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1. Introduction
1.1. Overview of tuberculosis

Tuberculosis (TB) is a communicable disease frequently caused by the bacteria called
Mycobacterium tuberculosis (Mtb). The bacteria most often affect the lungs but can harm any
body part. The word Mycobacterium refers to a “fungus-like bacterium” [1]. It explains how
the tubercle bacillus forms mold-like pellicles on the surface of a liquid medium. Robert
Koch first reported the identification of Mtb by microscopic staining method on March 24,
1882.

Every year on March 24, we acknowledge “World Tuberculosis Day” to increase
public awareness of the disease's terrible health, social, and economic effects and intensify
efforts to combat the global TB pandemic. Mtb and members of the TB complex are
important human pathogens (Mycobacterium bovis, Mycobacterium bovis bacille Calmette—
Guerin (BCG), Mycobacterium canettii, Mycobacterium africanum, Mycobacterium microti,
and Mycobacterium pinnipedi) also responsible for TB, which is one of the most explored
human diseases. These mycobacteria are evolutionarily related, with more than 99.9%
chromosomal identity, and they cause TB in mammalian hosts with similar pathophysiology.

Mtb has only been found to survive and proliferate natively in humans.
1.1.1. Taxonomy classification of Mycobacterium tuberculosis

Kingdom : Bacteria

Subkingdom : Posibacteria

Phylum : Actinobacteria

Subclass : Actinobacteridae

Order : Actinomycetales

Suborder : Corynebacterineae

Family : Mycobacteriaceae

Genus : Mycobacterium

Species : Mycobacterium tuberculosis

1.1.2. Global implications of tuberculosis

In 2020, about 1.5 million deaths occurred from a single disease, i.e., TB (including 2,14,000
people with HIV). It is the world's 13" most significant cause of mortality and the second

leading communicable disease after COVID-19 (above HIV/AIDS) [2]. Globally, ~10 million
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individuals will have TB by 2020, including 3.3 million women, 5.6 million males, and 1.1
million teenagers in the country. TB is seen in all nations worldwide and in all age groups of
the population [3]. According to world health organization (WHO) estimations, the number
of individuals developing TB and dying from the disease in 2021 and 2022 might be
significantly higher.

Globally, in 2020, from the list of WHO regions, countries such as Aftrica (25 %),
Western Pacific Asia (18%), and South-East Asia (43%) had the most TB cases, with lower
numbers in the Eastern Mediterranean (8.3%), Europe (2.3%), and the Americas (3.0%). The
other 30 countries with the highest TB burden reported for 86% of all projected incident
cases worldwide, with eight nations of them (Figure 1) accounting for two-thirds of the
worldwide total: China (8.5%), India (26%), Indonesia (8.4%), Pakistan (5.8%), the
Philippines (6.0%), Nigeria (4.6%), Bangladesh (3.6%), and South Africa (3.3% ). The eight
nations (Figure 1) ranked first to eighth in terms of case counts, accounting for two-thirds of

worldwide cases in 2020 [4].
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Figure 1. Prevalence of tuberculosis in 2020, based on nations having at least 100000
incident cases (Image reprinted with permission from “Global tuberculosis report 2021.

Geneva: World Health Organization; 2021. Licence: CC BY-NC-SA 3.0 IGO”)
1.1.3. Signs and Symptoms

The symptoms of TB vary depending on where the bacilli are developing inside the body. In
most cases, Mtb grows in the lungs (pulmonary TB) and may show symptoms such as a

persistent cough for at least three weeks or longer, cough up blood, sputum, and chest pain
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[5]. Common signs and symptoms include chills, fever, night sweats, swelling in the neck,

lack of appetite, exhaustion, and weight loss [6]. Severe nail curling is also reported in some

cases [7].
Symptoms of
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Figure 2. Symptoms of Tuberculosis (Image credit: http://www.cchd.net/tuberculosis.html)

1.1.4. Different types of tuberculosis
A. Pulmonary TB

When a person contracts TB, the Mtb bacilli predominantly target the lungs (in about 90
percent of cases), referred to as pulmonary Tb cases. About a quarter of the infected
population may be asymptomatic and thus become the major hurdle in controlling the disease
[8,9]. Chest discomfort and a continuing cough with sputum are common symptoms.
Furthermore, pulmonary TB can develop into a long-term infection that results in significant

disfiguring in the upper lobes of the lungs.
B. Extrapulmonary TB

Most pulmonary diseases require to spread out of the lung, and extrapulmonary tuberculosis
(EPTB) responsible for a significant portion of TB cases globally. The predominance of these
infections in vulnerable populations, such as children and those malnourished, is a

characteristic feature of EPTB in all clinical forms [10]. In case of EPTB patients, Mtb can
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infect a diverse spectrum of tissues and organs in addition to the lungs and lung parenchyma.
Globally, extrapulmonary infections account for around ~15% of tuberculosis infections;
these infections are challenging to identify, and since they may or may not be accompanied
by pulmonary symptoms [11], treatment is more difficult in such patients. The same patient
frequently has both pulmonary and extrapulmonary lesions present while still being known as
having PTB [12]. The most common localization sites in the body are the pleura, lymph

nodes, bone and joints, CNS, and abdomen (gastrointestinal and/or genitourinary system).

Lymphadenitis is often an infection of the cervical lymph nodes caused by broad
hematogenous dissemination of the Mtb bacilli and is the most severe type of extrapulmonary
infection seen in TB patients [13]. Numerous minor lesions of any form might develop due to
bloodstream-mediated dissemination throughout the entire body. Mtb spreads to the nearby
lymph nodes from a single initial lesion before moving through the lymphatic and circulatory
systems to reseed the lungs[14]. An infection of the lung's mucous membranes frequently
manifests as pleural effusions or collections of fluid between the membranes, and the lung is
the second most typical cause of EPTB. Interestingly, these illnesses are more frequently
linked to Mycobacterium bovis, a closely similar species, rather than Mtb, most likely due to
the ingestion of tainted milk products [15]. Infection of the central nervous system is a
different, less frequent, but potentially dangerous type of EPTB (CNS). This can manifest as
encephalitis, TB meningitis, an abscess, or a tuberculoma [16]. Another typical form of
EPTB is genitourinary (GU) TB. It comprises a range of clinical problems, including renal
failure, infertility, persistent pelvic pain, single-organ TB localization, and complex GU
disorders. TB disseminated locally elsewhere in the body generally comes second to GU TB
[17]. The kidney, the epididymis, or the female genital organs are the main organs that Mtb
bacilli reach through hematogenous dissemination [18].

Due to the extraordinarily wide range of indications and symptoms and the need for
efficient diagnostic methods, diagnosing EPTB is challenging. Other factors, such as the
location of involvement, the severity of the disease, and the host's immunological response,
EPTB's clinical presentations, are incredibly variable. Since EPTB is frequently
paucibacillary, collecting specimens suitable for microscopy, histology, culture, or molecular
studies at the infection sites may be challenging. [19-21]. Imaging results are frequently non-
specific, and serologic testing has been shown to be ineffective in diagnosing TB. The
collection of samples for histology and microbiological examinations is not always simple.

According to the WHO criteria of EPTB, a diagnosis of EPTB should be made based on one
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specimen that tested positive for the disease on culture, positive histology results, or strong
clinical evidence that EPTB is active [12]. Microscopy, culture, and nucleic-acid
amplification procedures are examples of microbiological approaches. They are all helpful in
diagnosing EPTB, and advancements in techniques such as closed automated nucleic acid
amplification equipment and automated liquid culture have produced satisfactory or excellent
outcomes. Nevertheless, difficulties persist, and the effectiveness of current microbiological
approaches for diagnosing EPTB is still insufficient.

According to available data, Mtb actively stimulates angiogenesis to facilitate
diffusion by forming new blood vessels [22,23]. Purified recombinant heparin-binding
haemagglutinin adhesin (HbhA) (Mtb dissemination factor) vaccination prevents Mtb
infection in mice and lowers the bacterial burden in the lungs and extrapulmonary organs
[24,25], indicating that this research may have a variety of potential applications[26,27]. A
combination regimen may have the ability to prevent dispersion since adding this antigen
boosts the BCG vaccine's effectiveness [28]. Moreover, discovering a complete set of
extrapulmonary and dissemination determinants for Mtb could advance our knowledge of the
underlying molecular pathways, which will need to be confirmed and further examined in
both small animal models and in vitro models. Another interesting report highlighted the
importance of antigens actively transported to the lymph nodes by dendritic cells (DC) [29].
As they carry Mtb bacilli to the lymph nodes for presentation to immune cells, DC could
offer a potential pathway for Mtb dissemination away from the initial site of infection.
Treating extrapulmonary infections offers additional treatment problems because treating
extrapulmonary infections does not necessarily result in patient testing positively for TB
using a sputum smear test, the gold standard TB diagnostic test [30]. Furthermore, evidence
indicates that Mtb actively promotes angiogenesis to create new blood vessels to aid diffusion
and disseminate to new locations inside the body [31,32].

C. Miliary TB

Miliary TB develops when Mtb bacilli arrive in the blood circulation and spread throughout
the body, where they proliferate and cause illness in various locations. In these cases, the Mtb
can proliferate throughout the body in small clusters, affecting numerous organs
simultaneously. Miliary TB, also known as " Disseminated tuberculosis," is an uncommon
yet potentially more deadly and widespread type of TB that accounts for around 10% of all
extrapulmonary TB cases [33-35].
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1.1.5. Transmission and pathogenesis of Mycobacterium tuberculosis

According to Wells WF, the dried-out remnants of droplet nuclei that may carry harmful
microbes are the carrier of airborne respiratory disease transmission [36]. Airborne infectious
aerosols primarily transmit TB by droplet nuclei of size 0.5-5.0 pM in diameter. These
aerosols are tiny enough to stay in the air for a longer time and distribute through air currents
by coughing [37,38], sneezing [38], singing [39, 40], and talking [38,40] are only a few of the
aerosol-generating respiratory activities that have been linked to the transmission of the
disease. Interestingly, another study found that a single sneeze can release up to 40,000
droplets with an exit speed of a maximum of 4.5 meters/ second, which is one reason for
disease transmission [41,42]. However, based on epidemic studies and observed connections,
evidence for the relative relevance of these different respiratory activities is primarily
hypothetical. TB is spread primarily by a sequence of variables, including live bacilli in the
patient's sputum, spit aerosolization as droplet nuclei by patient coughing, sensitivity
(immune status) of the exposed host, bacilli strength in the air, proximity, duration, and

frequency of time the host breathes the air containing potential Mtb bacilli [43,37].

Pathogenesis of TB disease begins when a person inhales tubercle bacilli containing
droplet nuclei from an infected person that reach the lungs' alveolar air sacs (Figure 3).
Alveolar macrophages and other phagocytic immune cells identify and engulf these foreign
tubercle bacilli; most of them are eliminated or suppressed by phagocytosis. During the early
steps of infection, the macrophage engulfs the bacteria and is subsequently kept in a
membrane-bound vesicle termed a phagosome that supports a primary cellular niche for Mtb
to replicate [45,46]. Macrophages in the lungs release chemokines and cytokines that attract
other phagocytic cells, such as monocytes, another alveolar, and macrophages neutrophils,
forming structures called granuloma/tubercles. On the other hand, Mtb shifts to a latent or
non-replicative state inside the granuloma to survive under harsh conditions. After this, a
phagolysosome is formed when a phagosome fuses with a lysosome. Here, the cell tries to
destroy the Mtb bacilli in the phagolysosome by using reactive oxygen species (ROS),
reactive nitrogen species (RNS), carbon monoxide (CO), and an increased acidic

environment.
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Figure 3. Transmission of Mycobacterium tuberculosis (Image credit- Dwivedi, Manish,
and Priya Giri. Molecular Epidemiology Study of Mycobacterium Tuberculosis
Complex (2021): 9.) [44]

On the other hand, Mtb possesses a thick, waxy mycolic acid capsule that shields it from
these toxic substances. Mtb could proliferate inside macrophages, eventually killing the
immune cells, although the precise mechanism of their survival within macrophages is
unknown. In accordance with this, several findings are reported on the primary role of cell-
wall related lipids (cycloprotonated mycolic acids, phthiocerol dimycocerosate (PDIM), etc.)
[47,48], secretory antioxidant enzymes [superoxide dismutase ( SodC, SodA), catalase (Kat),
etc.] and secretory redox buffer ergothioneine (ERG) in delivering an excellent anatomical
barrier to and detoxification of exogenous oxidants generated by the host [49]. Catalase-
peroxidase, which helps the host cell survive oxidative stress, and lipoarabinomannan, which
helps produce cytokines and resist oxidative stress, are two more virulence factors playing
crucial in the survival of Mtb inside the host [50,51]. When macrophages die, a tiny number
of the bacilli may proliferate intracellularly and be discharged into circulation. If alive, these
bacilli can move to more distant tissues and organs via lymphatic routes or the circulation
(including areas of the body in which TB disease is most likely to develop, such as regional
lymph nodes, brain, bones and joints, the apex of the lung, and kidneys) leads to
extrapulmonary TB. Because of this dissemination process, the immune system is primed
beyond the alveolar barrier to trigger a systemic reaction to kill the circulating bacilli, and

further may develop harmful effects on the body.
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1.1.6. Microbiology of Mycobacterium tuberculosis

Mtb is an obligately aerobic, nonmotile bacillus, irregular rods 0.3-0.5uM in diameter,
catalase-negative, non—spore-forming with a high cell wall content of high-molecular-weight
lipids such as mycolic acid [5]. Growth is extremely slow, taking 16 to 20 hours to divide
compared to less than an hour for most common bacterial infections such as E.coli

(Generation time 20 min), and visible growth takes 3 to 8 weeks on solid media [52].
A. Microscopy

A hallmark of detection is still direct microscopy, wherein Mtb might seem slightly Gram-
positive due to the mycolic acid in the cell wall, making the cells resistant to Gram staining
[53]. The microbiological staining method such as Ziehl-Neelsen or Auramine O
(diarylmethane) / auramine-rhodamine dyes are often used to detect acid-fast bacilli (AFB) /
microorganisms, primarily Mycobacteria [54]. In Ziehl-Neelsen (ZN) staining procedure, the
smear is fixed, dyed with carbol-fuchsin (a pink dye), and decolored with acid-alcohol.
Methylene-blue or other dyes are used to counterstain the smear. Only decolorized cells take
up the counterstain and take on its color, resulting in a blue appearance, while acid-fast cells
keep their red color (Figure 4.1 left) [55]. While, in the fluorescent Auramine O staining
method, the sensitivity of mycolic acid in the cell walls for fluorochromes allows the Mtb
bacilli to be identified using Auramine O. As opposed to standard ZN staining, utilizing
fluorochromes during the observation of AFB has the benefit of allowing detection in a
shorter period [56]. Light rays of a shorter wavelength travel through a smear dyed with an
Auramine O dye, which collects shorter wavelength light rays and produces extended
wavelength light rays in fluorescence microscopy. Fluorescent stain consists of Auramine O,
and Rhodamine B dyes attach to the nucleic acids within the acid-fast bacilli and give yellow

to orange color [57] (Figure 4.2 right).
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Figure 4. Acid-fast staining of Mtb bacilli. Mycobacteria are stained with Ziehl-Neelsen
(left) and fluorescent auramine O (right) stain (Image credit-http://www.medical-
labs.net/giant-langhans-cell-and-mycobacterium-tuberculosis-2459/ and Caulfield, Adam J.,
and Nancy L. Wengenack. Journal of Clinical Tuberculosis and Other Mycobacterial
Diseases 4 (2016): 33-43.) [58]

B. Culture

Mtb culture can be performed on both the solid and liquid medium in the laboratory. A liquid
medium like Middlebrook 7H9 or 7H12, egg-based solid media like Lowenstein-Jensen
(selective media), and solid agar-based media like Middlebrook 7H10 or 7H11 are often
employed for growth [59]. The liquid medium, such as Dubos broth, septi-check, and Bactec
12 B also used in laboratories that allow optimum culture sensitivity. Liquid culture media is
a gold standard for detecting very low bacterial loads and is primarily used in drug
susceptibility testing [60]. A solid medium is less costly, but it takes longer for the bacillus to
visible growth. A single Mtb organism has a generation period of 18-24 h at 37°C with
adequate oxygen and nutrient availability and produces a white to a light-yellow colony on
agar in 3—4 weeks, as shown in Figure 5. Liquid media is more costly than solid media but is

more responsive and may develop organisms in as little as 10-14 days [61].
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Figure 5. Cultural Characteristics of Mtb on Lowenstein Jensen (LJ) media
(Image credit-https://microbenotes.com/lowenstein-jensen-lj-media/)
1.1.7. Diagnosis

A conclusive diagnosis of TB needs the isolation of Mtb on culture media from the clinical
specimen collected from the patient (usually sputum or cerebrospinal fluid (CSF), pus,
biopsied tissue, etc.) as well as a consistent clinical symptom of the TB disease [62]. Also,
laboratory testing has been used to check for and diagnose TB; a correct assessment is critical
for determining suitable therapy and disease management. For the timely and effective
detection of mycobacteria, particularly Mtb, it is now recommended that a mix of phenotypic
and molecular assays can be employed [63]. The gold standard is still sputum smear
microscopy and culture methods [64]. However, sputum smear selectivity for acid-fast
bacteria is only ~50%, and sputum cultures have a somewhat significant turnaround time. As
a result, several research has been conducted in an attempt to develop a quick and accurate
TB diagnostic test. In the following, a short assessment will be given between traditional
methods (all of which are growth-dependent) and new diagnostic methods to identify Mtb
directly.

A. Old/Traditional methods
a] Medical consultation/symptoms

Some individuals infected with Mtb bacilli do not develop symptoms; this condition is called
latent TB. Before becoming active, Mtb can remain in the latent stage for many years. A wide
range of symptoms characterizes active TB [54,65,66]. While most symptoms are related to
the respiratory system, they can also affect other body parts depending on where the Mtb
grows-
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1. Symptoms of TB in the lungs-Cough that lasts more than three weeks, coughing up blood

or sputum (phlegm), and chest discomfort.

2. General indications of TB-Unusual tiredness, weakness, fever, chills, night sweats, appetite

loss, and weight loss.

3. Organ-specific Symptoms-Blood in the urine and renal function loss if TB affects the

kidneys, back pain, stiffness, muscular spasms, spinal irregularity if TB affects the spine,

nausea, vomiting, disorientation, and loss of consciousness if TB affects the brain.

b] Chest X-ray

A routine chest X-ray (CXR) generally rules out pulmonary TB if the individual has no
respiratory symptoms. Although CXR is an important method to identify TB pulmonary
lesions, the activity of the infection cannot be determined with precision [67-69]. Chest
radiographs are analyzed in medical care by trained physicians to identify TB. However, this
is a time-consuming and subjective method that may lead to the wrong diagnosis in most
cases. The availability of radiologists is often scarce in low-resource countries (LRCs),
particularly in rural regions. The three essential technical criteria widely used in chest
radiography analysis are the infected individual's inspiratory effort, the appropriateness of
patient positioning/ rotation, and the extent of penetration or film blackening [70], as shown

in Figure 6.

Figure 6. White arrowheads show infection in both lungs, and black arrows show the

development of a cavity on a chest X-ray of an individual with advanced TB

(Image credit-https://en.wikipedia.org/wiki/Tuberculosis radiology)
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¢] Tuberculin skin test

A tuberculin skin test (TST) is also known as the Mantoux /tuberculin sensitivity/ plasma
protein derivative (PPD) test. This test is the most cost-effective, safe, and effective way to
determine if someone has developed an immune response against Mtb. This reaction can
occur if anyone has been exposed to active TB in the past or has taken the BCG tuberculosis
vaccination and hence cannot differentiate between old and new infections. A negative test
suggests that the individual has not yet been exposed to Mtb bacilli or his immune stem is not

strong enough to respond to the injected PPD solution.

Forearm |

Needle

Figure 7. The Mantoux skin test consists of an intradermal injection of 0.1 mL of PPD

solution. (Image credit https://laboratorytests.org/mantoux-test/mantoux-test-2/)

A positive TST reaction has been used as a marker of Mtb infection, appearing within 3 to 6
weeks, but sometimes up to 3 months, and remains positive lifetime even after medication
[71]. This ‘tuberculin’ is a glycerol extract of the tubercle bacilli prepared by removing the
bacteria, lowering the volume of broth to one-tenth by drying, and passing it through a
sterilizing filter [72]. According to the center for disease control (CDC), a test recommended
for India involves intradermal administration of 0.1mL of a liquid solution containing PPD
RT23 with tween 80 (acting as a stabilizing agent) containing one standardized tuberculin
unit (1TU) [73]. After injection, a delayed hypersensitivity reaction to PPD begins when the
immune system attracts specialized immune cells called T-cells to the test site in a positive

test. These T-cells have been sensitized by earlier infection attracted to the test site. These T-
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cells release chemical messengers called lymphokines, attracting other lymphocytes and
monocytes [74]. This further leads to local vasodilation (expansion of the diameter of blood
vessels) and causes induration in 48-72 h (a hard, elevated region of 6 tolOmm in diameter
with clearly defined edges at and around the injection site), which leads to edema shown in
Figure 7, fibrin deposition, and recruitment of different types of inflammatory cells to the

injection area.

d] Interferon-gamma release assay

Interferon-gamma release assay (IGRA/IFN-y) is an in-vitro blood test of cell-mediated
immune response that evaluate T-cell production of IFN-y after stimulation with antigens
unique to the Mtb (except BCG substrains); such as culture filtrate protein 10 (CFP10) and
early secreted antigenic target 6 (ESAT-6). These antigens are encrypted by genes in the Mtb
genome's region of difference 1 (RD1) locus [75,76]. Currently, two IGRAs are

recommended in many developed countries to diagnose TB-

1. The QuantiFERON-TB Gold In-Tube (QFT) test [77,78] is an enzyme-linked
immunosorbent assay (ELISA)-based, whole-blood test that uses peptides from the RD-1
antigens from CFP-10 and ESAT-6 in a tube format.

2. T-SPOT.TB assay [79,80], a form of an enzyme-linked immunosorbent spot (ELISPOT)
(Cellectis/Qiagen, Carnegie, Australia). Both tests are recognized for usage in Europe and
authorized by Health Canada and the US Food and Drug Administration (FDA). This assay
was performed on calculated and normalized peripheral blood mononuclear cells (PBMCs)

incubated with CFP-10 and ESAT-6 peptides.

B. New diagnostic methods
I] Xpert MTB/RIF

The WHO approved the Xpert MTB/RIF test in 2010 for the first diagnostic testing of
persons suspected of multidrug-resistant tuberculosis (MDR-TB) or HIV-associated
tuberculosis [81,82]. The Xpert Mtb/RIF assay is a single test used for identifying Mtb and
detecting RIF resistance within two hours, directly from sputum samples. It is an automated
molecular technique based on nested PCR. Moreover, it includes PCR amplification of the
“RIF resistance-determining region” of the Mtb rpoB gene and later probing this region to
identify mutations responsible for RIF resistance. About 95% of the RIF-resistant TB cases

contain mutations in the 81-bp region [83]. As per reports, in affected individuals with
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culture-positive pulmonary TB (PTB), the sensitivity was 78.2 to 90 %, while the specificity
was >98 %. While, in the case of children, the sensitivity dropped from 76 to 65% [84,85].
The test process can be done on clinical specimens directly, such as unprocessed sputum
pellets or sputum samples (also known as sputum sediment), made after disinfecting and

concentrating sputum [86].

II] Xpert MTB/ RIF Ultra/ Xpert Ultra

Even though the Xpert MTB/RIF test has improved TB and rifampicin resistance diagnosis,
its sensitivity is limited in smear-negative participants with pulmonary tuberculosis illness or
individuals with HIV. Xpert MTB/RIF Ultra/ Xpert Ultra was established to circumvent this
constraint. It has a larger chamber (50uL) for DNA amplification than Xpert, permitting
double the sample volume to reach the PCR reaction [87]. Bahr and colleagues compared
Xpert Ultra to Xpert for detecting Mtb in cerebrospinal fluid, suggesting that Xpert Ultra had
greater sensitivity than the culture method [88]. Analytical experiments indicated that Xpert
Ultra had a lower detection limit of 15.6 bacterial colony forming units (cfu) per ml than
Xpert, which shown112.6 cfu/ml [89]. If MTB is identified (category "trace"), no conclusions
on rifampicin resistance can be drawn, and the data are given as "MTB detected, trace, RIF
undetermined" [90]. In 2018, the WHO recommended that Xpert Ultra be used for TB
diagnosis. It could be thoroughly evaluated in various epidemiological and geographical

situations with various patient groups, particularly among extrapulmonary TB patients [91].
1] Genexpert OMNI

Given the worries linked with the need for continuous power supply and the need for a
physical lab with the traditional GeneXpert platform, Cepheid has developed the world’s
most portable point-of-care diagnostic test [92]. This compact, lightweight gadget expands
access to speedy, accurate, and possibly life-saving TB testing in some of the world's most
remote locations. The GeneXpert® Omni is battery-powered and has four hours of battery
life, web-enabled, and wireless, enabling real-time transmission of the instrument and test
data [93]. The GeneXpert® Omni is projected to significantly expand GeneXpert®
technology's reach by providing reliable testing for life-threatening illnesses such as TB,
drug-resistant TB, HIV, and Ebola [94]. Because of the device's portability, testing may be

done on-demand at the patient's home rather than at a centralized healthcare organization.
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IV] Lateral flow lipoarabinomannan commercial tests (LF-LAM)

The glycolipid lipoarabinomannan (LAM) is found in the outer cell wall of mycobacteria and
can estimate up to 15% of the total bacterial weight [95]. A proof of concept for an ELISA-
based urine detection method was reported in 2001 [96]. LAM is a carbohydrate antigen
containing glycosidic linkages that humans do not metabolize due to a lack of suitable
enzymes. Hence, LAM may be excreted by the kidneys of individuals with active TB cases
and found antigenically intact in urine samples. The quantity of LAM in the urine should
theoretically represent the bacterial load, metabolic activity, and breakdown rate, allowing for
detection using sensitive immunological methods. The success rate of LF-LAM is highly
correlated with autopsy findings of renal or disseminated TB [97], confirmed mycobacterial

blood culture [98], and in positive Xpert cases of concentrated urine samples [99].
V] Digital Chest X-ray (CXR)

Recently, Computer-Aided Detection (CADx) system was also reported, which might assist
physicians and radiologists in better understanding active TB patients [100]. This CXR
system uses image analysis techniques to improve, segment, and categorize CXR pictures of
suspected TB patients in order to advise further diagnosis and check whether the individual is

infected or not based on CXR readings.

1.1.8. Different physiological states of Mycobacterium tuberculosis

There are various physiological states of mycobacteria inside the host as follows-
A. Active-TB/Aerobic /Replicating stage bacilli-

Mtb is an obligately aerobic organism that can attack any body part but primarily targets the
lungs [101]. The disease is transmitted as a highly infectious aerosol from the lungs of
individuals with active TB. However, if positively diagnosed with TB, they can show the
symptoms and are responsible for further disease transmission. In many individuals, any
inhaled Mtb bacilli are killed instantly by the body's immune system. Nevertheless, in some
cases, depending on the immune status of the individuals, these Mtb bacilli may dominate
the host and start replication. Acid-fast staining and chest x-ray are the most common
diagnostic tests physicians recommend to identify active-TB in these situations. A
physiological pH of 6-7 and a nutrient-rich environment favor the Mtb bacilli for
multiplication in aerobic conditions. Active, drug-susceptible TB disease is commonly

treated with drugs such as Rifampicin and Isoniazid. Most other available drugs act mainly
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against the active stage of Mtb; hence, in most cases, TB is curable and preventable with

proper treatment strategies.
B. Dormant-TB /Anaerobic /Hypoxia /Latent/Non-Replicating stage bacilli

The World Health Organization classifies latent TB (LTB) as an asymptomatic condition of a
sustained immunological reaction to Mtb antigen stimulation without clinically evident active
TB [102,103]. Generally, in LTB cases, individuals who inhale the Mtb bacilli through
aerosols do not always feel sick and are not contagious. They are unable to spread the Mtb
bacilli to others. There is no standard gold test for LTB, and they frequently have a normal
CXR, negative IGRA, and a negative sputum test. The TST is typically the only way to
determine whether someone has LTB. According to current estimates, LTB affects almost a
quarter of the world's population [104]. The length of latency varies, and healthy people can
have a lifetime risk of the disease progressing to active TB [105]. However, reactivation
occurs in a limited percentage of cases (5-15%), usually within the first 2-5 years after
infection [106,107]. The process through which a subclinical latent infection becomes acute
TB illness is known as reactivation. As a result, people with LTB are a key source of new

active TB cases [108].
C. Viable but non-culturable /cultivable Mycobacterium tuberculosis

Many bacteria like Mtb use the viable but non-culturable (VBNC) state as a unique survival
strategy for responding to harsh environmental circumstances. When the VBNC concept was
first introduced 30 years ago, numerous questions about its significance were raised because
there was no clear distinction between dying cells and bacteria's adaptive strategies for
dealing with stressful environments [109]. VBNC cells are generally found and associated
with sputum samples of TB patients, which could lead to false-negative results during
diagnosis [92]. VBNC cells are not considered dead due to many differences despite their
inability to grow on ordinarily permissive conditions. VBNC cells have an intact membrane
that contains undamaged genetic information, whereas dead cells have a broken membrane

that cannot maintain chromosomal and plasmid DNA [110,111].

In general, VBNC Cells such as M.smegmatis are reported to be more resistant to high
temperatures [112]. The increased resistance might be due to decreased metabolic rate and
increased cell wall strength by enhanced peptidoglycan cross-linking. Mtb is known to enter
a VBNC condition during host infection and resuscitate (i.e., human lungs). It is also widely
known that these latent bacteria may produce active TB if the selective pressures for latency
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are removed, primarily in the form of immunosuppression on the contrary. VBNC Cells are
not the same as latent infection, and latency or dormancy is a VBNC stage of Mtb that
contributes to approximately two million Mtb carriers worldwide [113]. The role of selective
pressure for latency was studied recently and identified that, at a concentration of 10mm,
nitrite induces rapid non-culturability of Mtb at the aerobic stage. [114]. Moreover,
diphenyleneiodonium (DPI ), an inhibitor of NADH Oxidase, was also reported to induce
the VBNC stage in Mtb [115]. These data suggest that a particular chemical compound
alters the physiology of Mtb from active to VBNC state in Mtb and can easily be studied in

In-vitro conditions.

1.1.9. Treatment

Successful TB treatment is still challenging due to the unique shape and chemical nature of
the mycobacterial cell wall, which prevents medications from entering and renders many
antibiotics ineffective [116]. For several years, the WHO has addressed the global problem
of poor TB control; and recommended a new integrated care program called directly
observed treatment, short-course (DOTS) in 1994 [117-119]. The DOTS strategy's major
goals are to promote adherence to approved chemotherapy and treatment completion, which
ultimately help to control disease and prevent drug resistance. The strategy is divided into
five key aspects: 1. Governmental support, 2. microscopic observation of sputum samples
for acid-fast-bacilli from suspected TB patients, 3. DOTS-based short-course treatments, 4. a
continuous supply of high-quality medicines and diagnostic supplies,5. monitoring of
program performance and reporting system of treatment outcome. The current therapeutic
regimen employs a combination of medications that have been found to improve the

disease's susceptibility to therapy and decrease the length of time it takes to cure it [120].
A. Drugs/antibiotics for TB

Although very successful, current TB treatment regimens are far from optimal. The time it
takes to cure a patient with the best combination of available treatments cannot be decreased
to less than six months. RIF and INH are the two most common drugs used presently, with
RIF being the more important drug that helps to reduce treatment time and assures positive

outcomes [121,118].
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I] First-line antitubercular drugs

First-line treatment includes medicines of the first choice for treating a specific ailment
because it is thought to be the most appropriate cure for that disease with greater efficacy
and the fewest adverse effects. The list of first-line antitubercular drugs and their mechanism

of action are mentioned in Table 1.

Table 1. First-line antitubercular drugs and their mechanism of action

Class of | Mode | Target Inhibition Site of Acting
AntiTB of spectrum action pH
Drug action against Mtb
Act- | Dor-
ive mant
State | State
Rifampicin | Bacte- | Blocks mRNA synthesis | High | Low | Both Both
ricidal | transcription) by intracellular | alkaline
inhibiting the bacterial and and
DNA-dependent RNA extracellular | acidic
polymerase medium
Isoniazid Bacter | Inhibits synthesis of High | Low | Both Both
-icidal | mycolic acid synthesis- intracellular | alkaline
essential for and and
mycobacterial cell wall extracellular | acidic
medium
Pyrazinam- | Bacte- | Disrupts mycobacterial | Low | High | Intracellular | Acidic
ide ricidal | cell membrane bacilli medium
Ethambutol | Bacte- | Inhibits Mycobacterial High | Low | Both Both
riosta- | Arabinosyl transferase- intracellular | alkaline
tic Inhibits synthesis of cell and and
membrane extracellular | acidic
medium
Streptomy- | Bacte- | Binds to the 16s TRNA | High | Mode | Extracellu- | Alkaline
cin ricidal | interferes with rate lar bacilli medium
translation proofreading,
and thereby inhibits
protein synthesis

II] Second-line antitubercular drugs

In 2019, the WHO released new unified recommendations on the second-line medications
that should be used to treat drug-resistant TB [122]. In 2020, there will also be a substantial
modification to the guidelines. The latest unified recommendations have significantly altered
the approach to treating MDR/ extensively drug-resistant (XDR)-TB [123]. According to the
new WHO drug classification system (2016) [91], patients with rifampicin-resistant TB or
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MDR-TB need a treatment plan (based on safety, efficacy, and cost) with at least five
effective TB medicines during the acute stage of TB: one is pyrazinamide, and four core
second-line TB drugs (Table 2), one each from groups A and B and at least two from group
C. While the use of second-line TB drugs, rare side effects are reported which are relatively
frequent, and they are easy to deal with symptomatic therapy. Unfortunately, specific side
effects include nephrotoxicity from aminoglycosides, cardiotoxicity from fluoroquinolones,
gastrointestinal toxicity from ethionamide or para-aminosalicylic acid, and central nervous
system toxicity from Cycloserine, which can be life-threatening [124]. Patients at a higher
risk of harmful effects may benefit from a baseline examination. Hence, it is important to
have regular clinical and laboratory evaluations during therapy to avoid significant side
effects.

Table 2. Summary of the existing classifications of second-line anti-tuberculosis drug

WHO 2016 TB drugs classification

» Levofloxacin

Group A : :
Fluoroquililolones * Moxifloxacin
* Gatifloxacin
* Amikacin
Group B » Capreomycin
Second-line injectable agents |+ Kanamycin
(Streptomycin)

* Ethionamide/protionamide
Group C * Cycloserine/terizidone

Other core second-line agents | * Linezolid

* Clofazimine

» Pyrazinamide
D1 | Ethambutol
» High-dose isoniazid

Group D Do Bedaquiline
Add-on agents (not core » Delamanid
MDR-TB regi
restmen » p-Aminosalicylic acid
components)

» Imipenem—cilastatin

D3 |» Meropenem

» Amoxicillin-clavulanate
* (Thioacetazone)
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III] Vaccines for Tuberculosis

Robert Koch was the first to use semi-purified culture filtrates of Mtb, “the old tuberculin,”
as a therapeutic vaccination for TB patients [125]. Later, Albert Calmette and Camille Guerin
of the Pasteur Institute were the first to discover the BCG vaccine in 1921. It was developed
from a live-attenuated strain of Mycobacterium bovis bacillus Calmette-Guerin (BCG), a
related strain of Mtb [126]. Extensive genomic studies have revealed that the deletion of a
region of deletion 1 (RD1) is a 10.7kb fragment responsible for virulence in Mtb and M
bovis. RD1 codes for the ESAT-6 secretion system-1 (ESX-1) encode for two important Mtb
immunogenic proteins, ESAT6 and CPF-10. It has been discovered that the absence of the
RD1 region is the primary cause of virulence [127]. Since 1921, the BCG vaccine has been
given to roughly 100 million children globally [128], avoiding 120000 childhood deaths
annually [129].

The current BCG vaccine provides excellent protection, but only for a short time. It is
ineffective in people who have already been exposed to mycobacterial antigens (whether by
prior BCG vaccination, contact with environmental Mtb bacilli, or latent TB disease) [130].
The BCG vaccine schedule protects newborn newborns and children (not adults) against
severe TB; it has an established safety record after more than 4 billion injections, although
there are concerns about safety in HIV-positive neonates [131,132]. Despite its extensive
usage in newborns, BCG does not effectively prevent adult pulmonary illness, and as a result,
the worldwide incidence of TB has not decreased [133]. This finding most likely reflects a
lack of efficacy in adults, particularly in the scenario of previous exposure to mycobacteria in
the environment. BCG immunization does not provide enough protection against young and
adult TB, the most common type of illness. It is effective against the most severe types of TB,
including TB meningitis and miliary TB, in 70-80% of cases [134]. However, it is less

effective in preventing TB, which affects the lungs.

People who have previously had the BCG vaccine may be suggested for TST to check their
previous exposure to mycobacteria. Occasionally, vaccination may result in a positive skin
test for TB, which indicates the result might be due to the BCG vaccination or infection with
mycobacteria. It is difficult to identify whether a person has a latent tuberculosis infection or
has developed a TB illness. In such cases, other tests, such as a chest x-ray and a sputum
sample, are required to determine whether or not the person has TB. A meta-analysis of

randomized experiments and case-control studies found that the effectiveness of the BCG
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vaccine against pulmonary TB in newborns and adolescents is around 50%, with a range of 0-
80% [135]. In addition, differential efficacy of the BCG vaccine suggests that Tb vaccines

may be feasible, and three different vaccine development strategies [136] could be used-

1. To produce a better BCG vaccine that includes safe and long-acting recombinant
BCQG strains or attenuated Mtb.

2. To use a prime-boost method, in which a new vaccine, generally viral vectored or
protein adjuvant, is given as a booster dose later.

3. To produce therapeutic vaccinations to shorten the length of Tb treatment, which

usually includes immunotherapeutic vaccines.

Several first-generation vaccines have reached Phase IIb human clinical trials, and some

second-generation vaccines are completing preclinical testing and preparing to start Phase |

trials (Table 3).

Table 3. Profile of several therapeutic vaccine candidate products for TB

Candidates Mechanisms Development
status

Viral Vector

MVASSA Recombinant vaccinia virus encoding Phase II
tuberculosis antigens 85A

AERAS-402/Crucell Ad35 | Recombinant adenovirus (serotype 35) Phase I1
encoding tuberculosis antigens 85A, 85B,
and TB10.4

Ad5Ag85A Recombinant adenovirus (serotype 5) Phase I
encoding tuberculosis antigens 85A

rHCMV Recombinant human cytomegalovirus (new | In
platform) development

Recombinant Protein

Mtb72F/AS02A A fusion protein of TB virulence factors Phase II
Mtb32 and Mtb39 in AS02A adjuvant

Hybrid-1 Fusion protein of TB antigens 85B and Phase I
ESAT-6, formulated with IC-31 or CAF01
adjuvants

H4/AERAS-404 Fusion protein of TB antigens 85B and Phase I
TB10.4 formulated in IC-31 adjuvant

H56 Fusion protein of TB antigens 85B and Phase I
ESAT-6 with latent stage antigen Rv2660c
formulated with IC-31 adjuvant

HBHA Protein formulation of a heparin-binding In
hemagglutinin development

Recombinant BCG

VPM1002 | Recombinant, urease C deficient BCG | Phase /11
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expressing listeriolysin for phagosomal
escape

AERAS-422 Recombinant BCG expressing Phase I
perfringolysin (for phagosomal escape) and
overexpressing antigens 85A, 85B, TB10.4,
and Rv3407

Attenuated Mtb

MTBVACO1 Recombinant Mtb with phoP gene deletion, | Phase I
preventing transcription of virulence factors

AleuD/ApanCD Recombinant, auxotrophic Mtb with deletion | Preclinical
for leucine and pantothenate

Other

RUTI Formulation of detoxified, fractionated Mtb | Phase II
cells

Mycobacterium smegmatis | Bacilli genetically similar to Mtb but Phase I
avirulent, engineered to express TB antigens

Mycobacterium vaccae Bacilli are genetically similar to Mtb but Phase 111
avirulent

DNA vaccines Plasmid DNA encoding a variety of Mtb In
antigens development

(Credit- Grave, A., and David Hokey. J Bioterr Biodef'S 1 (2011): 2) [137]

1.2. Drug discovery in tuberculosis

Although still being severely underfunded, drug discovery and development for TB have
advanced dramatically in the last 10-20 years [138]. Over the last decade, the number of
candidates in  the TB medication  research  pipeline has increased
(https://www.newtbdrugs.org). However, very few candidates can fulfill adequate treatment
safety and efficacy requirements. Drug discovery is a lengthy process that might take up to
15-20 years to complete. Screening for therapeutically active compounds is usually the first
step in the early drug discovery process. Only one out of thousands of drugs that are in the

pipeline will reach the level of commercial approval.

Furthermore, only a few drug candidates out of thousands of drugs make it to
preclinical testing. These drugs/compounds must have a therapeutic impact on the condition
in question, and testing for safety and effectiveness begins when they are identified. The drug
discovery process is divided into several stages and actions. Early Drug Discovery,
Preclinical Phase, Clinical Phases, and Regulatory Approval are the four primary stages of

the early drug discovery process.
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Early drug discovery and preclinical phase
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Figure 8. A general outline of the early stages of drug discovery

Various actions and tests are included in the early drug discovery process. Researchers work
together to find and optimize possible leads for a specific target. In order to treat a disease,
the leads must elicit the desired impact on a specific biological target involved in the
condition. Researchers currently employ in silico platforms, biochemical tests, cell cultures,
and numerous animal models in their research. The general outline in the early phases of drug
discovery (as shown in Figure 8) includes identifying and validating the target using different
experimental methods to ensure its activity. Then this is further taken to high-throughput
screening, wherein the number of similar scaffolds of the drugs was evaluated for their
efficacy in a single time. Before further clinical trials, the identified hits were assessed and

optimized by using different in-vitro, ex-vivo, and in-vivo screening assay methods.

The history of anti-TB drug discovery starts with streptomycin. Selman Waksman developed
streptomycin, a drug that works against Mtb, in 1943 [139]. In November 1949, streptomycin
was administered to the first human patient infected with TB and cured. Following that, it
was discovered that some patients treated with only streptomycin got ill again because the
tubercle bacillus had evolved resistance to the antibiotic. To overcome this issue, rifampicin

was launched towards the end of the 1960s, as shown in Figure 9. Using combination
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therapy, drug-resistant and drug-susceptible TB decreased in developed countries. Hence,
drugs in combination are given, such as rifampicin, ethambutol, pyrazinamide, and isoniazid,
to treat drug-sensitive TB cases [140]. However, with the development of resistance to these
drugs since 2000, there has been a rise in MDR/XDR TB cases, creating a necessity for
developing new drugs. From 2005 onwards, three oral drugs, bedaquiline, pretomanid, and
linezolid, are recommended to treat such patients. These drugs have shown better results with

respect to efficacy against Mtb.
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Figure 9. Discovery timeline of currently available TB drugs

(Image reprinted with permission from “loana Diana Olaru, Florian von Groote
Bidlingmaier, Jan Heyckendorf, Wing =~ Wai Yew, Christoph Lange, Kwok  Chiu Chang
European Respiratory Journal 45 (4) 1119-11317) [141]

1.2.1. The problem of MDR/XDR-TB

Multidrug-resistant tuberculosis (MDR-TB) has emerged globally in the last 20 years
[142,143], followed by XDR- TB [144,145]. In 2008, the WHO projected those 4,40,000
incidences of MDR TB happened (3.6% of total incident TB episodes) [146]. Unlike other
bacterial pathogens, the sensitivity of various strains of TB to the medicines employed in
first-line therapy is typically relatively different. The frontline drugs consist of a six-month
course of four combined medications, such as isoniazid, rifampicin, ethambutol, and
pyrazinamide, used to treat sensitive TB cases. While in some cases, Mtb develops resistance

to these existing drugs, and thus, drug resistance in TB is the key problem in the treatment
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[2]. MDR-TB is a kind of TB caused by microorganisms that are resistant to the two most
effective first-line anti-TB medications, isoniazid, and rifampicin. MDR-TB can be treated
and restored to normal conditions using second-line medicines. The organisms that cause
XDR-TB are resistant to some of the most potent anti-TB medications. XDR-TB strains
emerged after the mishandling of people with MDR-TB. Second-line treatment options are
limited, requiring extensive chemotherapy (up to 2 years of treatment) using expensive and
toxic medications [147]. Drug Susceptibility Testing (DST) was the first approach for
detecting MDR-TB and XDR-TB to assess how well antitubercular medications limit Mtb
growth [148].

1.2.2. Major challenges in drug discovery against Mycobacterium tuberculosis
There are numerous challenges in identifying suitable antitubercular agents. These include-

1. The extremely slow growth rate of Mtb with a mean generation time of 20-24 hrs.

2. Mtb is a respiratory pathogen, so it should be strictly handled under strict safety conditions

(preferably under Biosafety Level-3 conditions), which requires expensive facilities.

3. The cell wall of Mtb is thick and waxy, making it a barrier that prevents many small
molecules, such as drugs, from entering into the bacteria. Hence, this is the major reason for

the failure of drugs that cannot access the desired target(s).

4. Over time, Mtb has evolved to develop efflux pumps that have been the main reason for

the problem of drug resistance to most available drugs [149].

5. The Mtb was found in diverse microenvironments and different physiological states as
active and dormant/ latent stages in a single patient. This creates the urgent need for effective
drugs in diverse internal environments and should be effective against multiple

physiologically different states [150].

6. Drugs must be safe for long periods, with no notable adverse effects or drug-drug

interactions, due to the lengthy therapy necessary to cure TB.

7. Coinfection with HIV/AIDS further restricts the usage of standard drug regimens, which

ultimately complicates the disease condition.

Researchers have used a range of screening procedures to find interesting molecule series for

development in an attempt to address these difficulties.
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1.2.3. Different drug screening models

Several in-vitro, ex-vivo, and in-vivo animal models have been developed to better

understand host-pathogen interaction and mimic the bacilli's dormant state.
A. In-vitro models for the active stage of Mycobacterium tuberculosis

Because TB is such a complicated illness, no individual in-vitro screening model can be

offered to guess in vivo effectiveness.
1. High throughput assays based on carbon source variation

Various alternate carbon and non-carbon sources are used by Mtb bacilli, such as glucose,
fatty acid, butyrate, cholesterol, and palmitate during infection [151-156]. Based on these
sources, multiple assays are developed to measure the growth of bacilli in the presence of the
compound. Examples include virulent Mtb recombinant strains that produce far-red
fluorescent reporters and employ fluorescence to monitor in-vitro growth [157]. This assay is
used explicitly for screening drugs against the aerobic stage Mtb, using glucose as the sole
carbon source. Another assay uses butyrate as a carbon source. Because butyrate is a short-
chain fatty acid, it requires bacteria to employ the glyoxylate shunt and beta-oxidation routes,
both of which are thought to be effective throughout the infection [158]. Furthermore, when
cholesterol is used as a carbon source, it forces Mtb to use a whole set of degradative
enzymes simply expressed in cholesterol exposure. Using Almar blue assay and cholesterol

as caron source, the assay is used to screen active compounds against active stage Mtb [159].

B. In-vitro models for the dormant stage of Mycobacterium tuberculosis

1. Nutrient starvation models

One simple in-vitro model based on complete nutrient starvation was proposed by Betts et al.
to explore granulomas and the influence of granulomas on Mtb metabolism [160]. This model
is modified from the earlier Loebel nutritional deprivation model [161]. Mtb bacilli are
resuspended in simple phosphate-buffered saline and incubated for six weeks at 37 °C. In this
condition, Mtb stops growing, slows down its respiration, and is resistant to frontline drugs
such as isoniazid, rifampicin, and metronidazole. Further microarray study revealed
indications of transcription machinery slowing, cell division, energy consumption, lipid
production, stimulation of the stringent response, and numerous other genes that might be
involved in long-term survival inside the host. The bacteria may survive for months after they

have been formed. Compounds may be added into the wells containing starved cells, and
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growth was assessed over time. This time-consuming technique needs 4—5 weeks to confirm
viability by colony counts. Mtb cultures starved in distilled water showed altered cell
morphology and staining characteristics. However, when reintroduced to nutrient-rich media,
they regained acid fastness and began to thrive, even after two years of starvation [162].

Another starvation model has been modified for high throughput applications using a defined
medium without any carbon source [163]. Bacilli were starved in a medium lacking carbon
source for five weeks before being subjected to chemicals in a 384-well format. The growth
of cells is evaluated utilizing fluorescence from a GFP reporter following a time of outgrowth
with the complete medium. A secondary test was conducted utilizing identical conditions and
a luminous strain (expressing luciferase) for a 96-well format. The major disadvantage of this
assay is reproducibility. Another study showed that after an initial 2 to 3-log reduction in cfu,
Mycobacterium smegmatis has been alive for over 650 days, displaying greater stress

resistance, higher mRNA stability, and an overall decrease in protein synthesis [164].

2. Low oxygen-based models

Hypoxia is a well-known characteristic of TB granulomas. The classic Wayne hypoxia model
is based on tubercle bacilli cultured in a deep liquid medium with extremely moderate stirring
to maintain uniform dispersion while managing O2 depletion [165]. At least two phases of
nonreplicating persistence were seen in this model. When the dropping dissolved O level
reached 1% saturation, the change into the first stage, called NRP stage 1, happened abruptly.
Significant CFU numbers and DNA synthesis accompanied the modest rise in turbidity
during this microaerophilic stage. While the bacilli remained in this condition, a high rate of
glycine dehydrogenase synthesis was begun and maintained, and a constant ATP
concentration was maintained. The bacilli quickly changed to an anaerobic stage, called NRP
stage 2, when the dissolved O content of the culture dropped below roughly 0.06 %
saturation, with no further rise in turbidity and a significant decrease in glycine
dehydrogenase concentration. Bacilli in NRP stage 2 could live anaerobically partly because
they had spent enough transit time in NRP stage 1. The Mtb bacilli, when entered in non-
replicative states, showed resistance to the antibiotics such as isoniazid and rifampicin, but
they became susceptible to metronidazole [166]. Another model was established using the
same basis, known as low oxygen recovery assay (LORA). This assay is used for drug
screening wherein the bacilli are forced to enter the non-replicating stage in low oxygen

conditions using a fermenter. Then, the bacteria are exposed to compounds for ten days in 96
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well formats [167]. The necessity for fermentation apparatus is one drawback of this test;
however, this may be overcome by utilizing the Wayne model (discussed above) to grow
hypoxic bacteria in glass tubes.

In a simplified modification of the low oxygen experiment, bacterial cultures are seeded
into 96-well plates and covered with paraffin [168]. The use of paraffin prevents oxygen from
entering the medium, and hypoxic conditions occur due to bacterial respiration after 11-13
days. At this time, compounds can be added to the plates containing bacterial culture, and the
growth of bacteria can be assessed after 15-20 days of incubation, in this case, employing an
RFP reporter. The practice of using paraffin may help lessen edge effects caused by medium
evaporation. Although theoretically accessible, this test takes a longer time to get the

screening results.
3. Lipid-rich environment based models

Mtb survives in a lipid-rich environment and has adapted to it. The bacteria are also known to
influence the host's lipid equilibrium. As a result, tests that include lipids can be effective. A
lipid-rich variant of the Wayne hypoxia model was employed to determine chemical potency
[169,165,170]. Bacteria are cultivated in this model in media enriched with cholesterol,
stearic acid, palmitic acid, and oleic acid, all of which are present in the sputum [170].
Compounds are added after 14 days after achieving the non-replicating bacilli, and colony
counts monitor live bacteria throughout the test. After analysis, it was found that the bacilli
used in this test are found to be more drug-resistant to existing medicines like moxifloxacin
and rifampicin. Tolerance was not primarily related to hypoxia because the bacteria were
more vulnerable to the same drugs as glucose was the carbon source, indicating that lipids

had a significant impact [170].
4. Low pH models

This model employs low pH incubation conditions to generate a non-replicating condition in
Mtb bacilli [171]. The Mtb strain expressing luciferase was employed in this model. Under
test conditions, the assay first established the linear connection between luminescence and
viable bacteria (as measured by CFU). In order to create a reproducible experiment, the assay
parameters are optimized in 96-well plates. After which, the bacilli were exposed to test
compounds for seven days in phosphate-citrate buffer, pH 4.5; live bacteria were evaluated
by luminescence. The minimal bactericidal concentration at pH 4.5 (MBC4.5) was

discovered to represent >2 logs of reduction of bacilli. Furthermore, the usefulness of the test
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model with control drugs has been validated. The pH homeostasis assay uses a reporter strain
with a pHLUOR (ratiometric GFP responsive to pH) to quantify intrabacterial pH after two
days of exposure to test compounds at pH 4.5; it has been extended to 96-well and 384-well

formats, offering for screening and dose-response analysis [172,173].
5. Streptomycin auxotroph dormancy models

In this model, strain 18b of Mtb was used. Streptomycin-dependent strain 18b is an
experimentally isolated strain that can only survive in the presence of streptomycin [174].
Removing streptomycin from the medium and allowing the bacteria to enter a viable but non-
cultivable condition gives a simple method to achieve a non-replicating state of Mtb bacilli.
Another advantage of this model is that the strain is classified as avirulent since it cannot
cause infection without streptomycin. However, it may be employed in in-vivo studies if the

animals are administered with antibiotics.

In another dormancy model, the 18b strain of Mtb, streptomycin (STR)-dependent mutant,
was used for screening compounds against nongrowing cells [175]. The optimal
circumstances for 18b cells to reproduce in the presence of STR and survive but not
proliferate after STR removal were discovered. Mtb 18b strain was sensitive to INH and RIF
in the presence of the antibiotic, as well as the new medicines under clinical trials such as
PA-824, TMC207, benzothiazinone (BTZ), moxifloxacin (MOXI), and meropenem (MER).
After removing STR, the strain was less susceptible to the cell wall inhibitors INH and BTZ
but more susceptible to RIF and PA-824. In contrast, MOXI and MER were equally
susceptible in both situations. After in vivo treatment of chronically infected mice with five
of these medicines, the same potency ranking was reported against nonreplicating M.
tuberculosis 18b. Despite the growth halt, strain 18b maintains high metabolic activity in-
vitro, and the resazurin reduction test results remain positive. This technique was found
suitable for high-throughput screening using strain 18b to uncover novel inhibitors of

dormant Mtb after being adapted to a 96-well format.
6. Multiple stress model

A single experiment may be used to investigate many stimuli in these conditions, which can
subsequently be deconvoluted to discover which condition is significant. This is a very
efficient technique for large numbers of molecules. The multiple stress model proposed by
Deb and his associates contains numerous environmental stimuli related to the infection,

including low oxygen (5%), low nutrients (0.1X strength Dubos medium), high CO> (10%),
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and low pH (5.0) [176]. In this condition, bacteria stop replication, gathers triacylglycerol,
and become more antibiotic-resistant. The metabolic activity of these non-replicating bacteria
is assessed using the redox dye Alamar blue to develop an assay suitable for drug assessment,
although three days of outgrowth following drug exposure is necessary for this experiment

[176].

A second multi-stress model generates a non-replicating state by combining moderate
hypoxia, low pH, and butyrate as a source of nitric oxide, carbon, and reactive nitrogen
intermediates [177]. Each stress condition was chosen based on its relevance to the infectious
environment. Although it requires a time of expansion, this assay is suitable for high-
throughput assessment and dosage response curves. The outgrowth time in liquid media is
eliminated in an upgraded version of the procedure wherein the bacteria are seeded onto a
medium supplemented with charcoal for 7-10 days, and further metabolic activity is
measured using resazurin [178,179]. Although this approach still depends on outgrowth to
create enough signal, the use of charcoal eliminates chemical leftovers, eliminating false
positives resulting from action against active bacteria. Furthermore, because it consistently
identifies a 2-3 log reduction in CFUs, this approach may be used to estimate the MBC of

test compounds during screening [178].

7. The rifampicin percister model

Although an increased dose of rifampicin has shown the potential to improve TB control by
reducing treatment time, the effects of the elimination rate of persistent bacteria remain
unknown. To address this issue, Hu et al. developed this model [180]. In this model, rifampin
(100g/ml) was added to a 100-day-old stationary phase Mtb culture and incubated for five
days. "They discovered that bacilli could grow in a fresh 7H9 liquid media but could not form
colonies on an agar plate." This trait is analogous to the Cornell model's latent bacilli. This
model introduced a minor modification of PZA combined with RIF, demonstrating that
additional bacterial population eradication and remaining bacilli closely resembled dormant
bacilli. Rifampin-resistant bacilli were shown to be capable of metabolizing C14-palmitate

and producing mRNA for sigB, rpoB, and hspX.
8. Nitrite induces Viable but non-cultivable dormancy

Nitrite-treated Mtb cells generate dose-dependent nitric oxide (NO) within the cell [114]. In
this model, nitrite is utilized to induce dormancy in Mtb; after this, a viable but non-

cultivable dormancy phenomenon is achieved in Mtb cells when exposed to 10mM nitrite.
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Further experimental results showed that MRA2164 and MRAO0854 genes were considerably
upregulated following nitrite exposure in search of the conserved sequence of NO-producing
enzymes in the bacterial system [181]. Furthermore, the purified recombinant MRA2164
protein has considerable NO synthesizing activity and is nitrite-dependent. Compared to
wild-type bacilli, knocking down the MRA2164 gene at the mRNA level resulted in a much
lower NO level and a recovery of replicative competence. As a result, nitrite promotes
dormancy in Mtb cells by inducing MRA2164 gene expression and NO generation to sustain
a non-replicative state in Mtb. This nitrite-treated dormancy model might aid in screening
novel compounds against TB, particularly for screening compounds against the latent

phenotype of the Mtb bacilli.
B. Ex-vivo models for screening of compounds
1. Macrophage infection models

Due to the simplicity of preparations, homogeneity of culture, and capacity to grow high cell
numbers necessary for primary screenings, cell lines are commonly employed for
intracellular experiments. Mostly murine cell lines such as RAW264.7 [182,183] and J774
[184] and human cell lines such as A549 and THP-1 are used for macrophage infection
models (MIM)for Mtb [185-187]. Phagocytic potential, pre-activation, an appropriate
multiplicity of infection (MOI), and test time will differ for each cell line for the individual
assay. Because infected macrophages cannot stay alive for lengthy times, shorter experiments
are typically used. MIM is primarily used for screening and dose-response analysis of

compounds.

In nitrite reductase (NR) assay, the kinetics of nitrate reduction by Mtb during growth is
studied [188]. A steady increase in NR was found during the growth of Mtb in THP-1
macrophages. NR in a culture medium with 50 mM nitrate was shown to be ideal on the fifth
day after Mtb infection. This macrophage-based test yielded an S/N ratio of 5.4 and a Z-
factor of 0.965, indicating a reliable assay technique. To confirm the method, standard
antitubercular inhibitors such as isoniazid, rifampicin, ethambutol, streptomycin, and
pyrazinamide were added at their ICoo value on the day of infection. When these inhibitors
were given to the culture on the fifth day following infection, they could not kill the bacilli.
The bacilli were destroyed quickly after adding pentachlorophenol and rifampicin on the fifth
day of infection. Overall, the NR assay utilizing Mtb infected with THP-1 macrophages
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provides a unique, cost-effective method for screening both active and dormant stage-specific

compounds against TB.

In a novel red fluorescence protein-based microplate assay for drug screening, inhibitors were
added during inoculation, primarily representing active stage inhibitors rather than dormant
ones [189]. The culture was coated with paraffin to create hypoxia, allowing chemicals to be
added at any point throughout the 96-well plate's incubation. The red fluorescent protein's
sustained expression in bacilli under both actively growing and dormant circumstances aids
in quantifying the bacilli growth and inhibition kinetics in the medium. Additionally, this
assay's Z' factor and S/N ratios were 0.91-0.94 and > 27, respectively, confirming the
protocol's sturdiness. This newly designed drug-screening technique provides an accessible,
low-cost, safe, high-throughput approach for finding new antitubercular inhibitors against

active and dormant TB.

2. Vitamin C induced dormancy model /A multistress redox model

Vitamin C, often known as ascorbic acid, is an antioxidant and oxygen scavenger used in
combination medication therapy. This approach addresses current intracellular models'
limitations [190]. Taneja NK et al. showed in 2010 that adding 10mM vitamin C after
infection inhibited intracellular mycobacterial development. Resistance to INH and increased
DevRS/DosT signaling were found in mycobacterial growth arrest with dormancy. Vitamin C
was discovered to change the physiology of Mtb in-vitro, causing it to stop multiplying.
According to a recent study, Vitamin C adapted mycobacteria with dormancy traits such as
growth standstill, loss of acid-fast staining, size reduction, resistance to first-line TB
medicines, a protective response to oxidative stress, and reductive stress dissipation through
triglyceride accumulation. When Vitamin C was added in in-vitro condition, it was found to
induce the VBNC stage in Mtb, but when it was removed, the active form of growth was
returned [191]. Hence, the Vitamin C-induced dormancy model is a redox model with several
stressors. This model, which is an alternate explanation of non-replicating persistence, was

utilized to screen compounds against the VBNC stage of Mtb.
C. In-vivo models

Various animal models have been used for the in-vivo screening of compounds and

specifically to study the dormancy phenotype of Mtb.
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1. The mouse model of mycobacterial persistence/ Cornell model/ The treated model

McCune and colleagues at Cornell University established the Cornell dormancy model in the
1950s, which offered the initial experimental in-vivo proof of the survival of latent bacilli
[192]. Because dormant TB is the outcome of complicated host-pathogen interactions,
simulating this condition may be difficult [193,194]. In the past, mice have long been
employed in genetic studies because of their ease, the logarithmic expansion of mice for
genetic research, and technological advantages like the accessibility of numerous strains and
affordable reagents. Nevertheless, TB in mice varies from human TB in several ways; for
example, the bacillary load can be quite high in sensitive mice and is not removed through
the host. Similarly, the immunological responses in the form of granuloma in mice vary from
that in humans since there is no calcification or caseation [195]. In this case, mice are injected
intravenously with a high dose of virulent Mtb and then treated with antibiotics to decrease
the bacterial load to low or undetectable. Although no living mycobacteria are discovered
after therapy, the infection might reactivate spontaneously, a situation known as
pseudosterilization or reaction to immunosuppressive medications like corticosteroids.
Bacteria from the Cornell model have been found to be drug resistant. The low bacterial load
in the mice is identical to paucibacillary latent human TB, making this model appealing.
However, using antibiotics to reduce mycobacterial burden does not replicate Mtb’s natural
pathogenic entry, making it a controversial microbiological tool for latency and

immunological study.
2. The low dose Chronic Murine model/ The Untreated Mouse model

A low dosage of Mtb infection administered by aerosol or intravenous route generates a
gradual but consistent rise in bacterial counts in the lungs in this model [196]. Infection is
confined primarily by the host immune response, which resembles latency in humans after an
initial acute phase of bacterial proliferation. The bacillary count plateau is proportional to the
initial inoculum size [175]. Unlike latent TB infections in humans, this model produces a
significant bacillary load, and the animals die due to lung disease produced by the
inflammatory response. This model of a chronic infectious condition has been adopted for its
convenience and development of extended chronic TB, although it does not reflect genuine

latency [197].
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3. Guinea pig persister model

This model of experimental airborne TB was developed to test the efficiency of
chemotherapeutic regimens against pathogenic tubercle bacilli. The bacilli of high and low
virulence are used for in vivo studies during the early phase of treatment in a guinea pig
model [198]. Primary lung lesions and metastatic sites in the lung and spleen caused by
spontaneously occurring bacillaemia were studied. Three treatment combinations,
INH+EMB, RIF+INH, and EMB-+RIF therapies, were started four weeks after infection and
continued for eight weeks. Despite slight variations in the time it took for a significant
bactericidal effect to appear, the microbial population's rate declined. All three treatment
combinations significantly reduced the number of Mtb H37Rv retrieved from primary lung
lesions, main lesion-free lung lobes, and the spleen. The degree of calcification of original
lung lesions and the number of surviving bacilli were related to X-rays of excised inflated

lung lobes.
4. Zebrafish model

The zebrafish, also known as Danio rerio, is gaining popularity as an animal model in TB
research [199]. The similarities in histology and pathology between Mycobacterium marinum
infection in zebrafish and Mtb infection in humans have led to this change. The advantages of
using a zebrafish model are its small size, low cost, transparency, and ease of handling. The
zebrafish model infected with Mycobacterium marinum is helpful for testing novel human TB
vaccines, high-throughput small-molecule screening, repurposing known medications with
potential antitubercular action, and assessing novel antitubercular molecules for

hepatotoxicity.

Overall, the processes through which tubercle bacilli can live in a latent condition inside a
human host are unknown. Developing new models and analyzing active and dormant TB
infections is limited by the lack of understanding. In order to have a high predicted sterilizing
index, continuous efforts are needed to develop better in-vivo, ex-vivo, and in-vitro models of
persistent/latent Mtb. These objectives must be met to reach the global targets of combating
TB with new, effective, and shorter regimens that demonstrate powerful sterilizing properties
in dormancy models. Furthermore, these models will aid in the prevention of infection in

latently infected populations.
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1.2.4. Global Alliance for TB Drug Development

The Global Alliance for TB Drug Development (TB Alliance), established in 2000, is a non-
profit organization committed to speeding up the research and developing fast-acting, low-
cost medications to combat TB [200]. The TB Alliance has an internal team of about 50
people and a global network of partners and collaborators. It is a virtual drug R&D
organization that interacts with the academic, corporate, public, and charitable sectors to
contribute to and improve the TB drug pipeline and stimulate and facilitate worldwide efforts
to find novel TB medicines. The TB Alliance uses the experience and resources of an
extensive and diversified network of partners while lowering R&D expenditures, such as
overhead and infrastructure investments, through a range of license and collaboration
agreements. Three clinical-stage compounds are now completing late-stage research in the
TB Alliance catalog. Moxifloxacin is a known antibiotic being evaluated for a TB indication;

the other two, TMC207 and PA-824, are unique chemical entities [201].

There are five strategic goals for the TB Alliance [202]-

1. Find and obtain promising compounds.

2. Oversee the development of potential medications in the preclinical stage.
3. Be the driving force behind clinical studies and regulatory approval.

4. Make sure it is affordable, adaptable, and accessible (AAA strategy).

5. Assemble expertise and resources for the development of TB drugs.

The TB Alliance's success may motivate funders to provide more significant financing for

future projects.

1.2.5. Current status of drug discovery for tuberculosis and the importance of drug

target identification

Over the last decade, the number of candidates in the TB drug research pipeline has increased
(https://www.newtbdrugs.org). However, the dropout rate for drug development is relatively
high, demanding continuing research for new active molecules to treat TB effectively. The
CDC has suggested two treatment regimens for latent TB infections in the United States. The
first treatment is RIF-based and lasts 3—4 months, whereas the second is INH monotherapy
and lasts 6-9 months. Rifapentine and Rifampin are also included in these courses. PZA,
EMB, and the other medications described above are used in other nations for at least six
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months [203]. At present, there are four drugs in combination used to treat TB patients. The
use of the combination strategy is primarily based on differences in the cellular targets, as

mentioned in Table 4.

Table 4. Current antituberculosis regimes with their cellular targets

Drug Chemical class Cellular targets

Isoniazid Isonicotinic acid | Enoyl-ACP reductase, mycolic acid elongation
Rifampicin Rifamycin DNA-primed RNA polymerase

Pyrazinamide | Pyrazine Multiple drug targets and multiple mechanisms of

action such as fatty acid biosynthesis/membrane
depolarization/ribosomal protein S1 (Rps A), protein
translation, and the ribosome-sparing processes of

translation

Ethambutol | Ethylenediamine | Cell wall arabinan deposition

In a significant majority of patients with extremely drug-resistant forms of tuberculosis, triple
combinations of bedaquiline, pretomanid, and linezolid drugs resulted in a positive outcome
six months after the completion of therapy; however, some related adverse effects were noted
[204]. Bedaquiline and linezolid have been used more often to treat MDR and XDR
tuberculosis over the duration of this study. The WHO recently published guidelines that
recommend these two medications as the first-line treatment for MDR tuberculosis
throughout an 18-month course of therapy [205]. Moreover, the pretomanid-containing
regimen (Nix-TB), which also contained BDQ, and linezolid used in combination, was
reported to show almost 90% treatment success with highly resistant TB. The MIC values
reported for pretomanid are in the range of 0.015-0.25 pg/ml for drug-sensitive strains and

0.03-0.53 pg/ml for drug-resistant strains [206].

Combining high doses of 8-methoxyquinolones, rifamycins, nitroimidazoles, and a
diarylquinoline (bedaquiline) are now being evaluated in phases IIb and III clinical trials.
Other compounds (for example, new oxazolidinones and ethylenediamines) are still in the

early phases of clinical trials [207].
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The majority of antitubercular drugs target one of three pathways: 1. cell wall synthesis, 2.
Electron transport chain (ETC), and 3) Transcription and translation processes [208].
Generally, a 'druggable' target is a peptide, nucleic acid, or protein whose activity may be
influenced by a drug, for example, biological entities such as an antibody or recombinant
protein or a small molecular weight synthetic compound. The ability to investigate novel
targets for creating antibiotics throughout the Mtb genome has become possible because of
the accessibility of the whole genomic sequence for Mtb [158,209]. Novel biochemical
entities and targets should help avoid drug resistance and enhance current therapies. For an
antibiotic to be developed, it must be susceptible to medications and drug-effective in in-vivo
conditions [210]. Overall, screening of novel compounds using suitable models and
identifying the drug target may help understand the mechanism of action of the candidate

compound and give the confidence to proceed further for in-vivo studies.

2. Thesis objectives

It takes a lengthy, challenging, and expensive technique to develop a new drug/treatment and
bring it to market. The first step in this process is drug discovery, which requires finding
interesting molecules with a significant biological advantage. The initial phases of drug
discovery are mainly accomplished by compound screening and end with target identification
and its characterization. Most of the proposed drugs against TB failed in early clinical trials
for two main reasons: efficacy and safety. To overcome this problem, novel screening
methods, such as phenotypic screening or whole cell-based in-vitro screening techniques, are
available to evaluate small molecules potential against TB. The first study, frequently
conducted in academia, produces data to support a hypothesis that inhibiting or activating a
protein or pathway would significantly impact a disease state. This activity identifies a target
that may require additional validation before moving on to the lead discovery phase to justify
a drug discovery program. Our present study tried to identify novel small molecule inhibitors
and their target from a different class of compounds against TB using established screening

methods against both active and dormant stages of Mtb.

The present study has been commenced with specific objectives as mentioned below-
1. Overview of disease and drug discovery for tuberculosis

2. Screening of novel small molecule inhibitors against an active and dormant stage of

Mycobacterium tuberculosis
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3. Identification of intracellular protein target of different inhibitors within the active and

dormant stage of Mycobacterium tuberculosis

3. A. Identification of intracellular protein target of RRA2 inhibitor within the active

Mycobacterium tuberculosis

3. B. Identification of intracellular protein target of RRA268 inhibitor within the dormant

Mycobacterium tuberculosis

4. Drug metabolism and pharmacokinetics study of novel triazole hits against Mycobacterium

tuberculosis.

The current study will help us to understand the potential of the synthesized compounds
against different stages of Mtb and discard the rest. Further target identification and
characterization allow for the prediction of increased confidence in the relationship between
the target and the disease and explore their mechanistic relationships within complex

biological systems of an organism.
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Chapter 2

Screening of novel small molecule
inhibitors against active and dormant
stage of Mycobacterium tuberculosis
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2.1. Introduction:

Tuberculosis (TB) is a significant health hazard and a leading cause of death from a
single infection. Around 10 million people got infected, and around 1.4 million deaths were
reported in 2019 [1]. WHO recommended DOTS therapy (Directly observed treatment, short-
course), which includes a six-month drug regime of first-line drugs (isoniazid, rifampicin,
pyrazinamide, and ethambutol) for treatment of TB [2,3]. Although the recommended drugs
are highly effective, due to prolonged treatment duration, non-adherence of patients to the
prescribed regimen, high cost, and adaptive nature of Mycobacterium tuberculosis (Mtb), the
eradication of TB is a remote possibility. For centuries, TB has emerged as a vital cause of ill
health and the prime cause of death due to a single infectious agent after HIV/AIDS.
Although in the last decade, various newly discovered leads have been developed [4,5].
However, it took almost five decades to successfully approve three drugs: bedaquiline,
delamanid, and pretomanid [6]. New strains of the extensively drug-resistant (XDR) and
multidrug-resistant (MDR) are resistant to the existing drugs and have further aggravated the
situation [1]. Drugs having a broader and often unexpected range of biological activity may
cause adverse effects, rendering their usage unsuitable for treatment. Therefore, there is a
burning demand for a new class of anti-mycobacterial agents with a different mode of action
which further led chemists to explore a wide range of chemical structures. Our present
investigation has been addressed to find new chemical entities with effective anti-tubercular

and anti-bacterial activity.

The main problems in antitubercular discovery are the existence of Mtb in
heterogeneous populations in the human host ( i.e., active and dormant stages of growth) and
the lack of an effective drug screening method that can identify the potential candidates
amongst the synthesized derivatives [7]. There is currently no single model that can
adequately mimic the in-vivo situations in which Mtb is present in TB patients due to the
complexity and variability of Mtb infection. Furthermore, there is no "standard" screening
technique for generating hit compounds to develop anti-TB drugs. Hence, simple in-vitro
tests that may quickly identify effective compounds and predict in-vivo activity in humans
are needed to create novel medications. To address this problem, our lab has developed some
in-vitro screening methods such as XTT reduction menadione assay (XRMA) [8], a whole
cell-based high-throughput screening protocol [9], a protocol based on high-throughput
screening on the biosynthetic activity of Mtb glutamine synthetase [10], and novel red

fluorescence protein-based microplate-based assay [11] for drug screening against active and
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dormant stage of Mtb. Some of the research groups working in the TB area have synthesized
some molecules/compounds and are interested in checking their activity against different

stages of Mtb.

In the present study, we have evaluated the biological potential of different categories
of a small number of synthesized chemical and natural derivatives to find new chemical
entities with effective anti-tubercular and anti-bacterial activity. Natural compounds include
biosurfactants (BS) and derivatives of podocarflavone A, while chemical compounds include
phenanthridine-trione-epoxide conjugates, pyrazole derivatives of 5-Chloro-2-Methoxy
Phenyl Hydrazide, and pyrazole scaffolds hybrid with 1,4-dihydropyridine and 4-hydroxy
coumarin are evaluated for their biological potential using established in-vitro screening
methods in our lab (as discussed above). We performed in-vitro screening of these
compounds against active and dormant stages of Mtb. The same molecules were further

evaluated to check the specificity by in-vitro screening method against different bacteria.
2.2. Results
2.2.1. Biological evaluation of Biosurfactant

Table 1. Antitubercular activity

Compound Code MIC
(M)
BS 286.8+3
Rifampicin 0.048+0.012

Table 2. Antibacterial activity

Anti-bacterial activity
Compound Staphylococcus Bacillus Escherichia Pseudomonas
Code aureus subtilis coli aeruginosa
MIC MIC MIC MIC
(uM) (uM) (uM) (uM)

BS >300 >300 >300 >300
Ampicillin 11.47+0.71 24.41+0.37 9.95+2.57 20.77+1.54
Kanamycin 19.11£1.58 12.32+1.30 8.29+1.94 5.90+0.20
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Table 3. Cytotoxic activity of biosurfactant

Cell Line Glso PTX Standard
(rM) (rM)
MCF-7 76.33 +£10.83 0.001 £ 0.003
HeLa 73.86 + 7.51 0.007 £0.01
HCT 55.71 £ 9.06 1.97+0.21

2.2.2. Biological evaluation of Podocarflavone A and its analogs against Mycobacterium

tuberculosis

Table 4. Antitubercular activity

Compound ICso MIC
Code (M) (uM)
Ta 175.90 >300
8a 60.11 >300
7b 104.80 227.99
8b 71.55 >300
7c 89.56 >300
8c 61.77 >300
7d 133.09 >300
&d 36.47 231.29
7e 66.50 188.97
8e 45.38 >300
Rifampicin - 0.042
Isoniazid - 0.077
Table 5. Antibacterial activity
Gram +ve Bacteria Gram -ve Bacteria
Compound
S.aureus B.subtillis E.coli Ps.aeruginosa
Code
(uM) (uM) (nM) (uM)
ICso MIC ICso MIC ICso MIC ICso MIC
Ta >300 >300 >300 >300 >300 ([>300 [>300 >300
8a 114.49 | >300 109.09 | >300 >300 [>300 [>300 >300
7b >300 >300 >300 >300 >300 |>300 ([>300 >300
8b >300 >300 >300 >300 >300 |>300 ([>300 >300
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7c >300 >300 | >300 >300 |>300 |[>300 |[>300 >300
8¢ >300 >300 | >300 >300 |>300 |[>300 [>300 >300
7d >300 >300 | >300 >300 |>300 |[>300 |[>300 >300
8d 57.98 |220.80 | 64.83 |[155.67 |>300 |>300 |>300 >300
Te >300 >300 | >300 >300 |>300 |[>300 |[>300 >300
8e 198.54 | >300 |>300 >300 |>300 |[>300 |[>300 >300
Ampicillin - 3.63 - 28.41 |- 8.04 - 15.19
Kanamycin - 1998 |- 5.42 - 6.06 - 5.20

2.2.3. Biological evaluation of Phenanthridin-trione-epoxide conjugates against

Mpycobacterium tuberculosis

Table 6. Anti-tubercular activity

Active Stage | Dormant Stage Compo Active Stage Dormant
Compo Mtb Mtb und Code Mtb Stage Mtb
(lil(l)l(;ie MIC | ICso MIC I1Cso MIC I1Cso MIC | ICso
MM) | (uM) | (M) [ (uM) ®M) | (uM) [ (uM) | (uM)
RM 33 | >100 | >100 | >100 | >100 RM68 >100 | >100 | >100 |>100
RM 49 | >100 | >100 | >100 | >100 RM 71 >100 | >100 | >100 |>100
235e | 1.86s | 2418+ | 698 | "M 115272 | 3.10x | 21.4x | 633
RM 58 : : &
0.95  0.27 | .47 0.63 427 | 027 | 0.66
0.01
RM 59 | >100 | >100 | >100 | >100 RM74 | >100 | >100 | >100 |>100
an gy | 4785 | Lisk | 1838+ | 2.45: RMTS 1 5705 | 1712 | 2100 | 27
0.75 1 027 | 0.24 | 0.24 0.58 | 023 |=0.79
0.16
533¢ | 1474 | 21,51 | 270+ Rifampicin | 0.0071 0.056
RM61 | 7754 | 007 oes | 0060 - +0.06 | -
) ) : : 0.003 8
18.6+ | 4.64+ | 32.56x | 5.02+ | Isoniazid | 1.96+ 0.53+
RM 65 - -
1.25 | 0.11 | .94 0.51 0.029 0.021
RM 67 | >100 | >100 | >100 | >100 - - - -
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Table 7. Antibacterial activity

Compound Gram-positive bacteria Gram-negative bacteria
Code S.aureus B.subtillis E.coli Ps.
aeruginosa
(uM) (M) (nM) (M)
MIC ICso MIC ICso MIC | 1Cso | MIC ICso
RM 33 >100 >100 >100 >100 >100 |>100| >100 | >100
RM 49 >100 >100 >100 >100 >100 |>100| >100 | >100
RM 58 >100 >100 >100 >100 >100 |[>100| >100 | >100
RM 59 >100 >100 >100 >100 >100 |>100| >100 | >100
RM 60 60.81+ 19.24+ 67.34+ | 17.92+ | >100 |[>100| >100 | >100
0.94 1.21 1191 1.28
RM 61 69.97+ 2341+ >100 21.88+ | >100 | >100 | >100 | >100
1.56 1.35 4.18
RM 65 >100 | 32.25+2.42 | >100 30.61+ | >100 | >100| >100 | >100
2.23
RM 67 >100 >100 >100 >100 >100 |>100| >100 | >100
RM 68 >100 >100 >100 >100 >100 |>100 | >100 | >100
RM 71 >100 >100 >100 >100 >100 |>100 | >100 | >100
RM 73 >100 | 63.94+3.12 | >100 42.88+ | >100 | >100| >100 | >100
0.53
RM 74 >100 >100 >100 >100 >100 |>100| >100 | >100
RM 75 66.89+ | 20.09+0.63 | 64.91+ | 20.30+ | >100 |[>100| >100 | >100
1.12 1.41 0.54
Ampicillin - 11.47£2.11 - 24.41+0. | 9.96+ - 20.77+ -
37 2.57 1.54
Kanamycin - 19.11 - 1232 | 8.29+ - 5.90 -
+1.59 +1.30 1.94 +0.20

2.2.4. Biological evaluation of Pyrazole derivatives of 5-Chloro-2-Methoxy Phenyl
Hydrazide

Table 8. Anti-tubercular activity

Percent inhibition of active and dormant state of M. tuberculosis in the presence of a

compound at a single concentration (30 pg/ml)

Sr. | Compound | (Dormant (Active Sr. | Compound | (Dormant | (Active
No. Code State) State) No. Code State) State)
% % % %
Inhibition | Inhibition Inhibition | Inhibition
Avg Avg Avg Avg
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1 la 12.96+ |10.56+£10.41 | 8 2d 22.90+0.74 | 80.77+
3.22 1.37
2 1b 30.21+ 18.95+5.78 | 9 2e 14.37£2.61 10.07+
12.71 9.57
3 Ic 17.55+ 28.63£6.90 | 10 2f 40.21+4.23 | 55.70+
3.69 4.50
4 1d 21.06+ -1.32+£7.33 | 11 2g 42.01£0.24 | 45.56+
9.10 0.71
5 2a 542+ -1.62+4.00 | 12 2j 33.02+£1.72 | 79.54+
10.00 3.79
6 2b 34.05+ 20.47+£5.78 | 13 2i 1.82+11.33 -2.24+
5.37 4.71
7 2c 10.70+ | 28.36£12.60 | - - - -
8.09

Table 9. Secondary screening of selected compounds for anti-tubercular activity

Compound Code | (Dormant State) | (Active State)
uM uM

ICso MIC ICso | MIC

2d >10 >10 0.512 | >10

2f >10 >10 >10 >10

2j >10 >10 >10 >10
Rifampicin - 0.053 - 0.042
Isoniazid - 0.089 - 0.077

Table 10. Antibacterial activity

The preliminary anti-bacterial activity of compounds against a Gram-positive and Gram-

negative bacterium at a single concentration (30 pg/ml)

Anti-microbial activity
Gram-positive bacteria Gram-negative bacteria
Sr. | Compound % GI % GI % GI % GI
No. Code Staphylococcus Bacillus Pseudomonas Escherichia
aureus subtilis aeruginosa coli
1 la 11.05 24.18 -22.24 0.32
2 1b 7.67 51.99 -19.18 21.14
3 Ic 17.19 -56.91 -21.88 -4.31
4 1d 0.82 53.14 -29.70 -17.81
5 2a 0.75 41.72 -12.42 23.16
6 2b -1.35 38.44 -5.29 -8.13
7 2c 5.37 35.55 -16.04 14.42
8 2d 10.84 -5.55 -18.31 14.12
9 2e 5.59 43.80 -24.83 1.32
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10 2f 4.94 49.59 -20.92 -16.66
11 2g 15.64 16.15 -24.63 0.79
12 2j 6.32 18.50 -39.63 2.60
13 2i 3.67 45.77 -10.10 -16.23

2.2.5. Biological evaluation of pyrazole scaffolds hybrid with 1,4-dihydropyridine and 4-

hydroxy coumarin
Table 11. Anti-tubercular activity

Primary screening of synthesized compounds was done at 30 pg/ml for anti-tubercular

activity against active and dormant stages of Mtb

(Dormant (Active State | Compound | (Dormant (Active State
Compound State Mtb) Mtb) Code State Mtb) Mtb)
Code % Inhibition | % Inhibition % Inhibition | % Inhibition
Avg Avg Avg Avg
4a 45.91+2.08 31.091+£3.14 41 33.361+£3.92 8.461+3.23
4b 60.461+6.34 21.711£1.72 4m 26.161+1.52 | 14.09145.15
4c 45.431+1.16 35.361+£3.65 4n 31.991+8.39 25.151+1.3
4d 62.741+10.12 | 47.781£7.39 4o 36.361+6.18 | 19.951+2.02
4e 30.021+11.08 | 32.941+4.25 6a 28.99+2.40 26.85+5.02
4f 71.731£0.36 44.451+6.17 6¢ 31.38+4.11 29.87+5.26
4g 65.551+£0.54 11.851+7.55 6e 22.06+1.70 32.48+5.52
4h 46.191+1.54 24.641+£8.07 6f 31.79+7.15 19.11+2.92
4i 70.551+0.41 53.731£18.36 6g 86.72+0.17 81.39+13.22
4 28.691+3.98 34.51+3.53 6h 83.24+6.57 75.69+10.41
4k 63.841+0.6 36.791£11.95 - - -

Table 12. Secondary screening of selected compounds for anti-tubercular activity

against active and dormant stages of Mycobacterium tuberculosis

Compound (Dormant State Mtb) (Active State Mtb)
Code pM pM

ICso MIC ICso MIC
4b >10 >10 >10 >10
4d >10 >10 >10 >10
4f >10 >10 >10 >10
4g >10 >10 >10 >10
4i >10 >10 >10 >10
4k >10 >10 >10 >10
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6g 9.54 >10 3.86 5.24
6h 0.50 >10 3.60 5.03
Rifampicin - 0.069 - 0.053

Table 13. The preliminary anti-bacterial activity of compounds against a Gram-

positive and Gram-negative bacterium at a single concentration (30 pg/ml)

Anti-microbial activity
Compound % GI % GI %GI | % GI
Code Pseudomonas | Staphylococcus | Bacillus | E.coli
aeruginosa aureus subtilis
4a -42.39 13.49 49.71 24 .45
4b -58.65 -7.71 -49.82 -2.01
4c -53.55 11.2 41.83 38.5
4d -7.31 12.73 -53.31 15.17
4e 3.1 6.49 -96.28 9.53
4f -35.89 13.08 -27.04 11.18
4g -58.64 15.09 -1.75 11.87
4h -48.67 9.28 30.18 14.16
4i -57.05 12.66 -50.89 4.35
4 -10.7 -4.94 -12.53 7.33
4k -46.78 12.39 15.44 -6.27
41 -27.1 1.8 -26.64 24.88
4m -1.32 2.17 -71.22 13.18
4n 93 0.02 -40.59 24.96
40 -35.19 6.13 -60.66 21.24
6a -52.25 6.28 -10.9 -2.32
6¢c -52.18 4.96 -46.12 18.97
6e -65.97 97.73 -18.91 40.45
6f -41.93 6.76 -79.11 -16.28
6g -57.64 99.44 99.07 9.99
6h -33.19 99.38 41.23 41.98

2.3. Discussion

Drug discovery and development in TB are still challenging due to the shortage of predictive
animal models, multiple physiological states, and an organism's slow growth rate. Therefore,
it is mandatory to broaden the target areas to discover the drugs with a new mode of action
[12,13]. Initially, the present study was carried out to identify new small molecule

inhibitors/compounds for their anti-tubercular activity. The inhibitors were further screened
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for their anti-bacterial activity to ensure their specificity. In the first section, we have
explored one of the possibilities in the drug regimen using BS produced by P. maritimus. The
in-vitro XRMA activity of BS was confirmed against Mtb, wherein; it was agreed that the
current anti-tubercular activity is reporting a higher MIC at 286.8 + 3 uM (160.8 £ 1.64
pg/ml) concentration as compared with the standard drug Rifampicin exhibited 0.04 pg/ml or
0.048 £ 0.012 uM. However, it is important to note that the standard or reference drugs have
undergone extensive research and chemical modifications, e.g., Rifampicin is chemically
derived from natural product Rifamycins initially isolated from Streptomyces mediterani in
1957 [14,15]. The early members of the family are undesirable for therapeutic applications
due to poor potency, solubility, bioavailability, and short half-life compared with the current
advanced stage of Rifampicin. So, as per our study, the higher MIC may be reduced by future
developments through chemical modifications in natural products or making synthetic

derivatives of it. Further study is required in this area.

Further, to ensure specificity of BS, tested against Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Bacillus subtilis and found no significant inhibition
up to 100 ug/ml concentration. The cytotoxic effect of BS derived from marine microbes has
been reported earlier [16], but the terpene containing BS has not yet been previously
acknowledged. In this work, we report the cytotoxic activity of terpene containing BS of
Planococcus and displayed significant cytotoxicity against MCF-7 ( Glso 78.29 pM + 10.97
uM), HeLa ( Glso 75.75 uM £ 7.70 uM) and HCT (Gls0 57.13 uM £ 9.14 uM) cell lines. This
is the first report on BS produced by P. maritimus for its anti-tubercular agent, to the best of
our knowledge. Such natural compounds have been explored for positive synergistic results
of the existing anti-tubercular agents.

The effects of Podocarflavone A on Mtb have not been reported to date. The
present study investigated this for the first time. We examined the effects of Podocarflavone
A and its analogs by in-vitro anti-tubercular screening. From our preliminary studies,
Compounds 8a, 8d, and 8e against M. tuberculosis using XRMA protocol exhibited
promising antimycobacterial activity with significant ICso values, confirming the drug
likeliness properties against Mtb. Compounds 8a, 8d, and 8e showed antibacterial activity
with considerable ICso against the Staphylococcus aureus; Compounds 8a and 8d showed
inhibition against Bacillus subtilis, exploring the specificity against Gram-positive bacterial

strains.
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The preliminary in-vitro antitubercular screening results warrant Phenanthridin-
trione-epoxide conjugates as highly potent antitubercular agents. In light of these findings,
antitubercular activity can be enhanced by opting appropriate substitution of 1,10
Phenantholine and propargyl bromide in its structure. Compound RM58, RM60, RMé61, RM
65, RM73, and RM75 showed a significant inhibitory effect (<30 uM) against both active
and dormant stages of Mtb. The same tested compounds such as RM58, RM60, RM61,
RM65, RM73, and RM75, showed antibacterial activity with considerable ICso against the
Staphylococcus aureus and Bacillus subtilis, further exploring the specificity against Gram-
positive bacterial strains.

While performing a biological evaluation of some pyrazole derivatives of 5-Chloro-2-
Methoxy Phenyl Hydrazide, we have screened new series of (5-chloro-2-methoxyphenyl)(5-
alkyl-3-(substituted)(phenyl/alkyl)-1H-pyrazol-1-yl) methanones with regio isomer B as a
significant product using dimethylacetamide (DMAc) in an acidic medium. These
compounds were screened for their antitubercular activity and antibacterial activity. The
results showed that compounds 2d, 2f, and 2h show good antitubercular activity in the active
stage. In contrast, no significant activity in the dormant stage of Mtb. Further evaluation
against gram-positive and gram-negative bacteria demonstrated no activity, suggesting that
the compounds 2d, 2f, and 2h are more specifically inhibiting the active stage of Mtb.
Furthermore, compound 2d exhibited significant antitubercular activity from the secondary
analysis on the active stage of Mtb with ICso of 0.512 uM. These results encourage further

screening and may be a good antitubercular candidate in the pyrazole class.

The biological evaluation of pyrazole scaffolds hybrid with 1,4-dihydropyridine and
4-hydroxy coumarin data suggested that 2 compounds, 6g and 6h, exhibited a significant
inhibitory effect on both active and dormant stages of Mtb. In contrast, the compound 6g
showed significant inhibition against Staphylococcus aureus and Bacillus subtilis, further
exploring the lead compound's specificity. These agents could perform better when combined
as hybrid molecules in a synergistic combination. The probable mode of action and its
antimycobacterial potential need further studies to explore these hybrid pyrazole molecules as

a lead molecule against tuberculosis and antimicrobial agents.

In conclusion, this work explores the biological evaluation of different classes and
the nature of compounds that can be explored further as drug targets for developing novel
drugs against TB. The inhibitory potential of the candidate molecules identified in the present

study effectively supports their antituberculosis properties and hence can be considered the
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best candidates against Mtb. However, further efficacy studies are required to confirm the

actual potential of these molecules for in-vivo clinical trials.
2.4. Materials and Methods:
2.4.1. Chemicals and materials

All the chemicals such as XTT, DMSO, rifampicin, isoniazid, and M phlei media components
such as KH>POq, trisodium citrate, and MgSOs, asparagine, and glycerol were purchased
from Sigma Aldrich, USA Dubos medium was purchased from DIFCO, USA. Stock
solutions (10mg/ml) of all the newly synthesized compounds were freshly prepared in DMSO

(Sigma Aldrich) and used on the same day after mixing.
2.4.2. Organism/ cell line and media used

M. tuberculosis H37Ra (ATCC 25177), obtained from the Microbial Type Culture Collection
(MTCC; Chandigarh, India). MCF-7 (breast cancer cell line), HeLa (Human cervical cancer
cell line), and HCT(colon cancer cell line) were obtained from the National Center for Cell
Science (NCCS), Pune, India. Four bacterial strains (Gram-negative strains: Escherichia coli
(NCIM 2065; ATCC 8739) and Pseudomonas aeruginosa (NCIM 5029; ATCC 27853);
Gram-positive strains: Staphylococcus aureus (NCIM 2901; ATCC 29737) and Bacillus
subtilis (NCIM 2920; ATCC 605) were procured from National Collection of Industrial
Microorganisms (NCIM) NCL Pune and grown in Luria Bertani medium from High Media,
India. The stock was maintained at -70 °C and sub-cultured once in a liquid Dubos broth with
5 % glycerol, and 10 % Albumin dextrose catalase (ADC) enrichment medium, incubated in a
shaker incubator rotating at a speed of 150 rpm at 37 °C till the logarithmic phase (ODs20 ~

1.0) was reached.
2.4.3. Cultivation of aerobic bacilli

For aerobic cultivation, bacterial cultures were grown in a defined M. phlei medium within a
100 ml flask under aerobic conditions in a shaker incubator (Thermo Electron Corporation
Model 481) maintained with shaking conditions at 150 rpm and 37 °C on an orbital shaker
(Thermo Electron Model No.131 481; Thermo Electron Corp., Marietta, OH). Once the
cultures reached ODe¢20 of 1.0, 1 % of bacterial culture was used as inoculum to determine

anti-tubercular activity.
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2.4.4. Anti-tubercular activity
A) For In-vitro screening against active stage Mth-

For anti-tubercular activity screening, stock solutions of all the synthesized compounds were
freshly prepared in DMSO and evaluated for their in-vitro anti-tubercular activity against the
active stage Mtb using an established microplate-based technique using tetrazolium salt 2,3-
bis[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT) and
menadione to determine the viability of Mtb [8]. Briefly, 2.5 puL of the test solutions at
different concentrations between 100-0 pg/ml were added to 247.5 uL of M. phlei medium
containing bacilli and incubated for 8 days for the active stage at 37 °C to study the dose-
response effect. Post incubation, an XRMA assay was performed. The plate was read on
SpectraMax Plus 384, Molecular Devices, Inc., using a 470 nm filter against a blank prepared
from cell-free wells. MIC and ICso values of the selected compound were calculated from
their dose-response curves by using OriginPro 2019b software. The assay was carried out in
triplicates, and the percentage inhibition was calculated using a similar formula as per the
described method below in the calculation of percent inhibition. The data shown are

representative of three independent experiments.
B) For In-vitro screening against dormant stage Mtb-

A modified approach previously published was used to obtain anaerobic bacilli in microplate
format [8]. Once the Mtb culture reaches 1.0 OD, at this stage, in the M. pheli medium,
Mycobacterium cells generally aggregated under aerobic conditions. The flask containing log
phase cells was intermittently sonicated at 50 kHz for 2-5 minutes (unless all aggregates were
appropriately dissolved) in a water bath sonicator before incubation in the presence of
appropriate compound concentration for screening. These sonicated cells were utilized as an
inoculant in the wells of a microplate. 250 pL of culture with ~10° cells/ml was added to each
well of 96 well plates that were kept at 0.5 HSR. By using a microplate sealer (Nunc Inc.),
the air supply to the dormant Mtb culture in the microplate was stopped n aseptic conditions.
After that, the plate was incubated at 37 °C in a CO; incubator for 12 days. Post incubation,
an XRMA assay was performed as mentioned above (In-vitro screening against active stage
Mtb). MIC and ICso values of the selected compound were calculated from their dose-
response curves by using OriginPro 2019b software. The assay was carried out in triplicates,

and the percentage inhibition was calculated using a similar formula as per the described
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method below in the calculation of percent inhibition. The data shown are representative of

three independent experiments.
2.4.5. Anti-bacterial activity

To determine specificity, we have used optical density-based measurements to assess
bacterial growth inhibition for screening compounds for their anti-bacterial activity against
Gram-positive and Gram-negative bacteria [17]. All the synthesized compounds were
screened for their in-vitro anti-bacterial activity in 96-well plates against four bacterial strains
(Gram-negative strains: Escherichia coli (NCIM 2065; ATCC 8739) and Pseudomonas
aeruginosa (NCIM 5029; ATCC 27853); Gram-positive strains: Staphylococcus aureus
(NCIM 2901; ATCC 29737) and Bacillus subtilis (NCIM 2920; ATCC 605). Once the
cultures reached ODe¢20 of 1, 0.1 % of bacterial culture was used as inoculum to determine
anti-bacterial activity. The synthesized compounds were screened to monitor the dose-
response effect and incubated for 8 h at 37 °C. Post-incubation ODe20 was measured for both
Gram-positive and Gram-negative bacteria. Here reference drugs in clinical use, Ampicillin,
and Kanamycin served as standard. The data shown are representative of three independent

experiments.
2.4.6. Cytotoxicity of the active molecules

The cytotoxicity compound was examined by examining their effect on the proliferation of
MCF-7 (breast cancer cell line), HeLa (Human cervical cancer cell line), and HCT (colon
cancer cell line) as per earlier described 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay [18,19]. Briefly, growing cells from individual cell lines
(1x10° cells/ml) were used to monitor the dose-response effect of the inhibitors. DMSO was
used as vehicle control. The 96 well-plates were then incubated for 72 h in the incubator (37
°C, 5% CO2, 95% humidity) to adhere to the well bottom. After adding MTT dye solution (50
pg/ml) to each well, the plate was incubated for 1h in an incubator. 200 pL of isopropanol
was added to each well and kept for 4 h to dissolve the formazan crystal. The read-out was
taken after 72 h of incubation at 490nm. The Glso values of the selected compound were
calculated from their dose-response curves by using OriginPro 2019b software. The assay
was carried out in triplicates, and the percentage inhibition was calculated using a similar
formula as per the described method below in the calculation of percent inhibition. The data

shown are representative of three independent experiments.
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2.4.7. Calculation of percent inhibition

The percentage inhibition was calculated using the following equation: percentage inhibition
= [(Average absorbance of control- Average absorbance of the test sample)/ (Average
absorbance of control - Average absorbance of blank)] X 100, where control denotes the
medium with bacilli together with the vehicle, test denotes the medium with bacilli together

with compound and blank denotes the cell-free medium.
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Identification of intracellular protein
target of RRA2 inhibitor within active
Mycobacterium tuberculosis
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3.A.1. Introduction:

Tuberculosis is a major public health problem in developing countries and requires
innovative treatment to eradicate this infection [1-3]. Past 20 years, the advent of new
technologies has failed to provide many novel anti-tubercular molecules or molecular targets
[4]. Considering the biological relevance of azoles, 1,2,4-triazoles have recently shown anti-
tubercular action against Mycobacterium tuberculosis (Mtb). Rifampicin and isoniazid are the
two most common drugs used presently, with rifampicin being the more important drug in
terms of lowering treatment time and ensuring positive results. [5]. Furthermore, the
possibility of azoles exerting anti-tubercular activity by inhibiting CYP51 and CYP121
through a process wherein the heterocyclic nitrogen (N3: imidazole or N4: 1,2,4-triazole)
joins to the sixth coordination position of the heme iron atom of porphyrin in the enzyme's
substrate-binding site was highlighted. [6-10]. The 1,2,4-triazole core has drawn good interest
due to its diversified pharmacological activities and low toxicity. This core is known as a
therapeutic drug in the market, including triazolam, voriconazole, itraconazole, fluconazole,
etizolam, alprazolam, and so forth [11-13]. Numerous groups worldwide have synthesized
novel triazole derivatives and analyzed them for anti-mycobacterial activity [14-16]. The
hydrogen bond acceptor subunit, the positioning in the aromatic ring, and the surface
topography of the triazole and phenyl rings have been significant for anti-tubercular action in
structure-activity relationship (SAR) investigations of this compound class. Interestingly,
minor structural changes to the 1,2,4-triazole scaffold have been observed to inhibit different

molecular targets (e.g., CYP51 and CYP121) [16-18].

One of the key features of Mtb is that it exists in two different physiological states,
such as the actively replicating stage and non-replicating dormancy state and remains to
survive in the host tissues for prolonged periods without showing symptoms of the disease
[19,20]. The existing regimen includes frontline drugs such as rifampicin, isoniazid,
ethambutol, and pyrazinamide, recommended for active TB cases and still in use since 1960.
One of the reasons for the success of these drugs lies in stringent preclinical and clinical drug
development procedures and knowledge of their mechanism of action. Furthermore, target
identification and characterization are essential stages in the initial phases of drug discovery
[21,22]. A target is a general term that can refer to a wide variety of biological things, such as
proteins, genes, and RNA. Specifically, in TB research, most of the compounds fail in the
early phases due to a lack of understanding of the drug target and its effects on the active and

dormant stages of Mtb. For example, drugs that act on the active stage but fail to act on the
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dormant stage of Mtb. Therefore, predicting the targets of novel hits and their
characterization on specific stages of Mtb may give the confidence to proceed further for in-

vivo studies.

We have recently reported the biological activity of the 1,2,4-triazole derivatives
against Mtb and M. bovis BCG [23,24]. Some hits have shown stage-specific inhibition in in-
vitro and ex-vivo assays against Mtb. However, these compounds' target and action
mechanisms are not yet identified. Interestingly our present in-vitro and ex-vivo studies have
shown that RRA2 effectively inhibits the active and dormant stage of Mtb bacilli. In this
study, we selected some of the hits (RRA2, RRA3, and RRA7) from our previous study and
identified the intracellular target GroEL2 as a potential target for the RRA2 inhibitor.

3.A.2. Results:
3.A.2.1. Identification of triazolethiol actives against M.bovis BCG

Earlier research from our lab identified 54 derivatives of 1,2,4-triazolethiol from our in-house
chemical library [25]. The same were screened using a simple and rapid bioassay, i.e., Active
and Dormant Anti-tubercular Screening (ADAS) [26] protocol (described in method section)
with a range of concentration of 0-100 pg/ml against M. bovis BCG. Secondary screening
from the same study found that 17 active compounds showed >90% inhibition. In particular,
three of them (RRA2, RRA3, and RRA7) showed >98% inhibition in this detection method.
In this study, from secondary screening from our lab results of the earlier study [25], we
selected RRA2, RRA3, and RRA7 as lead compounds within 54 derivatives and pursued for

further characterization.
3.A.2.2. Determination of MIC of RRA2, RRA3, and RRA7 against M. bovis BCG

The MIC values of RRA2, RRA3, and RRA7 were determined against aerobically growing
M. bovis BCG 2.31, 2.35, and 2.61 pg/ml, respectively (Table 1). In Wayne's tube culture, the
three leads were separately applied to hypoxia-induced dormant bacilli [27]. The tube model
of dormancy allows for adding chemicals at any stage of the culture without disrupting the
oxygen environment. RRA2, RRA3, and RRA7 (at their MIC concentration) reduced the
viability of dormant Mtb bacilli by 0.91+0.2, 1.20+0.4, and 1.1+0.2 logs CFU, respectively
(Table 1). Despite the presence of propargyl or allyl groups in these three lead triazole
compounds, they were unable to suppress bacilli, which suggested that a different substituent

at the C-5 position may be responsible for its activity. At the C-5 position, several groups
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were attempted, but only p-nitrophenyl (RRA2) exhibited the necessary activity. The allyl
group might be substituted for the propargyl moiety in compound RRA3 to maintain the level
of inhibition against the bacilli. This p-nitrophenyl compound's sulfone derivative (RRA7)
was similarly effective against actively proliferating M. bovis BCG, suggesting that sulphur

oxidation did not affect its biological activity.
3.A.2.3. The spectrum of activity against M. tuberculosis, M. smegmatis, and E. coli

To further confirm the spectrum of activity of RRA2, RRA3, and RRA7 were
assayed against an actively growing and hypoxic Wayne’s tube model (dormant bacilli) of
Mtb culture. The MIC values of RRA2, RRA3, and RRA7 were obtained at 2.0+0.2,
2.2740.1, and 2.45+0.2 pg/ml, respectively against aerobic Mtb bacilli (Table 1). The
calculated reduction of viable cell counts of dormant Mtb bacilli were found to be 0.82+0.1,
1.43+0.4, and 0.91=0.2 log CFU values, respectively. The inductive impact of the group
linked to the para position of the phenyl ring connected to the C-5 position of 1,2.4-
triazolethiol is important in making the potent inhibitory effect against the bacilli according
to the inhibitory effect of these compounds against both Mtb and M. bovis BCG. Earlier
research with well-known anti-fungal triazole medications revealed that mycobacteria are
targeted by 14-a-demethylase, a cytochrome P-450 protein family member. Remarkably, our
lead compounds were ineffective against M. smegmatis, despite the fact that M. smegmatis
contains 51 copies of those proteins, while M.bovis BCG and Mtb only have 22 copies
[28,29].

Furthermore, the lead compounds were also assayed against gram-negative bacteria £
coli as a test organism to check their specificity against nonmycobacterial species. None of
the lead compounds had any considerable effect on the growth of any organism up to the
concentration of 100 pg/ml (Table 1). Hence, the result confirmed that the effectiveness of
RRA2, RRA3, and RRA7 were specific for non-mycobacterial species M. bovis BCG and M.
tuberculosis. Interestingly, RRA2 showed more potency against an actively growing and
hypoxic Wayne’s tube model (dormant bacilli) of Mtb culture and was further used for its
target identification from whole-cell Mtb culture [30]. Rifampicin, metronidazole, isoniazid,

and itaconic anhydride were used as standards (positive controls) in these assays [30].
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Table 1: Secondary screening characterization and MIC identification of identified lead

molecules
Compound Compound MICF against active Inhibition against
code Structure stage® (ug/ml) dormant stage? (CFU/ml)
bovis | tuberc | smeg | coli | bovis | tuberculosis
BCG | ulosis | matis BCG
RRA2 N H/L - 231+ | 2.0+ >100 | >100 | 0.91+ | 0.82+0.1
Q/(/ s 03 |02 0.2
ON
RRA3 235+ [ 227+ | >100 |>100 | 1.2+ | 1.43+0.4
Q/( 0.1 |o0.1 0.4
RRA7 2,61+ | 245+ | >100 |>100 | 1.1+ | 0.91+0.2
Q/Zﬁ\q \ 0.4 0.2 0.2
o
ON
Rifampicin® 0.22+ | 0.12+= | 0.23+ | 0.51 | 0.64+ | 0.53+0.1
0.2 0.05 0.2 +0.1 0.3
Isoniazid? 0.31+ | 0.25+ | 031+ | 2.1= | 0.66= | 0.75+0.1
0.1 0.01 0.1 0.1 0.1
Metronida- >100 | >100 | >100 |>100 | 0.56+ | 0.61+0.4
zole® 0.4
Itaconic >100 | >100 | >100 |>100 | 0.94+ | 0.93+0.1
anhydride® 0.2

4 positive control for the active stage of M. tuberculosis

b positive control for the dormant stage of M. tuberculosis

¢ Concentration of compounds exhibiting 90% inhibition on mycobacterial growth.

4 CFU counts were determined after four days of treatment with compounds
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3.A.2.4. Formation of conjugate RRA2 inhibitor Biotin-linker complex via Copper
Catalysed Azide Alkyne Cycloaddition reaction

RRA2 compound possesses an acetylenic group in the side chain, which could be utilized in a
copper-catalyzed alkyne-azide cycloaddition reaction, i.e., ‘click chemistry,” with Azide-
PEG3-Biotin to form a covalent linkage (Scheme 1). The reaction mixture (biotin-linker-
RRA2) was purified using preparative HPLC, and mass was confirmed via Mass

Spectrometry.

Scheme 1: Proposed mechanism for the formation of conjugate RRA?2 inhibitor Biotin-

linker complex via copper catalysed Azide Alkyne Cycloaddition reaction
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3.A.2.5. Purification of Biotin Linker-Inhibitor complex by HPLC

The reaction product (RRA2 compound and Biotin-linker conjugate) was collected in a 2 ml
Eppendorf tube and allowed for solvent drying up in speed vac. for 30 min. The contents in
the tube dissolved with DMSO and further filtered from the rest of the substances by the
preparative HPLC method, as shown in Figure 1. The retention time of the RRA2 inhibitor
and biotin-linker were first standardized as 28 Min. and 13.5 Min., respectively. One foreign
pick was identified at 7 Min. retention time when the reaction product was injected and
separated through the HPLC column using similar conditions. This foreign peak (Figure 1C)
represented the neat conjugate (inhibitor-biotin linker complex) and was collected for further

experiments.
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A) Chromatogram of RRA2 inhibitor
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Figure 1. HPLC profile analysis. Chromatogram of RRA2 Inhibitor at MIC (A), biotin at

Img/ml (B), and the reaction mixture of biotin-inhibitor conjugates, i.e., product (C), were
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analyzed by preparative HPLC. The chromatograms represent a result obtained from three

identical sets of each experiment. The details about the chromatography are provided in the

“Materials and Methods” section.

3.A.2.6. Confirmation of conjugate by HR-MS Analysis

The new peak at 7 min separated during the HPLC analysis was collected and allowed for
solvent evaporation in speed vac. for 30 min and further subjected to HR-MS analysis for
estimation of molecular mass of the conjugate. The HR-MS analysis of the new peak was
found to have a molecular mass of 705.25 Da, shown in Figure 2, C, confirming the
formation of the Biotin linker-inhibitor conjugate from copper-catalyzed alkyne-azide

cycloaddition reaction. Then, the product was collected and put together to do further

experiments.

A) HR mass spectra for RRA2 inhibitor
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B) HR mass spectra for Azide PEG-3 Biotin
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C) HR mass spectra for Conjugate (inhibitor-biotin linker complex)
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Figure 2. Mass confirmation by HR-MS analysis. HR mass spectra were obtained of only
RRA2 inhibitor (A), onlyAzide-PEG3-Biotin—linker (B), and conjugate (inhibitor-biotin
linker complex) (C). The chromatograms represent a result obtained from three identical sets

of each experiment.
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3.A.2.7. Identification of target protein for RRA2 from the whole-cell extract of

Mpycobacterium tuberculosis by using conjugate (biotin linker-inhibitor)

In order to aid future lead optimization of the RRA2 scaffold, the specific target of the RRA2
compound was identified with whole-cell Mtb culture. Affinity pooling may be a classic and
simple strategy for finding a protein target amongst the several methodologies established for
finding the target of a novel compound. The purified biotin-linker-RRA2 conjugate was
added to the Mtb whole-cell extract.

Proteins hooked with RRA2 were then pulled down via MagnaBind Streptavidin
beads (Thermo Fisher Scientific) and washed with PBS 2-3 times to remove undesirable
nonspecific proteins. SDS-PAGE result indicated a significant protein band at ~60 kDa
molecular weight (Figure 3). As a control, we added our biotin-linked-RRA2 to a whole Mtb
cell culture previously treated with RRA2. Notably, no band was seen (in the control lane) on
the SDS-PAGE, presumably as RRA2 was already bound to the target protein's active site,

leaving no room for conjugate (biotin linked-RRA?2) binding and subsequent pull-down.

M Test Control |

200

T [
|

;

1

Figure 3. Separation of target protein isolated from Mtb whole-cell extract on SDS-
PAGE. The gel image represents the final target protein sample obtained in addition to
conjugate (biotin linker-RRA2) from the whole-cell extract previously treated with RRA2
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compound (Control), untreated with RRA2 compound (Test), and M is represented by

molecular weight protein markers.

Table 2. Identification of target protein by LC-MS/MS Method

mW [pl |PLGS Coverage
Accession|Entry [Description Peptides

(Da) |(pH)|Score (%)
POWPE7 [CH602 (60 kDa chaperonin 2 56692 4.92 {1380 [25 50.18

MYCTU OS=Mycobacterium tuberculosis
(strain ATCC 25618 / H37Ra)
0X=83332 GN=groEL2 PE=1
Sv=1

3.A.2.8. Target Specificity analysis

To determine the target specificity of RRA2, four-hit derivatives of 1,2,4-triazolethiols
(RRA79, RRA242, RRA267, and RRA268) were selected from an in-house library (Table 3).
These derivatives also have significant inhibitory activity against the active and dormant
stage of Mtb. Therefore, these four compounds are specific compounds of either the bacilli's

active or dormant stage.

Table 3: Anti-mycobacterial activity of synthesized triazoles derivatives against the

active and dormant stage of Mycobacterium tuberculosis

MIC
/ml
Molecular (ng/mD)
Compound
Structure weight | In-vitro | In-vitro | Ex vivo
Code
(Dalton) active | dormant [ dormant
stage stage stage
inhibitor | inhibitor | inhibitor
RRA 79 N-NH 279 >100 2.5+0.03 | 0.1+0.03
| )—SH
FSC\@f)\N
Cl
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RRA 242 N-NH 191 >100 >100 3.0+£0.06
l__2—SH
N
RRA 267 N-NH 192 >100 | 0.5+0.02 | 0.3+0.04
| 7—SH
H2N
RRA 268 N-NH 230 >100 | 0.1+0.01 | 0.4+0.05
W =—
HN
Rifampicin NA NA 0.04+ 0.06+ 0.08+
0.03 0.06 0.12
Isoniazid NA NA 0.06+ 0.08+ 0.09+
0.04 0.03 0.05

To confirm the specificity of the RRA2 compound, the purified biotin-linker-RRA2
conjugate was separately added to the Mtb whole cell culture, which has already been treated
with RRA2 compound (control) and without RRA2 compound (test) along with four similar
scaffolds of 1,2,4-triazolethiols compounds (Table 3). A similar protocol was used to pull the
purified target protein (mentioned in the above section) and performed the SDS-PAGE
analysis. Presumably, if all or any of the compounds had the same target as RRA2, it should
not show any band in the SDS-PAGE because the target site is not available to bind to

purified conjugate.

A a
> A0 A a0 4R oW
kba |+———— M o & SRy

¥

Figure 4. Target specificity analysis of RRA2 in the presence of four similar scaffolds of

1,2,4-triazolethiols compounds by SDS-PAGE. M represents different molecular weight
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protein markers, whole-cell culture treated with purified conjugate mixture added to
previously treated with RRA2 compound (control), RRA79, RRA242, RRA267, and
RRA268. Here, the test is the whole-cell extracts that were previously untreated with an

RRA2 compound.

Interestingly, Figure 4 showed the cleared bands with all four compounds like test
samples of RRA2 except in the control sample. Even though the other four similar scaffolds
of 1,2,4-triazolethiols compounds had an inhibitory effect against the active and dormant
stage of Mtb, but their protein target sites were different. This result demonstrated the robust
specificity of the RRA2 target.
3.A.2.9. Multiple Sequence Alignment of GroEl2 protein from different species of

Mycobacteria

Seq. Order: 1. M. tuberculosis H37RV; 2. M. tuberculosis H37Ra; 3. M. bovis; 4. M.
ulcerans; 5.M. smegmatis; 6. M. leprae;7. M. marinum;8. M. avium; 9. M. abscessus; 10. M.

canettii

Figure 5. Multiple Sequence Alignment of GroEI2 protein from different species of

Mycobacteria
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The Multiple Sequence Alignment (MSA) was manually edited in Jalview software V
2.11.2.0, a tool written in Java to analyze the residue conservation patterns (the analysis
method is written in the materials and methods section). Once the sequence of GroEL2
protein from 10 closely related Mycobacterial species has been clustered, the conservation
patterns can be calculated and shown for each group (Figure 5). Each column in the
alignment or group is given a score from 0 to 10 based on the common Physico-chemical
properties of the residues (highlighted in brown color). The height of consensus between the
sequence is related to the sequence similarity highlighted in blue color. Multiple sequence
alignment (MSAs) is often used to measure common features between sequence conservation
of protein domains, tertiary and secondary structures, and even individual amino acids or
nucleotides to find sequence similarity, homology, and evolutionary association. The degree
of protein sequence similarity is represented in dark blue to no color, whereas the dark blue
color between the sequences represents 100 % similarity. In contrast, the regions where there

is no blue color indicates that there is no similarity between the sequence.

3.A.2.10. Pairwise Sequence Alignment of GroEll and GroEl2 protein from
Mycobacterium tuberculosis H37Ra
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Score = 153530.0

Length of alignment = 5329

Sequence sp | ASUSS2 |CHE01_MYCTAS1-5329 (Sequence length = 539)
Sequence sp |ASTZGS |CHS02_MYCTA/1-536 (Sequence length = 530)

sp |ASUSS2 |CHSO1_MYCTAS1I-539 MSKLIEYDETARRAMEVGMDKLADTVRVTLGPRGRHVVLAKAFG

-0 00 R0 - PR nnnne-ne-nnn 1 1
sp | ASTZGE |CHE02_MYCTA/1-536 MAKTIAYDEEARRGLERGLNALADAVKVTLGPKGRNVVLEKKWG

sp|ASUSS2 |CHSO1_MYCTA/S1-539 GPTVTNDGVITVAREIELEDPFEDLGAQLVKSVATKTNDVAGDGT

PPN RN -k rnn-nennnnl
sp | ASTZGE |CHE602_MYCTA/1-536 APTITNDGVSIAKEIELEDPYEKIGAELVKEVAKKTDDVAGDGT

sp |ASUSS2 |CHSO1_MYCTASLI-539S TTATILAQALIKGGLRLVAAGVNPIALGVGIGKAADAVSEALLA

PRRR-RR RN R R vl - a1l
sp | ASTZGSE |CHE02_MYCTAS1-536 TTATVLAQALVREGLRNVAAGANPLGLKRGIEKAVEKVTETLLK

sp |ASUSS2 |CHS0O1_MYCTA/S1-539 SATPVSGKTGIAQVATVSSRDEQIGDLVGEAMSKVGHDGVWVSVE

LU L S e A S AR R e
sp | ASTZGE |CHE02_MYCTA/1-536 GAKEVETKEQIAATAAISAGDAQSIGDLIAEAMDKVGNEGVITVE

sp|ASUSS2 |CHS01_MYCTA/1-539 ESSTLGTELEFTEGIGFDKGFLSAYFVTDFDNQOQAVLEDALILL
-0 RN R - - unl
sp|ASTZGE |CHGE02_MYCTA/1-536 ESNTFGLOLELTEGMRFDKGYISGYFVTDPERQEAVLEDPYILL

sp|ASUSS2 |CHSO1_MYCTAS1-539 HODKISSLPDLLPLLEKVAGTGKPLLIVAEDVEGEALATLVVNA

-0 PR - n e
sp|ASTZGE |CHE602_MYCTA/1-536 VSSKVSTVKDLLPLLEKVIGAGKPLLIIAEDVEGEALSTLVVNK

sp |ASUSS2 |CHE01_MYCTA/1-539 IRKTLKAVAVKGPYFGDRRKAFLEDLAVVTGGQVVNPDAGMVLR
PR e -l 1-1
sp |ASTZGE |CHE02_MYCTA/1-536 IRGTFKSVAVKAPGFGDRRKAMLODMAILTGGQVISEEVGLTLE

sp |ASUS9S2 |CHE01_MYCTA/1-539 EVGLEVLGSARRVVVSKDDTVIVDGGGTAEAVANRAKHLRAEID
A R A N N
sp | ASTZGE |CHE602_MYCTA/1-536 NADLSLLGKARKVVVTKDET TIVEGAGDTDAIAGRVAQIRQEIE

sp | ASUSS2 |CHE01_MYCTA/1-539 KSDSDWDREKLGERLAKLAGGVAVIKVGAATETALKERKESVED
SERRD DRRRD RRRnnnnnnnnnnn ppennny renel--n1
sp | ASTZGE |CHE602_MYCTA/1-536 NSDSDYDREKLOQERLAKLAGGVAVIKAGAATEVELKERKHRIED

sp | ASUSS2 |CHE01_MYCTA/1-539 AVAAAKAAVEEGIVPGGGASLIHOQARKALTELRASLTGDEVLGY
splAsSTZGS| c»—ue[cgzluxlré‘lr!al/g.l-sgsl Al\}:il!u;\'ukvéeg IL’AGGGVTLL-QAAPTLDELK—-LEGDEATGA
sp | ASUSS2 |CHE01_MYCTA/1-535 DVFSEALAAPLFWIAANAGLDGSVVVNKVSELPAGHGLNWVNTLS
splAasTZGs| cnébzl_ln/l\}érkl/nl.;ys.S‘ II\III\./IKI\/;’IALIEI'I\L:.:(I(I-ILFNSGLEPGWAEKVRN LPAGHGLNAQTGV
sp | ASUSS2 |CHE01_MYCTA/1-539 YGDLAADGVIDPVKVTRSAVLNASSVARMVLTTETVWVVDKPAKA
splASTZGS| c»—ce[olzl_llnlvlc-lr,lxlflzll-lslslsl 'YEIIID'LII:J\;R:SI\II'\II-)IPI‘VIKI\:TIRS:ALQNAASIAGLFL‘ITEAWADKPEKE
sp | ASUSS2 |CHS01_MYCTA/1-535 EDHDHHHGHAH

sp|ASTZGS ICHSOZ_IP;AYCTA/1—536 KASVPGGGDMG

Percentage ID =61.03

Figure 6. Pairwise Sequence Alignment (PSA) of GroEll and GroEl2 protein from

Mpycobacterium tuberculosis

The pairwise sequence similarity of GroEll and GroEIl2 protein from the Mycobacterium
tuberculosis H37 Ra strain was done using Jalview software V 2.11.2.0. The percentage
identity score from our pairwise sequence similarity analysis was 61.04 from the pairwise

alignment study of the GroEll and GroEI2 protein from Mtb, as shown in Figure 6.
3.A.2.11. Potential Binding mode of RRA2

We conducted preliminary molecular docking to determine where RRA2 might interact with
GroEIl2. There were two major sites, which are also the hinge sites of the protein [31], where
compounds could potentially interact with GroEI2 (Figure 7. A). The first is where ATP has
been proposed to interact and was crystallized in the analogous E. Coli GroEll protein

(PDB:1KPS8) [32]. The second was where Mg was found in the M. tuberculosis GroEl12 X-ray
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structure (PDB:3rtk) [33]. Both sites were utilized to dock RRA?2. Interestingly, the RRA2
compound was able to have a consistent binding mode in both sites. Although the Mg site
scored lower across the board than the ATP site (Table 4), for the RRA2 complex, the ATP
site was lower energy than the Mg site (-13355.62 kcal/mol for ATP site vs. -13292.40
kcal/mol for the Mg site).

Figure 7. A. Structure of GroEI2 colored Figure 7. B. Proposed docking via
orientation of RRA2 (peach) in the ATP site rainbow from N to C terminus

of GroEI2
Figure 7. Prediction of target protein GroEI2 by Molecular Modelling
Table 4. Docking scores

Shown is the docking score for the highest-ranked solution. Notably, the lower the score, the

better the dock is proposed to be.

Compound ATP site Mg site
code (kcal/mol) (kcal/mol)
RRA2 -4.893 -3.608
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Furthermore, numerous studies have suggested that movement in the equatorial
domain, which binds ATP, is essential for its function [33]. Therefore, it would be expected
that a compound binding in this region would interfere with ATP binding and affect the
function of GroEI2. This suggests that the ATP site is the likely binding site for this
compound class. In this site, RRA2 is positioned with 1451 stacking over the phenyl group
and putative hydrogen bonds between the nitro moiety of RRA2 to Q450 and the triazine
D483 (Figure 7 B). The alkyne is pointed out of the pocket, having little effect on the
interaction energy. This is important as it is essential to be exposed for the biotin-linking
experiment to be viable. Although beyond the scope of this work, future experiments (e.g.,

mutagenesis, X-ray crystallization) will be needed to confirm this binding mode.
3.A.3. Discussion

Triazoles have long been known for their antifungal, antiviral, and plant growth-
regulating properties. However, in recent years, their anti-mycobacterial potential has gained
recognition. [6]. Only fluconazole and tebuconazole have been shown to have anti-
mycobacterial action without increasing MIC values or specificity [34]. Furthermore, they
have no significant effect on dormant tubercle bacilli. In this work, alkyl-substituted 1,2,4-
triazolethiols and hybrids were prepared and investigated for anti-tuberculous efficacy. Out of
54 compounds were selected as primary screen hits. All 17 hits in previous studies were
chosen based on their effectiveness against M. bovis BCG's aerobic replicating stage. Only
three lead compounds (RRA2,3,7) were shown to have a meaningful influence on actively

replicating bacilli after considering their dose-dependent effect. [23].

Biotinylated RRA2 conjugate was used for pulling down the target protein GroEI2
from Mtb whole-cell extract and confirmed by SDS-PAGE (Figure 3) and Liquid
chromatography-mass spectrometry (LC-MS) analysis, as shown in Table 2. Earlier research
reported that GroEI2 has homology with members of a family of heat shock proteins (HSPs)
that is known as the chaperonin-60 (Cpn60/GroEl) family, which serves as an essential
molecular chaperone (Cpn) for maintaining cellular homeostasis in normal and stressed
conditions among different proteins. Mtb contains two copies of the ¢pn60 gene [35]. One of
these, cpn60.1, is an operon with cpn 10, while the second cpn60.2 occurs independently on
the chromosome. The regulation of HSPs in Mtb has shown overexpression of the

two Cpn60s upon thermal shock [36] and phagocytosis by macrophages [37]. These reports
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suggest that the Cpn60 of Mtb contributes to its defense response against external stress
conditions.

Furthermore, evidence uncovered that both proteins Cpn 60.1 (GroEL1) and 60.2
(GroEL2) of Mtb are highly antigenic and potent cytokine inducers [38,39]. Earlier studies
also focused on the role of the full-length (FL) Mtb protein GroEI2, indicating that a cleaved
form of GroEL2 [GroEl(cl)] predominates in wild-type and that the cleavage of the same
protein GroEL2 tends to inhibit the innate immune response to infection [40]. Furthermore,
the FL GroEI2 protein produced strong proinflammatory responses from dendritic cells (DC)
and promoted its maturation and antigen presentation to T cells [41]. Similar to GroEL2(cl),
Fong et. al. [42] reported that HSP70 is secreted from cells and can activate the
immunoreceptors on monocytes and neutrophils. So, targeting GroEl2 may open up new
avenues for treating TB. In this concern, a series of inhibitors were also reported for dual-
targeting GroEL/ES along with protein tyrosine phosphatase B (PtpB), which act as virulence

factors and show effective inhibition against active and dormant stages of TB [43].

Interestingly, our present in-vitro and ex vivo studies showed that RRA2 efficiently
inhibits the active and dormant stages of Mtb bacilli, as shown in Table 1. Despite the
presence of propargyl or allyl groups in other triazole structures (RRA3 and RRA7), they
were unable to inhibit bacilli, indicating that a distinct substituent at the C-5 position is
responsible for its activity. At the C-5 position, several groups were attempted, but only p-
nitrophenyl (RRA2) demonstrated the necessary activity. This p-nitrophenyl compound's
sulfone derivative (RRA7) was similarly effective against actively growing M. bovis BCG,
indicating that oxidation of Sulphur did not affect its biological activity. However, both
compounds were similarly effective against M. tuberculosis.

RRA2, RRA3, and RRA7 were ineffective against M. smegmatis and E. coli,
suggesting that they had a tuberculosis-specific action. The inhibitory result of these
compounds against M. bovis BCG and M. tuberculosis revealed that the inductive
consequence of the group connected to the para position of the phenyl ring connected to the
C-5 position of 1,2,4-triazolethiol is critical in the making of the potent inhibitory effect
against the bacilli. The replacement of the propargyl moiety by the allyl group in the latter
molecule (RRA3) may keep the degree of inhibition against the bacilli. In comparison to
existing anti-tubercular medicines, these three compounds are structurally unique. The

efficacy of these three compounds on both stages of Mtb has generated doubts regarding their
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ability to block 14-demethylase. These compounds were ineffective against M. smegmatis,
which has the same target enzyme as M. smegmatis. [44].

Our findings summarized three nontoxic lead compounds (RRA2, RRA3, and
RRA7) of 1,2,4-triazolethiols (alkyl-substituted) that significantly inhibit the active and
dormant stage M. tuberculosis and M. bovis BCG bacilli. They were more specific against
Mtb bacilli than M. smegmatis and E. coli. Among these three lead compounds, due to higher
efficacy and presence of alkyne group in its structure, RRA2 was used for pool down
technique for target identification. Using the LC-MS approach, we identified GroEl2, a
chaperonin, as the target of the RRA2 compound in active stage Mtb and confirmed it
through molecular modeling studies. Multiple sequence alignment studies highlighted the
difference in GroEL1 and GroEI2 protein sequences within Mtb H37Ra species, indicating
the possibility of an inhibitor that could be explicitly inhibited to Mtb strains. The outcome of
this study disclosed that the consolidated analysis was found to be supportive of explaining
the efficacy of RRA2 in inhibiting Mtb cells for interpreting their possible mechanism of
action. Therefore, the RRA2 compound could be a potential candidate molecule before the in

vivo trial studies.
3.A.4. Materials and methods
3.A.4.1. Bacterial strains, media, and inoculum preparation

M. bovis BCG (ATCC 35,745) and M. smegmatis (ATCC 607)were obtained from Astra
Zeneca, Bangalore, India, and M. tuberculosis H37Ra (ATCC 25,177) was obtained from
Microbial Type Culture Collection, Chandigarh, India. E.coli strain DH5a was obtained from
the National Collection of Industrial Microorganisms (NCIM), Pune, India. RPMI 1640 cell
culture media and fetal bovine serum (FBS) were purchased from GIBCO, USA. All the
chemicals were purchased from Sigma Aldrich USA. Unless mentioned, Dubos albumin agar
powder and other chemicals were purchased from DIFCO, USA. All mycobacterial strains
were subcultured routinely in Dubos albumin agar slants or plates. The liquid inoculum was
prepared in Dubos broth with 5 % glycerol, and 10 % Albumin dextrose catalase (ADC)
enrichment medium, incubated in a shaker incubator rotating at a speed of 150 rpm at 37 °C
till the logarithmic phase (ODg20 ~ 1.0) was reached. 1% of 1.0 ODs20 of the culture was used
as the standard inoculum size for all the experiments, yielding final inoculum of

approximately 10° CFU/ml.
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3.A4.11. Inhibitory effect of active molecules against intracellular Mycobacterium

tuberculosis inside THP-1 macrophage

THP-1 was used to examine the inhibitory activity of the compounds against intracellular
bacilli by following a method described earlier [1,45,46]. Briefly, 3 mL of THP-1 cells
(~5x10* cells/ml) were treated with 100 nM of phorbol myristate acetate (PMA) in a culture
flask for 24 h to convert them into macrophages. These macrophages were further incubated
for 12 h with M. tuberculosis at MOI (multiplicity of infection) of 1: 100 for infection.
Extracellular bacilli were removed by washing twice with sterile PBS and adding fresh
medium to adhered cells. Compounds were then added to these infected macrophages at
different concentrations. In order to check the effect of inhibitors on the growth of
intracellular bacilli, compounds were added at 0 h (for identification of active stage
inhibitors) and after 120 h (for identification of dormant stage inhibitors) of infection; unless
mentioned otherwise, the effect of the compound was monitored by determining the bacterial
load within macrophage by lysing them with hypotonic buffer (10 mM HEPES, 1.5 mM
MgCl> and 10 mM KCl) at different time points and spreading 100 uL of the samples on

Dubos agar plates to enumerate colonies after 21 days.
3.A4.111. Preparation of Conjugate (RRA2-biotin linker complex)

Copper-catalyzed alkyne-azide cycloaddition protocol was used to prepare biotin-linked
RRA2 conjugate (RRA2-biotin linker complex) [47,48]. Briefly, Azide-PEG3-Biotin (5
mg/0.011 mmol) was dissolved in 0.5 mL anhydrous Tetrahydrofuran (THF) in a 5 mL round
bottom test tube at room temperature. 0.5 mL copper sulphate solution (125 mmol) was
added to this 5 mL test tube and mixed properly. Next, 10 mg of sodium ascorbate was
added, and this complete solution was stirred on a magnetic stirrer at room temperature. A
2:1 ratio of RRA2 and Biotin was used for the reaction. So, 10 mg of the inhibitor was added
to this reaction mixture, and the reaction was allowed to proceed and stirred for 8 h at room

temperature.
3.A.4.1V. Purification of Biotin Linker-Inhibitor complex by HPLC

Chromatographic separation and analysis of the product and components of the reaction were
done using reverse-phase X bridge Cis (5 pm, 46x250 mm) column in preparative HPLC
(binary pump-1525, UV detector-2489, sampler-2707, Waters, India). Organic solvents
employed to prepare mobile phases were HPLC-grade, and the HPLC column used was
reverse-phase X bridge C18 (5 pM, 46x250 mm). The optimized mobile phase composition
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used was in, ‘A’ solution - water (100, 60, 60, 45, 40, 0) % and ‘B’ solution — acetonitrile (0,
40, 40, 55, 60, 100) %. The analysis was carried out in gradient elution mode with a 1
mL/min flow rate with column run-off monitored at 254 nm wavelength. The retention time
for inhibitor RRA2 (Figure 1, A) and Azide-PEG3-biotin (Figure 1, B) were observed at 28
min and 13.5 min, respectively, which could help in comparison with the reaction mixture of
the conjugate (Figure 1, C). After injecting the conjugate reaction mixture into the column,
one foreign peak was observed at a 7 min retention time along with the biotin and inhibitor
peak. This foreign peak (Figure 1, C) represented the neat conjugate (inhibitor-biotin linker

complex) and was collected for further experiments.
3.A.4.V. Mass confirmation by HR-MS analysis

HR-MS analysis was done by the modified method, as reported earlier [49]. The purified
inhibitor-biotin linker complex was dissolved in acetonitrile (mass spectrometry grade)
followed by separation using the Accela ultrahigh performance liquid chromatography
(UHPLC) system (Thermo Fisher, Waltham, USA) using a C18 Hypersil Gold column (3 pm,
3 x 100mm, Thermo fisher) coupled with a Q Executive- Orbitrap mass spectrometer
(Thermo Fisher, Germany). The separation is carried out in optimized mobile phase
composition of solvent A (acetonitrile with 0.1% of formic acid) against 70-30% of solvent B
(water with 0.1% of formic acid) at a flow rate of 500 pL/min and a temperature of 45 °C for
5 min. The molecular weight was identified by electrospray ionization positive (ESI+) mode
with a mass scan range set from 100 to 1500 m/z. The data acquisition and processing were
performed using the Thermo Scientific Xcalibur software (version 3.0). The tandem mass
spectrometry (data-dependent MS/MS) data were collected with collision energy between 30
and 40 eV. The raw data from the instrument were converted to the mzxml file format using
ProteoWizard. The mass confirmation was carried out with the HPLC purified fractions for
RRA2 Inhibitor (Figure 2, A), Azide-PEG3 Biotin (Figure 2, B), and neat conjugate (Figure
2, C), respectively, were then analyzed for mass confirmation by HR-MS method. The RRA2
Inhibitor (Figure 2, A) and Azide-PEG3-Biotin (Figure 2, B) showed their corresponding
mass of 261.04 Da and 445.22 Da. The mass of neat conjugate was found at 705.25 Da,
confirming the separation of the Biotin linker-inhibitor conjugate from the mixture. The
confirmed conjugate mass from HR-MS analysis helped to process for the next step of the

experiment.
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3.A.4.VI. Binding of conjugate RRA2-Biotin complex with crude whole cell extract of

Mpycobacterium tuberculosis

The RRA2-Biotin conjugate obtained from HPLC purification was allowed to dry up the
solvent in speed vac for 30 min, dissolved in 100pL DMSO, and added to the whole-cell
extract of aerobic Mtb culture. For whole-cell extract preparation, 5 mL spheroplast solution
(0.0006%) was added in ~1.0 OD Mtb culture and incubated for 12-16 h. This Biotin linker-
inhibitor conjugate was also added to the control culture, which was already treated with an
RRA-2 inhibitor. To bind to the target protein, both control and test samples were kept for 30
minutes in an incubator shaker at 37 °C and 150 RPM. Both the cultures were sonicated in
protein extraction buffer (100mM HEPES buffer, 5 mM EDTA 1 %, SDS, 100 mM NaCl
0.5%, Triton X-100, and freshly prepared 1% protease inhibitor cocktail) at 45 Hz with 10
Sec. pulse ON and 5 Sec. pulse OFF in ice-cold condition for 15 min and centrifuged the cell
extract at 14,000 rpm for 1 h at 4 °C to get the intracellular protein in supernatant. The
supernatant containing the target protein with Biotin-Inhibitor conjugate was taken out and
dialyzed against PBS to remove the excess unbound Biotin-Inhibitor conjugate and inhibitor

molecules at  25°C for 3 h.

3.A4.VIl. Purification of RRA2-Biotin conjugate tagged target Proteins by
MagnaBind™ Streptavidin Beads

MagnaBind Streptavidin Beads are convenient for affinity purification or separation methods
involving biotin-labeled molecules obtained from Thermo Scientific MagnaBind Streptavidin
Beads (Cat. No. 21344) were added in the supernatant containing the target protein already
bound with Biotin-Inhibitor conjugate allowed to pull down by using an external magnetic
field overnight at 4 °C. Then, the beads were washed with sterile PBS 2-3 times to remove
the unwanted proteins. To release our target protein attached with Biotin-Inhibitor conjugate,
we added an excess of free 10 mM biotin molecule in shaking condition at 25 °C for 30 min.
before dialysis against water at 25 °C for 3 h. Dialyzed sample was collected and further

processed for protein precipitation.
3.A.4. VIIL Chloroform-Methanol Precipitation of Target proteins

The chloroform-methanol precipitation method was followed to remove salt and
detergents.100 pL sample was added to 400 pL. methanol, vortexed well, then 100 pL
chloroform was added and vortexed. 300 pL. Mili Q water was added and again vortexed for
2 min. Spin was given for 1 min at 14,000g. Removed the top aqueous layer (protein is
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between layers), then 400 pL methanol was added and vortexed. 2 min at 14,000 g spin was
given and removed the MeOH without disturbing the pellet. The sample was dried in speed-
Vac. and 1X sample buffer (125 mM TriseHCI, pH 6.8, 20% Glycerol, 1% SDS, 10% B-
Mercaptoethanol, 0.5 mg/ml Bromophenol Blue) was added for SDS PAGE [50].

3.A.4.VIX. Protein estimation

Protein quantification was done by the Bradford method (Bio-Rad Protein Assay; Cat. No.
500-0006) according to the manufacturer’s instructions (Bio-Rad, Hercules, CA) [51].

3.A.4.X. SDS-PAGE and Proteomic Analysis of Captured Proteins

Individual proteins in the sample were separated by carrying out SDS-PAGE [52]. Briefly, 80
ug (5uL) of each protein sample was first mixed with 1X loading (sample) buffer containing
5% B-mercaptoethanol (Sigma, MO, USA). The samples were then incubated for 10 min at
80 °C. Next, 20 pL (64 ng) samples were loaded onto 12.5% Bis-Tris pre-cast
polyacrylamide gels, and the SDS-PAGE was carried out using Mini-PROTEAN®
Electrophoresis System-Bio-Rad (Cat. No0.1658000). After electrophoresis, the gel was
subjected to Coomassie staining for overnight. Protein bands seen within the gel were
appropriately cut and subjected to trypsin digestion using the earlier protocol [53], followed
by peptide extraction and proteomic analysis in Liquid chromatography-mass spectrometry
(LC-MS).

3.A.4.XI. Target specificity analysis

To determine the target specificity of RRA2, four-hit derivatives of 1,2,4-triazolethiols
(RRA79, RRA242, RRA267, and RRA268) were selected from an in-house library (Table 3).
These derivatives also have significant inhibitory activity against active and dormant stages
of Mtb. Therefore, all these four compounds are specific compounds of either the active stage
or dormant stage of the bacilli. To confirm the specificity of the RRA2 compound, the
purified biotin linker-RRA2 conjugate was separately added to the Mtb whole-cell culture,
which has already been treated with RRA2 compound (control) and without RRA2
compound (test) along with four similar scaffolds of 1,2,4-triazolethiols compounds (Table
3). A similar protocol was used to pull the purified target protein (mentioned in the above
section) and perform the SDS-PAGE. Presumably, if all or any of the compounds had the
same target as RRA2, it should not show any band in the SDS-PAGE because the target site

is not available to bind to purified conjugate.
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3.A.4.XII. LC-MS analysis

2 pL digested peptides with a final concentration of 100 ng/uL were analyzed by nano LC-
MS using nanoACQUITY online coupled to SYNAPT HDMS system (Waters Corporation,
MA, USA) equipped with a nanolockspray ion source with a flow rate of 300 nL/ min
(external lock mass standard: Glu-fibrinopeptide) [54]. Peptide samples were injected online
onto a 5 pm Symmetry C18 trapping column (180 uM x 2 cm length) at a flow rate of 15
pL/min. Peptides were separated by in-line gradient elution onto BEH (Bridged Ethyl
Hybrid) C18 1.7 uM x 75 pM x 150 mm nanoACQUITY analytical column at a flow rate of
300 nL/ min using a linear gradient from 5 to 40% B over 35 min (A. 0.1% formic acid in
water, B. 0.1% formic acid in acetonitrile). The acquisition was performed in positive V
mode in a mass range of 50-1990 m/z with a scan time of 1 second with alternating low (5
eV) and high (15-40 eV) collision energy. MS data were processed with ProteinLynx Global
Server (PLGS version 2.4. Waters Corporation, MA, USA). The processed data were allowed
to search against the Mycobacterium tuberculosis H37Ra subset of the UniProt database

containing all 44,987 protein entries for protein identification described by Silva et. al. [55].

3.A.4.XIII. Multiple Sequence Alignment of GroEI2 protein from different species of

Mycobacteria

Multiple sequence alignment (MSAs) is often used to measure common features between
sequence conservation of protein domains, tertiary and secondary structures, and even
individual amino acids or nucleotides to find sequence similarity, homology, and
evolutionary association. The Multiple Sequence Alignment (MSA) was manually edited
using default parameters in Jalview software V 2.11.2.0 [56]. FASTA files of GroEI2 were
imported from the UniProt database for 10 closely related Mycobacterial species. (1. M.
tuberculosis H37RV; 2. M. tuberculosis H37Ra; 3. M. bovis; 4. M. ulcerans; 5.M.

smegmatis; 6. M. leprae;7. M. marinum;8. M. avium; 9. M. abscessus; 10. M. canetti)

3.A.4.XIV. Pairwise Sequence Alignment of GroEll and GroEI2 protein from

Mpycobacterium tuberculosis

To identify the pairwise sequence similarity of GroEll and GroEI2 protein from Mtb strain
was done using FASTA files of GroEll and GroEI2 were imported from UniProt database
using Jalview software V 2.11.2.0. Every unique pair of sequences is implemented in

MUSCLE [57], ClustalW [58], and computes the identity of each pair of sequences.
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3.A.4.XV. Molecular Modelling

The crystal structure of M.tuberculosis GroEI2 (PDB: 1KP8) was downloaded from the
Protein Data Bank (rcsb.org). All docking was conducted within Maestro v12.0.012
(Schrodinger LLC, New York, NY, 2020). Specifically, the protein was prepared using the
Protein Preparation Wizard. Site ID was used to find potential binding pockets. The Receptor
Grid-Generation was used to create a docking receptor using default parameters. Ligands
were drawn in Maestro v12.0.012 (Schrodinger LLC, New York, NY, 2020) and prepared
using lLgprep from the Schrodinger suite. These compounds were then docked into each
receptor using the standard precision docking in Glide, with 10 poses to be written out for
each ligand. Docks were then visually analyzed for their ability to cluster and their
interactions. The energy was calculated using the refine protein-ligand complex within Prime
(Schrodinger, LLC, New York, NY, 2020). Figures 7, A, and B were constructed using The
PyMOL Molecular Graphics System, Version 4.6.0, Schrodinger, LLC.
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3.B.1. Introduction:

Tuberculosis (TB) has been a major cause of death in developing and under-
developing countries for many years [1,2]. About one-third of the world’s population infected
with Mtb exists in the dormant stage, with a 2-23% reactivation rate of cases [3,4]. TB is a
treatable disease in most cases, but limited access to health care is a major hurdle for many
people in emerging countries. Furthermore, the rise of drug-resistant strains against available
drugs faces the risk of losing control of the disease. There are reports on drug-induced
dormancy of the bacilli by creating stress using current first-line drugs such as rifampicin,
isoniazid, streptomycin, and ethambutol [5-8]. Another problem is that the exposure of these

frontline anti-TB drugs against dormant stage Mtb creates drug tolerance.

When Mtb encounters bactericidal drugs, tolerant Mtb cells are thus killed at a slower
rate than the fully susceptible population from which they arose [9]. Various mechanisms are
proposed by which Mtb can adapt to such conditions, including thickening of the cell wall,
activation of efflux pumps, and altered expression of transcriptional regulators [10,11]. This
is creating a question mark on the currently available anti-tubercular drug regimen.
Moreover, the heterogeneity of mycobacterial populations in a single patient may also
contribute to the inconsistency in treatment responses to the available drug regimen [12,13].
Under such conditions, there is an urgent need to adopt new strategies for controlling TB.
Current regimens are afflicted with issues of patient nonfulfillment, insufficient health care
mistakes, and increasing cases of drug-resistant strains, creating a significant need to create

new strategies and drugs for cost-effective medication.

We have recently reported the biological activity of the 1,2,4-triazole derivatives
against Mycobacterium tuberculosis and M. bovis BCG  [14,15]. In continuation of our
earlier findings, we pursued selected hits from this scaffold to further characterization for
identification of their potential target in Mtb cell. In our earlier research, some hits have
shown stage-specific inhibition in in-vitro and ex-vivo assays against Mtb; hence in the
present study, we have a specific interest in further characterizing the selected hits against
dormant stage Mtb. Furthermore, the availability of the classic Wayne hypoxia model to get
the dormant Mtb culture that may mimic the internal environment of necrotic and cellular
granulomas, respectively, motivated us to explore the possible target for the hits that
specifically act on dormant stage Mtb. This hypoxia model is widely used and ideal for

assessing novel compounds' activity under various hypoxic settings [16-18].
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Azoles are one of the significant groups of nitrogen-containing heterocycles that
showed numerous biological actions, for instance, anti-malarial, anti-bacterial, anti-HIV, anti-
inflammatory, anti-fungal, and anti-TB properties [19,23]. Specifically, triazoles, including
1,2,3,-triazole, benzotriazole, triazolopyrimidines, and their derivatives, come up with interest
in medicinal chemistry because of their stability towards metabolic degradation and ability to
form hydrogen bond favoring the binding of biomolecular targets. Some drugs now available
in market for use are based on triazoles exclusively of 1,2,3-triazole moiety such as
antibiotic Cefatrizine, an anti-fungal agent, anti-bacterial agent Tazobactam, anti-cancer
agent Carboxyamido-triazole (CAI) as well as anti-HIV agent (2',5-bis-O-(tert-
butyldimethylsilyl)-beta-D-ribofuranosyl]-3'-spiro-5"-(4"-amino-1",2"-oxathiole-2",2"-
dioxide) thymine) TSAO [19-21]. The presence of azole moiety in the core structure of these
drugs suggests that the azole scaffolds have a higher potential to develop anti-tubercular
drugs. Furthermore, triazole derivatives are also considered as a new category of effective
anti-TB agents due to their potential activities. Isoniazid (INH) is the best example of a
triazole derivative used as an anti-tubercular drug [23].

Earlier efforts were made to develop drugs that act on the active stage Mtb. However,
there is a lack of interest in controlling dormant/latent-TB infections, which is the leading
cause of delayed treatment and rapid development of drug resistance. Slow in-vitro growth, a
downshift in metabolic pathways, altered staining features, inability to be cultured on a solid
medium, and resistance to standard antimycobacterial drugs are all characteristics of dormant
bacilli [7]. Most of the population is infected with dormant Mtb, and chances of
approximately 10 % dormant Mtb to reactivate, resulting in active, infectious TB cases
throughout their life after the initial infection [24]. If we can control this dormant Mtb
population, it will definitely help reduce the development of drug resistance and treatment
time. Various new drugs are available on the market used explicitly to treat dormant-TB
cases. Examples include the novel nitroimidazole PA-824 has exhibited excellent potency
against dormant stage Mtb, and a well-accepted report in phase II scientific trial for treating
TB-infected patients. In the meantime, 6-nitroimidazo(21- b)(1,3)oxazole delamanid
(OPC67683) has newly received authorization for use against MDR-TB [25,26]. These
findings suggest that compounds that are active against the dormant stage of Mtb could
reduce the treatment time, and hence more attention is required during drug development that
can act on dormant stage Mtb. Despite such developments in in-vitro and in-vivo studies, the

challenge of discovering and confirming targets is reflected in the failure rate of drug
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candidates in clinical trials due to inadequate knowledge of the mechanism of action and lack
of information about the target in the pathogen.

We recently reported that RRA2 binds with intracellular GroEL2 protein as a
potential target to exert its effect on both active and dormant Mtb bacilli [27]. Interestingly,
other potent inhibitors from the same triazole scaffold do not bind the same target GroEL2
protein. Many of these compounds also showed a difference in stage specificity with respect
to the change in the substitutions in the six-membered heterocyclic ring of the triazole
moiety. This prompted us to extend our search for novel targets against other inhibitors of the
same triazole class. Herein, we have explored the spectrum of activity of different RRA
compounds against Gram-positive and Gram-negative bacterial strains. The same compounds
were further evaluated for their cytotoxicity against standard cancer cell lines to ensure
toxicity. In this study, we have used the RRA268 inhibitor to identify its protein target based
on its significant inhibition, specifically against the dormant Mtb. Our results identified
DNA binding protein HU as a primary target of RRA 268 inhibitor, which could be further

used to develop therapies against TB.
3.B.2. Results:

3.B.2.1. Identification of 1,2,4-triazole derivatives against the active and dormant stage

of Mycobacterium tuberculosis

From our triazole derivatives, we identified similar scaffolds of eight derivatives of 1,2,4-
triazolethiol based on their inhibition against active and dormant stage Mtb. In the present
study, the dose-dependent effect of the same eight derivatives (RRA2, RRA3, RRA4,
RRA121, RRA267, RRA268, RRA226, and RRA232) were further screened using an in-vitro
assay (XTTRMA assay) [28], and ex-vivo assay (nitrate reductase NR assay) [29] against the
dormant stage Mtb (described in method section). From the screening results of Table 1, we
have selected RRA268 because it acts against the dormant stage Mtb bacilli estimated from

both the in-vitro and ex-vivo assay methods.
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Table 1: Antimycobacterial activity of synthesized 1,2,4-triazole derivatives against the

active and dormant stage of Mycobacterium tuberculosis

Compound In-vitro activity |In-vitro activity| Ex-vivo activity
Code against active stage against against dormant
Mtb dormant stage stage Mtb
Mtb
MIC MIC MIC
(ng/ml) (ng/ml) (ng/ml)
RRA2 15.67+1.65 9.64+07 6.09+2.55
RRA3 27.54+3.56 >30 >30
RRA4 >30 >30 >30
RRA121 >30 >30 >30
RRA226 >30 >30 >30
RRA232 >30 >30 >30
RRA267 0.46+0.01 >30 0.29+0.15
RRA268 >30 0.11+0.06 0.34+0.12
Rifampicin® 0.05+0.04 0.064+0.05 0.09+0.10
Isoniazid® 0.12+0.04 - -

¢ Positive control drugs; std 1) Rifampicin, 2) Isoniazid

3.B.2.2. The spectrum of activity of 1,2,4-triazole derivatives against non-mycobacterial

species

The increasing gap between the use of anti-bacterial agents and their effectiveness against
various pathogenic bacteria is due to widespread and unorganized use, which is a significant

problem in controlling the disease [30]. Drugs having a broader and often unexpected range

of biological activity may cause adverse effects, rendering their usage unsuitable for
treatment. Thus, there is an urgent need to discover new compounds with proven
antimicrobial activity, especially those with 1,2,4-triazole derivatives. In continuation of our

work on evaluating the compounds against mycobacteria, we are interested in examining the
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spectrum of activity of 1,2,4-triazole derivatives against different bacterial strains. Hence,
eight derivatives (RRA2, RRA3, RRA4, RRAI121, RRA267, RRA268, RRA226, and
RRA232) that are used for anti-tubercular activity study were further screened for their
spectrum of inhibitory activity against four bacterial strains, Gram-negative strains-
Escherichia coli, Pseudomonas aeruginosa and Gram-positive strains- Staphylococcus
aureus and Bacillus subtilis. None of the tested compounds had any significant effect on the
growth of either tested bacterial strains up to the concentration of >100 pg/ml given in Table
2, which suggests that the compound's higher specificity toward Mtb can be explored further

for potential anti-TB agents.

Table 2: Anti-bacterial activity of synthesized 1,2,4-triazole derivatives against non-

mycobacterial species

Sr.No Compound Anti-bacterial Activity
Code Gram +ve bacteria Gram - ve bacteria
MIC (ug/ml) MIC (pg/ml)
Staphylococcus | Bacillus Escherichia | Pseudomonas
aureus subtilis coli aeruginosa
1 RRA2 >100 >100 >100 >100
2 RRA3 >100 >100 >100 >100
3 RRA4 >100 >100 >100 >100
4 RRA121 >100 >100 >100 >100
5 RRA226 >100 >100 >100 >100
6 RRA232 >100 >100 >100 >100
7 RRA267 >100 >100 >100 >100
8 RRA2268 >100 >100 >100 >100
Ampicillin® | 4.07+0.25 8.59+0.13 4.48+0.90 7.39+0.54
Kanamycin® | 9.48+0.77 5.68+0.63 3.97+0.94 2.92+0.10

¢ Positive control drugs- 1) Ampicillin, 2) Kanamycin
3.B.2.3. In-vitro cytotoxicity of 1,2,4-triazole derivatives against human cancer cell lines

In-vitro toxicity screening models are based on the alteration of cell viability in several
human cell lines [31]. These tests must be well-characterized and accurate predictors of in-
vivo effects, with a low rate of false-positive or negative outcomes. Hits should be assessed
for cytotoxicity before moving on in the discovery process. Herein, the eight derivatives of
1,2,4-triazole (RRA2, RRA3, RRA4, RRA121, RRA267, RRA268, RRA226, and RRA232)
were further screened for in-vitro cytotoxicity against four human cancer cell lines namely,

THP-1 (Human leukemia monocytic cell line), A549 (Human lung cancer cell line), PANC-1
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(Human pancreatic cancer cell line), and HeLa (Human cervical cancer cell line) by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay method [32,33]. None
of the tested compounds had any significant cytotoxic effect on the growth of either tested
human cancer cell line up to the concentration of >100 pug/ml given in Table 3, which
suggests that the compounds are safe to use and can be explored further for potential anti-TB
candidates.

Table 3: In-vitro cytotoxicity of synthesized 1,2,4-triazole derivatives against different
human cancer cell lines

Sr. | Compound Cytotoxic- activity % Glso®
No
Code
PANC-1
THP-1 (Human HeLa
(Human A549 pancreatic (Human
leukemia (Human lung | cancer cell cervical
monocytic cell cancer cell line) cancer cell
line) line) line)
(ng/ml) (ng/ml) (ug/ml) (ug/ml)
1 RRA2 >100 >100 >100 >100
2 RRA3 >100 >100 >100 >100
3 RRA4 >100 >100 >100 >100
4 RRAI21 >100 >100 >100 >100
5 RRA226 >100 >100 >100 >100
6 RRA232 >100 >100 >100 >100
7 RRA267 >100 >100 >100 >100
8 RRA268 >100 >100 >100 >100
Paclitaxel® 0.093+0.3 0.084+0.07 5.394+0.18 0.077+0.04

? Inhibitor concentrations responsible for 50 % growth inhibition were assessed by MTT
assay at 72 h. The values were calculated with data from at least three independent
experiments.

b Positive control drug
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3.B.2.4. Growth patterns in active and dormant cultures of Mycobacterium tuberculosis

At intervals, Wayne tubes containing Mtb culture were taken out for growth measurement at
ODe¢20, and methylene blue decolorization was also monitored for up to 24 days (Figure 1.A.
and 1.B.). Active Mtb culture growth was monitored simultaneously at ODsyo for 24 days.
Similar patterns of growth curves were observed in both the replicates of active and dormant
in-vitro cultures. Initial growth patterns were similar for up to 4 days in both active and
dormant Mtb cultures (Figure 1.A.), but from 9" day onwards, growth remained at a
stationary phase in the hypoxic culture tubes. Significant decolorization and reduction of
methylene blue was observed on day 12 (Figure 1.B.), indicated achieving hypoxia

confirmation as per the report mentioned earlier [35,57].
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Figure 1. A. Growth curves for Mtb active and Figure 1.B. O; depletion was monitored
dormant cultures in duplicate over time course by reduction and decolorization of the
studied using Wayne hypoxia model [34]. Mean methylene blue indicator [35]. Cultures
values with standard error from triplicate cultures were stirred with magnetic beads (8mm)
are shown at ODeyo are shown.

3.B.2.5. Synthesis of conjugate RRA268 compound and Biotin-linker conjugate

RRA268 compound possesses an acetylenic group in the side chain, which could be utilized
in a copper-catalyzed alkyne-azide cycloaddition reaction, i.e., ‘click chemistry,” with azide
group present in one terminal of Azide-PEG3-Biotin to form a covalent linkage (Scheme 1).
The conjugate (biotin-linker-RRA268) was purified using a preparative HPLC method, and

then the mass was confirmed using Mass Spectrometric analysis.
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Scheme 1: Proposed mechanism for the synthesis of RRA268 compound Biotin-linker

conjugate using copper-catalyzed Azide Alkyne Cycloaddition reaction

N-NH o

| =" = HN" NH
N : He——LH
N |
HoN Mo ~P° o .
RRA-268 Inhibitor Azide PEG-3 Biotin
MW-230.29 Da MW-444.55 Da

Copper-Catalysed Azide-Alkyne
Cycloaddition (CuAAQC)

- o
e i
/ " \'-/\x M
)@/(/*@ﬂ ] <5
i NG \/\o/\/"\/\./\/“\[l/\/\../ .

Conjugate (Inhibitor-biotin Linker Complex)
MW-674.84 Da

3.B.2.6. Purification of Biotin Linker-Inhibitor complex by HPLC

The reaction product (RRA268 compound and Biotin-linker conjugate) was collected in a 2
ml Eppendorf tube and allowed for solvent drying up in speed vac. for 30 min. The contents
in the tube dissolved with DMSO and further purified from the rest of the substances by the
preparative HPLC method, as shown in Figure 2. The retention time of the RRA268 inhibitor
and biotin-linker were first standardized as 23.3 Min and 16.2 Min, respectively. One foreign
pick was identified with an 11.5minute retention time (Figure 2. C) when the reaction product

was injected and separated through the HPLC column using similar conditions.
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A) Chromatogram of RRA268 inhibitor
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C) Chromatogram of Conjugate (inhibitor-biotin linker complex)
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Figure 2. HPLC profile analysis Conjugate. Chromatogram of RRA268 at MIC
concertation of 9.64 pg/ml concentration (A), Azide PEG-3 biotin at 1 mg/ml (B), and the
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reaction mixture containing biotin-inhibitor conjugate (C) were analyzed by preparative
HPLC. The chromatograms represent a result obtained from three identical sets of each
experiment. The details about the chromatography are provided in the “Materials and
Methods” section.

3.B.2.7. Confirmation of conjugate by HR-MS Analysis

The new peak at 11.5 min ( Figure 3) separated during the HPLC analysis was collected and
allowed for solvent evaporation in speed vac. for 30 min and further subjected to HR-MS
analysis for estimation of molecular mass of the conjugate. The HR-MS analysis of the new
peak was found to have a molecular mass of 675.51 Da, shown in Figure 3, C, confirming
the formation of the Biotin linker-inhibitor conjugate from copper-catalyzed alkyne-azide
cycloaddition reaction. Then, the product was collected and put together to do further

experiments.

A) HR mass spectra for RRA268 inhibitor
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B) HR mass spectra Azide PEG-3 Biotin
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C) HR mass spectra for Conjugate (inhibitor-biotin linker complex)
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Figure 3. Mass confirmation by HR-MS analysis. HR mass spectra were obtained of only
the HPLC peak elutes collected from RRA268 inhibitor (A), onlyAzide-PEG3-Biotin—linker
(B), and conjugate (inhibitor-biotin linker complex) (C). The chromatograms represent a

result obtained from three identical sets of each experiment.
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3.B.2.8. Identification of target protein for RRA268 inhibitor from Mycobacterium

tuberculosis

In order to aid future lead optimization of the RRA268 scaffold, the identification of the
specific target of the RRA268 inhibitor was carried out using dormant Mtb culture. Due to
the higher efficacy against dormant stage Mtb and the presence of the alkyne group, RRA
268 was selected to identify its specific target from the dormant stage of Mtb culture. Affinity
pooling may be a classic and simple strategy for finding a protein target among the several

approaches known for identifying the target of a novel compound [36,37].

kDa M Control  Test

180

(51—
(4]

L

Bl

Figure 4. SDS-PAGE analysis of target protein isolated from Mycobacterium
tuberculosis. The gel image represents the target protein obtained after being previously
treated with RRA268 compound (Control), untreated with RRA268 compound (Test), and

molecular weight protein markers (M).

SDS-PAGE analysis indicated a significant protein band at ~ 23 kDa molecular
weight (Figure 4). As a control, we added biotin-linked-RRA268 to dormant Mtb culture
previously treated with RRA268. Notably, no band was seen on the control lane, presumably
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as RRA268 was already bound to the target protein's active site, leaving no room for

conjugate (biotin-linked-RRA268) binding and subsequent pull-down.
Table 4. Identification of protein by LC-MS/MS Method

Access- mW | pl |PLGS | Pepti- Theoreti Coverage e
Entry | Description -cal ein
ion (Da) | (pH) | Score | des (%)
Peptides ID
A5U6Z | A5U6Z7| DNA binding |2217|12.358[1159.6 8 11 33.1776 (3006
7 _ protein HU 3 9 6
MYCTA | homolog OS
Mycobacteriu
m tuberculosis
strain ATCC
25177 H37Ra
0X 419947 G
Table S. Fragments Generated for the identified protein
Sequence Retention Time (min)
(RYQATAAVENVVDTIVR(A) 9.7767
(K)AATKAPAR(K) 19.2952
(K)AELIDVLTQK(L) 9.2762
(K)GDSVTITGFGVFEQR(R) 9.8563
(K)AATKAPAKK(A) 18.9162
(R)YLPAEGPAVK(R) 19.9649
(K)LGSDR(R) 16.6312
(DTGFGVFEQR(R) 9.8616
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3.B.2.9. Target Specificity analysis
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Figure 5. SDS-PAGE analysis of target protein by competing for the conjugate with
other compounds. The purified conjugate was treated with the dormant Mtb culture already
treated with RRA268 (control), RRA2, RRA267, RRA226, and RRA232, respectively. M
represents different molecular weight protein markers. The result shown here is

representative of three identical experiments.

Interestingly, each lane of Figure 5 showed a clear band at ~ 23 kDa representing the
protein of the same molecular weight obtained in the presence of all four different
compounds like test samples of RRA268 except in the control sample. Even though the other
four representatives belonged to the same scaffold of 1,2,4-triazole, they had shown varied
inhibitory effects against the active and dormant stage of Mtb. Compounds RRA226 and
RRA?232 are not inhibitors of Mtb, so they were used as a placebo and allowed to compete
with the target protein. Even though the inhibitors RRA2 and RRA267 were allowed to
compete with the target binding site, they showed similar results to the placeboes. As the
inhibitors (Compounds RRA2 and RRA267) are not competing with the RRA268 binding
site of the target protein, it is concluded that their protein target sites are different. This result

demonstrated the robust target specificity of the compound RRA268.
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3.B.2.10. Multiple Sequence Alignment of DNA binding protein HU from different

species of Mycobacteria
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Figure 6 Multiple Sequence Alignment of DNA binding protein HU from different
species of Mycobacteria Seq. Order: 1. M. tuberculosis H37RV; 2. M. tuberculosis H37Ra;
3. M. bovis; 4. M. ulcerans; 5.M. smegmatis; 6. M. leprae;7. M. marinum;8. M. avium; 9. M.

abscessus; 10. M. canettii.

The Multiple Sequence Alignment (MSA) was manually edited in Jalview software
V 2.11.2.0, a tool written in Java to analyze the residue conservation patterns (the analysis
method is written in the materials and methods section). Once the sequence of DNA binding
protein HU from 10 closely related Mycobacterial species has been clustered, the
conservation patterns can be calculated and shown for each group (Figure 6). Each column in
the alignment or group is given a score from 0 to 10 based on the common Physico-chemical
properties of the residues (highlighted in Yellow color). The height of consensus between the
sequence is related to the sequence similarity highlighted in multiple colors. MSA is often
used to measure common features between sequence conservation of protein domains,
tertiary and secondary structures, and even individual amino acids or nucleotides to find

sequence similarity, homology, and evolutionary association. The degree of protein sequence
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similarity is represented in dark blue to no color, where the dark blue color between the
sequences represents 100 % similarity. In contrast, the regions where there is no blue color
indicates that there is no similarity between the sequence.

3.B.2.11. Pairwise Sequence Alignment of DNA binding protein HU between
Mpycobacterium tuberculosis H37Rv and H37Ra

The pairwise sequence alignment (PSA) analysis between DNA binding protein HU from
Mycobacterium tuberculosis H37 Ra and Rv strains was done using Jalview software
V 2.11.2.0. The percentage identity score from our PSA was found to be 100. 100 %
Sequence similarity (Figure 7) indicates that the proteins have identical sequences. In other
words, RRA268 could be used to interact with the same target in the Mjycobacterium

tuberculosis H37Rv strain with equal efficiency and kill the pathogen in the animal model.
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Figure 7. Pairwise Sequence Alignment of DNA binding protein HU between

Mpycobacterium tuberculosis H37Rv and H37Ra strains
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3.B.2.12. Potential Binding mode of RRA268

Biochemical experiments on recombinant, purified HupBwmw showed that it exhibits
properties of nucleoid-associated proteins (NAPs) in terms of non-specific DNA binding
activity [38]. The HU protein is characterized by its interaction with DNA and plays an
important role in regulating its expression. Our docking interaction has clearly indicated that
RRA 268 interacts with HU protein into its DNA binding cleft in Figure 8. The compound
showed the hydrogen bonding interaction with the Pro 77 and Phe 79 residues. The
hydrophobic interaction is composed of interactions with the Pro 81, Phe 79, Ala 78, Pro 77,
and Val 76. The compound also interacted with the basic positively charged residues of Arg
55, Arg 53, and Lys 86, as shown in Table 6. The study revealed that residues of DNA
binding cleft might be essential for the activity of 1,2,4-triazole derivatives. Here, the
computational (theoretical) prediction data from the molecular modelling study was

replicated in target identification by the pull-down method.
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Figure 8. Interactions observed in the binding of compound RRA268 into the DNA-
binding cleft
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Table 6. Docking scores

Shown is the docking score for the highest-ranked solution. Notably, the lower the score, the
better the dock is proposed to be.

Compound code Docking Score Binding interaction residues
(kcal/mol)
RRA268 -3.107 Hydrogen bonding interaction with

the Pro 77 and Phe 79 residues.
The hydrophobic interaction with the
Pro 81, Phe 79, Ala 78, Pro 77, and
Val 76.

3.B.3. Discussion

Target identification and characterization started with the discovery of novel potent
inhibitors to increase the understanding of the role of potential therapeutic targets (i.e.,
protein/gene/receptors/metabolites/enzymes) in the disease [39]. Various techniques are
reported for target identification, such as affinity chromatography/affinity pull-down method,
expression-cloning, protein microarray, phage, and mRNA display, biochemical suppression,
siRNA, DNA microarray, reverse transfected cell microarray, and system biology [36,37].
Additionally, in-silico drug discovery uses machine-learning techniques to identify targets
and their linked ligands deposited in multiple-target [40-42]. We have used the affinity pull-
down method because of the commercial availability of different linkers and established
methods to easily bind with the proposed candidate molecule and capture the target protein.
Various classes of biomolecules such as enzymes, proteins, lipids, and DNA are identified as
drug-target playing a crucial role in the growth of Mtb. Examples include the enoyl-acyl
carrier protein reductase (InhA), a recognized anti-TB target involved in the biosynthesis of
mycolic acids; it is also the target for isoniazid and ethionamide [43]. Bing Zhang and
coworkers identified the drug target for SQI09 (in phase 2b-3 clinical trials) as
Mycobacterial membrane proteins Large (MmpL3), which play crucial roles in transporting
lipids, polymers, and immunomodulators using expression, purification, and crystallization
techniques [44]. Furthermore, kinetic modelling of biochemical pathways was used to assess
potential ani-Tb drug targets that interfere with the TCA cycle and glyoxylate bypass
pathway enzymes of Mtb [45]. However, experimental confirmation of the projected targets

for most of the compounds in the studies mentioned above is limited in many cases. Hence,
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more studies are required to explore this area and understand the mechanism of candidate

drugs.

In our study, compound RRA2 inhibited the active and dormant stage Mtb, and
RRA268 specifically inhibited dormant stage Mtb. At the same time, the compound RRA2
used in the present study acts against both active and dormant stages of Mtb and is only
known to bind specifically with groEL2 protein [27]. The spectrum of activity results
confirmed the specificity of the selected compounds towards mycobacteria only (Table 2).
Furthermore, the in-vitro cytotoxicity results found no toxic effect for the compounds tested
for the concentration up to 100 pg/ml, suggesting the RRA compound’s use for further in-
vivo studies (Table 3). Our target specificity analysis found no competition between RRA2,
RRA267, and RRA268 for the identified target HU protein (Figure 7). This proves that RRA
268 with a specific moiety such as the NH> group in the six-membered ring structure may
play a crucial role in target (Hu protein) selection and binding compared with the other
scaffold derivatives. Literature reports suggest that HU protein plays a significant role in
different species at the beginning of DNA replication [46], SOS response cell division
[47,48], and galactose metabolism [49]. It could play an essential role in inhibiting interaction
with proteins and nucleic acids, ultimately leading to the global regulation of bacterial

viability.

A recent study identified the core area within the HU-DNA edge that can be pursued
as a drug target using stilbene derivatives. These derivatives specifically prevent HU-DNA
binding, interrupt nucleoid architecture, and decrease Mtb growth; they ultimately have been
suggested as a potential target for the development of therapies against TB [50]. However,
these compound’s target and action mechanisms have not been identified yet, which further
complicates its usage for in-vivo studies during the drug discovery program. In our study, due
to the higher efficacy against dormant stage Mtb (Table 1) and the presence of the alkyne
group, RRA 268 was selected to identify its specific target from the dormant stage of Mtb
culture. Furthermore, we identified the target for the RRA268 compound as HU protein by
LC-MS/MS method (Table 4). Earlier studies explored the importance of the hupB gene
(HU-coding gene; gene id: 15610123) to be essential for the growth of Mtb [51]. Another
study highlighted the significance of HU protein and Lsr2 (a small, basic protein)in Mtb,

wherein the HU protein and Lsr2 interact to form a complex and regulate the expression of
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A/T-rich portions of the mycobacterial gene expression [52]. These studies suggest the

important role of HU protein in the survival of Mtb and could be considered a drug target.

The importance of HU protein identified in the literature in bacterial metabolic cell
cycles has been proven at the DNA, RNA, and protein levels. It is abundant among the most
class of NAPs in bacterial metabolic cell cycles [53]. However, this raises a question about
conservation patterns at the protein level. To address this, we have performed the MSA of
HU protein found in different mycobacterial species. Our results from the MSA study found a
significant difference in the sequence conservation pattern of HU protein analyzed through
the MSA study when compared against ten closely related species of the same Mycobacteria.
(Figure 6). It also has been suggested that HU protein is recognized as a transcription factor
and controls the transcription regulation of expression of Hu protein [53]. Even though
sequence conservation at the genome level, Hu protein can modulate the transcription and
controls the expression of most of the other proteins [54,55]. These significant differences are
further replicated in differences pertaining to structural, functional, and evolutionary
relationships among closely related species of Mycobacteria. To understand this, we have
done a pairwise sequence alignment study of HU protein and identified 100% similarity at
the protein level in Mtb H37 Ra and Rv strain. This gives a hint for the evolutionary
relationships and common patterns between the species of mycobacteria (Figure 7).
Furthermore, our study on docking interactions of the RRA268 predicts the significance of
the DNA binding cleft region required for anti-tubercular activity (Figure 8). Given the
remarkable sequence conservation at the genome level found among HUs from various
pathogenic mycobacterial species, including M.bovis, M.lepre, and other pathogenic
actinobacteria, such as Nocardia, particularly at the N-terminal DNA binding region [50], we
anticipate that the inhibitor design and drug-target identification strategy outlined in the

present study can serve as a template to target HU protein in these organisms.

To summarise the present study, RRA268 showed significant inhibitory activity in both in-
vitro and ex-vivo assays against dormant stage Mtb. The spectrum of activity study confirms
its specificity towards mycobacteria. Furthermore, cytotoxicity results showed that RRA268
is less toxic and can be further explored in in-vivo studies. Using the affinity pull-down
method and LC-MS/MS approach, we identified DNA binding protein HU as the target site
of the RRA268 compound in dormant stage Mtb, and further possible interaction of RRA268
inhibitor predicted through molecular modeling studies. The findings of this study revealed
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that the combined analysis was supportive of explaining RRA268's efficacy in suppressing
Mtb cells and interpreting their likely mode of action. This study opens up new avenues to

examine the role of HU protein as a possible target for drugs.

3.B.4. Materials and methods
3.B.4.1. Chemicals and materials

All the chemicals such as XTT, DMSO, rifampicin, isoniazid, and M phlei media
components, including KH>POs, trisodium citrate, MgSQOa, asparagine, and glycerol, were
purchased from Sigma Aldrich USA unless otherwise mentioned. Dubos medium was
purchased from DIFCO, USA. RPMI 1640 cell culture media and fetal bovine serum (FBS)
were purchased from GIBCO, USA. Stock solutions (10mg/ml) of all the synthesized

compounds were freshly prepared in DMSO and used the same day after mixing.
3.B.4.2. Bacterial strains, media, and inoculum preparation

M. tuberculosis H37Ra (ATCC 25177) was obtained from Astra Zeneca, Bangalore, India.
The THP-1 (Human leukemia monocytic cell line), A 549 (Human lung cancer cell line),
PANC-1 (Human pancreatic cancer cell line), and HeLa (Human cervical cancer cell line)
were obtained from the National Center for Cell Science (NCCS), Pune, India. Subculturing
of all mycobacterial strains was routinely done in Dubos albumin agar slants or plates. The
stock was maintained at -70 °C and sub-cultured once in a liquid medium before inoculation
in the experimental culture medium. The liquid inoculum was prepared in Dubos broth with 5
% glycerol, and 10 % Albumin dextrose catalase (ADC) enrichment medium, incubated in a
shaker incubator rotating at a speed of 150 rpm at 37 °C till the logarithmic phase (ODs20 ~
1.0) was reached. For in-vitro screening before inoculation to an experimental culture, Mtb
was subcultured in M.pheli medium.The M.pheli medium contains 0.5 gm Potassium
dihydrogen orthophosphate, 0.25 gm Sodium citrate, 60 mg Magnesium chloride, 0.5 gm
Asparagine, and 2% (v/v) glycerol in 100 ml of distilled water at pH 6.6 + 0.2. 1% of 1.0
ODe2o of the culture was used as standard inoculum size for all the experiments, yielding final

inoculum of approximately 1X10° CFU/ml.

3.B.4.3. In-vitro anti-tubercular activity of synthesized 1,2,4-triazole derivatives against

the active and dormant stage of Mycobacterium tuberculosis

For anti-tubercular activity screening, stock solutions (10 mg/ml) of all the synthesized

compounds were freshly prepared in DMSO and evaluated for their dose-response effect
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against active and dormant stage Mtb using an established microplate-based technique using
tetrazolium salt 2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide
(XTT) and menadione to determine the viability of Mtb [28]. Briefly, 2.5 pL of the test
solution (10mg/ml) was added to 247.5 pL of M. phlei medium containing bacilli and
incubated for 8 days for the active stage and 12 days for the dormant stage at 37 °C. Post
incubation, an XRMA assay was performed. The reduction of XTT is directly proportional to
the cell concentration in the presence of menadione. This method allows rapid screening of
inhibitors against mycobacterial cultures against active and dormant stage Mtb. Mtb culture
was grown in M. Phlei broth up to the log phase and was subjected to brief sonication in a
water bath sonicator to break the clumps. This sonicated culture was further used for
inoculation in M. Phlei broth for assay, where the final assay volume was 250 pL in each
well of sterile 96 well plates, which helped to maintain the headspace ratio of 0.5 [34,56]. 200
puM XTT was added to each well and incubated for 20 min at 37 °C. After incubation, 60 uM
menadione was added and incubated further at 37 °C for 40 min. The plate was read on
SpectraMax Plus 384, Molecular Devices, Inc., using a 470 nm filter against a blank prepared
from cell-free wells. MIC and ICso values of the selected compound were calculated from
their dose-response curves by using OriginPro 2019b software. The assay was carried out in
triplicates, and the percentage inhibition was calculated using a similar formula as per the
described method below in the calculation of percent inhibition. The data shown are

representative of three independent experiments.

3.B.4.4. Screening of 1,2,4-triazole derivatives against intracellular M.fuberculosis inside

THP-1 macrophage by nitrate reductase assay (Ex-vivo assay).

THP-1 was used to examine the inhibitory activity of the compounds against intracellular
bacilli by following a method described earlier [29]. Briefly, 3 mL of THP-1 cells (~5x10*
cells/ml) were treated with 100 nM of phorbol myristate acetate (PMA) in a culture flask for
24 h to convert them into macrophages. These macrophages were further incubated for 12 h
with M. tuberculosis Hz7Ra at MOI (multiplicity of infection) of 1: 100 for infection.
Extracellular bacilli were removed by washing twice with sterile PBS and then adding fresh
medium to adhered cells. Compounds were then added to these infected macrophages at
different concentrations. In order to check the effect of inhibitors on the growth of
intracellular bacilli, compounds were added at 0 h (for identification of active stage
inhibitors) and after 120 h (for identification of dormant stage inhibitors) of infection. Unless

mentioned otherwise, the effect of the compound was monitored by determining the bacterial
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load within macrophages by lysing them with hypotonic buffer (10 mM HEPES, 1.5 mM
MgCl,, and 10 mM KCI) at different time points and spreading 100 pL of the samples on
Dubos agar plates to enumerate colonies after 21 days.

3.B.4.5. The spectrum of activity of 1,2,4-triazole derivatives against non-mycobacterial
species

To determine the spectrum of activity against non-mycobacterial species, all the eight
derivatives of 1,2,4-triazole (RRA2, RRA3, RRA4, RRA121, RRA267, RRA268, RRA226,
and RRA232) were screened for their in-vitro anti-bacterial activity in 96-well plates against
four bacterial strains (Gram-negative strains: Escherichia coli (NCIM 2065; ATCC 8739)
and Pseudomonas aeruginosa (NCIM 5029; ATCC 27853); Gram-positive strains:
Staphylococcus aureus (NCIM 2901; ATCC 29737) and Bacillus subtilis (NCIM 2920;
ATCC 605) obtained from the National Collection of Industrial Microorganisms (NCIM),
Pune, India. Once the cultures reached ODe2o of 1, 0.1 % of bacterial culture was used to
determine anti-bacterial activity. The synthesized compounds were screened to monitor the
dose-response effect and incubated for 8 h at 37 °C. Post-incubation ODg2o was measured for
both Gram-positive and Gram-negative bacteria. The percentage inhibition was calculated
using the following equation: percentage inhibition = [(absorbance of control-absorbance of
the test sample)/ (absorbance of control - absorbance of blank)] X 100, where control denotes
the medium with bacilli together with the vehicle, test denotes the medium with bacilli
together with compound and blank denotes the cell-free medium. Here reference drugs in
clinical use, Ampicillin and Kanamycin, served as standards, and DMSO was used as solvent

control. The data shown are representative of three independent experiments.
3.B.4.6. In-vitro cytotoxicity of 1,2,4-triazole derivatives against human cancer cell lines

Eight derivatives of 1,2,4-triazole (RRA2, RRA3, RRA4, RRA121, RRA267, RRA268S,
RRA226, and RRA232) were further screened for in-vitro cytotoxicity against four human
cancer cell lines namely, THP-1 (Human leukemia monocytic cell line), A 549 (Human lung
cancer cell line), PANC-1 (Human pancreatic cancer cell line), and HeLa (Human cervical
cancer cell line) by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay method [32,33]. Briefly, the toxicity of the active compounds was done by examining
their effect on the proliferation of the induvial cell line. Briefly, 100 pL of cells from each
cell line (5 x 10* cells/ml) culture was dispensed in each 96-well plate, and 2.5 pL of each
was added up to 10 x higher concentration of their MIC along with the inoculums in a dose-

dependent manner and vehicle control. The cell culture plates were then incubated at 37 °C,
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5% CO2, 95% humidity-maintained incubator for three days. MTT assay was done after three
days of incubation. Ten pL of MTT dye solution (5 mg/ml) was added to each well and
incubated for one h in a humidified atmosphere (37 °C, 5% CO2, 95%). 200 pL of
isopropanol was added to each well and kept for four h to dissolve the formazan crystal.
Thoroughly mix the formazan in the solvent and take the violet color absorbance of the
culture at 490 nm to examine their effect on proliferation. The Paclitaxel was used as

standard, and DMSO was used as vehicle control.
3.B.4.7. In-vitro culture method to generate (hypoxic) dormant M.tuberculosis cultures

A preliminary experiment was done to confirm limiting oxygen conditions in agitated liquid
cultures of Mtb. To obtain dormant cultures, Mtb culture was grown in Dubos broth with 5 %
glycerol, and 10 % Albumin dextrose catalase (ADC) enrichment medium, incubated in a
shaker incubator rotating at a speed of 150 rpm at 37 °C till the logarithmic phase (ODs20 ~
1.0) was reached. Wayne’s in-vitro oxygen depletion method was followed to generate
hypoxic (dormant) Mtb cultures [16,57]. Briefly, Mtb culture was grown in Dubos broth and
inoculated in test tubes (20mm X 125 mm, with an overall fluid capacity of 25.5 ml). Test
tubes were initially filled with 17 ml of Dubos broth containing Mtb culture leaving 8.5 ml of
head space to give a head to air space ratio of 0.5. After inoculation, the tubes were tightly
sealed through a sterile rubber septum and incubated at 37 °C. Sterile 8-mm Teflon -coated
magnetic beads were added to each Wayne tube to gently stir the culture at 120 rpm. This

stirring maintains the equal distribution, and the rate of O depletion was under control.

The O; depletion was examined by the reduction and decolorization of the methylene blue
indicator. A sterile solution of methylene blue (Sigma-Aldrich, St. Louis, MO, USA) was
added at a final concentration of 1pg/ml into the Wayne tubes containing dormant Mtb
culture at the beginning of incubation. Earlier reports highlighted the methylene blue
reduction and decolorization in in-vitro cultures of Mtb when the oxygen concentration is
declined below 3% [57]. Therefore, significant decolorization of methylene blue was
considered to indicate oxygen depletion. Growth was measured at ODg2, and visual
methylene blue decolorization (for dormant culture only) was also monitored for up to 24
days for both active and dormant cultures. Triplicate cultures of both active and dormant

were set up during the study.
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3.B.4.8. Preparation of Conjugate (RRA268-biotin linker conjugate)

Copper-catalysed alkyne-azide cycloaddition protocol was used to prepare biotin-linked
RRA268 conjugate (RRA268-biotin linker) [58,59]. Briefly, Azide-PEG3-Biotin (5 mg/0.011
mmol) was dissolved in 0.5 mL anhydrous Tetrahydrofuran (THF) in a 5 mL round bottom
test tube at room temperature. 0.5 ml copper sulphate solution (125 mmol) was added to this
5 mL test tube and mixed properly. Next, 10 mg of sodium ascorbate was added, and this
complete solution was stirred on a magnetic stirrer at room temperature. A 2:1 ratio of
RRA268 and Biotin was used for the reaction. So, 10 mg of the inhibitor was added to this
reaction mixture, and the reaction was allowed to proceed and stirred for 8 h at room

temperature.
3.B.4.9. Purification of Biotin Linker-Inhibitor complex by HPLC

Chromatographic separation and analysis of the product and components of the reaction were
done using reverse-phase X bridge Cis (5 um, 46 x250 mm) column in preparative HPLC
(binary pump-1525, UV detector-2489, sampler-2707, Waters, India). Organic solvents
employed to prepare mobile phases were HPLC-grade, and the HPLC column used was
reverse-phase X bridge C18 (5 uM, 46x250 mm). The optimized mobile phase composition
used was in, ‘A’ solution - water (100, 60, 60, 45, 40, 0) % and ‘B’ solution — acetonitrile (0,
40, 40, 55, 60, 100) %. The analysis was carried out in gradient elution mode at a 1 ml/min
flow rate with column run-off monitored at 254 nm wavelength. The retention time for
inhibitor RRA268 (Figure 3A) and Azide-PEG3-biotin (Figure 3B) were observed at 23.2
and 16.2min, respectively, which could help in comparison with the reaction mixture of the
conjugate (Figure 3C). After injecting the reaction mixture of conjugate into the column, one
foreign peak was observed at 11.5 min retention time along with the biotin and inhibitor
peak. This foreign peak (Figure 3C) represented the neat conjugate (inhibitor-biotin linker

complex) and was collected for further experiments.
3.B.4.10. Mass confirmation by HR-MS analysis

HR-MS analysis was done by the modified method as reported earlier [60]. The purified
inhibitor-biotin linker complex was dissolved in acetonitrile (mass spectrometry grade)
followed by separation using the Accela ultrahigh performance liquid chromatography
(UHPLC) system (Thermo Fisher, Waltham, USA) using a C18 Hypersil Gold column (3 pm,
3 x 100mm, Thermo fisher) coupled with a Q Executive- Orbitrap mass spectrometer
(Thermo Fisher, Germany). The separation is carried out in optimized mobile phase
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composition of solvent A (acetonitrile with 0.1% of formic acid) against 70-30% of solvent B
(water with 0.1% of formic acid) at a flow rate of 500 pL/min and a temperature of 45 °C for
5 min. The molecular weight was identified by electrospray ionization positive (ESI+) mode
with a mass scan range set from 100 to 1500 m/z. The data acquisition and processing were
performed using the Thermo Scientific Xcalibur software (version 3.0). The tandem mass
spectrometry (data-dependent MS/MS) data were collected with collision energy between 30
and 40 eV. The raw data from the instrument were converted to the mzxml file format by
using ProteoWizard. The mass confirmation was carried out with the HPLC purified fractions
for RRA268 Inhibitor (Figure 4A), Azide-PEG3 Biotin (Figure 4B), and neat conjugate
(Figure 4C), respectively, were then analyzed for mass confirmation by HR-MS method. The
RRA268 Inhibitor (Figure 4A) and Azide-PEG3-Biotin (Figure 4B) showed their
corresponding mass of 231.04 Da and 445.22 Da. The mass of neat conjugate was found at
675.51 Da, confirming the separation of the Biotin linker-inhibitor conjugate from the
mixture. The confirmed mass of conjugate from HR-MS analysis helped to process for the

next step of the experiment.

3.B.4.11. Binding of RRA268-Biotin conjugate with the dormant culture of

Mpycobacterium tuberculosis

The RRA268-Biotin conjugate obtained from HPLC purification was allowed to dry the
solvent in speed vac for 30 min, dissolved in 100pL DMSO, and finally added to the dormant
Mtb culture. Using a sterile syringe and needle in an aseptic condition, the RRA268-Biotin
conjugate dissolved in DMSO was added at MIC concentration through the tightly sealed
septum of the Wayne tube. For dormant culture preparation, 5 mL spheroplast solution
(0.0006%) was added in 0.4- 0.6 ODg20 Mtb culture and incubated for 12-16 h. This Biotin
linker-inhibitor conjugate was also added to the control culture, which was already treated
with an RRA268 inhibitor. To bind the target protein, both control and test samples were kept
for 30 minutes in an incubator shaker at 37 °C and 150 RPM. Both the cultures were
sonicated in protein extraction buffer (100mM HEPES buffer, 5 mM EDTA 1 %, SDS, 100
mM NaCl 0.5%, Triton X-100, and freshly prepared 1% protease inhibitor cocktail) at 45 Hz
with 10 Sec. pulse ON and 5 Sec. pulse OFF in ice-cold condition for 15 min and centrifuged
the cell extract at 14,000 rpm for 1 h at 4 °C to get the intracellular protein in supernatant.
The supernatant containing the target protein with Biotin-Inhibitor conjugate was taken out
and dialyzed against PBS to remove the excess unbound Biotin-Inhibitor conjugate and

inhibitor molecules at 25 °C for 3 h.
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3.B4.12. Purification of RRA268-Biotin conjugate tagged target Proteins by
MagnaBind™ Streptavidin Beads

MagnaBind Streptavidin Beads are convenient for affinity purification or separation methods
involving biotin-labeled molecules obtained from Thermo Scientific MagnaBind Streptavidin
Beads (Cat. No. 21344) were added in the supernatant containing the target protein already
bound with Biotin-Inhibitor conjugate allowed to pull down by using an external magnetic
field overnight at 4 °C. Then, the beads were washed with sterile PBS 2-3 times to remove
the unwanted proteins. To release our target protein attached with Biotin-Inhibitor conjugate,
we added an excess of free 10 mM biotin molecule in shaking condition at 25 °C for 30 min
before dialysis against water for 3 h. Dialyzed sample was collected and further processed for

protein precipitation.
3.B.4.13. Chloroform-Methanol Precipitation of Target proteins

The chloroform-methanol precipitation method was followed to remove salt and
detergents.100 pL sample was added to 400 pL. methanol, vortexed well, then 100 pL
chloroform was added, and vortexed. 300 nL Mili Q water was added and again vortexed for
2 min Spin was given for 1 min at 14,000g. Removed the top aqueous layer (protein is
between layers), then 400 pL methanol was added and vortexed. 2 min at 14,000 g spin was
given and removed the MeOH without disturbing the pellet. The sample was dried in speed-
Vac. and 1X sample buffer (125 mM TrissHCI, pH 6.8, 20% Glycerol, 1% SDS, 10% B-
Mercaptoethanol, 0.5 mg/ml Bromophenol Blue) was added for SDS-PAGE [61].

3.B.4.14. Protein estimation

Protein quantification was done by the Bradford method (Bio-Rad Protein Assay; Cat. No.
500-0006) according to the manufacturer’s instructions (Bio-Rad, Hercules, CA) [62].

3.B.4.15. SDS-PAGE and Proteomic Analysis of Captured Proteins

Individual proteins in the sample were separated by carrying out SDS-PAGE (Figure 4) [63].
Briefly, 80 pg (5pL) of each protein sample was first mixed with 1X loading (sample) buffer
containing 5% B-mercaptoethanol (Sigma, MO, USA). The samples were then incubated for
10 min at 80 °C. Next, 20 puL (64 pg) samples were loaded onto 12.5% Bis-Tris pre-cast
polyacrylamide gels, and the SDS-PAGE was carried out using Mini-PROTEAN®
Electrophoresis System-Bio-Rad (Catalog.1658000). After electrophoresis, the gel was

subjected to Coomassie staining for overnight. Protein bands seen within the gel were
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appropriately cut and subjected to trypsin digestion using the earlier protocol [64], followed
by peptide extraction and proteomic analysis in Liquid chromatography-mass spectrometry

(LC-MS).
3.B.4.16. Target specificity analysis

To determine the target specificity of RRA268, four-hit derivatives of 1,2,4-triazolethiols
(RRA2, RRA267, RRA226, and RRA232) were selected from in-vitro screening (Table 1).
These derivatives also have significant inhibitory activity against the active and dormant
stage of Mtb H37Ra. Therefore, all these four compounds are specific compounds of either
the active stage or dormant stage of the bacilli. To confirm the specificity of the RRA268
compound, the purified biotin linker-RRA268 conjugate was separately added to the dormant
Mtb culture, which has already been treated with the RRA268 compound (control) and
without the RRA268 compound (test) along with four similar scaffolds of 1,2,4-triazolethiols
compounds (Table 1). A similar protocol was used to pull the purified target protein
(mentioned in the above section) and perform the SDS-PAGE. Presumably, if all or any of
the compounds had the same target as RRA268, it should not show any band in the SDS-
PAGE because the target site is not available to bind to purified conjugate (Figure 5).

3.B.4.17. LC-MS analysis

2 pL digested peptides with a final concentration of 100 ng/uL were analyzed by nano LC-
MS using nanoACQUITY online coupled to SYNAPT HDMS system (Waters Corporation,
MA, USA) equipped with a nanolockspray ion source with a flow rate of 300 nL/ min
(external lock mass standard: Glu-fibrinopeptide) [65]. Peptide samples were injected online
onto a 5 um Symmetry C18 trapping column (180 uM x 2 cm length) at a flow rate of 15
pL/min. Peptides were separated by in-line gradient elution onto BEH (Bridged Ethyl
Hybrid) C-18 1.7 uM x 75 uM x 150 mm nanoACQUITY analytical column at a flow rate of
300 nl/ min using a linear gradient from 5 to 40% B over 35 min (A. 0.1% formic acid in
water, B. 0.1% formic acid in acetonitrile). The acquisition was performed in positive V
mode in a mass range of 50-1990 m/z with a scan time of 1 second with alternating low (5
eV) and high (15-40 eV) collision energy. MS data were processed with ProteinLynx Global
Server (PLGS version 2.4. Waters Corporation, MA, USA). The processed data were allowed
to search against the Mycobacterium tuberculosis H37Ra subset of the UniProt database

containing all 44,987 protein entries for protein identification described by Silva et. al. [66].
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3.B.4.18. Multiple Sequence Alignment of HU protein from different species of

Mycobacteria

Multiple sequence alignment (MSA) is often used to measure common features between
sequence conservation of protein domains, tertiary and secondary structures, and even
individual amino acids or nucleotides to find sequence similarity, homology, and
evolutionary association. The MSA was manually edited using default parameters in Jalview
software V 2.11.2.0 [67]. FASTA files of HU protein were imported from the UniProt
database for 10 closely related Mycobacterial species. (1. M. tuberculosis H37RV; 2. M.
tuberculosis H37Ra; 3. M. bovis; 4. M. ulcerans; 5.M. smegmatis; 6. M. leprae;7. M.

marinum;8. M. avium; 9. M. abscessus; 10. M. canetti)

3.B.4.19. Pairwise Sequence Alignment of HU protein from Mycobacterium tuberculosis

H37Ra and Ry strain

To identify the pairwise sequence similarity of HU protein from Mycobacterium tuberculosis,
H37 Ra and Rv strains were done using FASTA files of GroEll and GroEI2 were imported
from the UniProt database using Jalview software V 2.11.2.0. Every unique pair of sequences
is implemented in MUSCLE [68], ClustalW [69], and computes the identity of each pair of

sequences.
3.B.4.20. Molecular Modelling

The docking study was performed in order to identify the crucial interactions between the
protein structure of MtbHU and the target compound (RRA268). The protein structure with
PDB ID: 4PT4 (https://www.rcsb.org/structure/4PT4), having better resolution (2.04 A), was

selected for our study. The entire study was performed using the trial version of the maestro
software version 12.9 (Schrodinger Suites 2021-3). The ligand was optimized using the
OPLS4 force field in the LigPrep tool of the software. The protein structure was prepared
using the protein preparation workflow. The prepared protein was further subjected to the
grid generation step. The centroids of active site residues were specified for grid generation.
The specified residues were comprised of core residues of DNA binding cleft, namely., Lys
3, Arg 53, 55, 58, 61, 64, 80, and Lys 86. Finally, the docking was performed using the glide

module of the software using the standard precision method.
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4.1. Introduction:

Tuberculosis (TB), a potentially infectious bacterial disease caused by the respiratory
pathogen Mycobacterium tuberculosis (Mtb), most often affects the lungs. Globally, an
estimated 10 million individuals fell ill with TB worldwide in 2020, with 3.3 million women,
5.6 million men, and 1.1 million children [1]. First-line TB medications such as rifampicin,
isoniazid, pyrazinamide, ethambutol, and streptomycin are now being used for treatment.
However, the primary cause of concern is a systematic and frequent development of
resistance to these drugs creating (Multidrug-resistant) MDR-TB cases [2]. In 2019, WHO
recommended new consolidated guidelines on the second-line drugs to treat MDR-TB. These
second-line drugs include bedaquiline, levofloxacin, linezolid, moxifloxacin, delamanid, and
pretomanid [3]. There have also been instances of extremely drug-resistant M. tuberculosis
strains (XDR-TB) that are resistant to rifampicin, isoniazid, and second-line treatments such
as fluoroquinolones (for example, kanamycin, amikacin, and capreomycin) [4,5]. Moreover,
long-duration drug regimens, low efficacy, high cost, high toxicity, and burden of MDR-
RB/XDR-TB continue to exhibit many challenges to physicians and national TB programs.
Therefore, there is an urgent need for a new class of drugs/repurposing of existing drugs and
effective strategies that can reduce treatment time and complexity of treatment and also

effectively treat MDR-TB and XDR-TB.

The triazole nucleus has gathered interest among pharmacists and biologists in recent
years. It is one of the important building components in its structure due to its medicinal
values [6,7]. The unique properties of triazoles are colorless compound, high chemical
stability, broad-spectrum, usually inert to basic or acidic hydrolysis, and stable in most redox
conditions [8-10]. Among heterocyclic compounds, the two isomers 1,2,3-triazole and 1,2.,4-
triazole have received wide interest in recent years due to their effectiveness in different areas
of biological activities such as anti-microbial [11-15], anticonvulsant [16], antitubercular
[17], anticancer [18-19], anti-inflammatory and analgesic activities [20]. 1,2,4- triazole
derivatives such as 3-(3- pyridyl)-5-(4-methylphenyl)-4-(N-4-chloro-1, 3-benzothiazol2-
amino)-4H-1,2,4-triazole when tested under in-vitro conditions demonstrated significant
anti-TB activity as compared to rifampicin [21]. Kumar and associates described the
synthesis of triazole-isoniazid conjugates and further in-vitro evaluated for their possible
likeliness property as an anti-TB drug. In their study, compound (12) was reported as the
most active derivative (MIC=0.195-0.39uM), with comparatively better activity than
isoniazid (INH, MIC=0.39 uM) [22].
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We have recently reported the biological activity of the 1,2,4-triazole derivatives
against Mtb and M. bovis BCG [23-25]. Also, we have reported a library of novel 3-aryl-5-
(alkyl-thio)-1H-1,2,4-triazoles and screened their anti-TB activity against M.bovis BCG and
Mtb H37Ra both in the active and dormant stage. The screening results found 25 compounds
that exhibited lower toxicity (>100 pg/ml) and promising anti-TB activity in the range of ICso
values of 0.03-5.88ug/ml for the dormant stage and 0.03-6.96 ug/ml for the active stage [23].
However, the pharmacokinetic properties of these synthesized derivatives have not yet been
evaluated. To address this issue, in the present study, we have screened the library of ~300
compounds of 1,2,4-triazole derivates and decided to pursue only 30 compounds that showed
significant anti-TB activity identified through the in-vitro and ex-vivo study for further

pharmacokinetics study.

Preclinical PK assays help to understand the absorption, distribution, metabolism, and
excretion [ADME] of a compound in animals following intravenous or oral administration
[26]. In the present study, ADME of 30 RRA compound was done to analyze its
concentration-time profile in blood or plasma, such as peak concentration (Cmax), exposure
(AUC), and elimination half-life (ti2) concerning pharmacological potency (e.g., MIC or
intracellular MIC for Mtb), which directly determines the magnitude of efficacy
(pharmacodynamics) and toxicity of the compound. Evaluating PK at the early stages of
discovery helps to weed out compounds that show poor PK and thus lack the potential to
show efficacy and helps medicinal chemists to optimize compounds for better PK. In a
typical PK study, animals are dosed orally or intravenously, and blood samples are drawn at
pre-defined time points for 24 hrs. In the present study, the selected 30 compounds were
evaluated for their PK properties, such as metabolic stability of the compound, plasma
protein binding to check the metabolism of the drug, and in-vitro determination of passive
diffusion drug or drug permeability across a biological membrane through parallel artificial

membrane permeability (PAMPA) assay.

In summary, based on the preliminary findings of PK properties, the 30 RRA
compounds were further evaluated to assess dosage format, and the compounds will be taken
for efficacy studies in mice. The MTD analysis for the selected RRA compounds showed no
mortalities for single oral dose administration of 50-500mg/kg in mice up to 72 hrs post-
dosing and identified MTD of at least 500 mg/kg body weight. Based on single oral dose
estimation and MTD studies at last four RRA compounds RRA79, RRA242, RRA267, and

RRA268, were selected for oral PK and dose proportionality analysis in mice and estimated
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the final dose for further efficacy studies. Further PK studies proved the efficacy of the
selected RRA compounds for further clinical trials, and hence more studies are required to

confirm the actual potential as antitubercular leads.
4.2. Results:

4.2.1. Screening of novel triazole derivatives against the active and dormant stage of

Mpycobacterium tuberculosis

In order to search the novel antitubercular compounds, screening was done from the diverse
chemical library of triazole derivatives at our facility. From our in-house library of
compounds, we have identified 30 derivatives of 1,2,4-triazole based on their inhibition in
our preliminary studies. The selection criteria we have used are based on its MIC value.
Those compounds that showed significant inhibition with a MIC value of < 100 pg/ml
concentration against active and dormant stage Mtb were selected for further study. Then,
these 30 compounds were further screened using in-vitro assay (XTTRMA assay) against
active and dormant stage Mtb [27] and ex-vivo assay (nitrate reductase NR assay) [28]
against the dormant stage Mtb (described in method section). The dose-response effect was
monitored for all these 30 compounds applying a concentration range between 100 pg/ml to

0.03 pg/ml, and the screening results are shown in Table 1.

Table 1: Screening of novel triazole derivatives against the active and dormant stage of

Mpycobacterium tuberculosis

Sr. Compound | In-vitro In-vitro Mtb Ex-vivo

No. | Code Mtb (Dormant) (Active) Mtb (Dormant)
ICso MIC ICso MIC ICso MIC
(ng/ml) (ug/ml) | (ng/ml) (ng/ml) (ng/ml) | (ng/ml)

1 RRA-2 <0.03 15.67+ | <0.03 9.64+ 0.019+ | 6.09+

1.65 07 0.04 2.55

2 RRA-7 0.164+ | 1.88+ 1.16£0.03 | 13.02+ | 0.06+ 1.91+
0.04 0.64 3.27 0.001 0.07

3 RRA-8 0.09+ 8.83+ <0.03 3.29+ 0.09+ 2.72+
0.03 2.1 1.53 0.02 1.2

4 RRA-36 0.18+ 3.11+ <0.03 6.73+ 0.056+ |4.16+
0.05 0.8 1.22 0.02 1.03
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5 RRA-50 1.09+ 4.72+ 11.32+ >30 0.22+ 9.18+
0.2 1.3 4.22 0.08 3.21

6 RRA-55 0.35+ 13.54+ | 1.98+0.23 |>30 NT NT
0.1 34

7 RRA-62 1.07+ 6.28+ 1.25+£0.65 | >30 0.19+ 5.62+
0.3 1.2 0.05 1.32

8 RRA-79 0.43+ 1.93+ 0.66+0.12 | 20.69+ | 0.19+ 2.99+
0.13 0.33 6.32 0.06 0.65

9 RRA-90A 0.035+ | 0.334+ | 0.04+£0.02 |2.67+ 0.013+ | 0.9+
0.01 0.02 1.42 0.07 0.02

10 RRA-96 1.24+ 391+ 0.93+0.43 | 9.67+ 0.16+ 6.99+
0.3 1.2 3.21 0.06 1.32

11 RRA-101 0.64+ 8.64+ 1.62+0.76 | 11.36+ | 0.16+ 8.42+
0.2 3.2 4.22 0.06 2.11

12 RRA-117 0.87+ 5.22+ 0.97+0.21 | >30 0.2+ 2.78+
0.13 1.4 0.01 0.57

13 RRA-163 0.095+ | 3.105+ | 0.745+0.23 | 24.14+3. | 0.09+ 8.53+
0.032 | 1.1 21 002  |3.25

14 RRA-165 0.096+ | >30 7.78£1.43 | >30 NT NT
0.022

15 RRA-193 0.078+ | 2.24+ NT NT NT NT
0.013 0.98

16 RRA-242 0.68+ 247+ NT NT NT NT
0.03 0.43

17 RRA-263 1718+ | 68.64+ | NT NT NT NT
4.24 7.34

18 RRA-264 0.45+ 0.8+ NT NT 0.015+ | 0.71+
0.12 0.03 0.04 0.04

19 RRA-265 <0.03 0.44+ NT NT 0.018+ | 0.79+

0.07 0.02 0.043
20 RRA-266 <0.03 0.58+ NT NT 0.016= | 0.77+
0.03 0.08 0.23
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21 RRA-267 0.12+ 0.46=+ NT NT 0.019+ | 0.29+
0.03 0.01 0.04 0.15
22 RRA-268 <0.03 0.11+ NT NT 0.011+ | 0.34+
0.06 0.03 0.12
23 RRA-272 <0.03 0.78+ NT NT 0.01+ 0.29+
0.06 0.002 0.14
24 RRA-284 0.68+ 2.24+ NT NT 0.12+ 2.62+
0.04 1.04 0.05 0.03
25 RRA-287 0.057+ | 0.68+ NT NT 0.017+ | 0.86+
0.01 0.06 0.08 0.02
26 RRA-288 0.35+ 1.33+ NT NT 0.055+ | 2.99+
0.06 0.09 0.02 0.13
27 RRA-289 0.58+ 2.8+ NT NT 0.024+ | 221+
0.03 0.85 0.03 0.18
28 RRA-293 0.84+ 1.94+ 0.63+£0.08 | 2.15+¢ NT NT
0.3 0.06 0.13
29 RRA-295 0.71+£0.2 | 2.7+ 0.6+ 2.7+ NT NT
0.19 0.005 0.19
30 RRA-304 0.33+ 8.13+ 0.328+0.13 | 1.96+ NT NT
0.05 2.47 0.32

NT-Not tested; Standard deviations were used to generate error bars

(n=3).
4.2.2. The spectrum of activity of triazole derivatives against non-mycobacterial species

Drugs having a broader and often unexpected range of biological activity may cause adverse
effects, rendering their usage unsuitable for treatment. Thus, we are interested in the
compound's broader specificity; hence, these 30 hits were further evaluated for the spectrum
of activity against non-mycobacterial species. Proper dose-dependent effect of these
compounds was examined against four bacterial strains such as Gram-negative strains-

Escherichia coli, Pseudomonas aeruginosa,

and Gram-positive strains- Staphylococcus

are the mean =+ SEM

aureus and Bacillus subtilis. The results for inhibition activity are presented in Table 2.
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Table 2: Anti-bacterial activity of synthesized triazole derivatives against non-

mycobacterial species

Sr. Anti-bacterial activity

No Compound Gram + ve bacteria Gram - ve bacteria
Code
Staphylococc Bacillus Escherichia | Pseudomonas
us aureus subtilis coli aeruginosa
MIC MIC MIC MIC
(pg/ml) (ng/ml) (ng/ml) (ng/ml)

1 RRA-2 >30 >30 >30 >30
2 RRA-7 >30 >30 >30 >30
3 RRA-8 17.24 29.41 >3(0 13.6
4 RRA-36 >30 >30 >30 >30
5 RRA-50 >30 >30 >30 >30
6 RRA-55 9.6 >30 >30 8.49
7 RRA-62 >30 >30 >30 >30
8 RRA-79 >30 >30 >30 28.91
9 RRA-90A >30 >30 >30 >30
10 RRA-96 >30 >30 >30 >30)
11| RRA-101 9.61 12.48 >30 >30
12 RRA-117 >30 >30 >30 >30
13 RRA-163 >30 >30 >30 >30
14 RRA-165 >3() >30 >30 >30
15 RRA-193 >30 >3() >30 >3()
16 | RRA-242 >30 9.28 >30 >30
17 RRA-263 >30 >3() >3() >30
18 RRA-264 27.37 >3() >3( >30
19 RRA-265 >30 >3() >3() >30
20 RRA-266 >30 >3() >30 >3()
21 RRA-267 >30 >30 >30 >30
22 RRA-268 >30 >30 >30 >30
23 RRA-272 >30 >3() >3() >30
24 RRA-284 >30 >3() >30 >3()
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25 RRA-287 >30 >30 >30 >30

26 | RRA-288 >3() >30 >30 >30

27 | RRA-289 >30 >30 >30 >30

28 | RRA-293 >30 >30 >30 >30

29 RRA-295 >3() >30 >30 >30

30 RRA-304 >3() >30 >3( >30)
Ampicillin® 5.09+019 7.45+0.19 3.59+0.44 6.89+0.34
Kanamycin® 8.2440.65 6.27+0.76 4.93+0.86 3.93+0.17

 Positive control drugs; standard 1) Ampicillin, 2) Kanamycin

4.2.3. In-vitro cytotoxicity of synthesized triazole derivatives against human cancer cell

lin

€S

In-vitro tests must be well-characterized and accurate predictors of in-vivo effects, with a low

rate of false-positive or negative outcomes. In order to proceed further, the compound’s

toxicity was assessed. Hence, we screened the 30 hit compounds for in-vitro cytotoxicity in a

dose-dependent manner against four human cancer cell lines, namely, THP-1 (Human

leukemia monocytic cell line), A549 (Human lung cancer cell line), PANC-1 (Human

pancreatic cancer cell line), and HeLa (Human cervical cancer cell line) by 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay method [29,30]. The

result (shown in Table 3) clearly indicated that these compounds have no significant

cytotoxic effect on mammalian cell lines.

Table 3: In-vitro cytotoxicity of synthesized 1,2,4-triazole derivatives against different

human cancer cell line

Sr. Compound Cytotoxic- activity % Glso®
No
Code
PANC-1
THP-1 (Human HelLa
(Human A549 pancreatic (Human
leukemia (Human lung | cancer cell cervical
monocytic cell cancer cell line) cancer cell
line) line) line)
(ng/ml) (ng/ml) (ng/ml) (ng/ml)
1 RRA-2 >100 >100 >100 >100
2 RRA-7 >100 >100 >100 69.49
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3 RRA-8 >100 >100 >100 >100
4 RRA-36 >100 >100 >100 >100
5 RRA-50 >100 >100 >100 >100
6 RRA-55 >100 >100 >100 42.27
8 RRA-79 >100 >100 >100 >100
9 RRA-90A >100 >100 >100 >100
10 RRA-96 >100 >100 >100 >100
11 RRA-101 >100 >100 >100 25.76
12 RRA-117 >100 >100 >100 >100
13 RRA-163 >100 >100 >100 >100
14 RRA-165 >100 >100 >100 >100
15 RRA-193 >100 >100 >100 >100
16 RRA-242 >100 >100 >100 >100
17 RRA-263 >100 >100 >100 >100
18 RRA-264 >100 >100 >100 >100
19 RRA-265 >100 >100 >100 42.14
20 RRA-266 >100 >100 >100 89.16
21 RRA-267 >100 >100 >100 >100
22 RRA-268 >100 >100 >100 >100
23 RRA-272 >100 >100 >100 >100
24 RRA-284 >100 >100 >100 8.22
25 RRA-287 >100 >100 >100 76.23
26 RRA-288 >100 >100 >100 8.63
27 RRA-289 >100 >100 >100 >100
28 RRA-293 >100 >100 >100 >100
29 RRA-295 >100 >100 >100 >100
30 RRA-304 >100 >100 >100 >100
Paclitaxelb 0.084+0.02 0.077+0.04 4.54+0.26 0.069+0.03

 Inhibitor concentrations responsible for 50 % growth inhibition were assessed by MTT
assay at 72 h. The values were calculated with data from at least three independent
experiments.

b Positive control drug

4.2.4. Metabolic Stability of selected triazole derivatives in Human and Mouse Liver

Microsomes

The majority of inhibitors face the initial barriers from 1) non-specific binding with blood
proteins, then 2) clearance by liver microsomes, and 3) high permeability across membranes
to effectively apply on curing activity. The major goal at this level is to put the above

compounds in 3 categories, High, Medium, and Low, to select the appropriate compounds for
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the next level. Results of the selected RRA compounds for the stability assay in human liver

microsomes are presented (Table 4), and in mouse liver, microsomes are presented (Table 5).

Table 4: Metabolic Stability of RRA compounds in Human Liver Microsomes

Mean Values N=3 Classification
Compound ID Percent ti2 (min) Ke=0.693/t Clint In tl")iflsic
metabolized (nL/min/mg) Clearance
(%) [CLint]

RRA-2 65 20.5 0.03 67.7 Moderate

RRA-7 50 32.9 0.02 42.2 Moderate
RRA-8 <5 NA NE NE Low

RRA-36 75 15.1 0.05 922 Moderate
RRA-50 13 NE NE NE Low
RRA-55 3 NE NE NE Low
RRA-62 81 12.6 0.05 110.0 High
RRA-79 11 NE NE NE Low
RRA-90A 94 7.5 0.09 183.9 High
RRA-96 94 7.7 0.09 180.0 High

RRA-101 NE NE NE NE NE

RRA-117 81 13.1 0.05 106.0 High

RRA-163 67 20.3 0.03 68.3 Moderate

RRA-165 NE NE NE NE NE

RRA-193 94 7.7 0.09 179.5 High
RRA-242 8 NE NE NE Low
RRA-263 <5 NE NE NE Low

RRA-264 62 21.8 0.03 63.7 Moderate
RRA-265 87 10.6 0.07 131.6 High

RRA-266 80 14.9 0.05 93.6 Moderate
RRA-267 10 NE NE NE Low
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RRA-268 42 41.5 0.02 334 Low
RRA-272 95 7.1 0.10 196.3 High
RRA-284 100 NE NE NE High
RRA-287 NE NE NE NE NE
RRA-288 50 34.1 0.02 42.9 Moderate
RRA-289 NE NE NE NE NE
RRA-293 48 34.9 0.02 39.7 Low
RRA-295 46 34.9 0.02 40 Low
RRA-304 93 8.1 0.09 171.4 High

NE: Not Estimated either because the compound was metabolized too rapidly or due to lack
of metabolism (stable)

In human liver microsomes, RRA compounds 62, 90A, 96, 117, 193, 265, 272 and 304
showed high intrinsic clearance (CLint >100 pL/min/mg); RRA 2, 7, 36, 163, 264, 266 and
288 showed moderate intrinsic clearance (CLint >40 and < 100 puL/min/mg), and RRA 8, 50,
55, 79, 242, 263, 267, 268, 293, and 295 showed low intrinsic clearance (CLint < 40
pL/min/mg).

Table 5: Metabolic Stability of selected triazole derivatives in Mouse Liver Microsomes

Mean Values N=3 Classification
Compound ID| Percent tiz (min) | Ke=0.693/t Clint of
Intrinsic
metabolized (uL/min/mg) Clearance

(%) [CLint]
RRA-2 79 13.7 0.05 101.6 High
RRA-7 <5 NE NE NE Low
RRA-8 1 NE NE NE Low
RRA-36 80 13.7 0.05 101.4 High
RRA-50 18 108.8 0.01 12.8 Low
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RRA-55 9 NE NE NE Low

RRA-62 74 15.4 0.04 90.3 Moderate

RRA-79 10 NE NE NE Low
RRA-90A 99 4.9 0.14 282.2 High

RRA-96 100 4.8 0.14 288.7 High
RRA-101 NE NE NE NE NE
RRA-117 99 NE NE NE High
RRA-163 76 15.3 0.05 90.6 Moderate
RRA-165 NE NE NE NE NE
RRA-193 99 43 0.16 324.7 High
RRA-242 18 102 0.01 15 Low
RRA-263 0 NE NE NE Low
RRA-264 99 5 0.14 271 High
RRA-265 99 6 0.11 219 High
RRA-266 99 NE NE NE High
RRA-267 16 135.5 0.01 10.3 Low
RRA-268 96 7 0.10 193 High
RRA-272 99 6 0.12 245 High
RRA-284 100 NE NE NE High
RRA-287 NE NE NE NE NE
RRA-288 >95 NE NE NE High
RRA-289 NE NE NE NE NE
RRA-293 84 12 0.06 119 High
RRA-295 89 9 0.08 153 High
RRA-304 99 5 0.13 266 High
Verapamil

(Positive 95 8 0.09 181 High

control)
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NE: Not Estimated either because the compound was metabolized too rapidly or due to lack

of metabolism (stable)

In mouse liver microsomes, RRA compounds 2, 36, 90A, 96, 117, 193, 264, 265, 266,
268, 272, 288, 293, 295 and 304 showed high intrinsic clearance (CLint >100 pL/min/mg);

RRA 62 and 163 showed moderate intrinsic clearance and compounds RRA 7, 8, 50, 55, 79,

242,263 and 267 showed low intrinsic clearance (CLint< 40 uL/min/mg).

4.2.5. Plasma Protein Binding of selected compounds in Human and Mouse plasma

Table 6: Mean Plasma Protein Binding of selected compounds in Human Plasma

Compound ID % Unbound Classification of Plasma Protein Binding
(Mean, n=3)
Warfarin 1.0 High
(Positive control)
Diclofenac 1.6 Very High
(Positive control)
RRA-2 1.2 High
RRA-7 Unstable in plasma NE because of instability in Plasma
RRA-8 Unstable in plasma NE because of instability in Plasma
RRA-36 Unstable in plasma NE because of instability in Plasma
RRA-50 18.7 Moderately high
RRA-55 3.9 High
RRA-62 2.8 High
RRA-79 24 High
RRA-90A 0.8 Very High
RRA-96 0.6 very high
RRA-101 Mass not Found Didn’t optimize on LC-MS/MS
RRA-117 8.6 High
RRA-163 Unstable in plasma NE because of instability in Plasma
RRA-165 Mass not Found Didn’t optimize on LC-MS/MS
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RRA-193 4.3 High

RRA-242 4.6 High

RRA-263 8.5 High

RRA-264 7.6 High

RRA-265 1.4 High

RRA-266 3.7 High

RRA-267 93 Moderately high
RRA-268 20.7 Moderately high
RRA-272 2.8 High

RRA-284 Unstable in plasma NE because of instability in Plasma
RRA-287 Mass not Found Didn’t optimize on LC-MS/MS
RRA-288 Unstable in plasma NE because of instability in Plasma
RRA-289 Mass not Found Didn’t optimize on LC-MS/MS
RRA-293 2.0 High

RRA-295 10.4 High

RRA-304 Unstable in plasma NE because of instability in Plasma

NA: Not Applicable; NE: Not Estimated

A significant number of compounds showed high to moderately high protein binding in

human plasma. Seven compounds (RRA 7, 8, 36, 163, 284, 288, and 304) were unstable in

human plasma.

Table 7: Mean Plasma Protein Binding of RRA compounds in Mouse Plasma

Compound % Unbound Classification of Plasma Protein Binding
1D (Mean, n=3)
Warfarin 7.1 High
(Positive
control)
Diclofenac 0.9 Very High
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(Positive
control)
RRA-2 3.4 High
RRA-7 Unstable in plasma NE because of instability in Plasma
RRA-8 Unstable in plasma NE because of instability in Plasma
RRA-36 Unstable in plasma NE because of instability in Plasma
RRA-50 32.7 low
RRA-55 53 High
RRA-62 25 High
RRA-79 5.1 High
RRA-90A 3.5 High
RRA-96 0.9 very high
RRA-101 Mass not Found Didn’t optimize on LC-MS/MS
RRA-117 11.3 Moderately high
RRA-163 Unstable in plasma NE because of instability in Plasma
RRA-165 Mass not Found Didn’t optimize on LC-MS/MS
RRA-193 6.3 High
RRA-242 11.8 Moderately high
RRA-263 6.8 High
RRA-264 8.7 High
RRA-265 1.9 High
RRA-266 4.1 High
RRA-267 27.6 Moderately high
RRA-268 14.0 Moderately high
RRA-272 33 High
RRA-284 Unstable in plasma NE because of instability in Plasma
RRA-287 Mass not Found Didn’t optimize on LC-MS/MS
RRA-288 Unstable in plasma NE because of instability in Plasma
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RRA-289 Mass not Found Didn’t optimize on LC-MS/MS
RRA-293 Mass not Found Didn’t optimize on LC-MS/MS
RRA-295 Unstable in plasma NE because of instability in Plasma
RRA-304 Unstable in plasma NE because of instability in Plasma

NE: Not Estimated

A significant number of compounds showed high to moderately high protein binding in

mouse plasma. Eight compounds (RRA 7,8,36,163,284,288,295,304) were unstable in mouse

plasma.

4.2.6. Parallel artificial membrane permeability assay (PAMPA) of selected compounds

Table 8: Mean Permeability of RRA compounds in PAMPA assay

Compound Mean Papp (n=3) . )
D (X10%cmisec) classification*
Propranolol
(Positive control) 3.2 High
RRA-2 6.5 High
RRA-7 3.8 High
RRA-8 0.0 Low
RRA-36 9.0 High
RRA-50 0.0 Low
RRA-55 1.4 Low
RRA-62 8.5 High
RRA-79 3.5 High
RRA-90A 3.7 High
RRA-96 3.1 High
RRA-101 Did not optimize on LCMS
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RRA-117 3.3 High
RRA-163 5.0 High
RRA-165 Did not optimize on LCMS

RRA-193 6.9 High
RRA-242 7.6 High
RRA-263 1.3 Low
RRA-264 6.3 High
RRA-265 2.8 Moderate
RRA-266 4.2 High
RRA-267 0.0 Low
RRA-268 7.8 High
RRA-272 1.3 Low
RRA-284 4.2 High
RRA-287 Did not optimize on LCMS
RRA-288 5.1 High
RRA-289 Did not optimize on LCMS
RRA-293 7.2 High
RRA-295 7.0 High
RRA-304 1.4 Low

6 N
The apparent permeability coefficient "‘Papp <2x 10 cm/s =low permeability. Papp >3x10

6
cm/s = high permeability

In general, most of the compounds showed high permeability, with seven compounds RRA §,
50, 55, 263, 267, 272, and 304) showing low permeability in the PMPA assay. Fifteen

compounds were selected for oral pharmacokinetics studies based on the above results.
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4.2.7. Oral Pharmacokinetics of Fifteen Selected Compounds of 20 mg/kg in Mice

Table 9: PK parameters for the RRA compounds in mice following a single oral dose of

20 mg/kg body weight

Compound| Cmax | Tmax | AUC(0-t) | AUC(t-o0) |AUC(0-0) lextrapolate| Ke | tin

(ug/mb| @) | h/ml) | (ug.h/ml) | (ug.h/mI) dAVCED! my | )
RRA 62 29 0.25 4.7 0.089 4.8 1.9 05513
RRA 79 8.2 0.083 5.15 4.82 10.0 48.3  10.069|10.1
RRA 90A | 0.11 | 0.083 0.075 0.06 0.139 459 10.078| 8.9
RRA 96 0.05 | 0.083 0.093 NE NE NE NE | NE
RRA 117 0.29 0.25 0.100 NE NE NE NE | NE
RRA 193 | 0.83 0.25 0.32 NE NE NE NE | NE
RRA 242 7.3 0.25 7.15 0.01 7.16 0.2 0.246| 2.8
RRA 264 | 0.58 | 0.083 0.22 0.02 0.24 9.0 0.205| 3.4
RRA 265 | 0.02 1.0 0.04 0.01 0.05 11.7  ]0.404| 1.7
RRA 266 | 0.15 | 0.083 0.1 0.10 0.20 51.0 ]0.04117.1
NCL 267 6.1 0.083 0.63 0.05 0.68 6.7 0.116| 6.0
RRA 268 2.0 0.5 3.76 0.04 3.80 1.1 0.125]| 5.5
RRA 272 | 0.10 | 0.083 0.04 0.004 0.04 8.1 1.352] 0.5
RRA 289 | 0.10 | 0.083 0.02 NE NE NE NE | NE
RRA 293 1.3 0.25 1.17 0.02 1.19 1.4 0.534| 1.3

NE: Not Estimated either because the compound was metabolized too rapidly or due to lack

of metabolism (stable)

Whereas Cmax-Peak concentration in plasma, tmax-Time of peak concentration in plasma,
AUCo¢ Area Under the Plasma Concentration Time Curve from t=0 to Ciast, AUCo- Area
Under the Plasma Concentration Time Curve from t=0 to infinity, Ke-First order Elimination
rate constant, ti2 Elimination half-life NE: Not estimated due to lack of a clear declining

terminal linear phase.
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The Pk of compounds RRA 62, 72, 90A, 96, 117, 193, 242, 264, 265, 266, 267, 268,
272,289, and 293 were performed in BALB/c mice at an oral dose of 20 mg/kg body weight.
Post dose and results are shown in Table 7. All the compounds were rapidly absorbed with
the time of peak concentrations in plasma (Tmax) ranging between 5 min and 0.5 h, except
RRA 265, which showed a Tmax = 1.0 h. RRA 79 showed the highest peak concentration in
plasma (Cmax) = 8.2 pg/ml, followed by RRA 242 (7.3 pg/ml), RRA 267 (6.1 pg/ml), with
RRA 265 and RRA 264 showing the lowest Cmax of 0.02 and 0.05 ug/ml, respectively. The
highest Area under the Plasma Concentration Time Curve (AUC(.) was achieved by RRA
242 (7.15 pg.h/ml), followed by RRA 79 (5.2 pg.h/ml), and RRA 268 (3.8 pg.h/ml), RRA
289 (0.02 pg.h/ml), RRA 272 (0.04 pg.h/ml) and RRA 265 (0.04 pg.h/ml) showing the
lowest. The terminal half-life ranged between 1.3 h and ~10 h. Animals were dosed with
compounds RRA 62, 72, 90A, 96, 117, 193, 242, 264, 265, 266, 267, 268, 272, 289, and 293
were normal throughout the study. Six compounds were selected for the maximum tolerated

dose study based on the above results.
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Figure 1: Mean concentration-time profiles of RRA compounds following a single oral dose

of 20 mg/kg in mice. During the post-infusion period, distribution and elimination phases
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(plasma concentration Vs. time curve). Standard deviations were used to generate error bars

for each time point are the mean + SEM (n=3).

4.2.8. The maximum tolerated dose (MTD) of selected RRA compounds

The MTD analysis estimated the highest dose or treatment that does not affect any side

effects. In clinical studies, the maximum tolerated dose is determined by evaluating

escalating doses on several groups of patients until the highest dose with tolerable side effects

is discovered. The MTD of RRA79,242,267,268,62,293 was performed in BALB/c mice

following escalating oral single doses of 50, 100, 200, 400, and 500 mg/kg. This study aims

to determine the MTD of selected compounds, as earlier mentioned, following escalating oral

single doses in mice.

Table 10: Clinical signs post escalating doses of selected RRA compounds in mice

The body weights of animals, the dose volumes administered, and the mortality results are
shown in Table 10

Clinical Signs on Days
Compound freatment | No. of Mortality
Group Dose Animals
(mg/kg) /group

Day1 | Day2 | Day3
Vehicle Gl 0 5 N N N 0/5
G2 50 5 N N N 0/5
G3 100 5 N N N 0/5
RRA79 G4 200 5 N N N 0/5
G5 400 5 N N N 0/5
G6 500 5 N N N 0/5
G7 50 5 N N N 0/5
G8 100 5 N N N 0/5
RRA242 G9 200 5 N N N 0/5
G10 400 5 N N N 0/5
Gll1 500 5 N N N 0/5
RRA267 Gl12 50 5 N N N 0/5
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GI3 100 5 N N N 0/5
Gl4 200 5 N N N 0/5
G15 400 5 N N N 0/5
Glé 500 5 N N N 0/5
G17 50 5 N N N 0/5
G18 100 5 N N N 0/5
RRA268 G19 200 5 N N N 0/5
G20 400 5 N N N 0/5
G21 500 5 N N N 0/5
G22 50 5 N N N 0/5
G23 100 5 N N N 0/5
RRA62 G24 200 5 N N N 0/5
G25 400 5 N N N 0/5
G26 500 5 N N N 0/5
RRA293 G27 500 5 N N N 0/5
G28 400 5 N N N 0/5

N: Apparently Normal

No significant adverse clinical signs or mortalities were seen in mice following single-dose
oral administrations of 50, 100, 200, 400, and 500 mg/kg of RRA 62, 79, 242, 267, 268, and
400, and 500 mg/kg for RRA293 up to 72 h post-dosing. The MTD of RRA 62, 79, 242, 267,
268, and 293 was at least 500 mg/kg in mice following oral administration. Four compounds

were selected for the oral dose escalation PK study in mice based on the above results.

4.2.9 Oral Dose Escalation Pharmacokinetics of selected RRA compounds in Mice

In this study, the oral PK and dose proportionality of AUC and Cmax of four RRA
compounds RRA79, RRA242, RRA267, and RRA268 in mice at 50, 100, 200, and 400mg/kg
body weight of BALB/c mice. The bioanalytical methods for four RRA compounds, RRA79,
RRA242, RRA267, and RRA268, were sensitive, linear, accurate, and precise in the

concentration ranges tested and met all the acceptance criteria. The lower limit of quantitation
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of four RRA compounds RRA79, RRA242, RRA267, and RRA268 were 0.026, 0.0067,
0.025, and 0.081pg/ml, respectively (data not shown).

Compound RRA79 showed rapid absorption followed by bi-exponential deposition (Figure
2). The terminal elimination phases at 100, 200, and 400mg/kg were flat. The concentrations

at 24 h were below the limit of quantitation (BLOQ) at all the doses.

50 mg/kg

100 mg/kg
200 mg/kg
400 mg/kg

100

FH

[
I

a 6 8
time[h]

Figure 2: Mean concentration-time profiles of RRA79 following single oral doses of

50,100,200 and 400 mg/kg in mice. Error bars are SD.

Compound RRA79 showed more than dose-proportional linear [r?=0.999] increase in AUC.
gh, with the AUC/dose increasing between 50 and 400 mg/kg [31]; Cmax showed more than
dose proportional linear increase [r>=0.999] between 50 and 200 mg/kg, and plateauing at

400mg/kg [Figure 3, Table 11].

Table 11: Relationship between dose and AUC and Cmax for RRA79 in mice

Dose tin Tmax Cmax (ug/ml) AUC
[h]
[mg/kg] [h] [ng.h/mi]
50 274 10.25 4.3 5.35
100 6.86 | 0.25 14.2 17.87
200 5.07 |0.08 31.8 44.9
400 NE 0.08 39.5 103.61

NE: Not estimated
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Figure 3: Relationship of AUCo-sh and Cmax with a dose of RRA79 in mice. The dashed

lines are regression lines

Compound RRA242 showed rapid absorption [tmax=0.25h] post-dose followed by
approximately bi-exponential decline with first-order kinetics at all the doses (Figure 4). The
terminal elimination phases at 50,100 and 400mg/kg were parallel suggesting linear PK

between 50 and 400 mg/kg.

100

50 mg/kg

100 mg/kg
200 mg/kg
400 mg/kg

fHie

time[h]

Figure 4: Mean concentration time-profiles of RRA242 following single oral doses of

50,100,200 and 400 mg/kg in mice. Error bars are SD.

Compound RRA242 showed approximately a dose-proportional linear [r*=0.98] increase in
AUC,.int, with the AUC/dose increasing between 50 and 400mg/kg body weight of mice [31].

In contrast, the Cmax showed more than the dose-proportional linear increase between 50 and
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200mg/kg and plateauing at 400mg/kg body weight of mice, as shown in Figure 5 and Table

12.

Table 12: Relationship between dose and AUC and Cmax for RRA242 in mice

Dose t12 Tmax Cnax AUCINF CI/F
(h) (L/h/kg)
(mgkgl | (h) (ug/ml) | (h*pg/ml) 8
50 5.0 | 0.25 4.0 10.1 4.967
100 3.1 | 025 5.0 18.2 5.505
200 1.9 | 0.25 18.3 35 5.720
400 2.8 | 0.25 16.5 90.6 4.413
100+
= Joos84a5] -
80+
E 60+
2
£
3 40+
20+
o T T T 1
o 100 200 300 400
Dose(mg/kg)

Figure 5: Relationship of AUCo-in and dose of RRA242 in mice

Compound RRA267 showed rapid absorption [tmax=smin] followed by a bi-exponential decline
(Figure 6). Concentrations were BLOQ at 1 for 50mg/kg dose, as a result of which a
complete profile was not obtained for characterization. The terminal elimination phases at
100,200 and 400mg/kg were flat, so accurate estimation of ke, ti2, and AUCiyr was not
possible. The non-compartmental analysis (NCA) PK parameters are summarised in Table

13.
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Figure 6: Mean concentration time profiles of RRA267 following single oral doses of

50,100,200 and 400 mg/kg in mice. Error bars are SD.

Compound RRA267 showed more than dose-proportional linear increase in AUCo.gn with the

AUC/dose increasing with dose, whereas the Cmax showed more than the dose-proportional

linear increase between 50 and 400 mg/kg body weight of mice, as shown in Figure 7 and

Table 13.

Table 13: Relationship between dose and AUC and Cmax for RRA267 in mice

Dose ti2 Tmax Cmax Thast AUC]ast
(h) *
[mg/kg] (h) (ng/ml) (h) (h* pg/ml)
50 0.076 | 0.083 1.83 0.5 0.19
100 5.189 | 0.083 3.65 8 0.69
200 2.540 | 0.083 27.21 8 9.30
400 1.325 | 0.083 45.62 8 33.81
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Figure 7: Relationship of AUCo-sh and Cmax with a dose of RRA267 in mice. The dashed

lines are regression lines

Compound RRA268 showed moderately rapid absorption [tmax= 0.5-2h] post-dose followed
by approximately bi-exponential disposition, except at 100mg/kg, with first-order kinetics
[Figure 8]. The terminal elimination phases at 50,200 and 400mg/kg were parallel suggesting
linear PK between 50 and 400 mg/kg. Twin peaks were observed post-dose at 50 and
100mg/kg body weight of mice.

-o- 50 mg/kg
100 - 100 mg/kg
—— 200 mg/kg
- 400 mg/kg
10
H 14
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0.014
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4 8 12 16 20 24
time[h]

Figure 8: Mean concentration time profiles of RRA268 following single oral doses of

50,100,200 and 400 mg/kg in mice. Error bars are SD.
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Compound RRA268 showed more than dose dose-proportional linear [r?=0.98] increase in
AUC.int between 50 and 200mg/kg, and plateauing at 400mg/kg. The AUC/dose increased
between 50 and 100 and decreased at 400mg/kg. Cmax showed a dose-proportional linear
increase between 50 and 200 mg/kg and plateauing at 400 mg/kg of body weight of mice, as
shown in Figure 9 and Table 14.

Table 14. Relationship between dose and AUC and Cmax for RRA267 in mice

Dose t12 Tmax | Cmax (ng/ml) AUCINF
[mg/kg] (h) (h) (h*pg/ml)
50 432 | 05 4.75 16.28
100 2.08 1 8.27 52.76
200 6.24 1 16.35 209.46
400 7.64 2 16.9 236.7
250+ - 20

-~ AUC, ¢ [ng.h/mi] r?=0.977
= C_ .. [ng/mi r?=0.988

200

1504

AUC,  [ughimi]

[ruBr] =
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V] 50 160 150 200
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Figure 9: Relationship between AUCo-inf and dose of RRA268 in mice
4.3. Discussion

Many potential drug candidates fail in the early stages of drug discovery due to undesirable
toxicity and inadequacies caused by absorption, distribution, metabolism, and excretion

(ADME) properties [32]. Therefore, robust pharmacokinetics information on modern drugs
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with challenging targets can aid in developing and selecting in-vitro pharmacological models
to evaluate molecular pathways in a kinetically practical method [33-35]. Pharmacokinetic
studies are developed to evaluate the fate of the newly synthesized drug, which determines
the effective concentration of the active substance at its target site, which plays a crucial
therapeutic role. An in-vitro ADME and in-vivo Pk study for novel TB-active Decoquinare
derivatives was reported earlier in drug discovery against Mtb [36]. Nowadays, the regulatory
authorities mandate the data to evaluate safety, efficacy, and quality to get the basic idea for
the proposed drug. The present work used a quick, sensitive, and specific LC-MS/MS method
to estimate the compound concentration in mice plasma. The method was suitable for
studying tissue distribution, plasma pharmacokinetics, and protein binding of RRA
compounds in mice and can be used with modifications for thorough PK studies of other

triazole derivatives.

The compound is extracted from blood or plasma by solvent extraction or protein
precipitation and subjected to bioanalysis by LC-MS to quantify compound concentrations.
Based on the concentration-time profile, PK parameters are estimated. In the present study,
30 RRA compounds were evaluated for their metabolic stability analysis (intrinsic clearance
CLint) in liver microsomes in mice and humans. Results suggest that there is significant
variation in CLint with respect to pharmacodynamic constituents in the structure. The CLint
also depends on interspecies differences, i.e., species-specific microsomes in human and
mouse liver microsomes during drug metabolism. RRA 267 with a maximum t; of 135.5
min suggest higher in-vivo stability and lower clearance rate among the other tested

compound.

Further studies are required to explore the excretion profile of RRA compounds and
understand the potential influence of different intestinal content on metabolism. Species-
specific protein binding analysis in the present study in human and mice plasma predicts the
interaction of RRA compounds to proteins with blood. The unbound fraction of the
compound undergoes metabolism in the liver and other tissues. This protein binding can
influence the compound's biological half-life and may be affected by the degree to which it
binds. Parallel artificial membrane permeability (PAMPA) analysis in our study identified the
suitable candidates for passive drug permeability [37-40]. Two compounds, RRA 268 and
RRA 242 showed maximum permeability P,y values of 7.8 X 10 cm/s and 7.6 X 10 cm/s,

suggesting the increased possibility of transport across the cell membrane through the
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gastrointestinal tract, blood-brain barrier as well as general passive transport across the cell
membrane. This indicates that the -SH group for RRA 243 and -NH; group present in RRA
268 may allow compounds to permeate the cell membrane and mycolic cell wall of Mtb.
RRA 8 and RRA 267 showed no permeability indicating a further need for structural

modifications to improve their in-vivo characteristics.

An NCA PK analysis was performed using MS Excel to calculate the PK parameters
for RRA compounds. The maximum tolerable dose in the present study was done to estimate
a single intravenous dose administration with subsequent formulations of RRA compounds in
the range of 0-500 mg/kg in mice. After a single intravenous dose, the RRA compound was
promptly reduced from the plasma of mice. The bioanalytical methods for all the compounds
were sensitive, linear, accurate, and precise in the concentration ranges to be tested and met
all the acceptance criteria. The concentration-time data and other PK parameters for the RRA
compounds are shown in Table 7. The highest Area Under the Plasma Concentration Time
Curve (AUC(o.y)) following a single oral dose of 20 mg/kg in mice was achieved highest by
RRA 242 (7.15 pg.h/ml) and RRA 265 (0.04 pg.h/ml), showing the lowest resulting in
variation of distribution and elimination post-infusion period (Figurel). Furthermore, our
MTD analysis of selected RRA compounds was identified in mice following single-dose oral
administrations of 50-500 mg/kg was at least 500 mg/kg. This confirms the efficacy of the
compounds for in-vivo analysis for up to 500mg/kg. At last, based on the single-dose analysis
and MTD study for RRA compounds, i.e., RRA79, RRA242, RRA267, and RRA268 were
selected for the oral dose escalation study to get the final dose concentration to be given for
further efficacy studies. Our results of an oral dose-escalation study for RRA 79 suggest 400,
150, 50 mg/kg dosed twice daily, for RRA242 suggests 400, 150, 50 mg/kg dosed twice
daily, for RRA267 400, 150, 50 mg/kg dosed twice daily and for RRA 268 200, 60, 20 mg/kg
dosed once daily (Figure 2-9 and Table 14).

In summary, the library of triazole (RRA) compounds was screened for anti-TB
activity against active and dormant stage Mtb and identified 30 RRA compounds with
significant inhibition against Mtb. Further PK study was done for the same compounds to
understand the stability, protein binding efficiency, and possibility of passive diffusion in the
cell membrane. RRA 242, RRA 267, and RRA 268 for further efficacy studies. The data
provided in the present work helps to select the appropriate dosing of a compound for in-vitro

pharmacological studies considered a suitable drug. Future experiments are required using
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virulent strains of Mtb to explore the true potential of the RRA compounds as potential

candidates for anti-TB therapy.

4.4. Materials and methods
4.4.1. Chemicals and materials

All the chemicals such as XTT, DMSO, rifampicin, isoniazid, and M phlei media
components, including KH>POs, trisodium citrate, MgSQOa, asparagine, and glycerol, were
purchased from Sigma Aldrich USA unless otherwise mentioned. Dubos medium was
purchased from DIFCO, USA. RPMI 1640 cell culture media and fetal bovine serum (FBS)
were purchased from GIBCO, USA. Stock solutions (10mg/ml) of all the synthesized

compounds were freshly prepared in DMSO and used the same day after mixing.
4.4.2. In-vivo Test System
Species: Mice

Strain: Balb/c
Weight: 20-24 g
Age: 6-8 weeks
Sex: Female

4.4.3. Animal welfare

This study was performed at Theralndx Lifesciences Private Limited, a CPCSEA-approved
laboratory (Registration number 1852/PO/Rc/S/16/CPCSEA), following all ethical practices
laid down in the guidelines for animal care [41,42]. The study has been approved by the
Institutional Animals Ethics Committee (IAEC) of the test facility under the Project entitled
“Maximum Tolerated Dose studies of TN series (TN 01- TN 15) of compounds in Mice”
(Protocol No. IAEC/01/2016/002)

4.4.4. Husbandry

Conditions: The animal room environment was monitored twice a day for temperature and
relative humidity. The temperature range was 22+2 °C, and the humidity range was between
45 and 60%. The animals were provided with 12 h of light and 12 h of dark artificial
photoperiod.

Animals were housed in IVC systems and acclimatized for seven days after the veterinary

examination for the study. Only animals without any visible signs of abnormalities were used
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for the study. Housing: Groups of 3 animals in polypropylene cages (approximately 100 sq
cm area for each animal) Diet: Nutrilab Rodent Feed from M/s. Provimi Animal Nutrition
India Pvt. Ltd., Bangalore, was provided ad libitum. Water: Bisleri water was provided ad

libitum.
4.4.5. Treatment/Animal dosage

Animals were dosed orally, by gavage, from the lowest to the highest dose, with half-hour
intervals between each dose for clinical observations [43,44]. Post each dose, animals were
observed for 72 h and were compared with the vehicle control group for the following
parameters: a) Bodyweight just before dosing and at 24 h post-dosing; b) Clinical signs (gait,
posture, excretions, and secretions, morbidity) before and immediately after dosing up to 72

h; ¢) Mortality
4.4.6. Bacterial strains, media, and inoculum preparation

M. tuberculosis H37Ra (ATCC 25177) was obtained from Astra Zeneca, Bangalore, India.
The THP-1 cell line was obtained from the National Collection of Industrial Microorganisms
(NCIM), Pune, India. Subculturing of all mycobacterial strains was routinely done in Dubos
albumin agar slants or plates. The liquid inoculum was prepared in Dubos broth containing
2% glycerol (v/v) and 10 % albumin-dextrose-catalase (ADC), incubated in a shaker
incubator rotating at a speed of 150 rpm at 37 °C. For in-vitro screening subculture in M.pheli
medium containing 0.5 gm Potassium dihydrogen orthophosphate, 0.25 gm Sodium citrate,
60 mg Magnesium chloride, 0.5 gm Asparagine, and 2% (v/v) glycerol in 100 ml of distilled
water at pH 6.6 = 0.2. The stock culture was maintained at -70°C and subcultured once in a
liquid medium before inoculation to an experimental culture. The stock was maintained at -70
°C and sub-cultured once in a liquid medium before inoculation in the experimental culture
medium at 37 °C till the logarithmic phase (ODs20 ~ 1.0) was reached. 1% of 1.0 ODs»o of the
culture was used as standard inoculum size for all the experiments, yielding final inoculum of

approximately 10> CFU/ml.

4.4.7. In-vitro antitubercular activity of synthesized triazoles derivatives against the

active and dormant stage of Mycobacterium tuberculosis

For antitubercular activity screening, stock solutions of all the synthesized compounds were
freshly prepared in DMSO and evaluated for their in-vitro antitubercular activity against the

active and dormant stage Mtb using an established microplate-based technique using
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tetrazolium salt 2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide
(XTT) and menadione to determine the viability of Mtb [27]. Briefly, 2.5 pl of the test
solutions at different concentrations between 100-0 pg/ml were added to 247.5 pul of M. phlei
medium containing bacilli and incubated for 8 days for the active stage and 12 days for the
dormant stage at 37 °C. Post incubation, an XRMA assay was performed. The plate was read
on SpectraMax Plus 384, Molecular Devices, Inc., using a 470 nm filter against a blank
prepared from cell-free wells. MIC and ICs values of the selected compound were calculated
from their dose-response curves by using OriginPro 2019b software. The assay was carried
out in triplicates, and the percentage inhibition was calculated using a similar formula as per
the described method below in the calculation of percent inhibition. The data shown are

representative of three independent experiments.

4.4.8. Screening of active molecules against intracellular Mycobacterium tuberculosis

inside THP-1 macrophage by (Nitrate reduction) NR assay (Ex-vivo assay)

THP-1 was used to examine the inhibitory activity of the compounds against intracellular
bacilli by following a method described earlier [28]. Briefly, 3 ml of THP-1 cells (~5x10*
cells/ml) were treated with 100 nM of phorbol myristate acetate (PMA) in a culture flask for
24 h to convert them into macrophages. These macrophages were further incubated for 12 h
with M. tuberculosis H3z7Ra at MOI (multiplicity of infection) of 1: 100 for infection.
Extracellular bacilli were removed by washing twice with sterile PBS and then adding fresh
medium to adhered cells. Compounds were then added to these infected macrophages at
different concentrations. In order to check the effect of inhibitors on the growth of
intracellular bacilli, compounds were added at 0 h (for identification of active stage
inhibitors) and after 120 h (for identification of dormant stage inhibitors) of infection. Unless
mentioned otherwise, the effect of the compound was monitored by determining the bacterial
load within macrophages by lysing them with hypotonic buffer (10 mM HEPES, 1.5 mM
MgCl, and 10 mM KCl) at different time points and spreading 100 pL of the samples on

Dubos agar plates to enumerate colonies after 21 days.
4.4.9. Anti-bacterial Activity

To determine specificity, we have used optical density-based measurements to assess
bacterial growth inhibition for screening compounds for their anti-bacterial activity against
Gram-positive and Gram-negative bacteria [45]. All the synthesized compounds were

screened for their in-vitro anti-bacterial activity in 96-well plates against four bacterial strains
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(Gram-negative strains: Escherichia coli (NCIM 2065; ATCC 8739) and Pseudomonas
aeruginosa (NCIM 5029; ATCC 27853); Gram-positive strains: Staphylococcus aureus
(NCIM 2901; ATCC 29737) and Bacillus subtilis (NCIM 2920; ATCC 605). Once the
cultures reached ODe¢20 of 1, 0.1 % of bacterial culture was used as inoculum to determine
anti-bacterial activity. The synthesized compounds were screened to monitor the dose-
response effect and incubated for 8 h at37 °C. Post-incubation ODg20 was measured for both
Gram-positive and Gram-negative bacteria. Here reference drugs in clinical use, Ampicillin
and Kanamycin, served as standard. The data shown are representative of three independent

experiments.
4.4.10. Cytotoxicity of the active molecules

The cytotoxicity compound was examined by examining their effect on the proliferation of
THP-1 (Human leukemia monocytic cell line), A549 (Human lung cancer cell line), PANC-1
(Human pancreatic cancer cell line), and HeL.a (Human cervical cancer cell line) by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay method [29,30]. Briefly,
growing cells from individual cell lines (1x10° cells/ml) were used to monitor the dose-
response effect of the inhibitors. DMSO was used as vehicle control. The 96 well-plates were
then incubated for 72 h in the incubator (37 °C, 5% CO2, 95% humidity) to adhere to the well
bottom. After adding MTT dye solution (50 pg/ml) to each well, the plate was incubated for
1h in an incubator. 200 pL of isopropanol was added to each well and kept for 4 h to dissolve
the formazan crystal. The read-out was taken after 72 h of incubation at 490nm. The Glso
values of the selected compound were calculated from their dose-response curves by using
OriginPro 2019b software. The assay was carried out in triplicates, and the percentage
inhibition was calculated using a similar formula as per the described method below in the
calculation of percent inhibition. The data shown are representative of three independent

experiments.
4.4.11. Calculation of percent inhibition

The percentage inhibition was calculated using the following equation: percentage inhibition
= [(Average absorbance of control- Average absorbance of the test sample)/ (Average
absorbance of control - Average absorbance of blank)] X 100, where control denotes the
medium with bacilli together with the vehicle, test denotes the medium with bacilli together

with compound and blank denotes the cell-free medium.
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4.4.12. Microsomal Metabolic Stability Assay in Human Liver Microsomes

Human liver microsomes were removed from a -75 °C deep freezer and thawed on an ice
bath. Following thawing, 27.5 pL microsomes (20 mg/ml) were mixed in ~971.5 puL of 66.7
mM potassium phosphate buffer (pH 7.4), getting a concentration of ~ 0.5 mg/ml of
microsomal protein. 1.1 pL of test compound/Verapamil (1 mM) was added to the reaction
mixture to obtain a final concentration of 1 pM. Aliquots of 180 pl were drawn from the
reaction mixture and placed into separate Eppendorf tubes labeled as Tc (negative control),
TO (0 min), TS5 (5 min), T15 (15 min), and T30(30 min). All the tubes were pre-incubated at
37 °C for 5 min in a shaking water bath along with the test compound/reference standard.
Following the pre-incubation, the reaction was initiated by adding 20 pL of NADPH (10
mM) to tubes TO, T5, T15, and T30. To the Tc tube, 20 uL. of potassium phosphate buffer
(PPB) was added instead of NADPH and incubated for 30 min. At the end of each of the
incubation times (Tc, TO, TS, T15, and T30), the reaction in the corresponding tubes was
terminated by adding 200 pL of quenching solution. The samples were centrifuged at 4000
rpm for 10 min, and 200 pL of the supernatant from each vial was analysed by API1 4000 LC-
MS/MS. The assay was done in duplicates.

4.4.13. Microsomal Metabolic Stability Assay in Mouse Liver Microsomes

Mouse liver microsomes were removed from a -75 °C deep freezer and thawed on an ice bath.
Following thawing, 27.5 pL microsomes (20 mg/ml) were mixed in ~971.5 pL of 66.7 mM
PPB (pH 7.4), get a concentration of ~ 0.5 mg/ml of microsomal protein. 1.1 pL of test
compound/Verapamil (1 mM) was added to the reaction mixture to obtain a final
concentration of 1 pM. Aliquots of 180 uL. were drawn from the reaction mixture and placed
into separate Eppendorf tubes labeled as Tc (negative control), TO (0 min), TS5 (5 min), T15
(15 min), and T30 (30 min). All the tubes were pre-incubated at 37 °C for 5 min in a shaking
water bath along with the test compound/reference standard. Following the pre-incubation,
the reaction was initiated by adding 20 pL of NADPH (10 mM) to tubes TO, TS5, T15, and
T30. To the Tc tube, 20 uL of PPB was added instead of NADPH and incubated for 30 min.
At the end of each of the incubation times (Tc, TO, T5, T15, and T30), the reaction in the
corresponding tubes was terminated by adding 200 pL of quenching solution. The samples
were centrifuged at 4000 rpm for 10 min, and 200 pL of the supernatant from each vial was

analysed by API 4000 LC-MS/MS. The assay was done in duplicates.
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4.4.14. Human Plasma Protein Binding

Human Plasma protein binding was done using the Rapid Equilibrium Device described
earlier [46]. The membranes were soaked in Milli-Q water for 60 min and subsequently in
20% ethanol in Milli-Q water for 30 min. The membranes were rinsed well with Milli-Q
water twice before loading onto the HT dialyzer. 150 pL of mouse plasma (n=3) containing 3
puM final concentration of test compound/reference standard was placed into the first half of
the 96-well Micro-Equilibrium Dialysis Device [Reusable 96-well Micro-Equilibrium
Dialysis Device HTD 96: HT Dialysis LLC-HTD 96b-1006]. 150 pL (n=3) of blank sodium
phosphate buffer was placed into the buffer half of the same well of the above plate and
equilibrated at 37 = 5 °C for 4.5 h, with constant rotation at 130 rpm on an orbital shaker.
After equilibration, 10 pL of a plasma sample from the plasma half of the well was pipetted
to a vial/plate containing 200 pL of quenching solution, and 50 pL of blank buffer was added
to it. Similarly, 50 pL of buffer sample from the buffer half of the wells was pipetted to a
vial/plate containing 200 uL of quenching solution, and 10 pL of blank plasma was added to
it. The samples were centrifuged at 14,000 rpm for 5 min, and the supernatants were
transferred to LC-MS vials or plates for analysis by LC-MS/MS. For recovery experiments,
10 pL of plasma from the plasma half and 50 pL from the buffer half of the same well were
added to a vial plate containing 200 pL of quenching solution, centrifuged at 14000 rpm and
the supernatants were analysed by AP1 4000 LC-MS/MS.

4.4.15. Mouse Plasma Protein Binding

Mouse Plasma protein binding was done using the Rapid Equilibrium Device as described in
the earlier method [46]. The membranes were soaked in Milli-Q water for 60 min and
subsequently in 20% ethanol in Milli-Q water for 30 min. The membranes were rinsed well
with Milli-Q water twice before loading onto the HT dialyzer. 150 pL of mouse plasma (n=3)
containing 3 uM final concentration of test compound/reference standard was placed into the
first half of the 96-well Micro-Equilibrium Dialysis Device [Reusable 96-well Micro-
Equilibrium Dialysis Device HTD 96: HT Dialysis LLC-HTD 96b-1006]. 150 pL (n=3) of
blank sodium phosphate buffer was placed into the buffer half of the same well of the above
plate and equilibrated at 37 £ 5 °C for 4.5 h, with constant rotation at 130 rpm on an orbital
shaker. After equilibration, 10 pL of a plasma sample from the plasma half of the well was
pipetted to a vial/plate containing 200 pL. of quenching solution, and 50 pL of blank buffer
was added to it. Similarly, 50 pL of buffer sample from the buffer half of the wells was
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pipetted to a vial/plate containing 200 puL of quenching solution, and 10 pL of blank plasma
was added to it. The samples were centrifuged at 14,000 rpm for 5 min, and the supernatants
were transferred to LC-MS/MS vials or plates for analysis by LC-MS. For recovery
experiments, 10 pL of plasma from the plasma half and 50 pL from the buffer half of the
same well were added to a vial/ plate containing 200 pL of quenching solution, centrifuged at
14000 rpm, and the supernatants were analysed by API 4000 LC-MS/MS. The experiment

was done in triplicates.
4.4.16. Permeability in Parallel artificial membrane permeability assay (PAMPA assay)

The Lipid-PAMPA method is a non-cell-based assay designed to predict drugs' passive,
transcellular permeability in early drug discovery. The assay is carried out in a 96- well
Multiscreen Permeability plate and measures the ability of compounds to diffuse from a
Donor to an Acceptor compartment separated by a PVDF membrane filter pretreated with a
lipid-containing organic solvent. A 1 to 4% solution (w/v) of lecithin in dodecane (~500
pL/plate) was prepared; 5 pL of the lecithin/dodecane mixture was placed into each Donor
plate well, avoiding pipette tip contact with the membrane. Immediately after applying the
artificial membrane (within 10 minutes maximum), 150 pL of drug-containing donor
solutions (drugs dissolved in 5% DMSO, PBS) were added to each well of the Donor plate.
300 puL of aqueous buffer was added to each well of the PTFE Acceptor plate. The drug-filled
Donor plate was placed carefully into the Acceptor plate. The plate lid was replaced, and the
setup was incubated at room temperature for 16 h. After incubation, the acceptor plate was

analyzed by API1 4000 LC-MS/MS. The experiment was done in triplicates.
4.4.17. Test item preparation

The vehicle was 0.25% CMC (RRA 62, 79) or 0.25% CMC containing 2 % DMSO for
compounds (RRA 90A, 96, 117, 193, 242, 264, 265, 266, 267, 268, 272, 289 and 293) that
did not yield homogenous suspensions. Each compound was weighed and transferred into a
mortar; appropriate volumes of 0.25% CMC were added in aliquots while grinding with a

pestle. The final uniform suspension (concentration 2.0 mg/ml) was transferred to a vial.
4.4.18. Study design to evaluate single-dose administration

Groups of animals (n=12/compound) were administered single oral doses of 20 mg/kg, of
each compound, at a dose volume of 10 ml/kg. Post dose, blood samples were collected from

the mice at 5 min, 15 min, 30 min, 1 h, 2, 4, 8, and 24 h. Before sampling, mice were
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anesthetized with isoflurane at the indicated time points. From each mouse, two blood
samples were drawn; the 1st was non-terminal (~0.1 ml blood) done by saphenous vein
puncture and the 2nd terminal, by retro-orbital plexus puncture using heparinized mice
capillary tubes. Blood was collected in 2 ml Eppendorf tubes containing 0.01 ml of 10%
K2EDTA as an anticoagulant, mixed gently, and placed in ice before centrifugation. Blood
was centrifuged at 10,000 r.p.m. for 5 min, and plasma was harvested and stored at -80 °C

until analysis.
4.4.19. The maximum tolerated dose (MTD) of selected RRA compounds

The vehicle was 0.25% Carboxymethylcellulose (CMC) containing 2% DMSO. A 50 mg/ml
suspension was prepared for each compound and homogenized in DMSO using a mortar and
pestle. The subsequent formulations were prepared by diluting 50 mg/ml formulation to 40,
20, 10, and 5 mg/ml using the same vehicle. For this, the animals were divided into 23
groups, as shown in Table 11. Care was taken to vertexing each formulation suspension prior

to dilution to ensure homogeneity of the suspensions.

Table 15:Study design for Maximum tolerable dose study

Concentration
Compound Dose of con-lpound No. of
Group n
(mg/kg) formulation | Animals/group
(mg/ml)
Vehicle Gl 0 0 5
G2 50 5 5
G3 100 10 5
RRA79 G4 200 20 5
G5 400 40 5
G6 500 50 5
G7 50 0 5
G8 100 5 5
NCL242 G9 200 10 5
G10 400 20 5
Gl1 500 40 5
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G12 50 0 5
G13 100 5 5
NCL267 G14 200 10 5
G15 400 20 5
Gl6 500 40 5
G17 50 0 5
G18 100 5 5
NCL268 G19 200 10 5
G20 400 20 5
G21 500 40 5
G22 50 0 5
G23 100 5 5
NCL 62 G24 200 10 5
G25 400 20 5
G26 500 40 5
NCL293 G27 500 50 5
G28 400 40 5

4.4.20. Oral Dose Escalation Pharmacokinetics of selected RRA compounds in Mice

A. Test Item preparation

In this study, the vehicle was 0.25% CMC. A 50 mg/ml suspension was prepared for each

compound and homogenized in DMSO using a mortar and pestle. The final uniform

suspensions were transferred to vials. All formulations were prepared on the day of the study.

The final concentrations of each compound in the formulations were 5,10,20 and 40 mg/ml

for the 50, 100, 200 and 400mg/kg doses, respectively. The dose-volume was 10ml/kg.
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C. Study design

Compound | Oral Dose | No. of No of mice | Time points for blood
[mg/kg] mice/dose | /time point | collection

RRA79 50, 100, 200, 400 | 12 3 5 min, 15 min, 30 min, 1 h,
2,4, 8 and 24 h.

RRA242 50, 100, 200 400 | 12 3 5 min, 15 min, 30 min, 1 h,
2,4, 8 and 24 h.

RRA267 50, 100, 200 400 | 12 3 5 min, 15 min, 30 min, 1 h,
2,4, 8 and 24 h.

RRA268 50, 100, 200 400 | 12 3 5 min, 15 min, 30 min, 1 h,
2,4, 8 and 24 h.

Post dose, blood samples were collected from the mice at Smin,15min,1h,2h,4h,8h, and 24h.
At the indicated time points and before sampling, mice were anesthetized with isoflurane.
From each mouse, two blood samples were drawn; the 1% was non-terminal (0.1ml
blood)done by saphenous vein puncture and the 2™ terminal, by retro-orbital plexus puncture
using heparinized mice capillary tubes. Blood was collected in 2ml Eppendorf tubes
containing 0.01ml of 10% K:EDTA as an anticoagulant, mixed gently, and placed in ice
before centrifugation. Blood was centrifuged at 10,000 r.p.m. for 5 min, and plasma was

harvested and stored at-80°C until analysis.
C. Pharmacokinetic analysis

Mean data were used for PK analysis. NCA PK was performed using Phoenix WinNolin
version 6.4.0.768 [certara] using the NCA PK model-Plasma Data, Extravascular
Administration. The linear up-log down method was used to estimate AUC [31]. A minimum
of 3 concentrations on the terminal liner phase were used to estimate the terminal elimination
rate constant (Az) and half-life [ti,2]. Dose proportionality was assessed using graphical plots

of AUC.infand Cpax versus dose and the ratio of AUC/Dose and Cmax/Dose [31].
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Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), has co-
evolved with humans for thousands of years, avoiding the immune system in a dormant or
latent state. According to World Health Organization (WHO), TB is a worldwide pandemic;
and it is anticipated that at least one-quarter of the world's population could be infected with

latent TB.

In my thesis, we tried to address two major issues:1. the urgent need for new
candidate molecules that can act on the active and dormant stage of Mtb, 2. a poor
understanding of the target for the proposed hits after thorough screening procedures. We
have screened >300 compounds of different categories against the active and dormant stages
of Mtb by using in-vitro, ex-vivo, and in-vivo methods to identify the potential candidate
showing significant stage-specific inhibitory activity. We further selected two compounds
conjugated with a linker molecule. Using the pull-down method and mass spectrometry
analysis, we identified GroEI2 protein as a potential target for RRA2 inhibitor in active stage
Mtb and DNA binding HU protein as a target for RRA268 inhibitor in dormant stage Mtb.
Further, we analyzed the conservation pattern of target protein among other species of
mycobacteria and between Mtb H37Ra and Rv strain. At last, we have predicted the biding
site and type of interaction of the inhibitor with its target site using molecular modeling
studies. Our findings may open up new avenues to examine the role of GroEI2 and HU

protein as possible targets for drugs.

Many potential drug candidates fail in the early stages of drug discovery due to
undesirable toxicity and inadequacies caused by ADME properties. Hence in the present
study, we have selected 30 RRA compounds based on their inhibition properties, checked for
specificity against non-mycobacterial species, and evaluated for toxicity effect against
different cancer cell lines. We characterized these compounds' PK properties using the in
vitro, ex-vivo, and in-vivo methods in mice. At last, we determined the effective

concentration of dose required for further efficacy studies.
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derivative of 1,2,4-triazolethiols.

Abstract: Mycobacterial chemotherapy is complicated due to both the requirement for
prolonged treatment with a combination of drugs and the emergence of drug-resistant strains.
However, a major need in global health is to eradicate persistent or non-replicating
subpopulations of Mtb bacilli. In the preliminary analysis, an in-house library of 1, 2, 4-
triazolethiol derivatives was screened against M. bovis BCG, and Mycobacterium
tuberculosis showed significant antitubercular activity. Notably, the RRA-2 inhibitor was
found to be inhibiting both replicating and non-replicating Mtb bacilli with MIC values of
4.46+0.17pg/ml and 4.79+0.6 pg/ml, respectively. In addition, the affinity pooling of target
protein was achieved by linking the Azide PEG-3 biotin with RRA-2 and found ~60 kD
protein band in SDS-PAGE analysis. Further work for the identification and validation of the

captured protein is in progress.

2. Participated in a poster presentation at International Conference on Infectious Diseases

and Immunopathology organized by SPPU Pune- Apr.2021.

Title: Detection of a target protein (GroEl2) in Mycobacterium tuberculosis using a

derivative of 1,2,4-triazolethiols.

Abstract- Herein, we evaluated a limited series of 54 allyl and propargyl derivatives of alkyl,
aryl, and heteroaryl-substituted 1,2,4-triazolethiols for in-vitro and ex-vivo mycobactericidal
activity. A structure-activity relationship (SAR) study using 54 analogs against
Mycobacterium bovis BCG indicated thiopropargylation/thioallylation at C-3 with
simultaneous modification in the phenyl group attached at the C-5 position of the 1,2.4-
triazole ring had very effective mycobactericidal activity. Compounds RRA2, RRA3, and
RRA7 had mycobactericidal activity against Mycobacterium bovis BCG and Mycobacterium
tuberculosis (Mtb) with minimum inhibitory concentration (MIC) values of 2, 0.2, and 2
pg/ml respectively. At MIC concentrations, RRA2, RRA3, and RRA7 compounds yielded
0.82, 1.43, and 0.88 log cfu reduction against non-replicating Mycobacterium tuberculosis,

respectively. These three compounds are selective and non-toxic, having little effect on the
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growth of Mycobacterium smegmatis, Escherichia coli (E. coli), or THP-1 macrophages.
Moreover, these molecules were similarly effective against intracellular Mtb in THP-1
macrophages. Using “click” chemistry via a biotin linker-inhibitor conjugate with the RRA2
inhibitor, we pulled down the GroEl 2 protein from Mtb whole-cell extract. When applied at
their respective MIC level, all three inhibitors abrogate the ATPase activity of purified GroEl
2. Furthermore, computational molecular modelling indicated that these compounds were
able to interact with GroEl 2 in a manner that explains the structure-activity relationship seen
with this compound class. Overall, this study has unlocked a new opportunity for tuberculosis
treatments by identifying 1,2,4-triazolethiols as potential anti-tuberculosis compounds and

their novel target protein GroEIl 2.
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1. Received “Best oral presentation award” with a cash prize in Virtual Conference on
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aryl, and heteroaryl-substituted 1,2,4-triazolethiols for in-vitro and ex-vivo mycobactericidal
activity. A structure-activity  relationship (SAR) study using 54 analogs
against Mycobacterium bovis BCG indicated that thiopropargylation/thioallylation at C-3
with simultaneous modification in the phenyl group attached at the C-5 position of the 1,2,4-
triazole ring had very effective mycobactericidal activity. Compounds RRA2, RRA3, and
RRA7 had mycobactericidal activity against Mycobacterium
tuberculosis (Mtb) with minimum inhibitory concentration (MIC) values of 2, 0.2, and 2
ug/ml, respectively. At MIC concentrations, RRA2, RRA3 and RRA7.These three
compounds are selective and non-toxic, having little effect on the growth of Mycobacterium
smegmatis, Escherichia coli (E. coli), or THP-1 macrophages. Moreover, these molecules
were similarly effective against intracellular Mtb in THP-1 macrophages. Using “click”
chemistry via a biotin linker-inhibitor conjugate with the RRA2 inhibitor, we pulled down the
GroEl 2 protein from Mtb whole-cell extract. When applied at their respective MIC level, all

three inhibitors abrogate the ATPase activity of purified GroEl 2. Furthermore, computational
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molecular modelling indicated that these compounds were able to interact with GroEl 2 in a
manner that explains the structure-activity relationship seen with this compound
class. Overall, this study has unlocked a new opportunity for tuberculosis treatments by
identifying 1,2,4-triazolethiols as potential anti-tuberculosis compounds and their novel target
protein GroEl 2.

2. Received “First prize” for oral presentation at International Science Symposium-2021

on Recent Trends in Science and Technology arranged by Christ College, Rajkot.

Title: IDENTIFICATION OF A GROWTH RESPONSIBLE Mycobacterium tuberculosis
TARGET PROTEIN ‘GROEL 2’ AND IT’S INHIBITION VIA A SERIES OF 1,24-
TRIAZOLETHIOLS

Abstract- Herein, we evaluated a limited series of 54 allyl and propargyl derivatives of alkyl,
aryl, and heteroaryl-substituted 1,2,4-triazolethiols for in-vitro and ex-vivo mycobactericidal
activity. A structure-activity relationship (SAR) study using 54 analogs against
Mycobacterium bovis BCG indicated that thiopropargylation/thioallylation at C-3 with
simultaneous modification in the phenyl group attached at the C-5 position of the 1,2.4-
triazole ring had very effective mycobactericidal activity. Compounds RRA2, RRA3, and
RRA7 had mycobactericidal activity against Mycobacterium bovis BCG and Mycobacterium
tuberculosis (Mtb) with minimum inhibitory concentration (MIC) values of 2, 0.2, and 2
pg/ml respectively. At MIC concentrations, RRA2, RRA3, and RRA7 compounds yielded
0.82, 1.43, and 0.88 log reduction of cfu against non-replicating Mycobacterium tuberculosis,
respectively. These three compounds are selective and non-toxic, having little effect on the
growth of Mycobacterium smegmatis, Escherichia coli (E. coli), or THP-1 macrophages.
Moreover, these molecules were similarly effective against intracellular Mtb in THP-1
macrophages. Using “click” chemistry via a biotin linker-inhibitor conjugate with the RRA2
inhibitor, we pulled down the GroEl 2 protein from Mtb whole-cell extract. When applied at
their respective MIC level, all three inhibitors abrogate the ATPase activity of purified GroEl
2. Furthermore, computational molecular modelling indicated that these compounds were
able to interact with GroEl 2 in a manner, which explains the structure-activity relationship
seen with this compound class. Overall, this study has unlocked a new opportunity for
tuberculosis treatments by identifying 1,2,4-triazolethiols as potential anti-tuberculosis

compounds and their novel target protein GroEl 2.
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3. Participated in an online conference organized by NCL Research Foundation Annual

Students conference-2021 as an oral presentation.

Title: Detection of a target protein (GroEl2) in Mycobacterium tuberculosis using a

derivative of 1,2,4-triazolethiols.

Abstract- Herein, we identified a potential lead compound, RRA2, within a series of 54 derivatives of
1,2,4-triazolethiols (exhibit good potency as an anti-mycobacterial agent) against intracellular
Mycobacterium tuberculosis (Mtb). Compound RRA2 showed significant mycobactericidal activity
against active stage Mycobacterium bovis BCG and Mtb with minimum inhibitory concentration
(MIC) values of 2.3 and 2.0 pg/ml, respectively. At MIC concentration, the RRA2 compound yielded
a 0.82 log reduction of cfu against non-replicating Mtb. Furthermore, the RRA2 compound was
selected for further target identification due to the presence of the alkyne group, showing higher
selectivity index (>66.66+0.22 in the non-replicating stage). Using “click” chemistry, we synthesized
the biotin linker -RRA2 conjugate, purified it with the HPLC method and confirmed the conjugation
of the biotin linker-RRA2 complex by HR-MS analysis. Furthermore, we successfully pulled down
and identified a specific target protein, GroEl2, from Mtb whole-cell extract. Furthermore,
computational molecular modelling indicated RRA2 could interact with GroEl2, which explains the
structure-activity relationship observed in this study.

4. Participated in International Conference on Infectious Diseases and

Immunopathology organized by SPPU Pune-2021 with oral presentation.

Title: Detection of a target protein (GroEl2) in Mycobacterium tuberculosis using a

derivative of 1,2,4-triazolethiols.

Abstract- Herein, we evaluated a limited series of 54 allyl and propargyl derivatives of alkyl,
aryl, and heteroaryl-substituted 1,2,4-triazolethiols for in-vitro and ex-vivo mycobactericidal
activity. A structure-activity relationship (SAR) study using 54 analogs against
Mycobacterium bovis BCG indicated that thiopropargylation/thioallylation at C-3 with
simultaneous modification in the phenyl group attached at the C-5 position of the 1,2,4-
triazole ring had very effective mycobactericidal activity. Compounds RRA2, RRA3, and
RRA7 had mycobactericidal activity against Mycobacterium bovis BCG and Mycobacterium
tuberculosis (Mtb) with minimum inhibitory concentration (MIC) values of 2, 0.2, and 2
pg/ml respectively. At MIC concentrations, RRA2, RRA3, and RRA7 compounds yielded
0.82, 1.43, and 0.88 log reduction of cfu against non-replicating Mycobacterium tuberculosis,

respectively. These three compounds are selective and non-toxic, having little effect on the
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growth of Mycobacterium smegmatis, Escherichia coli (E. coli), or THP-1 macrophages.
Moreover, these molecules were similarly effective against intracellular Mtb in THP-1
macrophages. Using “click” chemistry via a biotin linker-inhibitor conjugate with the RRA2
inhibitor, we pulled down the GroEl 2 protein from Mtb whole-cell extract. When applied at
their respective MIC level, all three inhibitors abrogate the ATPase activity of purified GroEl
2. Furthermore, computational molecular modelling indicated that these compounds were
able to interact with GroEl 2 in a manner that explains the structure-activity relationship seen
with this compound class. Overall, this study has unlocked a new opportunity for tuberculosis
treatments by identifying 1,2,4-triazolethiols as potential anti-tuberculosis compounds and
their novel target protein GroEI2 protein as a potential target for RRA2 compound and DNA
binding protein HU as a target for RRA268

Sagar Swami, Ph.D. Thesis, AcSIR, CSIR-NCL Pune-2022 199 |Page



Molecular Diversity
https://doi.org/10.1007/s11030-021-10351-y

ORIGINAL ARTICLE t')

Check for
updates

Detection of a target protein (GroEl2) in Mycobacterium tuberculosis
using a derivative of 1,2,4-triazolethiols

Sampa Sarkar'2® . Sagar Swami®>>® . Sarvesh Kumar Soni' - Jessica K. Holien' - Arshad Khan?*.
Arvind M. Korwar - Anjali P. Likhite® - Ramesh A. Joshi® - Rohini R. Joshi® - Dhiman Sarkar?3

Received: 22 September 2021 / Accepted: 8 November 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract

Herein, we identified a potent lead compound RRA?2, within a series of 54 derivatives of 1,2,4-triazolethiols (exhibit good
potency as an anti-mycobacterial agents) against intracellular Mycobacterium tuberculosis (Mtb). Compound RRA2 showed
significant mycobactericidal activity against active stage Mycobacterium bovis BCG and Mtb with minimum inhibitory
concentration (MIC) values of 2.3 and 2.0 pg/mL, respectively. At MIC value, RRA2 compound yielded 0.82 log reduction
of colony-forming unit (cfu) against non-replicating Mtb. Furthermore, RRA2 compound was selected for further target
identification due to the presence of alkyne group, showing higher selectivity index (> 66.66 +0.22, in non-replicating stage).
Using “click” chemistry, we synthesized the biotin linker-RRA?2 conjugate, purified with HPLC method and confirmed the
conjugation of biotin linker-RRA?2 complex by HR-MS analysis. Furthermore, we successfully pulled down and identified
a specific target protein GroEl2, from Mtb whole-cell extract. Furthermore, computational molecular modeling indicated
RRAZ2 could interact with GroEl2, which explains the structure—activity relationship observed in this study.

Graphical abstract
GroEL-2 identified a potent and specific target protein for RRA 2 compound in whole cell extract of Mtb H37Ra.
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Introduction

Tuberculosis is a major public health problem in devel-
oping countries and requires an innovative treatment to
eradicate this infection [1-3]. Past 20 years, the advent of
new technologies has failed to provide many novel anti-
tubercular molecules or molecular targets [4]. In recent
days, 1,2,4-triazoles have been reported to show anti-
tubercular activity against Mycobacterium tuberculosis
(Mtb), keeping on the sight of biological importance of
azoles [5]. In addition, it was highlighted the possibility
of azoles exert anti-tubercular activity through inhibition
of CYP51 and CYP121 by a mechanism in which the het-
erocyclic nitrogen (N3: imidazole or N4: 1,2,4-triazole)
binds to the sixth coordination site of the heme iron atom
of porphyrin in the substrate-binding site of the enzyme
[6-10]. The 1,2,4-triazole core has drawn great attention
due to its diversified pharmacological activities and low
toxicity. This core is known as a therapeutic drug in the
market, including voriconazole, triazolam, fluconazole,
itraconazole, alprazolam, etizolam, etc. [11-13]. Several
groups worldwide have synthesized novel triazole deriva-
tives and assayed them for anti-mycobacterial activity
[14-16]. Structure—activity relationship (SAR) studies for
this compound class have shown that numerous features
are important for the anti-tubercular activity, including the
presence of the hydrogen bond acceptor subunit, the posi-
tion in the aromatic ring and, the planarity of triazole and
phenyl rings. Interestingly, small structural changes to the
1,2,4-triazole scaffold have been found to inhibit different
molecular targets (e.g., CYP51 and CYP121) [16-18].
Recently, we have patented the synthesis process
and the anti-mycobacterial activity of whole library of
1,2,4-triazole derivatives against Mycobacterium tuber-
culosis H37TRa and Mycobacterium bovis BCG (both active
and dormant stage, presented in the Supporting Informa-
tion Table No. S1) [19]. In another study, Rode et al. [20]
reported the complete synthesis of 3-aryl-5-(alkyl-thio)-1
H-1,2,4-triazoles derivatives; they also investigated the
anti-mycobacterial potency against the active and dormant
stage of Mycobacterium tuberculosis H37Ra strain and
Mycobacterium bovis BCG. They found 25 compounds
that exhibited promising anti-TB activity and lower cyto-
toxicity. Additionally, a molecular docking study was car-
ried out using similar chemical entities against a poten-
tial target Mtb CYP121 which seemed to show relevance
between the binding score and biological activity. Based
on primary (Supporting Information Table No. S1) and
secondary screening results, (Table 1) in this study, we
have selected three derivatives, RRA2 (2d, Table No. S1),
RRA3 (4f, Table No. S1) [19], and RRA7 (11d, Table
No. S1) [20], from the above-mentioned 1,2,4-triazole

@ Springer

derivatives library those were active against the non-rep-
licating dormant phase of Mycobacterium tuberculosis
H37Ra and Mycobacterium bovis BCG. However, the tar-
get and the action mechanism of these compounds have not
been identified yet. Due to the higher efficacy and presence
of alkyne group, RRA2 was selected to identify its specific
target from Mtb whole-cell culture.

Biotinylated RRA2 conjugate was used for pulling
down the target protein GroEl2 from Mtb whole-cell
extract and confirmed by SDS-PAGE and liquid chroma-
tography—mass spectrometry (LC—MS) analysis. Earlier
research reported that GroElI2 has homology with members
of a family of heat shock proteins (HSPs) that is known
as the chaperonin-60 (Cpn60/GroEl) family, which serves
as an essential molecular chaperone (Cpn) for maintain-
ing cellular homeostasis in normal and stressed condi-
tions among different proteins. Mtb contains two copies
of the cpn60 gene [21]. One of these, cpn60.1, is an operon
with cpn 10, while the second cpn60.2 occurs indepen-
dently on the chromosome. The regulation of HSPs in Mtb
has shown overexpression of the two Cpn60s upon ther-
mal shock [22] and phagocytosis by macrophages [23].
These reports suggest that the Cpn60 of Mtb contributes
to its defense response against external stress conditions.
Furthermore, evidence uncovered that both proteins Cpn
60.1 (GroEL1) and 60.2 (GroEL2) of Mtb are highly anti-
genic and potent cytokine inducers [24, 25]. Earlier stud-
ies also focused on the role of the full-length (FL) Mtb
protein GroEI2 indicates that a cleaved form of GroEL2
[GroEl(cl)] predominates in wild-type and that the cleav-
age of the same protein GroEL2 tends to inhibit the
innate immune response to infection [26]. Furthermore,
the FL GroEI2 protein produced strong proinflammatory
responses from dendritic cells and promoted DC matu-
ration and antigen presentation to T cells [27]. Similar
to GroEL2(cl), Fong et al. [28] reported that HSP70 is
secreted from cells and can activate the immunoreceptors
on monocytes and neutrophils. So, targeting GroEI2 may
open up new avenues for the treatment of tuberculosis.
In this concern, a series of inhibitors were also reported
for duel-targeting GroEL/ES along with protein tyrosine
phosphatase B (PtpB), which act as virulence factors and
show effective inhibition against active and dormant stages
of tuberculosis [29]. Interestingly, our present in vitro and
ex-vivo studies showed that RRA2 efficiently inhibits the
active stage and dormant stage Mtb bacilli.
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Table 1 Secondary screening characterization and MIC identification of identified lead molecules

Compound code Compound Structure

MIC® against active stage® (ug/mL)

Inhibition against dormant stage! (CFU/
mL)

M. bovis BCG M. tuberculosis M. smegmatis E. coli

M. bovis BCG M. tuberculosis

RRA2 N—H 2.31+0.3 2.0+£0.2 >100 >100 091+0.2 0.82+0.1
/(D/QN/)\s o
O,N
RRA3 N o 2.35+0.1 227+0.1 > 100 > 100 12+0.4 1.43+0.4
/@XN}‘S/ —
Cl
RRA7 H 2.61+04 245+0.2 > 100 > 100 1.1+0.2 0.91+0.2
N—-N
\
OYwaes
o o
O,N
Rifampicin® 0.22+0.2 0.12+0.05 0.23+0.2 0.51+0.1 0.64+0.3 0.53+0.1
Isoniazid* 0.31+0.1 0.25+0.01 0.31+0.1 2.1+0.1 0.66+0.1 0.75+0.1
Metronidazole® > 100 >100 > 100 >100 0.56+0.4 0.61+04
Itaconic anhydride® >100 >100 >100 >100 0.94+0.2 0.93+0.1

*Positive control for aerobic stage of M. tuberculosis

bPositive control for dormant stage of M. tuberculosis

“Concentration of compounds exhibiting 90% inhibition on mycobacterial growth

4CFU counts were determined after 4 days of treatment with compounds

Results and discussion

Identification of triazolethiol actives against M.
bovis BCG

Fifty-four derivatives of 1,2,4-triazolethiol (Supporting
Information Table No. S1) from our in-house chemical
library has been screened out using a simple and rapid bio-
assay, i.e., Active and Dormant Antitubercular Screening
(ADAS) [30] protocol (described in method section) with a
range of concentration (1, 10, 30, and 100 pg/mL) against
M. bovis BCG. From this primary screening, 17 active
compounds showed > 90% inhibition. In particular, three of
them (RRA2, RRA3, and RRA7) were showing >98% inhi-
bition in this detection method. Further, secondary screen-
ing (Table 1) results identified RRA2, RRA3, and RRA7
as lead compounds within 54 derivatives and pursued for
further characterization.

The study of structure—activity relationship (SAR)
of the 1,2,4-triazole ring [31, 32], demonstrated that the
structures with thiopropargyl group at the C-3 position of
the 1,2,4-triazole ring lacked any major influencing effect
against mycobacterial survival under the aerobically grow-
ing stage. Oxidation of this S-propargyl compound did not
perturb the inhibitory action of the molecule. So, the SAR
results evidently indicated that S-propargyl moiety is not

involved in pharmacophoric recognition with target protein/s
in Mtb cells [31]. This observation was gainfully utilized
in a click chemistry approach for target identification. SAR
study also indicated that allylation at 1 and 2 positions were
inversely related to the molecule's potency. At its para-posi-
tion, a phenyl substitution with an electron-withdrawing
group was required at the C-5 position in the triazole ring.
Replacing -NO, group by CI- with simultaneous change of
propargyl to allyl group attached to sulfur at position C-3 in
the 1,2,4-triazole ring has increased the molecule's potency
by tenfold as an anti-tuberculous agent [31, 32].

Determination of MIC of RRA2, RRA3, and RRA7
against M. bovis BCG

The MIC values of RRA2, RRA3, and RRA7 were deter-
mined against aerobically growing M. bovis BCG 2.31, 2.35,
and 2.61 pg/mL, respectively (Table 1). The three leads were
separately applied to hypoxia-induced dormant bacilli in
Wayne’s tube culture [33]. The tube model of dormancy
provided the flexibility of adding compound at any stage of
culture without significantly disturbing its oxygen environ-
ment. RRA2, RRA3, and RRA7 (at their MIC concentration)
reduced the viability of dormant Mtb bacilli by 0.91 +0.2,
1.20+0.4, and 1.1 +0.2 logs CFU, respectively (Table 1).
Although the propargyl or allyl groups were present in these

@ Springer
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three leads triazole structures, they could not achieve inhibi-
tion against bacilli, which suggested that a different substitu-
ent at the C-5 position may be responsible for its activity.
Although different groups were tried at the C-5 position,
only p-nitrophenyl (RRA2) showed the desired activity. In
compound RRA3, the replacement of propargyl moiety by
the allyl group could retain the extent of inhibition against
the bacilli. The sulfone derivative (RRA7) of this p-nitrophe-
nyl compound was equally potent against actively growing
M. bovis BCG, which indicated that oxidation of sulfur did
not negatively impact its biological activity.

Spectrum of activity against M. tuberculosis, M.
smegmatis, and E. coli

To further verify the spectrum of activity for RRA2, RRA3,
and RRA7 was assayed against an actively growing and
hypoxic Wayne’s tube model (dormant bacilli) of Mtb cul-
ture. The MIC values of RRA2, RRA3, and RRA7 were
obtained 2.0+0.2, 2.2740.1, and 2.45+ 0.2 pug/mL, respec-
tively, against aecrobic Mtb bacilli (Table 1). The calculated
reduction of viable cell counts of dormant Mtb bacilli were
found to be 0.82+0.1, 1.43+0.4, and 0.91 +0.2 log CFU
values, respectively. The inhibitory effect of these com-
pounds against both M. bovis BCG and M. tuberculosis
indicated an inductive effect of the group attached to the
para-position of the phenyl ring connected to the C-5 posi-
tion of 1,2,4-triazolethiol is crucial in bringing the potent
inhibitory effect against the bacilli. Earlier studies using
well-known antifungal triazole drugs had clearly established
that 14-a-demethylase belonging to the Cytochrome P-450
class of proteins are the targets in mycobacteria. Interest-
ingly, our lead compounds were not effective on M. smeg-
matis even though M. smegmatis has 51 copies of those
proteins, whereas, in M. tuberculosis and M.bovis BCG,
only 22 copies are present [34, 35]. Furthermore, the lead
compounds were also assayed against gram-negative bacte-
ria E coli as test organism to check their specificity against
non-mycobacterial species. None of the lead compounds had
any significant effect on the growth of either organism up
to the concentration of 100 pg/mL (Table 1). Hence, the
result confirmed that the effectiveness of RRA2, RRA3, and
RRA7 were specific for non-mycobacterial species M. bovis
BCG and M. tuberculosis. Interestingly, RRA2 showed more
potency against an actively growing and hypoxic Wayne’s
tube model (dormant bacilli) of Mtb culture and was further
used for its target identification from whole-cell Mtb cul-
ture [36]. Rifampicin, isoniazid, metronidazole, and itaconic
anhydride were used as standards (positive controls) in these
assays [36].
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Efficacy of the leads (RRA2, RRA3, and RRA7)
against Mtb inside THP-1 macrophage

To check the effectiveness of these three leads against dor-
mant bacilli, an ex-vivo infection model was used to provide
information about the level of efficacy that may be achieved
before the compounds were applied to animal models.
We analyzed the three lead compounds with positive con-
trol rifampicin and isoniazid against THP-1 macrophages
infected with Mtb bacilli (Fig. 1). RRA3 and RRA7 com-
pounds could completely sterilize the intracellular Mtb
(residing inside THP-1 macrophage) bacilli at 5 ug/mL con-
centration within 8 days of infection, whereas RRA2 could
achieve sterilization at as low as 1.5 pg/mL concentration.
The minimum bactericidal concentration (MBC) value of
RRA2 was almost comparable with rifampicin and isoniazid
in this experimental setting. To ensure these results were
not due to nonspecific lethal effects on THP-1 macrophages,
the three lead compounds were assayed against the human
THP-1 monocyte cell line.

Cytotoxicity against the human THP-1 monocyte cell
line

In Fig. 2, the cytotoxicity results were indicated no sig-
nificant effect on the cell viability of THP-1 monocytes
at> tenfold MIC concentration. In particular, out of three
lead compounds, RRA2 demonstrated significant potency
against the hard to kill intracellular Mtb bacilli and was
found to be nontoxic to the monocyte cell line. Moreover,
cytotoxicity studies enabled us to calculate the selectivity
index (SI) for the compounds RRA 2, RRA 3, and RRA 7.
The SI of each compound was determined by the ratio of
ICsy (on THP-1 cell cytotoxicity) to MIC (anti-TB activ-
ity) (Table 2). In the drug susceptibility study, Orme et al.
[37] suggested that compounds as a new candidate drugs
must have an index > 10, with MIC < 6.25 mg/mL and low
cytotoxicity considered safe and effective. Therefore, SI
is a significant parameter used to estimate the therapeutic
window to identify drug candidates for further studies. For
example, in Table-2 RRA 3 compound showed maximum SI
(>500) value in active strains (A), whereas RRA 2 showed
higher SI (>66.66 +0.22) value in dormant strains (D) of
Mycobacterium tuberculosis H37Ra as compared to RRA 3
and RRA 7, which makes them potential candidates for the
further biological studies.

Time-kill kinetics of RRA2 on Mtb within infected
THP-1 macrophage

Up to date, it has been established that hypoxia generates
within macrophages during the growth of bacilli [38].
Achieving dormancy within the intracellular environment
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Fig. 1 Dose-response effect of compounds on growth of intracellular
Mtb bacilli. The intracellular Mtb bacilli are growing in THP-1 mac-
rophages were monitored in the absence of compounds, i.e., control
(=), in the presence of different concentrations of RRA2 (A ), RRA3
(M), RRA7 (@), Rifampicin (V¥), and Isoniazid (#). The details of
the experimental procedure for the growth of intracellular M. tubercu-
losis are described in “Materials and Methods”. The results described
here as mean + SD of three identical experiments
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Fig.2 Dose-response effect of compounds on cell proliferation of
THP-1 monocyte. The proliferation of THP-1 cells was monitored in
the presence of different concentrations of RRA2 (H), RRA3 (A),
RRA7 (@), Rifampicin (V¥), and Isoniazid (#). The details of the
experimental procedure for cytotoxicity on THP-1 are described in
“Materials and Methods”. The results are mean+ SD of three identi-
cal experiments

makes bacilli resistant to most anti-tubercular drugs [38—40].
Therefore, we further investigated the time-kill kinetics
on Mtb bacilli within the THP-1 macrophage infection
model (Fig. 3). As mentioned above, the RRA2 compound
showed a higher selective index (SI) in the dormant stage;
due to that, only RRA2 has been used for further time-kill
kinetics experiments. RRA2 was added in two different
stages of infection, at 0 h and after 120 h at its MIC value

(1.5+0.1 pg/mL). The result indicated that effective kill-
ing of intracellular bacilli in THP-1 macrophages took place
immediately after the addition of the compound (RRA2).
The complete sterilization of aerobic bacilli occurred
within~70 h and ~ 170 h of incubation, respectively. This
result (Fig. 3) clearly indicated that the RRA?2 triazolethiol
derivative could be used as potential anti-tubercular leads
for further explorations.

Identification of target protein for RRA2

from the whole-cell extract of Mycobacterium
tuberculosis H37Ra by using conjugate (biotin
linker-inhibitor)

In order to aid future lead optimization of the RRA2 scaf-
fold, the identification of the specific target of RRA2 com-
pound was carried out with whole-cell Mtb culture. Among
the different approaches known for identifying the target of
a novel compound, affinity pooling could be a traditional and
simple procedure to lead a protein target. RRA2 compound
possesses an acetylenic group in the side chain, which could
be utilized in a copper-catalyzed alkyne-azide cycloaddition
reaction, i.e., “click chemistry,” with Azide-PEG3-Biotin to
form a covalent linkage (Scheme 1). The reaction mixture
(biotin linker-RRA?2) was purified using preparative HPLC,
and mass was confirmed via mass spectrometry. The puri-
fied biotin linker-RRA?2 conjugate was then added to the
Mycobacterium tuberculosis H37Ra whole-cell extract. Pro-
teins were hooked with RRA2 were then pulled down via
MagnaBind Streptavidin beads (Thermo Fisher Scientific)
and washed with PBS 2-3 times to remove the unwanted
nonspecific proteins. SDS-PAGE analysis indicated a major
protein band at~60 kDa molecular weight (Fig. 4). As a con-
trol, we added our biotin-linked-RRA2 to a whole Mtb cell
culture previously treated with RRA2. Notably, no band was
seen on the SDS-PAGE, presumably as RRA2 was already
bound to the target protein's active site, leaving no room
for conjugate (biotin-linked-RRA?2) binding and subsequent
pull-down.

Target specificity analysis

To determine the target specificity of RRA2, four hit deriv-
atives of 1,2,4-triazolethiols (RRA79, RRA242, RRA267,
and RRA268) were selected from an in-house library (Sup-
porting Information Table S2). These derivatives also have
significant inhibitory activity against active and dormant
stage of Mycobacterium tuberculosis H37Ra. Therefore,
all these four compounds are specific compounds of either
the active stage or dormant stage of the bacilli. To confirm
the specificity of the RRA2 compound, the purified biotin
linker-RRA2 conjugate was separately added to the Myco-
bacterium tuberculosis H37Ra whole-cell culture, which

@ Springer
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Table 2 Calculation of

L Compound code
selectivity index (SI) for

Anti-TB activity(a)

Cytotoxicity Selectivity index THP-1(c)

THP-1(b)
RRA 2, RRA3, and RRA 7 A D A D
compounds
RRA2 2.0+0.2 1.5+0.1 > 100 >50 >66.66+0.22
RRA3 2.27+0.1 5.0+0.3 > 100 >500 >20+0.12
RRA7 2.45+0.2 5.0+0.2 > 100 >50 >20+0.77

[a] Anti-TB activity against active (A) and dormant (D) strains of Mycobacterium tuberculosis H37Ra as
MIC (pg/mL); [b] Cytotoxicity studies for THP-1 ICs, (pg/mL); [c] Selectivity Index ICs, (cytotoxicity)/
MIC (anti-TB) for THP-1for both A and D strains

Log CFU/mL

0.0 L E e s e e e B e A 'E
0 20 40 60 80 100 120 140 160 180 200 220
Time (hr)

Fig.3 Time-kill Kinetics of intracellular Mtb (residing inside THP-1
macrophage) bacilli in the presence of RRA2 compound. The viable
count of the bacilli measured in terms of log CFU in control (A),
RRA2 compound added immediately after infection (O h) (@) and
after 5 days of infection (H) at MIC value (1 pg/mL). The results
described here mean + SD of three identical experiments

has already been treated with RRA2 compound (control)
and without RRA2 compound (test) along with four simi-
lar scaffolds of 1,2,4-triazolethiols compounds (Support-
ing Information Table S2). A similar protocol was used
to pull the purified target protein (mentioned in the above
section) and performed the SDS-PAGE. (Fig. 5). Presum-
ably, if all or any of the compounds had the same target
as RRAZ2, it should not show any band in the SDS-PAGE
because the target site is not available to bind to purified
conjugate.

Interestingly, Fig. 5 showed the cleared bands with all
four compounds like test samples of RRA2 except in the
control sample. Even though the other four similar scaffolds
of 1,2,4-triazolethiols compounds had an inhibitory effect
against the active and dormant stage of Mycobacterium
tuberculosis H37Ra, but their protein target sites were dif-
ferent. This result demonstrated the robust specificity of the
RRAZ2 target.

Scheme 1 Proposed mechanism N—NH
for the formation of conjugate ] >—S
RRA2 inhibitor-Biotin linker N/

complex via copper-catalyzed
Azide Alkyne Cycloaddition

reaction OZN

M

RRA-2 Inhibitor

Azide PEG-3 biotin

Copper-catalysed Azide Alkyne
Cycloaddition(CuAAC)

H
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Conjugate (RRA-2 Inhibitor-biotin linker complex)
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Fig.4 Separation of target protein isolated from Mycobacterium
tuberculosis H37Ra whole-cell extract on SDS-PAGE. The gel
image represents the final target protein sample obtained in addition
to conjugate (biotin linker-RRA?2) from the whole-cell extract previ-
ously treated with RRA2 compound (Control), untreated with RRA2
compound (Test), and M is represented by molecular weight protein
markers

Validation of Mycobacterium tuberculosis GroEI2
as a potential target of RRA2 triazolethiols

The single protein band was taken out of SDS-PAGE, rep-
resenting a molecular weight of ~60 kDa. Notably, GroEl1
was also picked up as a possible protein target from LC-MS
analysis (Supporting Information Figure S3). Both GroEl1
and GroEI2 are functionally similar proteins belonging to
the ~60 kDa HSP family of chaperonins (Supporting Infor-
mation Figure S4). Moreover, both have ATPase activity
and protect citrate synthase agglutination during heat shock
[41]. Multiple sequence alignments using CLUSTAL 2.1
showed the similarity aligned score between GroEI2 and
GroEl 1 is 60% (Supporting Information Figure S4 A). The
LC-MS (Gel free) analysis of the tryptic digest of purified
protein identified chaperonin 20S Mycobacterium tubercu-
losis GN GroL 2 PE 1 SV 2 by using PLGS score (Fig-
ure S4 B). In order to validate the LC-MS data (Support-
ing Information Figure S4), ATPase inhibition of purified
GroEll and GroEI2 activity was monitored in the presence
of RRA2 (Table 3). At 2+0.02 pg/mL (MIC value) RRA2
inhibited the ATPase activity of purified GroEl2. However,
it did not exhibit any significant effects on GroEl1 (Table 3).
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Fig.5 Target specificity analysis of RRA2 in the presence of four
similar scaffolds of 1,2,4-triazolethiols compounds by SDS PAGE.
M represents different molecular weight protein markers, whole-cell
culture treated with purified conjugate mixture added to previously
treated with RRA2 compound (control), RRA79, RRA242, RRA267,
and RRA268. In test, the whole-cell extracts were previously
untreated with an RRA2 compound

Therefore, this result confirmed the GroEI2 is the potential
target for RRA2 compound for Mycobacterium tuberculosis
H37Ra.

Potential Binding mode of RRA2

To determine where RRA2 might interact with GroEl2, we
conducted some preliminary molecular docking. There were
two major sites, which are also the hinge sites of the pro-
tein [41], where compounds could potentially interact with
GroEI2 (Fig. 6a). The first is where ATP has been proposed
to interact and was crystallized in the analogous E. Coli
GroEl1 protein (PDB:1KP8) [42]. The second was where
Mg was found in the M. tuberculosis GroEI2 X-ray structure
(PDB:3rtk) [43]. Both sites were utilized to dock RRA2.
Interestingly, RRA2 compound was able to have a consist-
ent binding mode in both sites. Although the Mg site scored
lower across the board than the ATP site (Table 4), for the
RRA2 complex, the ATP site was lower energy than the Mg
site (-13,355.62 kcal/mol for ATP site vs -13,292.40 kcal/
mol for Mg site).

Table 3 ATPase activity on purified GroEll and GroEI2

ATPase activity®

Compound code GroEl1® (% Inhibition) GroEI2 (% Inhibition)

RRA2 2.56+2.81 85.64+3.21

# Concentration of compounds exhibiting 90% inhibition of ATPase
activity

b Positive control: Purified GroEl1
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Furthermore, numerous studies have suggested that move-
ment in the equatorial domain, which binds ATP, is essen-
tial for its function [43]. Therefore, it would be expected
that a compound binding in this region would interfere with
ATP binding and affect the function of GroEI2. Together,
this suggests the ATP site is the likely binding site for this
compound class. In this site, RRA2 is positioned with 1451
stacking over the phenyl group and putative hydrogen bonds
between the nitro moiety of RRA2 to Q450 and the triazine
D483 (Fig. 6b). The alkyne is pointed out of the pocket, hav-
ing little effect on the interaction energy. This is important as
it is essential to be exposed for the biotin-linking experiment
to be viable. Although beyond the scope of this paper, future
experiments (e.g., mutagenesis, X-ray crystallization) will
be needed to confirm this binding mode.

Conclusion

Our findings summarized, three nontoxic lead compounds
(RRA2, RRA3, and RRA7) of 1,2,4-triazolethiols (alkyl-
substituted) having a significant effect on the active and
dormant stage of M. bovis BCG and M. tuberculosis bacilli.
They were found to be more specific against Mtb bacilli
rather than M. smegmatis and E. coli. Among these three
lead compounds, due to higher efficacy, significant SI value,
and the presence of alkyne group in its structure, RRA2 was
used for pool down technique for target identification. Using
the LC-MS approach, we identified GroEl2, a chaperonin,
as the target of RRA2 compound in Mtb and validated it
through ATPase activity and molecular modeling studies.

Table 4 Docking scores. Shown is the docking score for the highest-
ranked solution

Compound code ATP site (kcal/mol) Mg site (kcal/mol)

RRA2 -4.893 -3.608

Notably, the lower the score, the better the dock is proposed to be

The outcome of this study disclosed that the consolidated
analysis was found to be supportive of explaining the effi-
cacy of RRA?2 in inhibiting Mtb cells for interpreting their
possible mechanism of action. Therefore, the RRA2 com-
pound could be considered as a potential candidate molecule
to take ahead before the in vivo trial study.

Experimental section
Bacterial strains, media, and inoculum preparation

M. bovis BCG (ATCC 35,745), M. smegmatis (ATCC 607)
were obtained from Astra Zeneca, Bangalore, India, and
M. tuberculosis H37Ra (ATCC 25,177) was obtained from
Microbial Type Culture Collection, Chandigarh, India. E.
coli strain DH5x was obtained from National Collection of
Industrial Microorganisms (NCIM), Pune, India. RPMI 1640
cell culture media, fetal bovine serum (FBS) were purchased
from GIBCO, USA. Dubos albumin agar powder was pur-
chased from Sigma, USA. Subculturing of all mycobacterial
strains was routinely done in Dubos albumin agar slants or
plates. The liquid inoculum was prepared in Dubos tween

Fig. 6 a Structure of GroEI2 colored via rainbow from N to C termi-
nus. This structure was prepared from the PDB:1KP8 and shown is
the location of the two docking sites, as detected via Site ID which
correspond to the ATP site and the Mg site (Schrodinger LLC). b
Proposed docking orientation of RRA2 (peach) in the ATP site of
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GroEl2. Shown via yellow dashed lines are the putative hydrogen
bonds between the nitro moiety of RRA2 to Q450 and the triazine
D483, and highlighted via sticks are the amino acids involved in the
most predominant interactions, including these putative hydrogen
bonds and the stacking interaction with 1451”
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albumin broth, incubated in a shaker incubator rotating at a
speed of 150 rpm at 37 °C. 1% of 1.0 O.D. at 620 nm of the
culture was used as standard inoculum size for all the experi-
ments, yielding final inoculum of approximately 10> CFU/
mL. THP-1 human monocyte cell line was obtained from,
National Centre for Cell Science (NCCS), Pune, India.
Cells were maintained routinely in RPMI 1640 cell culture
medium supplemented with 10% FBS.

Screening compounds for anti-mycobacterial
activity

An earlier study demonstrated that the growth pattern
in a high throughput assay platform completely mimics
the nitrate reductase (NR) activity of M. bovis BCG in
Wayne's model [30]. Active and dormant stage inhibitors
against M.bovis BCG were identified using ADAS and NR
assay protocol developed in our lab to screen the com-
pounds. Briefly, 2.5 uL of compound solution in DMSO
was aseptically transferred to individual wells of sterile
96-well plates. 247.5 pL of bacterial culture contain-
ing ~ 10° cells/mL, supplemented with 40 mM NaN O; was
aseptically transferred to each well to make up the total
volume to 250 pL, and the plate was covered with a plate
sealer. 125 pL space is left in each well to make the head-
space to culture volume ratio exactly 0.5. After sealing,
these culture plates were incubated at 37 °C. After 8 days
of incubation, culture OD was read using a cutoff filter
of 620 nm after sonication for 2 min in a bath sonicator
(Bandelin Electronic, Germany). Then, 80 uL of culture
was taken out from each well and transferred to a sepa-
rate 96-well plate. Then, 80 pL of 1% sulfanilic acid and
80 uL of 0.1% NEDD (N-(1-Naphthyl) ethylenediamine
dihydrochloride) solution were added in each well, and
the plate was incubated for 15 min at room temperature to
develop pink color. The color was read in Spectramax plus
384 Molecular Devices, USA at 540 nm to measure nitrate
reduction (NR) activity.

Confirmation of inhibitors active
against non-replicating Mycobacterium bovis BCG

The inhibitory effect of compounds against dormant bacilli
was carried out using Wayne’s 0.5 HSR (headspace ratio)
in test tubes, as described earlier [44]. Briefly, 17.5 mL of
diluted culture containing ~ 10° bacilli per mL of M. bovis
BCG was transferred to 20 X 125 mm tubes. Culture tubes
were then sealed with rubber septa and gently stirred with
the help of 8§ mm magnetic beads rotating at 100 rpm on a
magnetic stirring platform at 37 °C. After 8 days of incu-
bation, when the culture reached the non-replicating phase,
10 pL of compound solution in DMSO was added using a

Hamilton syringe with a 24-gauge needle and incubated
for another 4 days. Culture samples were then spread on
Dubos agar plates, and colonies were enumerated on day
21 to examine the effect of compound on dormant stage.

Spectrum of activity of active molecules
against Mycobacterium tuberculosis, Mycobacterium
smegmatis, and E. coli

M. smegmatis and Escherichia coli (E. coli) were used as
representatives of nonpathogenic mycobacteria and non-
mycobacterial strains, respectively, to examine the specific
action of molecules by following methods described ear-
lier [45]. Briefly, diluted culture containing 10° cells/mL
was transferred to 20 mm X 125 mm tubes. Compounds
were added at the time of inoculation at doses ranging
from 0.1 pg/mL to 10 pg/mL in M. smegmatis and E. coli
culture, and growth was measured by reading the absorb-
ance at 620 nm after 6 h and 72 h for E. coli and M. smeg-
matis, respectively.

Cytotoxicity of the active molecules

Toxicity of the active compounds was done by examining
their effect on the proliferation of monocyte THP-1 cell
line [46]. Briefly, 100 uL of THP-1 cell (5 X 10* cells/mL)
culture was dispensed in each 96-well plate, 2.5 uL of
each inhibitor (RRA 2, RRA 3, and RRA 7) was added up
to 10 x higher concentration of their MIC along with the
inoculums in a dose-dependent manner and vehicle con-
trol. The cell culture plates were then incubated for 5 days
at 37 °C, 5% CO,, 95% humidity-maintained incubator.
MTT assay was done after 5 days of incubation. 10 pL of
MTT dye solution (5 mg/mL) was added to each well and
incubated for 1 h in a humidified atmosphere (37 °C, 5%
CO,, 95%). 200 uL of isopropanol was added to each well
and kept for 4 h to dissolve the formazan crystal. Thor-
oughly mix the formazan in the solvent and take the violet
color absorbance of the culture at 490 nm to examine their
effect on proliferation.

Sl calculation

The selectivity index (SI) for the inhibitors (RRA 2, RRA 3,
and RRA 7) were calculated by using the following formula:
ICsy(cytotoxicity) value of inhibitor

SI =
MIC(anti — TB activity) value of inhibitor
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Inhibitory effect of active molecules
against intracellular Mycobacterium tuberculosis
inside THP-1 macrophage

THP-1 was used to examine the inhibitory activity of the
compounds against intracellular bacilli by following a
method described earlier [1, 46]. Briefly, 3 mL of THP-1
cells (~5x 10* cells/mL) was treated with 100 nM of phor-
bol myristate acetate (PMA) in a culture flask for 24 h to
convert them into macrophages. These macrophages were
further incubated for 12 h with M. tuberculosis H37Ra at
MOI (multiplicity of infection) of 1: 100 for infection. Extra-
cellular bacilli were removed by washing twice with sterile
PBS and then adding fresh medium to adhered cells. Com-
pounds were then added to these infected macrophages at
different concentrations. In order to check the effect of inhib-
itors on the growth of intracellular bacilli, compounds were
added at 0 h (for identification of active stage inhibitors) and
after 120 h (for identification of dormant stage inhibitors)
of infection; unless mentioned otherwise, the effect of the
compound was monitored by determining the bacterial load
within macrophage by lysing them with hypotonic buffer
(10 mM HEPES, 1.5 mM MgClz’ and 10 mM KCl) at dif-
ferent time points and spreading 100 pL of the samples on
Dubos agar plates to enumerate colonies after 21 days.

Preparation of Conjugate (RRA2-biotin linker
complex)

Copper-catalyzed alkyne-azide cycloaddition protocol was
used to prepare biotin-linked RRA2 conjugate (RRA2-
biotin linker) [47, 48]. Briefly, Azide-PEG3-Biotin (5 mg,
0.011 mmol) was dissolved in 0.5 mL anhydrous tetrahy-
drofuran (THF) in a 5 mL round bottom test tube at room
temperature. 0.5 mL copper sulfate solution (125 mmol) was
added to this 5 mL test tube and mixed properly. Next, 10 mg
of sodium ascorbate was added, and this complete solution
was stirred on a magnetic stirrer at room temperature. 2:1
ratio of RRA2 and Biotin was used for the reaction. So,
10 mg of the inhibitor was added to this reaction mixture,
and the reaction was allowed to proceed and stirred for 8 h
at room temperature.

Purification of Biotin Linker-Inhibitor complex
by HPLC

Chromatographic separation and analysis of the product
and components of the reaction were done using reverse-
phase X bridge C;¢ (5 pm, 46 X250 mm) column in pre-
parative HPLC (binary pump-1525, UV detector-2489,
sampler-2707, Waters, India). Organic solvents employed
to prepare mobile phases were HPLC-grade, and the HPLC
column used was reverse-phase X bridge C18 (5 uM,
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46 X250 mm). The optimized mobile phase composition
used was in, “A” solution—water (100, 60, 60, 45, 40, 0)
% and “B” solution — acetonitrile (0, 40, 40, 55, 60, 100)
%. The analysis was carried out in gradient elution mode
as flow rate 1 mL/min with column runoff monitored at
254 nm wavelength. The retention time for vehicle control
DMSO (Figure S1 A), inhibitor RRA2 (Figure S1B), and
Azide-PEG3-biotin (Figure S1C) were observed at 2.1, 28,
13.5 min, respectively, which could help in comparison with
the reaction mixture of the conjugate (Figure S1 D). After
injecting the reaction mixture of conjugate into the column,
one foreign peak was observed at 7 min retention time along
with the biotin and inhibitor peak. This foreign peak (Figure
S1 D) represented the neat conjugate (inhibitor-biotin linker
complex) and was collected for further experiments.

Mass confirmation by HR-MS analysis

HR-MS analysis was done by the modified method as
reported earlier [49]. The purified inhibitor-biotin linker
complex was dissolved in acetonitrile (mass spectrometry
grade) followed by separation using the Accela ultrahigh
performance liquid chromatography (UHPLC) system
(Thermo Fisher, Waltham, USA) using a C18 Hypersil
Gold column (3 pm, 3 X 100 mm, Thermo fisher) coupled
with a Q Exactive- Orbitrap mass spectrometer (Thermo
Fisher, Germany). The separation is carried in optimized
mobile phase composition of solvent A (acetonitrile with
0.1% of formic acid) against 70-30% of solvent B (water
with 0.1% of formic acid) at a flow rate of 500 pL/min and
a temperature of 45 °C for 5 min. The molecular weight
was identified by electrospray ionization positive (ESI+)
mode with a mass scan range set from 100 to 1500 m/z. The
data acquisition and processing were performed using the
Thermo Scientific Xcalibur software (version 3.0). The tan-
dem mass spectrometry (data-dependent MS/MS) data were
collected with collision energy between 30 and 40 eV. The
raw data from the instrument were converted to the mzxml
file format by using ProteoWizard. The mass confirmation
was carried out with the HPLC purified samples (Figure S2).
HPLC samples fractions for RRA2 Inhibitor (Figure S2 A),
Azide-PEG3 Biotin (Figure S2 B), and neat conjugate (Fig-
ure S2 C), respectively, were then analyzed for mass con-
firmation by HR-MS method. The RRA2 Inhibitor (Figure
S2 A) and Azide-PEG3-Biotin (Figure S2 B) showed their
corresponding mass 261.04 Da and 445.22 Da. The mass of
neat conjugate was found 705.25 Da confirming separation
of the Biotin linker-inhibitor conjugate from the mixture.
Confirmed mass of conjugate from HR-MS analysis helped
to process for the next step of the experiment.
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Binding of conjugate RRA2-Biotin complex
with crude whole-cell extract of Mycobacterium
tuberculosis

The RRA2-Biotin conjugate obtained from HPLC purifi-
cation was allowed to dry up the solvent in speed-Vac for
30 min, then dissolved in 100pL DMSO and then added to
the whole-cell extract of Mtb. For whole-cell extract prepa-
ration, 5 mL spheroplast solution (0.0006%) was added in
100 mM ~ 1.0 OD Mtb culture and incubated for 12—16 h.
This Biotin linker-inhibitor conjugate was also added to
the control culture, which was already treated with RRA-2
inhibitor. Both control and test samples were kept for 30 min.
in an incubator shaker at 37 °C and 150 RPM for binding to
the target protein. Both the cultures were sonicated in protein
extraction buffer (100 mM HEPES buffer, 5 mM EDTA,
1% SDS, 100 mM NaCl, 0.5% Triton X-100, and freshly
prepared 1% protease inhibitor cocktail) at 45 Hz with 10
Sec. pulse ON and 5 Sec. pulse OFF in ice-cold condition
for 15 min and centrifuged the cell extract at 14,000 rpm
for 1 h at 4 °C to get the intracellular protein in supernatant.
The supernatant containing the target protein with Biotin-
Inhibitor conjugate was taken out and dialyzed against PBS
to remove the excess unbound Biotin-Inhibitor conjugate and
inhibitor molecules at 25 °C for 3 h.

Purification of RRA2-biotin conjugate tagged target
proteins by magnaBind™ streptavidin beads

MagnaBind Streptavidin Beads are convenient for affinity
purification or separation methods involving biotin-labeled
molecules obtained from Thermo Scientific MagnaBind
Streptavidin Beads (Cat no 21344) were added in the super-
natant containing the target protein already bound with
Biotin-Inhibitor conjugate allowed to pull down by using
an external magnetic field overnight at 4 °C. Then, the
beads were washed with sterile PBS 2-3 times to remove
the unwanted proteins. To release our target protein attached
with Biotin-Inhibitor conjugate, we added an excess of free
10 mM biotin molecule in shaking condition at 25 °C for
30 min. before dialysis against water at 25 °C for 3 h. Dia-
lyzed sample was collected and further processed for protein
precipitation.

Chloroform-Methanol precipitation of target
proteins

The chloroform—methanol precipitation method has been
followed to remove salt and detergents.100 uL sample was
added to 400 pL methanol, vortexed well, then 100 pL
chloroform was added and vortexed. 300 uL mili Q water
was added and again vortexed for 2 min. spin was given for
1 min at 14,000 g. Removed the top aqueous layer (protein

is between layers), then 400 uL. methanol was added and
vortexed. 2 min at 14,000 g spin was given and removed
the MeOH without disturbing the pellet. The sample was
dried in speed-Vac. 1X sample buffer was added for SDS
PAGE [50].

Protein estimation

Protein quantification was done by Bradford method (Bio-
Rad Protein Assay; cat no. 500-0006) [51]. The measure-
ments were taken according to the manufacturer’s instruc-
tions (Bio-Rad, Hercules, CA).

SDS-PAGE and Proteomic Analysis of Captured
Proteins

Individual proteins in the sample were separated by car-
rying out SDS-PAGE [52]. Briefly, 80 pg (5uL) of each
protein sample was first mixed with 1X loading (sample)
buffer containing 5% p-mercaptoethanol (Sigma, MO, USA).
The samples were then incubated for 10 min at 80 °C. Next,
20 pL (64 pg) samples were loaded onto 12.5% Bis—Tris
precast polyacrylamide gels, and the SDS-PAGE was car-
ried out using Mini-PROTEAN® Electrophoresis System-
Bio-Rad (Catalog.1658000). After electrophoresis, the gel
was subjected to Coomassie staining for overnight. Protein
bands seen within the gel were cut properly and subjected to
trypsin digestion, followed by peptide extraction and prot-
eomic analysis in liquid chromatography—mass spectrometry
(LC-MYS).

LC-MS analysis

2 uL digested peptides with a final concentration of 100 ng/
UL was analyzed by nano LC-MS using nanoACQUITY
online coupled to SYNAPT HDMS system (Waters Cor-
poration, MA, USA) equipped with a nanolockspray ion
source with a flow rate of 300 nL./ min (external lock mass
standard: Glu-fibrinopeptide) [53]. Peptide samples were
injected online onto a 5 um Symmetry C18 trapping column
(180 pm x 2 cm length) at a flow rate of 15 uL/min. Pep-
tides were separated by in-line gradient elution onto BEH
(Bridged Ethyl Hybrid) 130 C18 1.7 pM X 75 uM X 150 mm
nanoACQUITY analytical column, at a flow rate of 300 nL/
min using a linear gradient from 5 to 40% B over 35 min (A.
0.1% formic acid in water, B. 0.1% formic acid in acetoni-
trile). The acquisition was performed in positive V mode
in a mass range of 50—-1990 m/z with a scan time of 1 s
with alternating low (5 eV) and high (15-40 eV) collision
energy. MS data were processed with ProteinLynx Global
Server (PLGS version 2.4. Waters Corporation, MA, USA).
The processed data were allowed to search against Myco-
bacterium tuberculosis H37Ra subset of UniProt database
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containing all 44,987 protein entries for protein identifica-
tion as described by Silva et al. [54].

ATPase activity assay

The ATPase activity of the purified GroEll and GroEI2
from M.tuberculosis H37Rv (gifted by Dr. Shekhar Mande,
NCCS, Pune) was quantified with a colorimetric assay
performed as described previously [54]. Briefly, 25 pL of
the reaction buffer containing 50 mM Tris—HCL (pH 8.0),
10 Mm KCL, 10 Mm MgCl, and 2.5 uM of each GroEl
were incubated 1 mM ATP at 37 °C for 20 min. Enzymatic
reactions were terminated by the addition of 100 puL of an
acidic solution of malachite green. The amount of inorganic
phosphate liberated was measured at 655 nm. In control, a
reaction was performed in the absence of ATP and GroEl
proteins. The estimation of liberated phosphate was done
from the standard curve generated using monobasic potas-
sium phosphate with each experiment.

Molecular modeling

The crystal structure of M.tuberculosis GroEl12 (PDB: 1KP8)
was downloaded from the Protein Data Bank (rcsb.org). All
docking was conducted within Maestro v12.0.012 (Schrod-
inger LLC, New York, NY, 2020). Specifically, the protein
was prepared using the Protein Preparation Wizard, Site ID
was used to find potential binding pockets, and the Receptor
Grid-Generation was utilized to create a docking receptor
using default parameters. Ligands were drawn in Maestro
v12.0.012 (Schrodinger LLC, New York, NY, 2020) and pre-
pared using 1Lgprep from the Schrodinger suite. These com-
pounds were then docked into each receptor using the stand-
ard precision docking in Glide, with ten poses to be written
out for each ligand. Docks were then visually analyzed for
their ability to cluster and their interactions. The energy was
calculated using the refine protein—ligand complex within
Prime (Schrodinger, LLC, New York, NY, 2020). Figures
were constructed using The PyMOL Molecular Graphics
System, Version 4.6.0, Schrodinger, LLC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11030-021-10351-y.
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1. Introduction

Natural products are a dynamic source for innumerable novel pharmaceutical agents
(Ahmad et al. 2016, 2017; Newman and Cragg 2016). Their isolation from natural
resources is essential for their identification, characterization, and evaluation of bio-
logical potential. Every time, their isolation from the plants causes overexploitation of
medicinal plants. With natural product synthesis, potential natural products can be
available throughout the year (Maier 2015). The flavonoid class of compounds is
prevalent among natural products (Crozier et al. 2009).

Podocarflavone A is an 8-aryl flavone reported from the leaves and twigs of plant
Podocarpus macrophyllus maki and tested for different activities (Qiao et al. 2014). This
plant belongs to the Podocarpaceae family and is distributed over tropical and sub-
tropical regions of eastern Asia and Australia. The structures of some of the com-
pounds isolated from this plant are presented in the following figure (Figure 1). Thus,
considering the promising biological activities, we contemplated developing a syn-
thetic protocol of podocarflavone A.

Tuberculosis (TB) is an acute infectious disease worldwide, and the causative agent
is Mycobacterium tuberculosis (Mtb) (WHO 2020a). In 2019, 10 million people got
infected, and 1.4 million people died from TB, though it is curable and preventable.
An estimated 58 million people have been saved from TB. A complete cure of TB is
still beyond reach, and the emergence of new pandemics such as COVID-19 can create
hurdles to accomplish it. The DOTS (Directly Observed Treatment, Short Course) ther-
apy announced by the World Health Organization (WHO) has shown an immense
effect in achieving more than 90% treatment rates. However, the lengthy period
(6-9 months) of the DOTS therapy and reoccurring gene mutations in pathogenic
strains became the prime cause of drug resistance (WHO 2020b). Hence, the burst-out
cases of multi-drug resistance (MDR) and extensive drug resistance (XDR) have

Figure 1. Structures of compounds isolated from Podocarpus macrophyllus.
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emerged in recent years. The continuous search for potential new molecules with
reduced toxicity can eradicate TB from the world.

In the present study, we have reported the total synthesis of natural product podo-
carflavone A and its analogs and evaluated them for in-vitro antitubercular screening
Singh et al. 2011. The essential targets of Mtb are enzymes of the cell wall. Therefore,
docking studies of these molecules’ with cell wall enzyme pantothenate kinase (PDB
3AVO) carried out to understand their interactions (Chetnani et al. 2011). MMGBSA,
MMPBSA approach determined the thermodynamic stability of the receptor-ligand com-
plex, and MD simulations studies of 50 ns demonstrated the stability of the complex in
the TIP3P model.

2. Results and discussion

Retrosynthetic analysis of podocarflavone A was planned, which confirmed 8-bromo
flavone (6) is a critical scaffold to synthesize the target molecule (8a). It could be pos-
sible either by bromination of suitably substituted flavone (5) (Route 1) or by the cyc-
lization of suitably substituted bromo chalcone (5) as shown in Route 2.

2.1. Retrosynthetic analysis

Retrosynthesis Route 1 involves the demethylation (Figure 2) of its methoxy analog
(7a), which can be synthesized from the Suzuki cross-coupling reaction (Hooshmand
et al. 2019) of 4-hydroxy phenylboronic acid with 8-bromo-5, 7-dimethoxy-2-(4-
methoxyphenyl)-4H-1-benzopyran-4-one (6). The 8-bromo flavone (6) intermediate can
be prepared from bromination of 5,7-dimethoxy-2-(4-methoxyphenyl)-4H-1-benzo-
pyran-4-one (5), which further can be obtained from cyclization of substituted chal-
cone ie., 1-(4,6-dimethoxy-2-hydroxyphenyl)-3-(4-methoxyphenyl)prop2-en-1-one (4)
(Arai et al. 2017). The chalcone can be synthesized using the aldol condensation of 1-
(4,6-dimethoxy phenyl-2-hydroxy)- ethanone (3) with anisaldehyde using sodium
hydroxide as a base (Gurung et al. 2009). Intermediate 4, 6-dimethoxy-2-
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Figure 2. Retrosynthetic route (Route1 and Route 2) considered for the synthesis of natural prod-
uct Podocarflavone A.
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Scheme 1. Synthesis of podocarflavone A and its analogues; Reagents: (a) AlCl;, acetyl chloride,
nitrobenzene: DCM (1:1), 0°C-90°C, 2 h; (b) DMS, K,COs, acetone, reflux, 8 h; (c) Br,, acetic acid, 0°C
to RT, 1h; (d) NaOH, ethanol, RT, 72 h; (e) I,, DMSO,100°C, 1h; (f) substituted phenylboronic acid,
Pd(PPhs),, Cs,CO3, DMF, 110°C, 6-12 h; (g) BBr;, DCM, RT, 12 h.

hydroxyacetophenone (3) can be prepared (Sheng et al. 2017) from acylated phloro-
glucinol (2), which can be synthesized by acylation of phloroglucinol using the
reported method (Zhou et al. 2017).

Route 1 could not succeed due to the formation of 6, 8-dibromo flavone instead of
monosubstituted 8-bromo flavone even on applying various parameters. This result
incited us to consider retrosynthetic route 2 for the preparation of the targeted nat-
ural molecule.

Scheme 1 represents a detailed protocol for the synthesis of podocarflavone A and
its analogs via Route 2. In this route, bromination, chalcone preparation, cyclization,
and Suzuki coupling are the key steps. The acylation of phloroglucinol using AlCIs,
acetyl chloride in dichloromethane, and nitrobenzene delivered acetylated phlorogluci-
nol (2). The yield was 75% (Zhou et al. 2017). Selective O-methylation (Sheng et al.
2017) of 2 using dimethyl sulfate, K,COs, in acetone produced 4,6-dimethoxy-2-
hydroxyacetophenone (3) with a 90% yield. Bromination of intermediate 3 in the
presence of Bry/acetic acid at 0°C elicited into 3-bromo-4,6-dimethoxy-2-hydroxyaceto-
phenone (4) with an 80% vyield (Cechinel-Filho et al. 1996). This step provided 4 hav-
ing bromo substituent at the desired position. Synthesis of 1-(3-bromo-4, 6-dimethoxy-
2-hydroxyphenyl)-3-(4-methoxyphenyl)-2-propen-1-one (5) was done by base-catalyzed
aldol condensation (Bandgar et al. 2012) of 4 with anisaldehyde, and the chalcone (5)
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obtained with 95% yield. The cyclization of chalcone (5) in the presence of iodine and
dimethylsulfoxide on heating resulted into 8-bromo-5,7-dimethoxy-2-(4-methoxy-
phenyl)-4H-benzopyran-4-one (6) (Gurung et al. 2009). The Suzuki cross-coupling reac-
tion (Pan et al. 2017; Hooshmand et al. 2019) was performed for the C-C bond
formation at the 8™ position of the intermediate 6 with 4-hydroxyphenyl boronic
acid produced methylated natural product Podocarflavone A (7a). The desired natural
molecule Podocarflavone A obtained by deprotection of methyl group using BBrs/
DCM/12h (Ravishankar et al. 2016). Different 4-substituted phenylboronic acids were
used to prepare the analogs of Podocarflavone A in the Suzuki coupling step
(Scheme-1). Podocarflavone A and analogs were characterized by spectroscopic ana-
lysis. The spectral data were cross-checked with the natural product reported for con-
firmation, and it was found in agreement with the isolated natural product.
Podocarflavone A (8a) was obtained after synthesis as the white powdered solid. The
LC-MS of 8a displayed a single peak and confirmed the mass of m/z 363.0. The FTIR
spectra also showed two significant peaks at 3310cm™' and 1651 cm™" for hydroxyl
and carbonyl groups respectively. The 'H NMR (400 MHz, DMSO-d¢) spectrum dis-
played a singlet & 6.37 (s, TH, 6-H), and another singlet for proton 3-H of ring A
merged with a doublet of 35" H of the 4-hydroxyphenyl ring (C) and came as multi-
plet 6.78-6.80 (m, 3H, 3-H, 3',5" H). The three dublets 6.84 (d, J=8.4Hz, 3", 5" H), 7.25
(d, J=8.8Hz 2", 6" H), 7.62 (d, J=8.8Hz, 2, 6' H), belong to aromatic protons of ring
C and ring D respectively. Elegantly, we also got separate peaks for four hydroxyl
groups, which are present at 7t position of B ring at 9.49s, OH, 7-OH), 4th position
of ring D 10.33 (s, OH, 4" , 4" position of ring C at 10.66 (s, OH, 4'), and 5 position
of ring B at 13.11 (s, OH, 5-OH) respectively. Table S1 showed the comparative ana-
lysis of "H NMR, ">*CNMR, and IR spectra. The *C NMR displayed signals for 21 car-
bons, which contains the signals of a carbonyl carbon (6 182.7) and 20 sp2 carbons.
The spectral analysis confirmed the total synthesis of Podocarflavone A and was
found in agreement with the isolated Podocarflaone A (Qiao et al. 2014).

2.2. Antitubercular activity

Amongst the tested compounds, compounds 8a, 8 b, 8¢, 8d, and 8e exhibited promis-
ing antimycobacterial activity with ICsq values 21.82 ug/mL, 4.84ug/ml with 24.84ug/ml
, 22.54ug/ml, 15.55 ng/mL, and 16.56 pg/mL, respectively (Table S2). The compounds
8d and 8e were found more potent than the natural Podocarflavone A to inhibit Mtb.
The results showed that the conversion of the hydroxyl group with the methoxy
group restrict their inhibitory property. Replacement of the hydroxyl group at 4" pos-
ition in ring D of 8a with chloro or bromo group enhances its inhibitory potential
against Mtb. We observed the same kind of results when we checked with dihydroru-
gosaflavonoids derivatives (Puranik et al. 2018).

2.3. Antibacterial activity

During the screening, three compounds 8a, 8d, and 8e, showed potential against
Gram + ve bacteria while there was no inhibitory activity towards Gram-ve bacteria.
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Compound 8a showed ICsq at 41.56 pg/mL 39.6 pg/mL against S. aureus and B. subtillis,
respectively. 8d showed ICs5o at 24.72 pg/mL and 27.64 ng/mL against S. aureus and B.
subtillis, respectively. 8e showed ICso at 72.45 ng/mL against S. aureus. Data are pre-
sented in Table S3.

2.4. Molecular modelling

Pantothenate kinase (3AVO) is an essential enzyme for Mtb and catalyzes the ATP-
based phosphorylation of pantothenate. It is a crucial step in the biosynthetic path-
way of coenzyme A from pantothenic acid. All the compounds were docked at the
binding pocket to identify ligand-receptor interactions. Podocaflavone A and its ana-
logs displayed strong binding properties to PanK with docking scores —7.2 to
—9.3Kcal/mole. The docking image of 8a, 8c, 8d, and 8e are displayed in Figure
S1. The interacting residues and docking scores are presented in Table S2. Mostly
all compounds showed hydrogen-bonded interactions with Arg 238. Essential resi-
dues are Asp 129, Lys147, Tyr 235, Arg 238, Asn 277 of the active binding pocket.
All the compounds are surrounded by these amino acid residues and displayed
interactions (Figure S1). Based on their binding profiles, these compounds are
screened for anti-TB activity. Only compounds 8a, 8c, 8d, and 8e showed inhibitory
activity. Therefore, the MD simulations of active compounds (8a, 8¢, 8d, and 8e)
were performed.

2.5. Molecular dynamics simulations

The docked complexes of the compounds 8a, 8¢, 8d, and 8e were subjected to ana-
lyze their stability in the TIP3P water model for 50 ns. The MD simulations on mini-
mized and equilibrated complexes of 8a, 8c, 8d, and 8e were subjected to
MD simulations for 50 ns Wang et al. 2006. RMSD versus time graph of the trajectories
displayed in Figure S2. The complexes’ trajectories showed stability in the MD simula-
tions, and RMSD values are determined (Table S4).

2.6. MMGBSA and MMPBSA analysis

The thermodynamic stability of proteins was determined by MMGBSA and MMPBSA
analysis using Amber 20 Software Miller et al. 2012. The free energy values were
calculated with the help of the mmpbsa.py script of Amber 20 by using a number
of frames generated during MD simulations. It gave information about the thermo-
dynamic stability of the complex. The MMPBSA and MMGBSA values of complexes
are presented in Table S4.

3. Experimental section

All the procedures for the intermediates from 2-8 are prepared and characterized by
NMR. Their methodology is given in supplementary file 1 (Supplementary file 1). It
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also contains Figure S1 and S2, Tables $1-54, the Mass (LC-MS), "H NMR, and '*C NMR
spectra of 7a-7e and 8a-8e.

4, Conclusion

The flavonoids are widely distributed in fruits and vegetables and are essential for
human health. Therefore, we have reported the first synthetic route involving bromi-
nation followed by chalcone preparation, cyclization, and Suzuki coupling as the key
steps to synthesize natural product Podocarflavone A, which is reported from
Podocarpus macrophyllus. The natural product 8a was successfully prepared in 7 steps.
During the synthesis, their analogs are prepared following the same route. The halo-
genated Podocarflavone A showed better results in comparison to the natural product
8a. The computational studies and in-vitro antimycobacterial screening results confirm
inhibitory activity against Mtb. These molecules can serve to discover the lead mole-
cules as antitubercular agents.
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Abstract

Therapeutic potential of biosurfactant (BS) has been improved in recent years. Our present study deals with production of BS
from Planococcus maritimus SAMP MCC 3013 in a mineral salt medium (MSM) supplemented with glucose (1.5% w/v).
Further, BS has been purified and partially characterized as glycolipid type through our previous publication. Current
research article aimed to evaluate biological potential of BS against Mycobacterium tuberculosis, Plasmodium falciparum
and cancerous cell lines. Planococcus derived glycolipid BS was found to be a promising inhibitor of M. tuberculosis (MTB)
H37Ra at IC5; 64.11 +1.64 pg/mL and MIC at 160.8 +1.64 pg/mL. BS also showed growth inhibition of P. falciparum at
ECs, 34.56 +0.26 uM. Additionally, BS also displayed the cytotoxicity against HeLa (ICsy 41.41 +4.21 pg/mL), MCF-7
(IC54 42.79 +6.07 pg/mL) and HCT (IC5, 31.233 +5.08 pg/mL) cell lines. Molecular docking analysis was carried for the
most popular glycolipid type BS namely Rhamnolipid (RHL) aiming to interpret the possible binding interaction for anti-
tubercular and anti-cancer activity. This analysis revealed the involvement of RHL binding with enoyl reductase (InhA) of
M. tuberculosis. Docking studies of RHL with tubulin directed several hydrophobic and Vander Waal interactions to exhibit
anti-cancer potential. The present study will be helpful for further development of marine bioactive molecules for therapeutic
applications. Their anti-tubercular, anti-plasmodial and cytotoxic activities make BS molecules as a noteworthy candidate
to combat several diseases. To the best of our knowledge, this is the first report on projecting the pharmacological potential
of Planococcus derived BS.
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Introduction

The marine environments exhibit a number of macro and
microorganisms for finding unique bioactive metabolites
comprising antibiotics, compatible solutes, enzymes, vita-
mins, drugs and so forth [1, 2]. Halophilic bacteria have
been demonstrated for their abundant biotechnological
applications including production of biosurfactant (BS),
pigments, enzymes, terpenoids, bacteriocins, biopolymers
and exopolysaccharides [3, 4]. The marine microbial prod-
ucts act as primary resources for innovative medicines to
treat dreaded diseases like cancer, AIDS, malaria, arthritis
and so forth [5, 6]. Globally, marine natural products have
gained rigorous awareness from scientific communities
due to their feasibility in diverse field. BS are especially
known as anti-biofilm, anti-adhesive and anti-microbial
agents which needs to be explored further for several phar-
macological applications [7, 8].

Tuberculosis (TB) is a wide spread infectious disease,
caused by M. tuberculosis (MTB) where a contagious air-
borne is transmitted through the air and hard to control
[9, 10]. World Health Organization (WHO) introduced the
DOTS (Directly Observed Treatment, Short Course) strat-
egy for the treatment of TB. Despite the available treat-
ments, the spontaneous gene mutation in the pathogenic
strains introduces the emergence of resistant strains to the
currently available drugs and antibiotics. At present, there
are very few drugs available to treat such drug-resistant
TB [11]. Therefore, to overcome the current scenario, it is
mandatory to explore the successful anti-tubercular treat-
ment, where the marine natural product appears to be the
promising one.

Malaria is a vector-borne disease caused by Plasmodium
sp. and is transmitted through female Anopheles sp. Mos-
quito. According to WHO, in 2017 there were 219 million
cases of malaria reported in 87 counties [12]. The increasing
clinical resistance to commonly used frontline anti-malarial
drugs, e.g. Chloroquine, Sulphadoxine-Pyrimethamine (SP)
and so forth by these parasites cause difficulties in its treat-
ment [13]. Therefore, it necessitates to develop new, safe and
efficient drugs against malarial parasite.

Worldwide, another dreaded condition like cancer is the
major concern. Currently, the vast majority of the drugs used
to target the cancer cells through DNA damage, disturbance
in cell division cycle leading the cell death [14]. Most cancer
drugs are deliberately developed as specific molecular tar-
gets. The developments of anti-cancer drugs pose the most
significant market in the pharmaceutical industry [15]. In
cancer therapy, natural products of marine origin perhaps
appear to be a suitable solution to tackle the severe diseases.

Literature survey primarily illustrates the hydrocarbon-
degrading and emulsifying potential (with hydrocarbons
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and oils) of BS derived from the Genus Planococcus [16,
17]. It is clear that the Planococcus derived BS has not
been explored thoroughly for pharmaceutical potentials.
We recently reported a research article on BS production
from Planococcus maritimus with its physico-chemical
properties [18]. The promising functional characteristics
of P. maritimus BS encouraged us to exploit its thera-
peutic potentials. Due to sparse literature with respect
to structural details of Planococcus BS; it is extremely
challenging to interpret their possible pharmacological
mechanisms of actions. In view of this background; we
performed molecular docking analysis of Rhamnolipid
(RHL) (well-known glycolipid type BS) as a reference
compound. Through this reports, we tried to infer the pos-
sible anti-tubercular and anti-cancer mechanism of action
of RHLBS.

Materials and Methods
Isolation and Identification of Marine Bacterium

The isolation of halophilic bacteria was carried out by
using enrichment culture technique in Mineral Salt Medium
(MSM) supplemented with glucose (1.5% w/v) [16]. The
morphological trait of the isolated bacteria was observed
under a scanning electron microscope (SEM). The identifi-
cation of the selected isolate was carried out by 16S rRNA
gene sequencing [19]. In order to identify the metabolic
pathways encoded on the draft genome, whole genome
sequencing (WGS) analysis was carried out [20] and pub-
lished in our recent report [18].

Extraction and Purification of Biosurfactant

Initial screening of P. maritimus for BS production was car-
ried out using surface tension (ST), drop collapse (DC) and
oil displacement (OD) techniques [7]. The production of BS
was carried out in MSM supplemented with glucose (1.5%
w/v) as sole carbon source at 30 °C, 120 rpm for 7 days as
per the method described earlier [16]. After seven days of
fermentation process, the product was extracted from cells
free broth, purified by Silica gel (Merck, mesh size 60-120)
column chromatography. The structural characterization
of product was carried out by FT-IR, NMR and LC-MS
techniques [18]. The purified product was further used for
biopharmaceutical related applications.

Pharmacological Screening of Biosurfactant
Chemicals, for example, sodium salt benzene sulfonic acid

hydrate (XTT) and (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT), Dimethyl sulfoxide
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(DMSO). Paclitaxel and Rifampicin were procured from
Sigma-Aldrich, US and Dubos medium from DIFCO, USA.
Stock solution (10 mg/mL) of BS was made in DMSO and
used further for anti-tubercular activity.

Anti-tubercular Activity

Reference culture of M. tuberculosis H37Ra (ATCC 25177)
was procured from AstraZeneca, India. MTB stock cultures
were grown and the in vitro anti-tubercular activity of BS
measured at various concentrations (1-1000 pg/mL) as per
the method described earlier [21, 22]. Rifampicin served as
a positive control. The in vitro anti-tubercular activity was
carried out in triplicate and the IC5, and MIC values were
determined using Origin 6.1 software. The data shown are
representative of three independent experiments.

Anti-plasmodial Activity

Asexual stage of Plasmodium falciparum strain 3D7 was
maintained under standard conditions at 2% haematocrit
with ‘O*” human erythrocytes in RPMI1640 containing
15 mM HEPES, 50 mg/L hypoxanthine, 2 g/L sodium
bicarbonate and 2.5 g/ AIbuMAX 1II [23, 24]. Assays are
typically set up in 96-well plate format and 200 uL of 2%
of parasitized culture used per well. Stock solution of the
BS compound was prepared in DMSO (100 uM). Stand-
ard anti-malarial drug Chloroquine (1 uM) used as positive
control and 1% DMSO (equivalent to the DMSO present
in the compound-treated samples) was used as a negative
control [24]. Results are reported as percentages of growth
inhibition and active compound further tested to determine
the ECs, values.

Cell Culture and Cytotoxicity Assay

HelLa (cervical cancer), HCT (colon cancer) and MCF-7
(breast cancer) cell lines were procured from the National
Centre for Cell Science (NCCS), Pune. In vitro cytotoxicity
of BS was measured at various concentrations (0.78-100 pg/
mL) by MTT assay [25]. Here, Paclitaxel PTX was used as
a reference compound for cytotoxicity study. The in vitro
cytotoxicity activity was carried out in triplicate and the ICs,
and MIC values were determined using Origin 6.1 software.
The data shown are representative of mean + SD of three
independent experiments.

Molecular Docking

Molecular docking analysis was performed to investigate
the possible binding interaction for anti-tubercular and
anti-cancer activity [26]. Crystal structure of Mycobacte-
rium tuberculosis enoyl reductase (InhA) complexed with

n-(3-chloro-2-methylphenyl)-1-cyclohexyl- 5-oxopyrroli-
dine-3-carboxamide (PDB ID 4TZT) and tubulin (PDB ID
402B) was utilized for docking analysis [26, 27]. Crystal
structures of targeted proteins are downloaded from the free
protein database www.rcsb.org. Both protein structures are
refined via addition of hydrogen and removal of water mol-
ecules prior to the docking analysis.

Results
Identification of the Bacterium

The P. maritimus SAMP is 0.1 pm in size and possesses
small cocci shaped morphology. The physiological features
along with 16S rRNA sequence analysis confirmed that the
strain SAMP belonging to P. maritimus (NCBI GenBank
accession no. MINM00000000.1). Whole genome sequenc-
ing identified the metabolic pathways encoded in the draft
genome. The presence of genes for the secondary metabolite
having terpene like molecule was found [18].

Extraction and Purification of Biosurfactant

Various screening procedures viz. DC, OD and SFT meas-
urement proved the surfactant activity of the BS obtained
from P. maritimus SAMP MCC 3013. BS was extracted suc-
cessfully from seven days old culture grown in MSM broth
(30 °C with 120 rpm) using acid precipitation technique. The
viscous honey coloured BS was obtained by solvent extrac-
tion, purified by column chromatography. Characterization
of purified BS through analytical techniques proved terpene
like molecule [18]. The purified BS was further used for
pharmacological screening.

Pharmacological Applications of Biosurfactant
Anti-tuberculosis Activity

The terpene containing BS produced by P. maritimus was
screened for in vitro anti-tubercular activity against M.
tuberculosis H37Ra with a conventional XTT Reduction
Menadione Assay (XRMA). BS exhibited ICy, value at
64.11 +1.64 pg/mL and MIC at 160.8 +1.64 pg/mL con-
centration. Here, Rifampicin used as a reference molecule
for anti-TB studies exhibited MIC at 0.04 pg/mL.

Anti-plasmodial Activity
BS produced from P. maritimus further tested to evalu-
ate their anti-malarial activity against P. falciparum 3D7

strain. BS showed > 80% growth inhibition, after data nor-
malization with background and control values. Next, we
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Fig. 1 In vitro anti-plasmodial activity (ECs) of biosurfactant against
P. falciparum 3D7 strain

Table 1 The cytotoxic effects of different concentrations of biosur-
factant on the HeLa, HCT and MCF-7 cell lines

Cell line Cytotoxicity (pg/mL)

ICs, PTX Standard
MCF-7 42.793 +6.072 0.001+0.003
HeLa 4141+4.214 0.0061+0.01
HCT 31.233+5.083 1.69+0.18

carried out dose assay for BS using serial twofold dilution
from 100 uM to 0.48 uM to determine ECs, value. BS dose
assay data were analyzed in Microsoft excel and it showed
ECs, at 34 +0.26 uM. (Fig. 1) represents sigmoidal curve
BS compounds plotted using log dilution values vs. %
growth inhibition values.

Fig.2 Binding Interaction of
Rhamnolipid with M. tuberculo-
sis enoyl reductase (InhA)

A
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Cytotoxicity

The results of cytotoxic activity of BS were recorded on
three human cancer cell lines as ICy, (concentration of the
drug required for 50% growth inhibition) (Table 1). BS was
found to be cytotoxic to HeLa, MCF-7, HCT cells with con-
centrations 41.41 +4.214 pg/mL, 42.793 +6.072 pg/mL and
31.233+5.083 pg/mL respectively. Here, Paclitaxel PTX
used as a reference compound for cytotoxicity study.

Molecular Docking Study

Docking analysis was utilized to predict the possible mecha-
nism of action of RHL type BS for anti-cancer and anti-
tubercular activities. The RHLBS, a glycolipid type BS
which has been reported extensively in the literature. In our
studies, we also partially characterized the Planococcus
BS and found to be glycolipid in nature [18]. This is the
first report highlighting few details on structural aspects of
Planococcus derived BS. Therefore, for molecular docking
studies, we used a well-known type of glycolipid BS i.e.
RHL. Docking studies of RHLBS on M. tuberculosis enoyl
reductase (PDB 4TZT) revealed its anti-tubercular poten-
tial through hydrogen bond interaction (green colour) with
GLN100, THR196; hydrophobic interaction with ILE16,
THR17, SER19, ARG43, SER20, GLN100, MET103,
PRO193, THR196, LEU197, ALA198, MET199, ILE202,
LEU207, ILE215, LEU218 and Vander Waal interaction
with PHE149, PHE97, MET98, PRO99, PHE149,TYR158,
ILE194, with ILE16, THR17, SER19, ARG43, SER20,
GLN100, MET103, PRO193, THR196, LEU197, ALA198,
MET199, ILE202, LEU207, ILE215, LEU218 (Fig. 2).
Rhamnolipid when docked on tubulin ( PDB ID 402B)
to screen anti-cancer potential, it exhibited hydrogen bond

NA
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interactions (green colour) with ARG2, ARG48, TYR202,
LEU248, ASN249, ALA250; hydrophobic interaction with
ARG2, ILE4, PHE20, TRP21, ILE24, HIS28, ARG48,
ILE49, VALS1, TYRS52, GLN136, MET235, VAL238,
THR239, CYS241, LEU242, ARG243, LEU248, ASN249,
ALA250, ASP251, LEU252, LYS254, LEU255 and Van-
der Waal interactions with GLN133, ASN167, PHE169,
GLU200, TYR202, ARG2, ILE4, PHE20, TRP21, ILE24,
HIS28, ARG48, ILE49, VALS51, TYR52, GLN136,
MET235, VAL238, THR239, CYS241, LEU242, ARG243,
LEU248, ASN249, ALA250, ASP251, LEU252, LYS254,
LEU255 (Fig. 3).

Discussion

Halophiles are one of the substantial groups of extremo-
philes that tolerate high salt concentrations. Most of the sec-
ondary metabolites produced by these halobacteria possess
valuable pharmacological properties [28, 29]. BS possesses
anti-bacterial, anti-fungal, anti-viral, anti-cancer, anti-adhe-
sive and anti-oxidants [8]. A good example is BS produced
by marine B. circulans exhibit anti-microbial activity against
gram-positive and gram-negative pathogens including mul-
tidrug-resistant (MDR) strains [30, 31].

The BS of Planococcus sp. was exploited against
asexual stage of P. falciparum for determining the killing
efficacies in whole-organism. We are reporting the ECy,
(34+0.26 uM) value for Planococcus origin BS against P.
falciparum. Many other existing anti-plasmodial compounds
proved to be effective ranging between 5 and 50 uM con-
centration [12]. So, observations of our present study are
comparable with the previous literature documenting anti-
plasmodial efficacy (other than BS) [8]. Thus, it will be an

Fig.3 Binding Interaction
of Rhamnolipid with tubulin
protein of cancerous cells

interesting to investigate the molecular detailed mechanism
which lead the death of P. falciparum.

Drug discovery and development in TB is still challeng-
ing due to the shortage of predictive animal models, multiple
physiological states and the slow growth rate of an organism.
Therefore, to discover the drugs with new mode of action,
it is mandatory to broaden the target areas [4, 10]. Here, we
have explored one of the possibilities in the drug regimen
using BS produced by P. maritimus. The in vitro XRMA
activity was confirmed in M. tuberculosis H37Ra. To the
best of our knowledge; this is the first report on BS produced
by P. maritimus for its anti-tubercular agent. Such natural
compounds have been explored for positive synergistic
results of the existing anti-tubercular agents [32].

Molecular docking studies were accomplished to dis-
close the binding possibility of the RHLBS against inter-
acting molecules. The docking analysis demonstrated that
RHLBS docked with the active pockets of M. tuberculosis
enoyl reductase (PDB 4TZT) and interacted with active
amino acids in various ways. RHLBS exhibited hydrogen
bond interaction (green colour) (Fig. 2), hydrophobic inter-
action and Vander Waal interaction with several amino
acids. Therefore, the interaction of inhibitors with certain
amino acids is necessary for M. tuberculosis inhibition. The
docking scores of Sa, 5S¢, 5d and 6¢ with 1UZN were
found to be —8.296, — 8.366, —8.175 and — 7.398 kcal/mol
respectively.

In comparison with anti-tubercular and anti-plasmo-
dial study of BS; the work on cytotoxicity is reported fre-
quently. Donio et al. demonstrated anti-cancer activity of
BS obtained from halophilic Bacillus sp. BS3 using mam-
mary epithelial carcinoma cell [33]. Anti-cancer activity
was achieved at 0.25 pg/mL concentration. Further, Donio
et al. worked on Halomonas sp. BS4 originated BS to
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demonstrate its anti-bacterial, anti-fungal, anti-viral and
anti-cancer activities [34]. Their pharmacological screen-
ing studies confirmed the suppression of mammary epi-
thelial carcinoma cell at a concentration (46.77% inhibi-
tion at 2.5 pg/mL). A naturally occurring BS with such
interesting biological properties could be used as a lead
molecule for the improvement of innovative anti-cancer
agents. The cytotoxic effect of BS derived from marine
microbes has been reported earlier [35] but the terpene
containing BS not yet previously acknowledged. In this
work, we are reporting the cytotoxic activity of terpene
containing BS of Planococcus against HeLa, MCF-7,
HCT cells with concentrations 41.41+4.214 pg/mL,
42.793+6.072 pg/mL and 31.233+5.083 pg/mL respec-
tively. To screen anti-cancer potential, RHL which was
docked on tubulin (PDB ID 402B) exhibited hydrogen
bond interactions (green colour) (Fig. 3). with few amino
acids viz. Arginine, Tyrosine, Leucine, Asparagine, Ala-
nine and also exhibited hydrophobic interaction, Vander
Waal interactions with several amino acids.

In the present study, we docked and evaluated in silico
against M. tuberculosis enoyl reductase (PDB 4TZT) and
anti-cancer potential, on tubulin (PDB ID 402B). The out-
come of this integrated analysis was found to be supportive
to explain the efficacy of the RHLBS in inhibiting MTB
and cancerous cell lines. To the best of our knowledge, this
is possibly the first report on molecular docking of RHLBS
against M. tuberculosis and cancerous cell lines to interpret
their possible mechanisms of action.

We also agree that the current study is reporting higher
MIC values as compared with standard drugs. However, it
is important to note that, the standard or reference drugs
have undergone through extensive research and chemical
modifications e.g. Rifampicin is chemically derived from
natural product Rifamycins initially isolated from Strepto-
myces mediterani in 1957 [36, 37]. The early members of
the family are undesirable for therapeutic applications due
to poor potency, solubility, bioavailability and short half-life
compared with current advanced stage of Rifampicin. So,
as per our study the higher MIC may be reduced by future
developments through chemical modifications in natural
product or making synthetic derivatives of it. Further study
is required in this area.

Newly discovered marine natural products like BSs have
progressed through several clinical trials, although few of
them must go through preclinical studies. One of the major
problem for development is the “continuous supply”. Large
quantities of compounds are required to carry out biological
assay, to study site of action, identify the specific targets,
selectivity of the compounds and its cytotoxicity. Through-
out the world, several synthetic chemists are continuously
trying to develop the synthetic and semi-synthetic strategies
to overcome the supply issue and bring such molecules to

@ Springer

preclinical stage and further development for use in com-
mercial and pharmaceutical areas.

Development of ‘drug-like’ molecules is possible by
chemically altering the marine derived BS with several bios-
teric structural units. Similarly, ongoing developments in
mariculture (farming the growth of an organism in its natural
environment) and aquaculture (culturing an organism under
artificial conditions) have been tried to solve the problem of
continuous supply of microorganisms. However, the natu-
ral condition of the sea makes cultivation or maintenance
of isolated microorganisms is extremely difficult and even
challenging oftenly.

Conclusion

The promising activity of Planococcus derived BS against
tuberculosis, malaria and in cancer suggests its potential as
a lead candidate for the development of novel “drug-like”
molecules. Nevertheless, the chemical characteristics of a
novel glycolipid molecule also make them acquiescent to
the subsequent medicinal chemistry purposes. In vitro stud-
ies conducted against P. falciparum, M. tuberculosis H37Ra
and cancerous cell lines (HeLa, HCT and MCF-7) proved
the therapeutic potential of BS isolated from Planococcus.
Molecular docking studies of RHLBS may provide avenues
to explore the possible target sites for effective drug—recep-
tor interactions and have created a new rational approach
to design the drug. These approaches would be helpful to
utilize unexplored BS like molecules for various therapeutic
purposes.
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