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Natural products and their semi synthesized molecules have been used as efficient antibiotics since a long time. The
present global health scenario has raised the demand for novel antimicrobial agents and drug targets that are effective
against drug resistant pathogens, emerging infections efc. The current study has promoted the antibacterial activity of the
glucoside labdane ‘neoandrographolide’, isolated from the methanolic extract of the medicinal plant Andrographis
paniculata. Further modification at its glucoside hydroxyl groups to generate ester and acetonide derivatives was done and
the antibacterial potential of these compounds was screened against common bacterial pathogens. Among various
derivatives, 4',6'-O-(4-methoxybenzylidene) neoandrographolide exhibited promising results. In addition, molecular
modeling study of the active compound was also explored to identify its probable binding mode on the bacterial target. The
present study reported antibacterial activity of neoandrographolide derivatives for first time and also the bioactive molecule,
4',6'-0-(4-methoxybenzylidene) neoandrographolide was examined as a potent antibacterial agent against different strains.
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Anti-microbial compounds are of great importance
due to the outbreak of newer infectious diseases, an
increase in resistance of microorganisms against
various drugs, and their harmful side effects. There is
a need for the development of compounds with fewer
side effects and more targeted activity on the
microorganisms.' In the present study,
neoandrographolide from an important medicinal
plant, Andrographis paniculata (Burm.f.) Wall. ex
Nees, was selected to explore its semi-synthetic
derivatives and their antimicrobial potential®.
Andrographis paniculata (commonly known as
King of Bitters in English and as Kalmegh, Chirait in
India) is a medicinal shrub. It is cited in Ayurveda,
traditional Chinese medicines, and exhibits multiple
pharmacological activities. The potent antibacterial
property of the plant has been reported in literature®”.
The main phytoconstituents of the plant are labdane
diterpenoids viz. andrographolide (potent anticancer
agent), 14-deoxy-11,12-didehydroandrographolide,
neoandrographolide etc'®'?. Although andrographolide
has been widely explored for its multiple
pharmacological activities but very limited information
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is available on semi synthetic studies of the second
principle phyto-constituent, ‘neoandrographolide’ of the
plant. Neoandrographolide was at first isolated and
characterized by Kleipool’. It is a labdane glucoside
with molecular formula CysH4Os, the molecular mass of
480.597 and has melting point 165-166°C. Its structure
is comprised of C19-O-B-D-glucoside diterpene scaffold
with a, B-unsaturated lactone moiety. It is soluble in
methanol, ethanol, propanol, acetone, pyridine and
acetic acid. Neoandrographolide has been reported as
a more potent anti-inflammatory metabolite than
andrographolide"*'*.

Based on our ongoing studies on isolation and
semi-synthetic derivatization of labdane diterpenoids
from Andrographis paniculata, it was envisaged to
investigate the effect of carbohydrate modification in
neoandrographolide to screen its biological activities.
Our previous study reported the potential cytotoxicity
of these derivatives. It was reported that modification
at the carbohydrate moiety of neoandrographolide
resulted in improved cytotoxicity against SW620,
PC3 and A549 cell lines. The derivatives, 4',6'-
benzylidene  neoandrographolide and  4',6'-p-
methoxybenzylidene neoandrographolide were
observed as less toxic and more potent anticancer
molecules'’. It was planned to extend the study to
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examine these semi-synthesized derivatives against
different bacterial strains and it was found 4',6'-O-(4-
methoxybenzylidene)neoandrographolide (2¢) was a
potent antibacterial agent against different strains.
Further, in silico study was executed to analyze the
binding mode of the identified active neoandrographolide
analogue and to provide initial information for further
lead optimization of the hit.

Materials and Methods

The commercially available reagents were
purchased from Sigma Aldrich and solvents from SD
Fine Chemicals. The selected medicinal plant,
Andrographis paniculata was obtained from the
experimental plots of the School of Biotechnology,
University of Jammu, Jammu. The plant material was
taxonomically identified and the voucher specimen
was deposited in the herbarium of the Department of
Botany, the University of Jammu for future reference
(Accession number: 15796).

Isolation of neoandrographolide and its semi-synthetic
modifications

Shoot plant material (2.5 kg) of A. paniculata was
shed, air- dried and macerated in methanol for 24 h.
The extract was concentrated and the mass (128 g)
was subjected to liquid-liquid partitioning with
different solvents (hexane, dichloromethane , and
methanol). Neoandrographolide (3 g) was isolated as

white needle like crystals with melting point 174-
175°C. It was chemically identified as ent-19-
hydroxy-8(17), 13-labdadien-16,15-olide 19-O-B-D-
glucopyranoside based on the comparison of its
spectral data (lH, B¢, Mass, IR) with that reported in
the literature'®. Neoandrographolide (1) was
transformed into 4',6'-protected acetals [2 (a-c)] and
its tetra acetyl (3) and tetrabenzoate (4) derivatives at
room temperature (RT) as depicted in (Fig. 1) by our
previously reported method'®. The neoandro
grapholide derivatives, modified at the carbohydrate
site, were confirmed by spectral analysis'. All the
derivatives and the parent compound were evaluated
for antibacterial activity.

Assessment of antimicrobial activity

Antimicrobial activity of the parent compound and
its derivatives against common bacterial pathogens
was determined on Miiller-Hinton Agar (MHA)
media (Himedia, India) using a well diffusion
technique with slight modifications'”. A total of eight
pathogenic bacterial strains including four gram-
positive and four gram- negative bacteria were used in
the antibacterial assays. The bacterial strains were
procured from Microbial Type Culture Collection and
gene bank (MTCC), Institute of Microbial
Technology (IMTECH), Chandigarh. The bacterial
strains included Pseudomonas aeruginosa (MTCC-
1934), Bacillus subtilis (MTCC-441), Klebsiella
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Fig. 1 — Semi synthetic acetal and ester derivatives of neoandrographolide
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pneumonia (MTCC-109), Pseudomonas alcaligenes
(MTCC-493), Staphylococcus aureus (MRSA),
Enterococcus faecalis (MTCC-439), Bacillus cereus
(MTCC-430) and Escherichia coli (MTCC-40).
Suspensions of the bacterial strains were prepared
from cells arrested during their logarithmic growth
phase (18 h) on Nutrient Broth (NB) at 37°C. The
concentration of the bacterial suspension was adjusted
spectrophotometrically at 620 nm wavelength and
adjusted to an optical density (OD) of 0.5 with
saline and 0.5 McFarland standard (equivalent to
1.5x10* CFU/mL).

The parent compound and its derivatives were
dissolved in Dimethyl sulphoxide (DMSO) at a
concentration of 1 mg/mL. The bacterial suspension
was spread over MHA plates and specific numbers of
wells were punched with a sterile cork borer (§ mM
diameter) in each plate. 100 pL of various
concentrations of the test compounds along with both
positive and negative control were added into wells.
DMSO was taken as negative control and standard
antibiotic chloramphenicol (100 pg/mL concentration)
was taken as a positive control. The plates were
allowed to stand for 1 h for the diffusion of the
extracts followed by incubation for 24 h at 37 &+ 2°C.
The antibacterial potential of the test compounds was
determined in terms of the diameter of the clear
bactericidal zone around the well. The compounds
showing a clear zone around the well were considered
as positive whereas those not showing a clear zone
around the well were considered as negative. The
compounds with potential antibacterial activity (based
on the significant diameter of clear zone) were further
selected for the determination of Minimal Inhibitory

Concentration (MIC). MIC was determined using the
same methodology as given above with slight
modifications''. Various dilutions of the test
compounds ranging from 1000 - 100 pg/mL (1000,
800, 500, 300, 200, 100 pg/mL) or further lower
concentrations, if required (80, 60, 40, 20 pg/mL)
were used for determination of MIC.

Molecular modeling studies

The amino acid sequence of B. cereus (MTCC -
430) ICDH was retrieved from UniProtKB database'’
and its structure was modeled using Modeller
software'*®. The modelled structure was validated
using Ramachandran plot analysis and structure
alignment with the template structure. The analysis of
the Ramachandran plot was done using Ram Page
server’’. To further carryout the docking studies, the
predicted protein structure as well as ligand were
prepared and subjected to docking analysis using
Auto Dock Vina software'. Visualization of the
resul‘;g was performed using Pymol*' and Poseview
tools™.

Results

In the current study, assessment of antibacterial
activity revealed that the parent compound,
neoandrographolide, and some of its derivatives
possessed potential activity against one or more
pathogens. The compounds with potential activity at
the concentration of 1 mg/mL, were further selected
for the determination of MIC. Among all the
derivatives, improved antimicrobial activity of 4',6'-
O-p-methoxybenzyledene neoandrographolide (2c)
was observed against B. subtilis and B. cereus. A
significant increase in the antimicrobial potential of

Table 1 — Antibacterial activity of neoandographolide and its derivatives against various pathogens

Compounds

A B C D E F G H
Pathogens Diameter of clear zone (mm): (Fold Increase % )
Bacillus cereus 15 12: (—20) 10:(—33.33) nil 19: (26.67) nil 21: (40) nil
Bacillus subtilis 12 nil nil nil 14: (16.67) nil 20: (66.67) nil
Enterococcus faecalis 13 10: (-23.07) nil nil 12: (-7.69) nil 19: (46.15) nil
Staphylococcus aureus 14 13: (-7.14) nil 11: (—21.43)  10:(—28.57) nil 20: (42.85) nil
Pseudomonas aeruginosa 10 nil 9: (-10) 10: (0) nil nil 24: (140) nil
Pseudomonas alcaligenes 13 10: (—23.07) nil nil nil 9: (—30.77) 24:(84.61) nil
Escherichia coli 10 9: (-10) nil 10: (0) 11: (10) nil 23:(130) nil
Klebsiella pneumonia 12 nil nil nil nil 11: (=8.33) 19:(58.33) nil

where, A: Neoandographolide (1); B: 4',6’-O-isopropylidene neoandrographolide (2a); C: 4',6'-O-benzylidene neoandrographolide (2b);
D:2',3",4',6'-Tetra-O-acetylneoandrographolide; E: 4',6'-O-4-methoxybenzylidene neoandrographolide (2c); F: 2',3'4'.6'-Tetra-O-
benzoylneoandrographolide; G: +ve control chloramphenicol; H: —ve control DMSO
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4',6'-O-p-methoxybenzyledene  neoandrographolide
(2c) with respect to the activity of the parent
compound was observed against B. cereus. (Tablel).
Evaluation of MIC of 4.,6-O -(4-methoxy
benzyledene) neoandrographolide reported that it
inhibited the pathogen B.cereus upto the lower
concentration of 80 pg/mL. This concentration was
significantly lower than the MIC of the parent
molecule for which the inhibition against all the
pathogens ranged from 100-300 pg/mL (Table 2).

Structure prediction, model validation ,and docking studies
The molecular modeling study of the active
compound identified in the current study was done in
order to analyze its mode of binding at the target
binding site. It has been reported that the proteins
isocitrate dehydrogenase (ICDH) and amino glycoside
2'-N-acetyltransferase (AAC) are the probable targets
of andrographolide™. Since no protein structure as well
as sequence of B. cereus AAC was available in the
literature, the binding mode studies of the identified
active compound 2c, (4',6'-O-4-methoxybenzyledene
neoandrographolide) was done only against ICDH. For
homology modeling of the B. cereus ICDH, its
sequence was retrieved from UniProtKB database
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(UniProt ID: AOA063CNL2)*. The search of this
sequence against PDB database” using BLASTP
program'’ revealed the presence of a highly identical
protein structure 1HQS in PDB® that shared a
percentage sequence identity of 86% and similarity of
92% with query coverage of 98% with the target
sequence AOAO63CNL2. The chain A of the PDB
structure 1HQS was then used as a template for
modeling the 3D-structure of the B. cereus ICDH.
The sequence alignment of B. cereus ICDH was done
with the template and five structural models were
built using modeller software®®. In order to validate
the modeled structures, the stereo chemical analysis
of the models was performed using the Ramachandran
plot. The model with the highest number of residues
in the favored region and the least number of residues
in the outlier region was selected for further analysis
(Fig. 2). The selected model showed 97.4% residues
in the favored region and 0.9% residues in the outlier
region (Fig. 2A). To further validate the modeled
structure, the structural alignment of this model was
done with the template 1HQSA. The structural
alignment showed a RMSD of 0.352A (Fig. 2B),
which indicated a high structural similarity of the
modeled structure with the template.

Table 2 — MIC of neoandographolide and its derivatives against various pathogens

Pathogens Compounds Concentration (pg/mL)
100 800 500 300 200 100 80 G H
Diameter of clear zone (in mm): (Fold Increase %)
A 12 11 10 9 nil nil nil 19 nil
Klebsiella F 11: (-8.33)  9:(-18.18) nil nil nil nil nil 19 nil
pneumonia
A 14 13 12 11 10 10 nil 24 nil
Pseudomonas B 10: (-28.57) nil nil nil nil nil nil 24 nil
alcaligenes F 9: (-35.71) nil nil nil nil nil nil 24 il
A 13 12 11 11 9 nil nil 19 nil
Enterococcus B 10: (—23.07) nil nil nil nil nil nil 19 nil
Jaecalis E 12: (-7.69) 10:(~16.66) nil nil nil nil nil 19 il
A 12 12 11 9 nil nil nil 22 nil
Bacillus subtilis E 14: (16.66)  13:(8.33) 12:(8.33) 10:(8.33) nil nil nil 22 nil
A 15 14 12 11 9 nil nil 21 nil
Bacillus cereus B 12:(-20)  11:(=21.43) 9:(-25) nil nil nil nil 21 nil
C 10: (-33.33)  10: (-28.57) nil nil nil nil nil 21 nil
E 19: (26.66) 17:(21.42) 15:(25) 14:(27.27) 13:(44.44) 11 10 21 nil
A 14 12 11 nil nil nil nil 20 nil
Staphylococcus B 13: (-7.14) 12 10: (-9.09) 10 nil nil nil 20 nil
aureus D 11: (-21.42)  9:(-25) nil nil nil nil nil 20 nil
E 10: (-28.57) nil nil nil nil nil nil 20 nil

where, G: +ve control chloramphenicol; H: —ve control DMSO
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Fig. 2 — Homology modeled structure of B. cereus ICDH using PDB structure 1HQS as template. (A) Cartoon representation of the
structurally aligned proteins of the built model of B. cereus ICDH (grey color) and the template 1HQS (magenta color). (B)
Ramachandran plot of the modeled B. cereus ICDH structure.

For docking studies, polar hydrogen atoms were In order to identify the binding site, the ligand
added to the ICDH model, H-bonds were calculated,  coordinates were copied from 1HQSA to the ICDH

and minimization of the protein was performed to  model. A 3D grid was generated at substrate (citric
remove any steric clashes using Swiss PDB viewer”.  acid) binding site, and the compound 2c was docked
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Fig. 3 — Mode of binding of compound (2c). (A) Docked pose of the compound (2c) (represented as stick model with yellow colored
carbons) at the binding pocket of the B. cereus ICDH model. (B) Residues of the B. cereus ICDH binding site interacting with compound (2c)

on the generated grid using Auto Dock Vina®’. The
ligand structure was drawn using Chem Draw and
converted to 3D using ChemBio3D.

Discussion

The current study, the parent compound was found
to be more effective against gram -positive bacteria
than gram -negative bacteria. One of the possible
reasons behind this can be the composition of the
bacterial cell wall. Gram-negative bacteria have a
thin lipopolysaccharide exterior membrane that acts
as an effective permeability barrier and thereby
restricts the penetration of the compounds. In gram-
positive bacteria, a mesh-like peptidoglycan layer is
present that is permeable to compounds™.

Likewise, the derivatives of neoandrographolide
exhibited inhibition potential against gram positive
bacteria. Among various derivatives, 4',6"-O-(4-
methoxybenzyledene)  neoandrographolide  was
found to possess enhanced activity against B. subtilis
and B. cereus as compared to its parent compound.
The effectiveness can be attributed to certain
structural modifications that might increase the
effectiveness of the compounds. The polarity of
compounds might be a probable reason for differential
susceptibility of the tested compound®.

Broad  spectrum  antimicrobial  activity  of
andrographolide and other compounds, 3-O-B-D-
glucosyl-14-deoxyandrographolide =~ and 14-deoxy
andrographolide isolated from A. paniculata has been
reported’. Similarly, the study conducted by Rashid et al.

(2018) reported the antimicrobial potential of 14-
deoxyandrographolide  against gram  negative
bacteria®. Although, antimicrobial potential of
various diterpene phytoconstituents of A. paniculata
has been mentioned against different species of the
Bacillus genus reports on antimicrobial potential
against B. cereus are seldom available.

In docking studies, the docked pose of the
compound 2c¢ at the protein binding site was analyzed
so as to identify crucial protein-ligand interactions
(Fig. 3). It was observed that the residues Gly99,
Asnl06 and Argll0 were involved in H-bonding
interactions with the ligand, and all these residues
were found to be H-bond donors (Fig. 3B). The
backbone NH of the Gly99 formed H-bond with the
carbonyl oxygen atom of the furanone ring of the
ligand. The side chain NH, group of the Asnl06
residue was found to form H-bonding interaction with
the OH group of the ligand. The side chain NH, of the
guanidine group of Argll0 formed H-bond
interaction with the hydroxyl group of the ligand. The
guanidium group of Argl10 also showed a tendency
to involve in salt-bridge interaction with the ligand.
Apart from these, residues Pro93, Thr95, and Ser104
were also found to form important interactions with
the ligand (Fig. 3B). The benzene ring of the anisole
group of the ligand formed hydrophobic interactions
with the target binding site (Fig. 3B).

Further, the drug-like properties of compound (2c)
were studied using FAFDrugs4 server’'. Compound
(2¢) exhibited logP value of 4.32, total polar surface
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area of 112.19 and good VEBER oral bioavailability.
The number of H-bond donors and acceptors were 2
and 9, respectively.

Conclusion

Neoandrographolide, a major 19-O-B-glucoside
labdane of A. paniculata was derivatized to its
glycosyl hydroxyl- protected molecules. These
analogues were assessed for their antibacterial
potential as compared to the parent molecule. An
increase in antibacterial activity was observed in 4',6'-
O-(4-methoxybenzyledene)neoandrographolide. The
binding mode study of the identified antibacterial
derivative on the target ICDH, identified three
essential residues viz. Gly99, Asnl06 and ArgllO0,
which were involved in H-bonding interactions with
the compound. To the best of our knowledge, this is
the first report on antibacterial study of 19-O-B-
glucoside analogues of neoandrographolide.
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