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EDITORIAL
Two review articles and a research article contributed by various leading
research groups have been included in this issue.
The recent trend on the use of aptamers in the diagnosis of Leishmaniasis
has been described in the review authored by Singh et al. Aptamers are
artificially designed single-stranded DNA or RNA oligonucleotides that
bind to the target proteins of Leishmania parasites with a high affinity and
specificity. The various aptamers selectively bound to leishmanial proteins
are confirmed by multiple methods including ELONA, dot blot,
immunoblotting, microscopy, and pull-down assays. Aptamers have been
shown to mimic antibodies and often offer significant advantages over
antibodies. They are generally more stable than antibodies and have a longer
shelf life. Unlike antibodies, aptamers’ are produced through a chemical
process and do not require animals or an immune response for their
production. In addition, aptamer's affinity can be modulated by optimizing
their recognition sequence and/or by manipulating binding reaction
conditions. The stability of the aptamers can be increased further by chemical
modification of the nucleotides and altering their secondary structures. These
features of aptamers coupled with some limitations on their use have also
been highlighted in this review.
In the review authored by Das, the maintenance of a healthy ecosystem in
the human gut and gut-related disorders such as constipation, ulcerative
colitis (UC), irritable bowel syndrome (IBS), gastroesophageal reflux disease
(GERD), and inflammatory bowel disease (IBD) have been discussed. Several
factors that cause gut-related diseases include improper diet, age, use of
antibiotics and illnesses, global location and ethnicity, and even mode of
birth. However, modulation of gut microbiota could happen using a proper
diet, probiotics, prebiotics, synbiotics, physical exercise, fasting on microbiota,
and the fecal microbiota transplantation (FMT).
Given the paramount importance of the development of COVID-19 inhibitors,
Pande and coworkers described the application of pharmacoinformatics in
identifying multi-enzyme target inhibitors from natural products. While
natural products tylophorine, 7-methoxycrptopleurine, scutellarein, luteolin,
ferruginol, betulonic acid have recently been shown to inhibit selectively one
target of SARS-CoV-2 enzymes, the studies directed to identify inhibitor
targeting multiple enzymes simultaneously are rare. Molecular docking study
revealed that among 265 phytochemical constituents of two medicinal plants
Murraya koenigii and Vitex negundo, only six lead molecules have shown
inhibitory effect against all four SARS-CoV-2 protein targets, viz. Mpro,
PLpro, Helicase and Endoribonuclease. Among the six lead molecules, two
natural products proved to have promising binding affinities with a selective
target, which was established through molecular dynamics simulations
study.
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Aptamers: Trending perspective in the
diagnosis of leishmaniasis

Vishwani Jamwal and Kuljit Singh *

Infectious Diseases Division, CSIR- Indian Institute of Integrative Medicine, Jammu- 180001, India
singh.kuljit@iiim.res.in

Leishmaniasis is one of the neglected tropical diseases responsible for the high mortality and morbidity
ratio in middle and low-income countries. Accurate diagnosis and proper chemotherapy are crucial to
alleviate the symptoms and limit the disease progression. Aptamers are single-stranded DNA or RNA
sequences that can bind to the different target proteins by forming a unique three-dimensional conformation.
In this present review, we represent the insights gleaned from the published literature on the relevance
of aptamers in diagnosing leishmaniasis. Various experimental studies using systematic evolution of ligands
by exponential enrichment (SELEX) approach to identify promising aptamers libraries against the different
proteins of the Leishmania parasite have been elaborated. These selected aptamers represent invaluable
molecular and cellular probes for unraveling novel strategies in diagnosing leishmaniasis.

Current Research & Information on Pharmaceutical Sciences (CRIPS)
@NIPER, SAS Nagar, India

Keywords: Aptamers, Diagnosis, ELONA, Leishmaniasis, SELEX

Introduction

Infectious diseases caused by protozoan parasites
are one of the major health concerns and affect
millions of people living in tropical and subtropical
regions of the world. Many protozoan diseases affect
humans and animals, including African
trypanosomiasis, Amoebic dysentery, Chagas
disease, leishmaniasis, malaria, and toxoplasmosis.1

Leishmaniasis is a primary tropical vector-borne
parasitic protozoan disease caused by obligatory
parasites belonging to the genus Leishmania. It is
mainly prevalent in Asia, Africa, and Central America.
Leishmania parasites are carried by the female
sandfly vectors belonging to the genus Phlebotomus
and Lutzomyia. These sandflies inject promastigotes
as an infected agent into the blood. The saliva of
sandflies contains anti-clotting factors and some
vasodilatory factors, which play a crucial role in
causing the infection. The host of parasites includes
humans, along with 70 other animal species. Studies
suggest that around 350 million people are on the
verge of getting infected, and annually 0.7-1.2 million
new leishmaniasis cases are reported.2,3 The disease
mainly has three clinical manifestations: cutaneous,
mucocutaneous, and visceral leishmaniasis (Figure
1). Cutaneous infection is the most general form,
and its main symptoms include lesions and ulcers
on uncovered body parts. People suffering from this
have few or many sores on their skin, which vary in
size and appearance with time. These sores leave
lifelong scars. It may also cause severe and

significant disability.4 Mucocutaneous infection
damages mucosal or soft tissues of the mouth, nose,
and throat. Symptoms include epistaxis, running
nose, and cases of shortness of breath. Visceral
infection is the most severe and fatal type of
leishmaniasis. Clinical signs include fever, loss of
weight, spleen and liver enlargement, and symptoms
of anemia. Swollen  gland  and  abnormal  blood
test  like low  blood  count, low  platelets  count
are  noticed  in some  cases. When HIV co-exists
with visceral infection, it becomes a significant
opportunistic infection.4,5

To date, leishmaniasis chemotherapy mainly relies
upon pentavalent antimonials, liposomal Amp B,
miltefosine, and paromomycin. As such, no effective
vaccination is available to treat the disease. Thus,
globally effective and safe treatment for the disease
is still challenging due to prolonged hospitalization,
toxic side effects, lack of oral drugs, and the
emergence of drug resistance.6 However, to limit
the progression of the disease, an appropriate and
timely diagnosis can play a crucial role in controlling
disease exacerbation. Various diagnostic methods
for leishmaniasis are parasitological (direct
microscopy, histopathology, and culturing),
immunological (direct agglutination test, enzyme-
linked immunosorbent assay (ELISA), and
chromatographic strip test), and PCR-based
molecular methods.7,8 However, an idealistic
approach for accurate diagnosis is still elusive due
to the broad spectrum of clinical manifestations and
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involvement of several different parasitic species in
infection establishment. Thus, to unravel novel
diagnostic approaches, we have tried to explore
the role of aptamers in diagnosing leishmaniasis in
this review. Firstly, we have defined aptamers and
then focused on the systematic evolution of ligands
by exponential enrichment (SELEX) methodology for
selecting appropriate aptamers. Next, we have
elaborated on various published literature on the
leishmanial diagnosis by aptamers libraries. Thus,
this review represents the potential role of aptamers
in unraveling new strategies for parasite diagnosis.

Aptamers and SELEX

The innovative invention of aptamers is an emerging
tool for diagnostic and therapeutic goals. It is a
cost-effective, sensitive technique that mainly
focuses on the molecular diagnosis of infectious
pathogens. Aptamers are artificially designed single-
stranded (ss) DNA or RNA oligonucleotides that bind
to the target site with high affinity. These are also
called chemical antibodies, which are highly specific
and target selective in nature.9,10 Aptamers self-
fold themselves into stable and compact three-
dimensional structures upon binding to the target
molecule. These nucleic acid-based aptamers adopt
3-D structures such as hairpin loop, quadruplex (side
by side or cross over), and kissing complex.11 These
structures allow aptamers to bind to any target
with high affinity and specificity through non-
covalent interactions like hydrogen bonding,
electrostatic and van der Waals interactions, etc.12

Aptamers are analogous to monoclonal antibodies.
They both have excellent properties of binding to
the target molecule. However, the nature of the
target protein varies. Aptamers bind to immunogenic
and non-immunogenic targets, whereas monoclonal
antibodies bind only to immunogenic targets.
Aptamers are preferred over antibodies as these

oligonucleotides can easily
refold themselves if
denatured. They are low-cost
and have mighty tolerance
power against surfactants.11

They can be chemically
modified by introducing 5' and
3' polyethylene glycol and
biotin, which are biologically
inert. These chemical
modifications increase
aptamers' efficacy, solubility,
and stability by resisting their
renal clearance, whereas any
changes to monoclonal
antibodies lead to reduced
shelf-l ife. Small-sized

aptamers penetrate smaller chambers or cells where
antibodies fail to reach.13 Aptamers provide
exceptional coupling features with diverse nano-
vehicles such as liposomes, micelles, serum albumin,
etc. They can be coupled with different conjugation
systems, such as B-linker, which consists of disulfide
and peptide linkers. The purposeful designing of
aptamers helps to deliver various anti-cancerous
drugs, and cytotoxic drugs obstruct the target
protein's function. This striking property of blocking
protein function is extensively used in diagnosis and
treatment of infectious diseases.14,15

The idea of nucleic acid binding affinity to target
molecule emerged after examining the molecular
mechanism of adenovirus and Human
Immunodeficiency virus (HIV). Specific RNA molecules
were found to cohere with viral proteins, and this
concept was used in the SELEX technique. The
generation of aptamers is entirely in vitro and
reduces the chances of contamination by any
pathogen. The most efficient procedure of
generating aptamers through an in vitro method,
which involves repeated rounds of selection and
amplification, is defined as SELEX. It is a primary
method of developing aptamers against any target,
from small molecules to larger targets such as proteins
or cells.16 The standard SELEX method is initiated
by incubating a target of interest with a pool of
randomly sequenced single-stranded desired
oligonucleotides. It consists of 40-100 nucleotides
containing random sequences in the middle while
definite sequences on the terminals. The next step
involves positive selection, separating specific
oligonucleotides that bind efficiently to the target
from the pool of unbound oligonucleotides. The
separation includes diverse techniques such as size
exclusion, affinity chromatography, capillary
electrophoresis, or nitrocellulose-based separation.11

Another crucial and fundamental step that ensures

Figure 1:  Clinical manifestations, species involved and symptoms related
to the leishmaniasis disease.
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high affinity and specificity to oligonucleotides is
negative selection. It is a process in which
oligonucleotides that recognize any other target are
discarded. In contrast, those molecules which
specifically bind to the target of interest are
selected, eluted, and then amplified by PCR.13 The
classical SELEX technique was mainly used to
generate RNA aptamers. RNA aptamers self-folded
into a more compact and stable three-dimensional
structure than DNA aptamers, even with the same
monomer number. An additional step is mandatory
for developing RNA aptamers: ssDNA is first
converted into dsDNA using the Klenow enzyme and
then transcribed to ssRNA. Then the ssRNA pool is
incubated with the target, and the obtained
oligonucleotides are referred to as RNA aptamers
after selection. Multiple chemical modifications are
implemented to enhance the binding ability to a
specific target.17 A graphical representation of the
general SELEX method for generating DNA and RNA

aptamers is shown in Figure 2.

The evolution of SELEX provides an excellent
opportunity to employ aptamers for multiple
purposes, such as therapeutic, drug delivery, and
diagnostic tools.18,19 Thus, the fundamental SELEX
protocol has recently been modified by involving
various techniques to generate highly specific
aptamers in less time. For example, during
immunoprecipitation of SELEX, the target protein is
exposed to the ssDNA pool and followed by cell
lysis. The target protein is recovered by
immunoprecipitation using beads coated with

antibodies. It extensively generates high-affinity
aptamers against target protein under physiological
conditions. Similarly, the DNA library is immobilized
during the capture SELEX technique instead of the
target protein. It generates aptamers against soluble
molecules. Cell-SELEX is a commonly used technique
to generate parasite-specific aptamers. It is
developed against the whole cell used as a target.
No protein purification step is involved. This
technique detects any post-translational
modification on the cell surface. It is primarily used
for cell-specific therapy, cell-targeted diagnosis, and
drug discovery. Capillary SELEX is an analytical
method that exploits the technique of
electrophoresis. Aptamers are produced against ions
based on electrophoretic mobility. M-SELEX adopts
the SELEX protocol combined with a microfluidic
system, efficiently managing small fluidic volumes
and generating specific aptamers for minute
molecules. Atomic force microscopy is utilized to

create a 3D image of the
target. Animal SELEX is an in
vivo technique in which live
animals such as infected
cancer models are directly
used as targets. Desired
aptamers are introduced into
an animal model, DNA
sequencing is performed, and
specific aptamers are
amplified.16,20

Aptamers and leishmanial
diagnosis

Appropriate disease diagnosis
is critical in determining
chemotherapy, and dosage
regimen, leading to a
reduction in the rising cases
of any infection. Published
literature retrieved from
PubMed suggested that
aptamers-based diagnoses for
various parasitic diseases,

including leishmaniasis, have a trending perspective.
Thus, in the following sub-sections, aptamers
developed for diagnosing different leishmanial
proteins have been elaborated.

Aptamers against Kinesin

In a recent study, Bruno et al.21 developed DNA
aptamers against two synthetic peptides derived
from leishmanial flagellar protein (kinesin) for their
potential use in disease diagnosis. Several aptamer
candidates were selected after performing ten
rounds of SELEX against the kinesin peptides. Strong

Figure 2: Diagrammatic illustration of SELEX technique.
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binding and affinity for these aptamers were
recognised using various approaches, including
enzyme-linked aptamer sorbent assay (ELASA),
aptamer-colloidal gold staining, confocal, and
electron microscopy. Further, southwestern blotting
results suggested that top hit aptamers could
specifically detect the synthetic kinesin peptides.
Out of all, aptamers (K2-13R) also successfully
detected the kinesin protein band (~250 kDa) in
the cell lysate of L. major parasites. In an interesting
study by the same group22 enzyme-linked
fluorescence-based sandwich assay was developed
using DNA aptamers for rapid and sensitive detection
of Leishmania parasites in the sandflies. Using this
approach, even ~100 ng of parasite cell extracts
obtained from sand-fly homogenates were
detectable.

Aptamers against Histones

Histone proteins have a crucial role in gene regulation
and are highly conserved proteins evolutionarily.
However, various characterization studies in
trypanosomatids suggest that N- and C-terminal
domains of histones in parasites have considerable
sequence divergences. To explore these diverged
histone sequences as diagnostic targets, Ramos et
al.23 performed the SELEX procedure to identify
ssDNA aptamers against L. infantum H2A protein.
Starting with a library of 1014-1016 different
sequences, they identified the SELH2A aptamers
population showing the highest binding affinity
towards recombinant H2A protein of L. infantum
(Figure 3). Next, experiments including enzyme-
linked oligonucleotide assay (ELONA), binding kinetics

studies, slot blot, and immunoblotting analysis
confirmed the binding capability and specificity of
the SELH2A aptamers population only against H2A
protein with no cross-reactivity towards other
histone proteins of the L. infantum parasite. Further,
for mapping the H2A-SELH2A interaction, nine
different peptides of H2A protein were synthesized,
and the ELONA experiment confirmed that SELH2A
had the highest binding affinity towards peptides 5

and 8 of L. infantum H2A protein. A few years later,
the same group,24 using the SELH2A aptamer pool
library, selected two clones (AptLiH2A#1 and
AptLiH2A#2) out of 30 clones based on the highest
binding affinities. As reported, AptLiH2A#1 and
AptLiH2A#2 aptamers were able to detect H2A
protein in a dose-dependent manner with dissociation
constant (KD) 0.96 ± 0.17 nM and 1.16 ± 0.28 nM,
respectively. To determine the sensitivity of these
two aptamers to recognize endogenous H2A protein
of L. infantum promastigotes, cell lysate from a
varying number of parasites (1,000-10,000) was
prepared. These two aptamers could easily detect
LiH2A protein from the 7500 parasites count. Table
1 represents key outcomes from the various studies
related to aptamers and leishmanial diagnosis.

Using similar experimental approaches, Ramos et al.25

also identified ssDNA aptamers against the H3 protein
of L. infantum, and the aptamers library was labeled
as SELH3. Further, Frezza et al.26 identified two
individual aptamers (AptLiH3#4 and AptLiH3#10)
against recombinant H3 protein of L. infantum from
previously reported SELH3 aptamers population.
Specificity and binding affinity for these two selected
aptamers were confirmed using ELONA, slot blot,
and immunoblotting approaches. Results suggest that
these aptamers detect the H3 protein dose-
dependent with a dissociation constant (KD) ranging
from 0.35-0.55 nM. These aptamers also successfully
detect the endogenous H3 protein from the L.
infantum cell lysate. The detection limit from cell
lysate of minimum L. infantum promastigotes count
for AptLiH3#4 and AptLiH3#10 was reported to be

6000 and 9000
p a r a s i t e s ,
r e s p e c t i v e l y.
Next, to
determine the
mapping of H3-
a p t a m e r s
i n t e r a c t i o n s ,
twelve peptides
w e r e
s y n t h e s i z e d ,
r e p r e s e n t i n g
o v e r l a p p e d
sequences of H3

protein. These aptamers showed the highest affinity
towards peptides (3, 4, and 5), corresponding to
the main antigenic region located in the amino-
terminal domain (21-60 amino acids) of H3 protein.
Thus, these studies confirm that DNA aptamers
selected against histone proteins may be a valuable
asset for diagnosing leishmaniasis.

Figure 3: Protein sequences showing the high-affinity binding regions of selected
aptamers population.
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Aptamers against Kinetoplastid membrane
protein

11 kDa Kinetoplastid membrane protein (KMP-11) is
a small immunogenic protein of the Leishmania
parasite, present in both the human host phase
(amastigotes) and the sandfly phase
(promastigotes). It is localized on the cell surface,
flagellum, flagellar pocket, and intracellular vesicles.
KMP-11 has a crucial role during host-pathogen
interactions as it assists the binding of the parasite
to the host macrophage membrane during infection.
Further, it also can induce both innate and adaptive
host immune responses. Thus, to investigate the
role of KMP-11 protein in leishmanial diagnosis,
Moreno et al.27 developed ssDNA aptamers against
L. infantum KMP-11 protein using the SELEX
approach. This study used a colloidal gold-based
methodology to generate gold-labeled KMP-11
protein. Starting with ~1*1024 different sequences,
the SELK10 aptamers pool was selected after ten
rounds of PCR. Dot blot, ELISA, and immunoblotting
studies were performed for binding affinity and
specificity confirmation. The results suggest that
the SELK10 aptamers pool specifically recognized
the KMP-11 protein with no cross-reactivity, and
these selected aptamers can be used as a powerful
tool in diagnosing parasitic infection. A few years
later, a very interesting study by the same group28

was published regarding making aptamers-based
electrochemical biosensor. Firstly, to standardize this
procedure, horseradish peroxide (HRP)-conjugated
gold nanoparticles were electrodeposited on the
working electrodes, and then the electrochemical
reduction of H

2
O

2
 was tested. Next,

electrodeposition of gold-labeled KMP-11 protein was
performed on screen-printed microelectrodes, and
then KMP-11 protein was identified using aptamers
population as the detection element. The
electrochemical measurement using the biosensor
device detected even a few micromolar
concentrations of L. infantum KMP-11 protein. This
study represents a unique approach to rapidly
developing aptamer-based biosensors to detect
Leishmania parasite infection.

Aptamers against Poly (A)-binding protein

Poly (A)-binding protein (PABP) plays a key role in
different biological processes, including translational
initiation and termination. It is also involved in
transporting mRNA from the nucleus to the
cytoplasm. Previously, PABP has been characterized
in Trypanosoma brucei, T. cruzi, L. amazonensis, L.
major, and more recently in L. infantum.29,30 As
reported, PABP, characterized in the
trypanosomatidae family, has some sequence
divergences compared to other eukaryotic
organisms. Taking this into consideration, Guerra-
Pérez et al.31 identified ssDNA aptamers library
(SELLiPABP) against recombinant PABP protein of L.
infantum parasite using the SELEX approach. Next,
using different experimental approaches, including
ELONA, slot blot, and immunoblotting assays, three
aptamers, ApPABP#3, ApPABP#7, and ApPABP#11,
were shortlisted based upon binding affinity and
specificity toward rLiPABP protein. Selected aptamers
were able to detect rLiPABP protein in dose-
dependent concentrations; KD values for ApPABP#3,
ApPABP#7, and ApPABP#11 were reported to be
5.4 ± 1.1 nM, 6.0 ± 2.6 nM, and 10.8 ± 2.7 nM,

Target Selected Dissociation Diagnosis methods Min. number of Ref.
Protein Aptamers constant (Kd) of detectable

promastigotes

H2A AptLiH2A#1 0.96+0.17 nm ELONA, slot blot, 7500 23, 24
AptLiH2A#2 1.16+0.28 nm and immunoblotting

H3 AptLiH3#4 0.52+0.05 nm ELONA, slot blot, and 6000 25, 26
APtLiH3#10 0.37+0.05 nm immunoblotting 9000

KMP-11 SELK10 - ELISA, dot blot, and - 27
immunoblotting

Kinesin K2-13R - ELASA, southwestern - 21
blotting, confocal and
electron microscopy

PABP ApPABP#3 5.4+1.1 nm ELONA, slot blot, 2500 31
ApPABP#7 6.0+2.6 nm immunoblotting poly-
ApPABP#11 10.8+2.7 nm (A)- sepharose binding

and pull-down assays

Table 1: Various aptamers selected against different proteins of Leishmania parasites.
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respectively. Even 50 nM of these three shortlisted
aptamers could detect a minimum (6.25 ng) of
rLiPABP protein. Next, to determine the sensitivity
against endogenous LiPABP protein, cell lysate from
a varying number of parasites (0-5000) was
prepared. All three shortlisted aptamers detected
LiPABP protein from 2500 parasites count in a
significant manner. Furthermore, in vitro functional
analysis performed using poly-(A)-sepharose binding
and PABP pull-down assays also revealed that
ApPABP#11 significantly disrupted the binding of
myc-LiPABP and endogenous LiPABP to poly-(A)-
sepharose as compared to the other two aptamers.
In this experiment, lysate obtained from HEK293T
cells over-expressing myc-LiPABP protein was used.
Thus, this study strongly suggests that aptamers
inhibiting the binding of PABP to the poly (A) tail
can unravel new strategies for leishmaniasis
therapeutic and diagnosis.

Importance and application of aptamers in
other disease diagnosis

The self-folded three-dimensional structure adopted
by aptamers can be modified to employ it as a
magnificent tool for developing biosensors for
detecting and diagnosing diseases. Aptamers-based
biosensors called Aptasensors are prepared using
fluorescent tags. They have been extensively used
for accurate and rapid diagnosis and treatment of
various diseases, including cancer, tuberculosis, and
viral infections (avian influenza, Ebola, HIV, Zika,
hepatitis, and Rubella).32-34 Cell proteome changes
due to some morphological, molecular, and
biochemical changes in cancer cells are used as
biomarkers for early and rapid detection. Aptamers
prepared by the cell-SELEX method have been used
to detect cancer at the molecular level.35 Despite
the low molecular expression level, aptamers show
higher sensitivity than conventional detection
methods. Early diagnosis of HIV infection is crucial
even in asymptomatic persons for early drug delivery,
preventing viral multiplication and prevalence. Tat
HIV protein, a regulatory element for viral replication,
is a crucial target for aptasensors for the diagnosis

of HIV.36 Conventional tests
such as skin and sputum tests
are employed in diagnosing
tuberculosis, but these are
time-consuming, increasing
the risk of infection.
Aptamers-based detection
methods developed against
bacterial proteins such as
ESAT-6, CFP-10, and MPT-64
have shown sensitivity and
specificity >90%.37

Concluding remarks and way forward

In the last few years, nucleic acid-based approaches
have gained massive attention from researchers
around the globe. Aptamers have high specificity
and efficacy toward the selected target; thus, they
play a pivotal role in disease diagnosis and
therapeutics. The research studies suggest that
various aptamers libraries were selected against
leishmanial proteins. The specificity and binding
affinity of the selected aptamers were confirmed
by multiple methods, including ELONA, dot blot,
immunoblotting, microscopy, and pull-down assays
(Figure 4). Recent studies have also highlighted the
importance of a drug delivery approach using a
variety of agents/molecules like aptamer-conjugated
nanoparticles, siRNA, and drugs. These strategies
will improve therapeutic efficacy and bioavailability
and significantly reduce systemic toxicity and drug
resistance issues. Other factors like high thermal
stabil ity, low cost, ease of scalabil ity, and
manipulation are also associated with the extensive
applications of aptamers. Several bottleneck
limitations of aptamers are resolved by coupling these
molecules to nanoparticles and adopting some
chemical modifications. This combination of aptamers
and nanoparticles allows them to employ efficiently
as a therapeutic drug. Aptamers are resistant to
nucleases by modifying the 2' end with
aminopyrimidine. Another problem of renal clearance
of low molecular weight aptamers (5-15 kDa) has
been solved by conjugating these molecules to
polyethylene glycol. These modified aptamers have
a long half-life and remain circulating in the blood.
Thus, these aptamers represent a valuable tool for
diagnosing and improving drug therapy, which can
be critical in limiting disease progression.
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Human gut is the harbor of a complex and dynamic population of microorganisms, known as gut microbiota,
consisting of bacteria, yeasts, and viruses. Both beneficial and pathogenic microbes co-exist in the gut
to provide a healthy ecosystem. Microbes help digest/metabolize foods, provide nutrients and vitamins to
the host, and regulate the immune system. Any perturbation in the ecosystem alters the microbiota
composition, which may lead to gastrointestinal (GI) complications such as constipation, ulcerative colitis
(UC), inflammatory bowel diseases (IBD), irritable bowel syndrome (IBS), gastroesophageal reflux disease
(GERD), and many more. Improper diet is one of the major causative factors for the complications.
However, complications could be modulated and most likely reversed by proper diet. Pro- and prebiotics,
the two supplementary diets, when consumed singly or in combination in adequate amounts, improve gut
health and reduce inflammation. Fecal microbiota transplantation (FMT), another option to treat dysbiosis,
has been found to be effective in the treatment of C. difficile infection (CDI) and recurrent C. difficile
infection (rCDI) with a success rate of 90%. FMT has also been successfully utilized in relieving other GI
related disorders. Physical exercise and fasting have also been shown to incur health benefits by altering
gut microbiota.
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Introduction

We are very familiar with the term bacteria.The word
bacteria meant bad and harmful which spread
infections and caused diseases. This was the
concept that remained in mind in our childhood.
However, all the bacteria are not harmful or
infectious. They are present everywhere in the
environment as well as in our body parts like skin,
eyes, ears, lungs, and gut to name a few. It is
estimated that only a small percentage of bacteria
are harmful and the rest are either harmless or
beneficial to life. Human gut is the harbor of a
complex and dynamic population of microorganisms,
known as gut microbiota which consists of bacteria,
yeasts, and viruses.1,2 Both beneficial and
pathogenic microbes are present in the gut and it is
impossible to harbor only beneficial microbes and
avoid pathogenic ones. Beneficial microbes are a
support system; which help us digest/metabolize
foods, provide nutrients and vitamins to the host,
and regulate the immune system.

The human gastrointestinal (GI) tract is one of the
largest surface areas (250-400 sq. m),3 which is in
direct contact with the environment. On average
during the lifespan of a normal human being about
60 tons of foods pass through the GI tract.3 Foods
we consume every day contain various
microorganisms including harmful ones that may pose
a great threat to gut homeostasis. It is the

ecosystem of microbes present in the gut that is
responsible of maintaining the homeostasis.

Some estimates predict the presence of more than
1014 microbes in our body, which is 10 times greater
than the total number of human cells.4 However, a
revised estimate claims that the number of microbes
in the body is actually of the same order as the
number of human cells.5 These microbes are capable
of communicating with each other and the host,
often known as commensal (one partner gets
benefited while the other remains unaffected).4

Evolution and early colonization of gut
microbiota

The evolution of gut microbiota took place over
thousands of years. It is very dynamic in nature
and both genetic and environmental factors drive
its composition. All three domains of life - bacteria,
archaea, and eukarya are found in human adults.4

Colonization of microorganisms in the gut starts in
the mother's womb6 and attains a more or less stable
state after birth within 2-3 years. At the time of
birth, an infant inherits the microbes from the mother,
though less in population and diversity. As the
newborn encounters outside food microbiota
composition attains maturity and stability over a
period of time. The very first diet a newborn
experiences after birth is milk. The nature of milk
dictates the initial colonization; as in breastfed
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infants, bacterial species Lactobacil lus and
Bifidobacterium are found to be present in
abundance.7 These bacteria are capable of breaking
down human milk oligosaccharides to produce short-
chain fatty acids (SCFA). SCFAs stimulate the
immune system of the host to express
immunoglobulins, which help fight infections and
diseases. Micro-organisms that are set forth in
formula-fed infants lack those bacteria and are
dominated by Enterococcus, Enterobacteria,
Bacteroides, Clostridia, and Streptococcus.8 Various
studies support that breastfed infants develop more
stable and diverse microbiota and are better
equipped in managing immune responses compared
to formula-fed infants.8

Microbial composition in human gut

Microbes are found throughout the GI tract, starting
from the mouth then the stomach, intestine, and
finally in the colon. However, because of the acidic
nature of the stomach, only those microbes survive
here, which can withstand low pH.  Since most of
the microbes are acid sensitive their population is
limited in the upper GI tract which keeps on
increasing as we go down the tract and maximizes
in the colon with predominantly anaerobes. Gut
microbial composition varies considerably from
person to person. The composition of gut microbiota
attains more or less a stable state in adulthood and
tries to maintain it in healthy adults. However,
perturbation in gut microbiota affects the composition
and may lead to metabolic disorders like obesity,
diabetes, or inflammatory bowel disease (IBD).9

Factors affecting gut microbiota

Many researchers suggest that host genetics play
a major role in determining gut microbiota
composition. However, there is no clarity on the
percentage contribution of inheritance. A study on
>1000 twins suggested many microbial taxa whose
abundances were influenced by host genetics.10 The
most heritable bacteria are Christensenellaceae,
responsible for body mass index (BMI). Individuals
with higher levels of Christensenellaceae bacteria
in their guts were more likely to have a lower body
mass index than those with low levels.11 Although
gut microbiota is established at an early stage of
life it can be altered by various factors such as
diet, age, use of antibiotics and illnesses, global
location and ethnicity, and even mode of birth. All
these factors are not always under the control of a
person. However, the factor that is in individual's
capacity to control is diet. Diet plays an important
role in the composition of the microbiota, which in
turn contributes to good health and long life.

Role of diet

Rothschild and coworkers claimed that host genetics
has a minor role in gut microbiota composition
suggesting more weightage on diet.12 In one such
observation, it was found that individuals sharing
the same household but genetically unrelated share
significant similarities in the microbiome.

Dietary substances dictate the constitution of gut
microbes and functional capabilities. A person, mostly
dependent on carbohydrates, is likely to possess
microbes that are capable of digesting
carbohydrates. On the other hand, a person
preferring a protein diet is more likely to own
microbes that are capable of metabolizing proteins.
Plant-based diets induce a healthy and diverse
population of microbes (Firmicutes) capable of
metabolizing insoluble carbohydrates providing short-
chain fatty acids (SCFAs) to the host. However,
animal-based diets (western diet) promote the
growth of Bacteroidetes, which produce amino acids
on metabolism. Amino acids, in turn, are converted
into SCFAs along with harmful compounds.13 A
person, consuming a balanced diet, is more likely to
possess balanced microbiota composition; otherwise,
selective microbes outgrow others putting the host
at health risk. Therefore, a person is indirectly
selecting microbes in the gut to flourish by choosing
his/her own diet. Thus the proverb exactly fits here,
"You are what you eat".

Role of antibiotics & illness

In the gut, a balance between beneficial and
pathogenic microbes is maintained by a competitive
environment in healthy persons. Beneficial microbes
inhibit the growth of pathogenic microbes by
signaling, competitive site binding, competing with
nutrients, and producing chemicals that deter the
growth of unwanted microbes.8 However, microbial
flora of the GI tract is disturbed when antibiotic
treatment is opted for, in case of illness. Treatment
with antibiotics eliminates both pathogenic and
beneficial microbes indiscriminately preparing a
ground for unwanted microbes to grow. It takes a
long time for a person to return to a normal state
after an antibiotic treatment, which may vary from
person to person. In one of the experiments, it was
shown that vancomycin, often used for the
treatment of C. difficile infection (CDI), causes
damage to microbial flora that may lead to recurrent
C. difficile infection (rCDI), which is difficult to treat
with antibiotics further.14 In an another study, the
production of key metabolites along with microbial
ecosystem were found to be affected by the
administration of β-lactams infused intravenously in
humans.3 Antibiotics are also making inroads into
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humans and animals through the food chain. Poultry
products are fed with excessive antibiotics to keep
their growth unhindered. This is also causing health
hazards to consumers undoubtedly, but the long-
term effect is unclear.

Role of age

There is a considerable difference in constituents
and diversity of microbes in aged and young
populations. The microbial diversity attains a stable
state in healthy adults and maintains a balance
between the two most abundant bacterial phyla
Firmicutes (Gram-positive) and Bacteroidetes (Gram-
negative), whereby Firmicutes are present in excess.
Aging process alters the F/B ratio in favor of
Bacteroidetes. Any alteration in the F/B ratio has
an adverse impact on the health of a person. Another
major change that takes place in the aged
population compared to young adults is the
deterioration of immune response with increasing
age. The immune response is directly related to levels
of short-chain fatty acids (SCFAs) produced by the
microbes, which decreases with increasing age.
Acetate, propionate, and butyrate are the
fundamental SCFAs, produced by some microbes in
colon and consumed by our body for different
functional activities. Particularly important amongst
these is butyrate, which acts as an energy source
and plays an important role in intestinal cell growth.
SCFAs boost the immune system and reduce the
production of anti-inflammatory agents, which
protect us from illnesses like Crohn's Disease (CD)
and inflammatory bowel disease (IBD).15 Other age-
related changes that take place are an increase in
Gram-negative and pathogenic bacteria, which
secret endotoxins leading to inflammatory activities
and infections.15

Role of global location and ethnicity

Various types of diets (mostly depending on
availability) are being consumed for centuries by
people living in different parts of the world as a
tradition or lifestyle. Therefore a country/region-
specific colonization of microbes was developed over
a period of time on the basis of traditional foods
consumed by ethnic groups depending on their global
location.16

Role of the mode of birth

It has been observed that the mode of birth (normal
vs. C-section delivery) has a pronounced effect on
the gut microbiota amongst newborns. Newborns
are found to have Lactobacillus and Prevotella in
abundance in case of normal delivery, acquired from
the mother's vaginal microbiota, whereas

Streptococcus, Corynebacterium, and
Propionibacterium, received by skin contact of the
mother, are found to dominate in newborns delivered
through C-section.8 These microbes gradually evolve
to be part of the infant in course of time.

How to modulate gut microbiota

Modulation of gut microbiota is an effective option
in case of dysbiosis (imbalance in the composition
of microorganisms in the gut). The factors discussed
here are the role of diet, probiotics, prebiotics,
synbiotics, and the fecal microbiota transplantation
(FMT). One of the reviewers suggested including
the role of physical exercise and fasting on
microbiota. Indeed, I am tempted to add this topic
after going through the literature.

Diet as modulating factor

Types of bacteria in the human gut can be classified
into 13 bacterial phyla as per the report by Yang et
al of which Firmicutes contribute 65% and
Bacteroidetes 30% (Fig. 1).17 Any alteration in the
Firmicutes/Bacteroidetes (F/B) ratio is regarded as
dysbiosis. An increase in the F/B ratio is usually
associated with obesity and a decrease in the ratio
with inflammatory bowel disease (IBD).1 Variety of
plant fibers (from fruits, vegetables, and grains)
provide a diverse and beneficial microbial community
e.g. fructans and galactooligosaccharides were
found to increase fecal abundance of
Bifidobacterium and Lactobacillus species.18 It has
also come to the notice of researchers that even
an abrupt change in diet can alter the composition
overnight, although for a transient period only.
Individuals, provided with a high-fat/low-fiber or low-
fat/high-fiber diet, have been found to possess
altered microbiota within 24 hours.15 Short-term diet
alteration can modulate the microbiota for a few
days; however, to elicit a beneficial effect, a long-
term or habitual diet needs to be executed.18

Therefore, the saying of Hippocrates is so relevant
to quote, "Let thy food be thy medicine and medicine
be thy food."

Probiotics as modulating factor

Probiotics are defined as live microorganisms that,
when administered in adequate amounts, confer a
health benefit to the host. Probiotics consist mainly
of bacteria and yeast. Commonly used bacterial
species are Lactobacillus and Bifidobacteria, whereas
Saccharomyces boulardii is the common species used
in case of yeast.19 Ingestion of probiotics brings
positive change by promoting favorable bacteria in
the gut. It is not clear whether probiotics are able
to colonize or proliferate in the gut as the effect
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observed is temporary. However, it is not necessary
for probiotics to colonize to reap the benefits.
Benefits associated with probiotics intake have been
observed in diseases like antibiotic-associated
diarrhea, insulin resistance, inflammatory bowel
disease, and many others.18 Saccharomyces
boulardii administration has been observed to alter
the F/B ratio and pronounced a positive effect on
obesity and inflammation.1 In type 2 diabetic
patients, probiotic administration is found to reduce
fasting blood glucose and HbA1. Probiotics hinder
the growth of pathological microbes by preventing
their adhesion or kil l ing them by secreting
antimicrobial compounds.8 Varieties of probiotics are
available in the market that may contain a single
strain or a cocktail of microbes. Yogurt is a commonly
used probiotic. Usually, probiotics contain high doses
of microorganisms (106-107 CFU) to maintain an
optimal concentration in the gut as some of the
microorganisms are assumed to perish under gut
atmosphere.

Prebiotics as modulating factor

Prebiotics are substrates that are selectively used
by host microorganisms providing health benefits to
the host. Prebiotics are specific foods and
substances that can boost the growth of probiotics
and other beneficial bacteria. They are mainly non-
digestible carbohydrates/fibers found in fruits,
vegetables, legumes, grains, and nuts. Prebiotics
are not hydrolyzed by digestive enzymes nor are
absorbed by the upper intestine but passed onto
the colon as food for microbes, which in return
produce short-chain fatty acids (SCFAs) benefitting
the host. Bifidobacterium, Lactobacillus and lactic
acid bacteria are found to grow on consumption of
prebiotic, which have beneficial effects on the host.
Consumption of galacto-oligosaccharides (GOS) and
fructo-oligosaccharides (FOS) have been shown to
increase the population of Bifidobacterium and
Lactobacillus, whereas Clostridium population is
decreased at the same time.20 Health benefits have
been observed in obese women, fed with inulin type
fructan for three months, whose microbial profile
and fat metabolism were altered.18 Therefore,
prebiotics are found to possess not only positive
impact on microbial composition but also have health
benefits associated with it.

Synbiotics as modulating factor - synergistic
effect of (pro+pre) biotics

Synbiotics are mixtures of probiotics and prebiotics
working synergistically in the digestive tract.
Probiotics add live microorganisms, whereas
prebiotics affect the microbes already present in
the gut. Combination of these two adds up individual

benefits and provides a gut atmosphere, where
added microbes from probiotics benefit the host and
harmful microbes are discouraged to grow by the
prebiotics. It is quite possible that prebiotics provide
an atmosphere for probiotics to survive longer in
the intestine.

Fecal microbiota transplantation (FMT) as
modulating factor

Fecal microbiota transplantation (FMT) is simply the
process of placing fecal microbes from a healthy
donor to patients with gastrointestinal disorder
(dysbiosys).21 FMT is practiced since centuries and
the very first report came from China during the 4th
century, where feces, called yellow soup, were used
to treat diarrhea and food poisoning.22 In subsequent
centuries, it was used in China to treat other GI
related disorders. In modern medical science first
medical record of FMT was reported by Eiseman
and his colleagues, who successfully treated patients
with FMT for pseudomembranous colitis in 1958.23

Subsequent use of FMT by Els (2013) for the
treatment of C. difficile infection (CDI) and recurrent
C. difficile infection(rCDI) with a success rate of
almost 90%, placed it as effective and viable option
for the treatment of gastrointestinal disorders.24

After the success on CDI treatment, interest on
FMT has grown many folds and FMT has been used
for the treatment of ulcerative colitis (UC),
inflammatory bowel diseases (IBD), irritable bowel
syndrome(IBS), constipation, and other GI related

Figure 1. Gut bacteria composition. The pie chart shows
the distribution of gut bacteria. Others are: Spirochaetes,
Fusobacteria, Deferribacteres, Cyanobacteria,
Planctomycetes, Lentisphaerae, TM7, and Tenericutes. Of
the thirteen phyla, the Firmicutes and Bacteroidetes occupy
65% and 30% of the pie, respectively, while the rest eleven
phyla take up 5%. (Picture reproduced with permission
from the authors.)17
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problems. Although very few serious side effects
have been reported with FMT so far, the risk involved
in transferring live organisms from a healthy donor
to a serious patient cannot be ruled out. However,
with effective tools for screening of donor (medical
and lifestyle record), screening of harmful organisms
in stool (e.g. resistant bacteria) and proper methods
to prepare stool may reduce some of the adverse
impacts.25 It may be possible in the future to replace
FMT with specific bacteria depending upon the
disease to be treated (targeted
bacteriotherapy).25,26 In order to perform targeted
bacteriotherapy, specific bacteria have to be
identified with the disease concerned. This will
probably eliminate the chances of transferring
unwanted microbes from the donor to the patient.
In comparison, probiotic/prebiotic treatment is
temporary and lasts only for a few days whereas,
FMT can persist for longer and repeat treatment/s
can prolong it further.21

Physical Exercise and Fasting as modulating
factor

The health benefits exerted by physical exercise
are a well-known fact.   However, not much is known
about the influence of exercise on gut microbiota
composition. Animal experiments on rodents by Allen
and co-workers27 indicated that exercise can alter
the gut microbiota composition.  They have
demonstrated that microbial transplants from
exercise-trained mice (donor) to mice with induced
acute colitis (acceptor) led to differences in
microbiota β-diversity, metabolite profiles, colon
inflammation, and body mass. However, more
research in humans is required to shed more light
into this relationship.27

Research in animal models also supported the fact
that fasting affected the microbiome. These studies
showed that fasting increased microbial diversity,
reduced inflammation, and increased production of
short-chain fatty acids. Intermittent fasting also
decreased cognitive impairment and increased levels
of several hormones and neurotransmitters.The
effect of fasting have been observed in individuals
with increased levels of beneficial gut bacteria such
as Akkermansia, Faecalibacterium and Roseburia
after Ramadan, a religious fasting observed by the
Muslims.28

Business Opportunities

Covid-19 pandemic has impacted businesses globally
in many ways. But the synbiotics market has been
impacted positively with a surge in consumption of
these products and thus increased market share.
During the initial period of Covid-19 pandemic,

consumption of probiotics increased several fold. A
survey conducted by Natural Marketing Institute in
May 2020 concludes an exponential surge in
consumption of probiotics in the US (66%), Italy
(188%), and China (108%) over a period of 6
months.29

The global probiotics market was valued at USD 58
billion in 2021 and is projected to be USD 111 Billion
in 2030. The market is projected to grow at a
compound annual growth rate (CAGR) of 7.5% from
2021 to 2030.29

Entry of prebiotics as a supplementary diet into the
market is more recent and hence market value is
less compared to probiotics. The global prebiotics
market size was valued at USD 6.05 billion in 2021
and is expected to grow at a compound annual
growth rate (CAGR) of 14.9% from 2022 to 2030.30

Enormous possibilities exist to take advantage of
the growing business opportunities and contribute
to the healthcare industry for entrepreneurs from
India. The major players in synbiotics, which came
to my notice, are all MNCs. The presence of Indian
companies, if at all any, is negligible.

Conclusion

Sedentary lifestyle and changing food habits (due
to easy availability of global foods) are impacting
the well-being of a person enormously. Gut-related
diseases such as constipation, ulcerative colitis
(UC), irritable bowel syndrome (IBS),
gastroesophageal reflux disease (GERD), and
inflammatory bowel disease (IBD) have become
common illnesses and are expected to rise.

Diet, no doubt, is an important player in nurturing a
healthy lifestyle. However, long-term or habitual
planning is essential to reap the benefits. Pro- and/
or pre-biotics, when consumed in adequate amounts,
improve gut health and reduce inflammation. They
also play an important role in preventive healthcare
by strengthening the immune system. Synbiotics
has emerged as a supplementary diet with increasing
awareness to treat illnesses in a natural way and
its consumption is going to increase with more
awareness and launch of new products. Prebiotics
are susceptible to hydrolysis and a sizable portion
of probiotics are assumed to perish in the stomach
before reaching the intestine. Therefore, more
research is required for new delivery techniques and
personalization products (fine-tuning the
requirements of a person) will be an added
advantage. It may be assumed that people will carry
gut cards in the future like soil cards (for farmers)
to match the personalized requirements.

FMT has already been found to be the preferred
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option for CDI and rCDI. It has also been successfully
utilized for the treatment of constipation, ulcerative
colitis (UC), irritable bowel syndrome (IBS),
gastroesophageal reflux disease (GERD), and
inflammatory bowel disease (IBD). Many more
diseases are expected to be included for treatment
with FMT in the future. Physical exercise and fasting
also modulate gut microbiota and impart health
benefits.
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There are several important targets which need to be explored to design and develop COVID-19 inhibitors.
Several reports described the application of pharmacoinformatics in identifying natural product compounds
such as tylophorine, 7-methoxycrptopleurine, scutellarein, luteolin, ferruginol, betulonic acid etc. for
inhibiting the SARS-CoV-2 enzymes.  However, efforts to identify species which simultaneously inhibit
multiple enzyme targets are rare. In the current study, pharmacoinformatics analysis has been carried
out to identify natural product inhibitors from the plant sources Murraya koenigii and Vitex negundo. The
chosen SARS-CoV-2 macromolecules are 3CLpro (NSP5), PLpro (NSP3), helicase (NSP13) and
endoribonuclease (NSP15). 3D Crystal structures of the target enzymes have been utilized for molecular
docking-based virtual screening of phytochemicals. Lead compounds were identified based on docking
scores as well as on molecular recognition interactions with the key active site residues of targeted
enzymes. The results indicate that 7,8-dimethylherbacetin-3-O-αL-rhamnoside, bismahanimboline, clauraila
A, mukonal, mukolidine, and mukonidine can exhibit multi-target inhibition and may provide solution to the
COVID-19 treatment. Selected promising compounds were further analysed using molecular dynamics
(MD) simulations to estimate the binding affinity with the target enzymes.

Current Research & Information on Pharmaceutical Sciences (CRIPS)
@NIPER, SAS Nagar, India

Introduction

Coronaviruses (CoV) are a large group of enveloped,
positive-sense, single strand RNA viruses.1,2 CoV
strains that can infect humans include 229E, NL63,
OC43, HKU1, SARS, MERS and SARS-CoV-2.3 While,
229E, NL63, OC43, HKU1 infection typically lead to
mild-to-moderate upper respiratory tract problems,
SARS and MERS strains caused severe respiratory
diseases with high morbidity and mortality. However,
SARS-CoV-2 strain of CoV is highly transmissible
and causes severe and fatal pneumonia.1,4 The
genome of SARS-CoV-2 is ~30 kb in length and
contains (at its 5’ end) a large replicase gene that
occupies two-third of the entire virus genome and
encodes for non-structural proteins (NSPs),
structural proteins and accessory/regulatory
factors.3,5 Due to ribosomal frame shifting, the
replicase gene encodes 2 open reading frames
(ORFs). Consequent to the virus entry into the host
cells, these two ORFs are translated into two large
polyproteins (pp1a of ~490 kDa and pp1ab of ~790

kDa), which are processed auto-proteolytically by
two viral proteases (PLpro between NSP 1-4 and
CLpro between NSP 4-15) to generate mature 16
viral NSPs. These viral NSPs then assemble into a
large, membrane-bound, replication-transcription
complex, a highly dynamic protein-RNA complex
responsible for facilitating the viral replicative
processes. The remaining one-third genome of SARS-
CoV-2 encodes for subgenomic mRNAs which get
translated into four structural proteins and nine
accessory/regulatory factors.3,5 Thus, several viral
SARS-CoV-2 proteins can be used as targets for
inhibitor design with an aim to treat COVID-19
disease. Figure 1 and 2 provide the structures of
important drugs in anti-COVID-19 research.

Clinically approved anti-viral drugs for treating viral
infections caused by viruses viz. HIV, herpes,
hepatitis, influenza, SARS-CoV, MERS-CoV and Ebola,
are now being repurposed for treating Covid-19
disease.6,7 Recently, remdesivir, a drug earlier
approved for Ebola and favipiravir earlier used for
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influenza are approved for the treatment of Covid-
19 disease.8,9 Keeping in view of limited efficacy of
the clinically used drugs, it is important and timely
to search for new drug candidates from natural
products and traditional medicine formulations, for
treating Covid-19 disease.

In Ayurveda, several medicinal herbal products are
being used for the treatment and prevention of
several diseases including respiratory viral
infections.10 Several of these herbs possess immune
stimulating and inflammation modulating effects that
help in boosting immunity and thus can offer benefits
in treating respiratory viral infections. Further, many
of these herbs exhibited anti-viral, anti-inflammatory
and antioxidant activities that make them favourable
to be considered for activity testing against Corona
viruses.11 A few Indian medicinal plant extracts of
Vitex trifolia, Spaeranthus indicus have been
reported to reduce inflammatory cytokines produced
through NF-κB pathway.12,13 This pathway has been
implicated in respiratory distress induced in SARS-
CoV-2 infection. Glycyrrhiza glabra and Allium
sativum are known to target viral replication of
SARS-CoV and may be considered as promising
candidates against SARS-CoV-2.14,15 Thus, keeping
in view of potential of Indian medicinal plants we
have selected Murraya koenigii (L.). (family:
Rutaceae) and Vitex negundo L. (family:
Verbenaceae) as potential candidates to study
against SARS-COV-2 viral proteins.

Pharmacoinformatics provides information technology
based tools for drug discovery.16,17 This includes
molecular modelling of proteins, small molecules and
their interactions. This also involves virtual screening
of large sets of data towards drug discovery
applications. This technology is being extensively
used in addressing the anti-virus drug discovery
research including COVID-19.18 Docking-based virtual
screening (DBVS) is one of the well-known screening
approaches of the structure-based drug design
process.19-21 Many attempts were made to
repurpose known anti-viral compounds by initially
performing pharmacoinformatic analysis.22-24 Several
studies employed virtual screening approach to
identify new leads for anti COVID-19 activity.25

Molecular docking,26 QSAR,27,28 Pharmacophore
mapping,29 de novo design,30 Molecular dynamics,31-

33 Artificial Intelligence (AI) based analysis,34 etc.
were also carried out. A few of these efforts were
carried out on a set of molecules originating from
natural products also.11,35 All these efforts lead to
the identification of new hit molecules, which were
occasionally submitted to molecular dynamics31 as
well as QM/MM analyses.36

To gain detailed insights into the structure and
function of SARS-CoV-2 macromolecules, numerous
'three-dimensional' structures have been solved using
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X-ray diffraction, solution NMR, electron microscopy
techniques and deposited in the Protein Data Bank
(PDB)42 (see Table S1, ESI). Furthermore,
identification of novel drugs through experimental
approaches require huge money as well as time,
hence, pharmacoinformatics approaches are being
increasingly employed to identify new lead
molecules.16,21,43,44 There is a huge scope and
emergency to explore natural product libraries
towards new anti-COVID lead identification. As
mentioned above, Murraya koenigii and Vitex
negundo plants offer extensive set of isolatable
useful  phytoconstituents. It is worth exploring the
possible inhibitory potential of these species against
various SARS-CoV-2 enzyme targets using
pharmacoinformatics methods. In this work, 265
natural products from Murraya koenigii and Vitex
negundo (see Table S2, ESI) have been subjected
to virtual screening analysis (Figure 3) using
molecular docking. Six compounds that showed multi-

 

H

N

OHN

H

H
NO

N

H

OH
N

O

F F

F

PF-07321332
(NCT0476531)

H

N
H

OH
N

O

NH

O
O

O P OH
OH

O
NH

O

PF-07304814
(NCT04535167)

OH

OH
OH O

OH

2-deoxy-D-glucose (2-D G)
(CTRI/2020/06/025664)

OH

Cl
O

N
H

Cl N+
O-

O

Niclosamide
(NC T04399356)

OH
N HN

O
NO

OH
HO

O

O

Molnupiravir
(NCT04575584)

Figure 2. Drugs/molecules under clinical-trials for
COVID-19 treatment.45,46



CRIPS Vol. 16 No. 4 September-October 2022 81

Research Article
considered for this analysis. 2D structures of all
these compounds have been collected from in-house
library of natural products and corresponding 3D
structures were built using ChemDraw software
(version 10.0).50 To prepare ligand(s) for molecular
docking, LigPrep module of Schrödinger software51

was utilized in which the low energy tautomeric,
ionization and stereoisomeric states at physiological
pH (7.0±2.0) for these molecules were generated
by performing energy minimization using OPLS3e
force field.52,53

Molecular docking-based virtual screening

The 3D structures of the four targets were prepared
for molecular docking-based screening, from the
reported crystal structures available from PDB. The
structures with PDB IDs: 5R82, 6WUU, 6ZSL and
6X4I have been chosen for the enzyme Main
protease (Mpro/3CLpro: NSP5), Papain-like protease
(PLpro: NSP3), Helicase/NTPase (NSP13) and
Endoribonuclease (NendoU: NSP15) respectively.
This choice is based on the resolution factors,
availability of ligand bound 3D structure, andpresence
of complete functional unit or domain (multiple chains,
minimum missing residues etc.). The protein
preparation wizard of Schrödinger software was

utilized for protein structures preparation
after adopting following steps.54,55 Water
molecules were removed from the
downloaded 3D structures, hydrogen atoms
were added. Deformities related to bond
length, bond order, bond angle, metal ions,
tautomers have been removed and the
preferred geometric isomeric state of the
amino acid side chains was restored. The
ionisation state of the amino acids in these
enzymes was set to pH 7+2. Out of the
four proteins, two proteins lack co-
crystalized ligand (bound ligand) in 3D
structure. So, in order to maintain the
uniformity in the docking protocol, the grid
generation was done with reference to the
centroid of a set of residues which
contribute towards ligand binding domain.
Two concentric boxes of 10x10x10 Å3 (inner
box) and 20x20x20 Å3 (outer box) were
defined to normalise the docking site for
ligands.

In the final step, to validate the docking
protocol, co-crystalized ligand of one of
the target protein (PDB: 5R82) was docked
in the defined grid. The docked ligand was
very well superimposed with the co-
crystalized ligand and RMSD  was < 0.5 Å
which confirmed that the chosen docking
protocol is satisfactory. Finally, 265
phytochemicals were docked in the grid of
four different protein targets of COVID19.

target inhibitory effects were identified, and these
six compounds (Figure 4) are suggested as possible
multi-target inhibitors of SARS-CoV-2. The
phytoconstituents from  these two species were
subjected to molecular dynamics analysis (in four
SARS-CoV-2 targets) to estimate the ∆G associated
with the inhibitory complex formation.

METHADOLOGY

Data collection and Ligand structure preparation

The plant Murraya koenigii (curry tree) has been
traditionally used in Indian traditional medicine for
treating various ailments and holds a very high value
in Ayurvedic medicine. It is also popularly known as
'Meetha neem' in India. About 200 compounds from
this plant have been isolated and characterized.47

Based on the known lead molecules for SARS-CoV-
2, 98 compounds from this plant have been selected
for pharmacoinformatics analysis, the 2D structure
of all the molecules are provided in Table S2, ESI.
Vitex negundo (Nirgundi) is a shrub that is reported
to be an important medicinal plant used for the
treatment of arthritis and several other bioactivities
in Ayurveda. Around 170 isolable chemicals have
been reported from this plant,48,49 167 of which are

Figure 3. Flow chart of the pharmacoinformatics research
reported in this study.
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Final results were analysed and ranked
on the basis of Glide Gscore54 as well as
on the basis of molecular recognition
interactions between protein and
ligand(s).

Molecular Dynamics Simulations

To validate the stability of the enzyme-
ligand complex as well as ligands inside
the active site of protein identified from
molecular docking studies, molecular
dynamics simulations were performed for
the various protein-ligand complexes,
using AMBER 12 package.56 Selectivity
of the ligands in various SARS-CoV-2
targets was inferred on the basis of the
binding free energy contribution of the
selected hits using MM-GBSA
calculations, per residue energy
decomposition and H-bond contributions.
The Antechamber program57 of AMBER12
software was utilized to derive partial
atomic charges for the ligands using the semi-
empirical (AM1) wave function with bond charge
correction (BCC) model.58 For the ligand(s) and
protein(s) preparation, General Amber Force Field
(GAFF)59 and Amber ff99SB force field60 incorporated
with in AMBER12 software package were
implemented, respectively to generate necessary
topology and coordinate parameter files. Each of
the system (complex containing protein and ligand)
was solvated using TIP3P61 water, with cubical
solvation box extended to 20 Å in each direction of
the solute forming a cubic box. To neutralize the
overall charges of the system, Na+ or Cl- ions as
counter ions were added to the system.

Here, to stabil ize the overall protein-ligand
complexes, a three step energy minimization process
was adopted. In the first two steps, the solvated
protein-ligand complexes were subjected to restraint
minimization with 1000 and 500 minimization cycles
using a force field cut-off of 3 kcal/mol/Å2 and 1
kcal/mol/Å2 respectively. In the third step, an
unrestrained minimization upto 25000 cycles was
carried out. Afterwards, under constant volume-
constant temperature (NVT) conditions, the systems
were gradually heated from 0 to 300 K over a period
of 50 ps. In the three steps density equilibration
under NPT ensemble, first 2 steps (50 ps each)
with the weak restraint of 2 kcal/mol/Å2 and 1 kcal/
mol/Å2, respectively followed by an unrestrained
density equilibration of the 100 ps was carried out.
The system was equilibrated on a constant pressure
equilibration (NPT) for 1 ns at 300 K temperature
and 1 atm pressure with pressure relaxation time of
2 ps. Finally, 50 ns production runs were performed
at 300 K temperature and 1 atm pressure under
NPT ensemble (cut-off distance for non-bonded

interactions 12 Å). The long-range electrostatic
interactions were treated with the Particle-Mesh
Ewald (PME)62 method. Coordinate trajectories were
recorded after every 1ns for the whole MD simulation
runs and recorded trajectories were analysed using
CPPTRAJ63 program incorporated in AMBER software
to process and analyse molecular dynamics trajectory
data for each complex system. Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA)64 method
was utilized to calculate the binding free energy for
various ligands with protein/receptor for all the
selected protein-ligand complexes over the last 5
ns trajectories to ensure good conformational
sampling and reliable binding energy calculations.
Visual Molecular Dynamics (VMD)65 software was
util ized to perform hydrogen-bond (H-bond)
occupancy analysis between the ligand and active
site residues.

RESULTS AND DISCUSSION

Molecular Docking studies to identify potential
medicinal plants constituents against viral
targets

An in-house phytochemicals library comprised of 265
phytoconstituents from two medicinal plants,
Murraya koenigii and Vitex negundo was screened
using molecular docking technique against four
proven protein targets in SARS-CoV-2 determined
for potent anti-COVID-19 natural compounds. Main-
protease (Mpro) (also known as 3-Chymotrypsin-
like protease, 3CLpro), Papain-like protease (PLpro),
Helicase and Endonuclease are the non-structural
proteins (NSP) vital for viral replication and therefore,
most important targets for the design and
development of SARS-CoV-2 inhibitors. Best 50
molecules for each protein targets were identified
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on the basis of Glide Gscore (molecules which
possess Glide Gscore < -5 kcal/mol) as well as
molecular recognizable interactions with the key
active site residues of targeted proteins. These 50
molecules were also grouped according to selectivity
in multiple targets (see Table S3, ESI).

Main-protease (Mpro): The main protease (Mpro)
is a 306 residue protein, folded into three domains
and shares ~96% sequence identity and similar 3D
structure with the Mpro of other coronaviruses.66

The enzyme plays crucial role in the coronavirus
biology, Mpro is considered as "the Achilles' heel of
coronaviruses". Mpro recognizes 11 conserved
cleavage sites [Leu-Gln↓(Ser,Ala,Gly)] in pp1a/pp1ab
polyproteins, between NSP 4-15 and is responsible
for the release of NSP 4-16.67 It is established that
inhibiting the protease activity of this enzyme blocks
viral replication and such inhibitors are considered
as broad-spectrum anti-viral drugs. The enzyme
employs conserved Cys and His residues which serve
as the principal nucleophile and general acid-base
catalyst, respectively, at its catalytic site.66,68

Molecular docking-based virtual screening of the
chosen phytochemicals against Mpro revealed that
most of them are accommodated comfortably in the
active site.  A list of top scoring 20 compounds is
listed in Table 1 along with their docking scores (a
comprehensive list is provided in Table S3).  The
top scoring five compounds are -- luteolin-7-O-β-
D-glucoside (Glide Gscore -8.13), 2α,3β-7-O-
methylcedrusin (-7.50), murrayacinine (-7.41), 1-
hydroxy-7-methoxy-8-(3-methylbut-2-en-1-yl) -
9H-carbazole-3-carbaldehyde (-7.37)  and 6-
hydroxy-4-(4-hydroxy-3-methoxyphenyl)-3-
hydroxymethy l -7 -methoxy-3 ,4 -d ihydro -2-
naphthaldehyde (-7.29).

All the selected hits show single or multiple hydrogen
bond interactions with the key active site residues
i.e. Thr26, Asn142, Gly143, His164, Glu166, Arg188,
Gln189 and Thr190. Apart from that, π-π interaction
with the hydrophobic residue His41 was also observed
with most of the selected hits.  Hydrogen bonding
with Thr25, His41, Cys44 and Leu141 also observed
in selected hits (see Table S1, ESI). 7,8-
Dimethylherbacetin-3-O-α-L-rhamnoside showed  H-
bond interaction with Asn142, Glu166 and Arg188 in
which Glu166 exhibits multiple h-bond. Similarly,
bismahanimboline (-6.88) showed H-bond
interactions with Glu166 and Gln189 along with π-π
interaction with His41. Clauraila A (-6.52) showed
H-bonding with Gln189 and π-π interaction with
His41. Mukonal (-6.88) exhibited H-bonding with
Asn142 and Gln189 and π-π hydrophobic interaction
with His41. Likewise, mukolidine (-6.73) shows a π-
π interaction with His41. Mukonidine (-6.67) exhibits
H-bonding with Asn142 and π-π interaction with
residue His41 (see Figure 5 and Figure S1, ESI).

Papain-like protease enzyme: PLpro is the largest,
multi-domain protein (1945 residues) produced by
the SARS-Cov-2.68,69 Mature PLpro protein is
generated from pp1a/pp1ab polyproteins by
autoproteolysis. PLpro acts as a scaffold protein
and interacts with other viral NSP's and host proteins
and plays an important role in the assembly of viral
RTC (Reverse Transcription Complex).4,66,69 The
enzyme recognizes and cuts the tetrapeptide 'LxGG'
motifs in pp1a and pp1ab polyproteins and releases
viral NSP1, NSP2 and NSP3. Besides this, the enzyme
also harbor two other activities: proteolytic removal
of ubiquitin (DUB activity) and interferon-induced-
gene-15 (deISG activity) from viral and host
proteins.70-72 PLpro thus plays an important role in
the suppression of host innate immune responses
during viral infection and helps in virus propagation

Figure 5. Molecular docking 3D structure of selected
two hits in all four protein targets. (A) 5R82-DMR,
(B) 5R82-MKL, (C) 6WUU-DMR, (D) 6WUU-MKL, (E)
6ZSL-DMR, (F) 6ZSL-MKL, (G) 6X4I-DMR and (H)
6X4I-MKL.



CRIPS Vol. 16 No. 4 September-October 202284

Research Article
in the host.4,66,69 Several small-molecule inhibitors
of PLpro are under development.71,73-81

Molecular Docking-based virtual screening of PLpro
revealed that the five top scoring compounds are
luteolin-7-O-β-D-glucoside (-9.13), vitegnoside (-
8.92), 7,8-dimethylherbacetin-3-O-α-L-rhamnoside
(-8.27), 2α,3β-7-O-methylcedrusin (-8.24), and
bismahanimboline (-8.09) (Table 1). All the selected
hits show single or multiple hydrogen bond
interactions with the key active site residues Glu161,
Leu162, Gly163, Asp164, Glu167, Tyr268, and Gln269.
Apart from that, Tyr171, Val202, Met206, Met208,
Ile222, Tyr264, Tyr273, Thr301, and Glu203 also
are involved in H-bond/π−π interaction formation with
most of the selected hits (see Table S4, ESI). 7,8-
dimethylherbacetin-3-O-α-L-rhamnoside (-8.27)
shows H-bond interaction with Gly163, Glu167,
Lys232C, Tyr264 and Gln269 along with π-cation
interaction with Lys157. Similarly, bismahanimboline
shows H-bond with Glu167, Pro248 and Tyr268 along
with π-cation interaction with Lys157. Clauraila A
shows H-bonding with Gln269 and π-π interaction
with Tyr207C. Mukonal exhibits H-bonding with
Glu161 and Gln269. Likewise, mukolidine shows
hydrogen bonding (H-bonding) with Gln269.
Mukonidine shows H-bond interaction with Gln269
(see Figure S1, ESI).

Helicase: The NTPase/Helicase of SARS-CoV-2 is
a ~66 kDa (601 residues) multifunctional enzyme.
The protein is folded into N-terminal Cys/His rich
(CH) zinc-binding domain and a C-terminal SF1
helicase domain.82 The enzyme exhibits multiple
enzymatic activities: (a) hydrolysis of NTPs/dNTPs,
(b) unwinding of DNA/RNA duplexes with 5'-3'
directionality and (c) RNA 5'-triphosphatase (RTPase)
activity.83-85 During SARS-CoV-2 infection, the
enzyme plays crucial role by facilitating unwinding
of double-strand RNAs (produced during replication
of virus in the host cells) into single strands and
allowing next round of viral ss-RNA replication by
RNA-dependent RNA polymerase (RdRp, NSP12). The
enzyme also folds newly synthesized viral RNAs into
correct secondary and tertiary structures for
polyproteins translation. The RTPase activity is
believed to be involved in viral mRNA capping.82-84

Thus, viral NTPase/Helicases is an indispensable
component of coronavirus replication complexes and
is recognized as ideal targets for the developing
antiviral drug. Many laboratories across the world
are trying to develop small-molecule inhibitors of
CoVNTPase/Helicase.85-90

The molecular docking analysis indicated that the
five top ranked compounds are  mukoeic acid (-
7.98), 1,4α,5,7α-tetrahydro-1-β-D-glucosyl-7-(3’,4’-
d i h y d r o x y b e n z o y l - o x y m e t h y l ) - 5 -
ketocyclopenta[c]pyran-4-carboxylic acid (-7.89),
p-hydroxybenzoic acid (-7.85), negundoside (-7.83)

and salicylic acid (-7.70)  (see Table S4, ESI).  These
selected hits exhibit interactions with the residues
Gly285, Thr286, Gly287, Lys288, Ser289, Lys320,
Asp374, Arg443, Gly538, Glu540 as the most common
ones.

Nidoviral RNA uridylate-specific
endoribonuclease (NendoU): CoV RNA uridylate-
specific endoribonuclease (NendoU; NSP15) is a ~39
kDa protein (346 residues) folded into three domains:
N-terminal, middle domain and C-terminal catalytic
NendoU domain containing catalytic residues (His-
His-Lys-Ser/Thr-Asp).91-93 Crystal structure studies
of SARS-CoV-2 NendoU revealed that monomeric
protein unit forms hexamers (dimers of trimers), a
corolla like super structure concentrating six
independent active sites.91 The enzyme displays
an RNA endonuclease activity and can cleave both
ssRNA and dsRNA (and not ssDNA/dsDNA molecules)
at the 3´ of uridine and produces 2´-3´ cyclic
phosphodiester and 5´-hydroxyl termini. The enzyme
plays important roles in the processing of viral RNAs
and is recognized as an important target for
developing antiviral drug.94,95

Molecular docking analysis indicated that almost all
the chosen chemicals get accommodated inside the
active site of Nidoviral RNA uridylate-specific
endoribonuclease (NendoU).  The top scoring
molecules are   6'-p-hydroxybenzoyl-mussaenosidic
acid (-8.62), salicylic acid (-8.34), p-hydroxybenzoic
acid (-8.32), mukoeic acid (-8.14) and negundoside
(-8.01) are the top five scoring compounds (Table
S4, ESI). The common interactions exhibited by
these molecules are with the residues His235,
Gly248, His250, Lys290, Val292, Thr341, Tyr343,and
Leu346. Apart from that Hydrophilic/Hydrophobic
interactions are also observed with amino acid
residues Asn278, Cys291 and Leu346 respectively.

Common factors

Out of the 50 compounds, six molecules 7,8-
d ime thy l h e r ba ce t i n - 3 -O - α- L- r hamnos i d e ,
bismahanimboline, clauraila A, mukonal, mukolidine
and mukonidine were common (among the top 20
scoring molecules) in all four enzyme targets (see
Figure 4). These compounds showed sufficient
interactions with the residues in the respective
enzymes and also carry significant docking scores.
Hence, these six compounds can be considered as
pan enzyme inhibitors for COVID-19.

Likewise, four molecules +lyoniresinol-3α-O-β-D-
glucoside, 6-hydroxy-4-(4-hydroxy-3-
methoxyphenyl)-3-hydroxymethyl-7-methoxy-3,4-
dihydro-2-naphthaldehyde, vitedoin A, vitexdoin F
were common in 3CLpro, PLpro, and Helicase.
Similarly,  nine molecules 4’-O-methylmyricetin-3-
O-[4”-O-β-Dgalactosyl]-β-D-galactopyranoside, 6'-
p-hydroxybenzoyl mussaenosidic acid, 1,4α,5,7α-



tetrahydro-1-β-D-glucosyl-7-
( 3 ’ , 4 ’ -
dihydroxybenzoyloxymethyl) -5-
ketocyc lopenta[c]pyran-4-
carboxylic acid, 1-hydroxy-7-
methoxy-8-(3-methylbut-2-en-
1 - y l ) - 9 H - c a r b a z o l e - 3 -
carbaldehyde, 3,4,5,7,3’,4’,5’-
h e x a h y d r o x y - 6 , 8 -
dimethoxyflavone, 5,7-
dihydroxychromone, 5,8-
dimethoxypsoralen, murrayanine
and negundoside were common
in 3CLpro, Helicase, and
Endoribonuclease. Luteolin-7-O-
β-D-glucoside and luteolin
molecules were found to be
common in PLpro, Helicase and
Endonuclease. It was also
observed that 5,3'-hydroxy-
6,7,4'-trimethoxyflavone, 5,7,3'-
t r i h y d r o x y - 6 , 8 , 4 ' -
trimethoxyflavone, acerosin-5-
O-glucoside, iso-orientin and
vitegnoside were common in
PLpro, Helicase and
Endonuclease. Based on the
common molecules reported
above, it is possible to declare
lead compounds for multi-target
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Figure 6. Ligands and protein backbone RMSD analysis of all eight
binary protein-ligand complexes.

Figure 7. B-factor analysis of all eight binary protein-ligand complexes.



inhibition of COVID-19 enzymes. All the molecules
maintained in this section (Table S3 and Figure S1,
ESI) can be considered as lead pan inhibitors, among
which molecules listed in Figure 4 are most important.
To validate this, molecular dynamics simulations have
been taken up, results are described in next section.

Molecular Dynamics simulation analysis

MD simulations study was explored to validate the
stability of the selected hits as well as to estimate
the binding affinities of the selected hits against
COVID19 protein targets under the dynamic
conditions. From the molecular docking exercise, best
50 molecules for each utilized target were identified.
Out of 6 molecules (7,8-dimethylherbacetin-3-O-
α-L-rhamnoside, bismahanimboline, clauraila A,
mukonal, mukolidine and mukonidine) which are
common in all four protein targets, two molecules
namely 7,8-dimethylherbacetin-3-O-α-L-rhamnoside
(DMR) and mukonal (MKL) have been chosen as
representative of these six molecules for further
molecular dynamics simulation analysis. The choice
or selection of molecule is based on size (one is
bigger than other one) as well as docking score in
all four protein targets. Here, two binary complexes
for each protein target/pdb i.e. 5R82-DMR and 5R82-
MKL for 3CLpro/Mpro, 6WUU-DMR and 6WUU-MKL
for PLpro, 6ZSL-DMR and 6ZSL-MKL for Helicase and
6X4I-DMR and 6X4I-MKL for NendoU, total eight
binary complexes were subjected to MD simulations
for 50 ns each.

The stability of all the eight binary complexes was
analyzed in terms of RMSD from the initial structure.
The RMSD data of whole protein complexes and
protein backbones suggested that all the eight
complexes get stabilized after 30 ns and the last 10
ns simulations RMSD data indicated that all the
complexes maintained their stability throughout the
simulations and  RMSD values are in the acceptable
range i.e. < 2 Å in all the eight complexes. Similarly,
RMSD values of both the ligands (DMR, MKL) in all
the eight binary complexes suggested that both the
ligands were sufficiently stable during the simulations
run and complexes were consistently stable in last
10 ns simulations run (see Figure 6 and Figure S2,
S3 in ESI) and no major deviations were observed.

H-bond occupancy data of 3CLpro-ligand complex
(5R82-DMR) suggested that DMR showed greater
propensity to form H-bond interactions with the
Leu141 (56.40%) and moderate tendency to form
H-bond interaction with Cys145 (13.80%) and His163
(24.00%). Very weak H-bond formation were also
observed with Ser46 (1.40%), Gly143 (3.00%),
His164 (1.00%), and Glu166 (4.60%) in 5R82-DMR
binary complex. In comparison to the DMR, MKL
shows very weak propensity to form H-bond
interaction with key active site residues. Very weak

H-bond occupancy was observed in 5R82-MKL
complex with Asn142 (2.80%), Gly143 (7.60%), and
Glu166 (8.00%).

Similarly, H-bond occupancy data of PLpro-ligand
complex (6WUU-DMR) suggested that DMR showed
moderate propensity to form H-bond interactions
with the main chain atoms of Gln271 (39.60%) and
weak H-bond occupancies with Tyr266 (19.00%)
and Tyr270 (14.60%). A very weak H-bond formation
tendency was observed with Lys550 (6.80%). In
comparison to the DMR, MKL shows no H-bond
propensity to form H-bond interaction with any key
active site residues in 6WUU-MKL complex. Likewise,
H-bond occupancy data of Helicase-ligand complex
(6ZSL-DMR) suggested that DMR showed greater
propensity to form H-bond interactions with Ala313
(59.60%), Glu319 (45.40%) and Asp374 (88.00%)
and weak tendency to form H-bond interaction with
Lys320 (9.00%). Very weak H-bond formation were
also observed with Ser289 (0.40%) and Ala316
(0.60%). In 6ZSL-MKL binary complex, MKL shows
very weak propensity to form H-bond interaction
with key active site residues. Very weak H-bond
occupancy were observed with Asn142 (2.80%),
Gln404 (3.00%) for MKL in 6ZSL-MKL binary complex.
H-bond occupancy data of NendoU-ligand complex
(6X4I-DMR) suggested that DMR showed moderate
propensity to form H-bond interactions with the side
chain atoms of Glu268 (21.40%) and very weak H-
bond occupancies with Gln348 (0.60%). In
comparison to the DMR, MKL shows no H-bond
propensity to form H-bond interaction with any key
active site residues in 6X4I-MKL complex.

B-factor and atomic fluctuation data of all the eight
binary complexes were explored. 5R82-DMR and
5R82-MKL atomic fluctuation data revealed that
there were no major fluctuations at atomic level in
the 3D structure of both the complexes. Only major
displacement had been seen at starting N-terminal
and C-terminal end of Mpro protein. Minor atomic
displacements (< 2 Å) were observed for residues
Gln23, Ser46, Asn72, Tyr154, Asp155, Ala193,
Gly215, Arg222, Gln273, Asn274 and most of these
residues were part of loop regions which were far
from the active site. Only Gln273 and Asn274
residues were part of α-helix which was very far
from the active site.

Here, dimer of PLpro protein (chain-A and chain-C
formed a dimer unit for PLpro protein) has been
considered for molecular modelling study. B-factor
and atomic fluctuation data of 6WUU-DMR and
6WUU-MKL revealed that there were no major
fluctuations at atomic level in both the complexes.
Only major displacement had been seen for initial 4
residues of N-terminal of A chain, first 5 residues of
C chain and C-terminal end of C chain in PLpro
protein. Minor atomic displacements (< 2 Å) were
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observed for residues
Val20A-Tyr27A, Asn60A,
Thr63A, Thr191A,
Thr225A, Glu1C, Thr191C,
and Thr225C and most of
these residues were part
of loop regions which were
far from the active site
(see Figure7).

Likewise, B-factor and
atomic fluctuation data of
6ZSL-DMR and 6ZSL-MKL
revealed that major
displacement had been seen between residues
Asn51-Asp56, Ser74, His75, Lys76, Ser100 and
Lys189 in both the binary complexes but atomic
displacement were high in case of 6ZSL-DMR with
respect to 6ZSL-MKL complex. Similarly B-factor and
atomic fluctuation data of 6X4I-DMR and 6X4I-MKL
revealed that there were no major fluctuations at
atomic level in both the complexes only initial N and
C terminal residues (Asn0-Ser2, Asp37, and Glu171)
which are part of loop region showing major
fluctuation. Apart from that, in case of 6X4I-DMR
major atomic displacement at residues Ser241-
Leu246, Phe259-Lys290 has been observed.

Per-residue decomposition analysis of DMR and MKL
in Mpro revealed that amino acids Met49, Leu141,
Gly143, Ser144, Cys145, His163, and Met165 have
major contribution in the Mpro-DMR binding while
Met165 major contributors for MKL binding. In the
case of PLpro-DMR complex Lys157A, Leu162A,
Tyr264A, Gln269A, Cys270A, and Met208C were the
major contributors for binding of DMR in PLpro while
Arg166C, Met206C and Met208C were the major
contributors for MKL (see Figure S4, ESI). Likewise,
amino acids Lys288, Ser289, His290, Ala313, Ala316
and Asp374 showed major influence for DMR binding
in Helicase while Ala313, Gln537 and Gly538 majorly
contributed for MKL in Helicase protein. Lys288
showed negative impact for MKL binding in Helicase.
Per-residue decomposition data of Endoribonuclease-
ligand complexes revealed that Cys291 and Val292
was the major contributor for DMR binding while
Leu201, Gln202 and Phe259 possessed major binding
contribution for MKL in Endoribonuclease-ligand
complexes.

MM-GBSA analysis of all eight binary complexes
revealed that molecule DMR has significant binding
in all four protein targets except Endoribonuclease
where molecule MKL showing greater bind for
Endoribonuclease protein. Binding of MKL is
comparatively low in all targeted proteins (see Table
2). It was observed that van der Waals as well as
electrostatic energy contribution significantly
increases binding of DMR molecule in Mpro, PLpro
and Endoribonuclease. Similarly, non-polar

contribution to the solvation free energy significantly
increases binding affinity of DMR molecule in Mpro,
PLpro and Endoribonuclease. From MM-GBSA data
it become clear that, DMR is most prominent pan
inhibitor for three SARS-CoV-2 protein targets Mpro,
PLpro and Endoribonuclease.

CONCLUSIONS

Pharmacoinformatics techniques have been
successfully utilized to identify novel inhibitors for
COVID-19. Here, an attempt was made to find out
some pan inhibitors which may act against multiple
enzyme targets of SARS-CoV-2.  Total 265
phytochemical constituents of two medicinal plants
Murraya koenigii and Vitex negundo have been
subjected to molecular docking-based virtual
screening against four protein targets namely, Mpro,
PLpro, helicase and endoribonuclease of SARS-CoV-
2. Molecular docking study revealed that out of 265,
six molecules have showed inhibitory effect against
all four  SARS-CoV-2 protein targets. These six
natural compounds may be declared as pan enzyme
inhibitors for COVID-19 drug discovery and
development. Molecular dynamics simulations data
of representative two hits suggested that 7,8-
dimethylherbacetin-3-O-α-L-rhamnoside (DMR) has
more binding affinity with respect to mukonal (MKL)
in Mpro, PLpro and Helicase proteins while
endoribonuclease shows more binding efficacy for
mukonal (MKL). These molecules can be studied
further as anti-COVID-19 pan inhibitors and lead
molecules.

SUPPORTING INFORMATION (ESI)

The following files are available free of charge as
part of supporting information (ESI).

Supporting-Information-COVID19-manuscript.pdf
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Developing Mouse Embryo Ex-Utero from
Stem cells: Beginning of a New Era in the
Field of Embryology
The fusion of sperm with egg inside the female body
followed by the development of embryo in the uterus
was considered as the only approach for the
emergence of new mammalian life until the
development of in-vitro fertilization technique. The
developing embryo needs the structural support from
the extra-embryonic tissues; therefore the
development of embryo inside the womb is the pre-
requisite for the healthy growth of embryo. Further,
the extra-embryonic tissues provide signals to the
developing embryo, which is a highly complex
process. The ex-utero development of embryo was
thought imaginary until experimentally proved.
Studies demonstrated the ex-utero growth of
embryonic stem cells into the mouse embryos for
8.5 days leading to the development of distinct
organs such as a beating heart, gut tube and the
neural folds. The authors used bottles filled with
liquids as a culture medium for cells, which rotate
on wheels to add ventilation for the proper growth
of embryo. In-vitro cultured stem cells have been
exploited for developing the embryonic and extra-
embryonic tissues but the development of an
organized embryo from the stem cells remained
unknown and these studies are the first of their
types to explore the organs development from the
ex-utero embryo. Earlier, placental stem cells and
yolk stem cells had been used for the embryo
development, but these studies provided evidences
that embryos can even be developed from the
routinely used naive pluripotent embryonic stem cells.
However, the research in this field is still in its infancy
and further research is warranted to understand
the implication of this finding in the process of
implantation and solving the health related challenges
including infertility and birth defects. Further, the
failure rate in the concerned experiments was high,
just a small fractions of cells (50 of 10,000) developed
the embryo like features and those too were not
exactly identical to the natural embryo. Another
major challenge of the concerned approach is the
translation of these findings in humans. The findings
of these studies open a completely new dimension
in the field of embryology which can be highly
beneficial to solve the complex puzzles of
embryology. Since it is difficult to observe the
embryological changes inside the uterus in real time
manner, ex-utero development of embryo provides
an edge over the conventional embryo development.
It can be beneficial for better understanding the
genetic control of the cellular differentiation and
the effect of surrounding environment on the
embryonic growth. (Tarazi et al. Cell (2022) 185:
3290-3306 & Amadei et al. Nature (2022): 1-3).

Artificial Intelligence: A new horizon in early
diagnosis and management of Colorectal
Carcinoma
Colorectal carcinoma (CRC) is one of the most
prevailing malignancies, affecting over 1.9 million

individuals globally. In order to augment the patient's
survival rate, accurate early diagnosis,
comprehensive evaluation of intervention response,
and detailed prediction of prognoses are of pressing
priority. In recent years, artificial intelligence has
demonstrated remarkable applicability in the context
of CRC, rendering novel auxiliary approaches in
clinical settings to categorize high-risk patients,
opting for precise and personally tailored treatment
strategies as well as anticipation of prognoses. This
is attributed to the surge ofomics and clinical data,
and research in machine learning. To improve the
existing technology, artificial intelligence, a subfield
of computer sciences, integrates machine learning
and neural networks, which successfully offer
numerous AI-assisted systems that are available
for individualized and novel treatment strategies in
the management of CRC. (https://doi.org/10.3748/
wjg.v23.i28.5086)
Screening is envisioned to effectively reduce disease
incidence and fatalities, facilitate early detection
and therapy, and thus improve patient prognosis.
AI-assisted tumour screening technologies with
prediction models have emerged in recent years with
the goal of enhancing the reliability and reducing
the expense of CRC screening. AI-driven model's
finding proved an inverse correlation between ADR
and fatal CRCs i.e., 1% escalation in ADR is assisted
with a 5% reduction in fatal CRCs. Cell-free DNA
from the blood is used in cfDNA testing, which serves
as a substitute to stool-based assessment. However,
due to the slender amount of cfDNA acquired from
the tumour tissue in primary stage, early diagnosis
utilizing tumour-derived mutations in cfDNA has
proven difficult. Using an artificial intelligence-driven
technique based on machine learning (ML) to find
signals in cfDNA that are possibly representative of
both tumour and immune contributions could be a
possible avenue for cancer screening Biomarker and
blood-based screening for early-stage tumours is
aided by platforms like CellMax (CMx®) and
ColonFlag®generate a risk score based on
individual's parameters. Polyps are the benign
outgrowths in colon lining which might progress
towards cancer. Traditional colonoscopy detects
polyps of size <10 mm, thus increases the chance
for miss rate of polyp detection for the flat/small
ones. At present, virtual colonoscopy by computer
aided detection and diagnosis systems (CADx/e)
assisted with AI-algorithms enables real-time
detection and accurate localization of premalignant
lesions. Based on PET-CT scans, mitotic count, sex,
and non-gastric placement, AI-based predictive
models offer time prediction of tumour recurrence.
SVM model-based toxicity prediction of Irinotecan
(CPT-11) successfully served as a viable reference
for clinical physician in decision-making. Interestingly,
nowadays AI-integrated NMR-QSAR based model and
IC50 detection systems significantly contribute to
the drug development for novel targets of CRC. In
recent years, there has been considerable progress
in robotic-assisted surgery, has developed with
numerous benefits including smaller incision, minimal
scarring, shortened hospital stay and reduced risk
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of surgical-site infections. (https://doi.org/10.4253/
wjge.v10.i10.239, https://doi.org/10.1038/s41598-
018-21758-3)
Artificial intelligence is undeniably the prospect of
an emerging scientific era, but it is still in its ingress-
stage for mainstream use. Several studies on their
application are gradually heading in the right way.
Up to the present, it is clear that the adoption of
deep learning tools will significantly improve the
methods of acquiring information, diagnosing, and
treating CRC. Current hurdles in AI-driven CRC
management include lack of generalizability, poor
interpretability, ethical issues, and privacy
protection when managing clinical data. These can
be addressed by enhancing information
dependability, medical ethics guidelines, and efficient
data optimization. Ultimately, artificial intelligence
shows considerable potential in clinical and
therapeutic management of CRC, which could lead
to holistic and individualized therapy for the patients
with CRC. (Huang et.al Cancer Letters (2020) 471:
61-71 & Qiu et.al Current Oncology (2022) 29: 1773-
1795)

Lumipulse Test: Diagnostic test for early
detection of amyloid plaques associated with
Alzheimer's disease
Alzheimer's disease (AD) is the most common
neurodegenerative cause of cognition deficits and
responsible for significant morbidity and mortality.
Despite decades of laboratory and clinical research,
none of the available treatments are able to provide
a cure, but merely alleviate the AD related symptoms
This may be due to the pathological features of AD
which includes extracellular deposits of ?-amyloid
(A?) plaques, intracellular neurofibrillary tangles
(NFTs), as well as subsequent neuronal and synaptic
loss, which begin to appear several years prior to
memory loss and the damage is already irreversible
and extensive at the time of clinical diagnosis. For
these reasons, there is an immediate need of
diagnostic tools to support the clinical diagnosis of
AD. Despite the fact that several clinical studies
have demonstrated the diagnostic performance of
various biomarkers, such as Cerebrospinal fluid (CSF)
related biomarkers evaluated by ELISA or Luminex
technology. However, there is a significant
discrepancy in absolute values whether employing
the same ELISA variant or with laboratory variability.
There is an unmet need for a reliable and safe test
that can accurately identify patients with amyloid
plaques consistent with Alzheimer's disease. The
USFDA has permitted the marketing of first In vitro
diagnostic test "The Lumipulse Test" for early
detection of amyloid plaques associated with
Alzheimer's disease. This test was considered as
breakthrough device for more effective treatment
or diagnosis of life-threatening or irreversibly
debilitating diseases conditions. The FDA evaluated
the safety and effectiveness of this test in a clinical
study of 292 CSF samples from the Alzheimer's
disease Neuroimaging Initiative sample bank. The
samples were tested by the Lumipulse G ?-amyloid
Ratio (1-42/1-40) and compared with amyloid PET
scan results. In this clinical study, 97% of individuals

with Lumipulse G ?-amyloid Ratio (1-42/1-40) positive
results had the presence of amyloid plaques by PET
scan and 84% of individuals with negative results
had a negative amyloid PET scan. FDA permitted
marketing of the Lumipulse G ß-Amyloid Ratio (1-
42/1-40) to Fujirebio Diagnostics, Inc. (Blennow et
al. Journal of internal medicine. (2018) 284(6): 643-
663), https://www.fda.gov/news-events/press-
announcements/fda-permits-marketing-new-test-
improve-diagnosis-alzheimers-disease & Thomas et
al. Alzheimers Dement (Amst). (2021) 13(1): e12238)

Adoptive cell therapy (ACT): promising
immunotherapy for colorectal cancer
Colorectal cancer (CRC) is one of the most lethal
and prevalent malignancies in both developed and
developing countries. Surgery and chemotherapy
have long been used for cancer patients. However,
the prognosis of CRC has never been satisfying,
especially for patients with metastatic lesions.
Adoptive cell therapy is a new approach which has
successfully prolonged the overall survival of CRC
patients. In adoptive cell therapy, the cells are used
from a patient (autologous) or from a donor
(allogenic) to improve the immunity. T Cells are
isolated from the patient or donor, grown in large
numbers in laboratory and returned to the patient
to help the patient's immunity to fight against the
cancer cells. Adoptive cell therapy has three
methods; chimeric antigen receptor (CAR) insertion,
tumor-infiltrating lymphocytes (TIL) & modification
of T cell receptors (TCR).
Till September 2022 there were 25 clinical trials
conducted based on CAR-T cells intervention. There
were 4 and 16 clinical trials in phase 0 & phase 1
respectively. GCC19CART is a drug manufactured
by the Innovative Cellular Therapeutics (Rockville,
Maryland, USA) undergoing Phase 1 clinical trial for
metastatic CRC. GCC19CART works by targeting the
enzyme guanylate cyclase 2C (GCC) present on the
surface of cancer cells. The most frequently studied
targets in CAR-T cell therapy for CRC are CEA and
NKG2DL, followed by EGFR and HER2. There are 18
clinical trials in Phase 1 & 2 each for TIL-based
therapy for CRC. For TCR-T-based cell therapy, there
are 2 clinical trials in Phase 1 study. Currently, there
are no Phase 3 clinical trials evaluating adoptive
cell therapy in CRC. Adoptive cell therapy is more
complex than other types of immunotherapies and
has been criticized for being too costly. There is
also the issue of ACT toxicity when targeting the
antigens present both on tumor as well as on normal
cells. Those targets that are present in normal cells
but overexpressed in tumor cells have led to severe
toxicity in patients. A better target would be those
that are present only in tumor cells but absent in
normal cells. According to a systematic review, ACT
appears to be well tolerated in patients in terms of
overall survival and progression-free survival in
comparison to currently available second and third-
line treatments. (Juat et al. Oncologist (2022) 27(3):
210-219)
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