand-based pharmacokinetics and ADME/T properties calculation

Drug-likeness is a qualitative notion used in drug design for how "drug-like" a material is to variables like
bioavailability. It is estimated from the molecular structure before synthesizing and testing the chemical. Besides, the
movement of drugs in the body is known as their pharmacokinetics. SwissADME (http://www.swissadme.ch/) is used for
finding the drug likeliness and pharmacokinetics properties of betalains.*® ADMET (absorption, distribution, metabolism,
excretion toxicological) properties of potential drug candidates are evaluated by the admetSAR
(http://lmmd.ecust.edu.cn/admetsar2/), an online database.’!0

4.4. Protein preparation and docking study

Docking is a virtual screening method in molecular modeling used to predict ligand-protein interactions and the ligand's
binding orientation to target proteins. Moreover, it accurately predicts the binding affinity and activity of small
molecules.**? For the docking protein of E. coli (strain O157:H7), S. typhi, and C. botulinum with protein ID: 2ZWK,
3UU2, and 3FIE, respectively were taken from RCSB protein data bank [https://www.rcsb.org/]. Following that, all three
proteins were purified and saved in the PDB format using PyMOL version 4.6.*3 Then, using PyRx and AutoDock, three
proteins were docked against all 36 ligands. Finally, the discovery studio was used for the visualization of protein-ligand
interaction.**

4.5. Molecular dynamics

Since C. botulinum had a higher docking score against betalain compounds, MD simulations of the top 5 betalains were
run interactively with live view on a high configuration laptop computer. To validate docking results for the optimal ligand-
protein interaction up to 100 ns for holo-form (drug-protein) using the AMBER14 force field MD simulation was used.*
The total system was equilibrated with 0.9 percent NaCl at 298 K temperature in the presence of a water solvent. During
the simulation, a cubic cell was propagated within 20 on each side of the process and periodic boundary circumstance, and
the RMSD and RMSF were analyzed using the NAMD software after simulation.

4.6. Quantitative structure-activity relationship (OSAR)

Based on mathematical and statistical correlations, quantitative structure-activity relationships (QSAR) are used to
build connections between the physicochemical features of chemical compounds and their biological functions.**® QSAR
is characterized in computer-aided drug design by comparing it to drug-related eight descriptors obtained from ChemDes
(http://www.scbdd.com/chemdes/), a free web-based platform for the calculation of molecular descriptors.*’
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