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Abstract

The battle between humankind and Mycobacterium tuberculosis, the
etiological agent of tuberculosis dates back to antiquity. Tuberculosis (TB) still
remains a major international health problem which is likely to become even more
alarming in the coming years due partly to TB deaths in HIV-infected patients and
partly to the emergence of muitidrug resistant strains of  Mycobacterium
tuberculosis. The World Health Organization (WHO) declared TB a global
emergency in 1993, The first line drugs used against combating Mycobacterium
tuberculosis includes isoniazid, rifampicin, ethambutol, pyrazinamide and
streptomycin. The second line of antituberculosis chemotherapeutic agents
comprises of fluoroquinolones, ethionamide, cycloserine, paraminosalicylic acid,
capreomycin, kanamycin and amikacin. In view of the alarming global assessment
of the disease in the context of the emerging threats from the phenomena of Multi
Drug Resistance (MDR) and Extensive Drug Resistance (XDR) against the
conventional first and second line of drugs, there is an urgent need for

discovering/developing new antimycobacterial agents.

Plants have been the corner stone of medicinal therapies for thousands of
years, and continue to be an essential part of health care throughout the world. In
the nineteenth century, before the advent of the pharmaceutical industry, all
medicinal preparations were derived directly from nature, mostly from plants.
Drug researchers have shifted their focus towards synthetic drugs in the wake of
development of synthetic chemistry during the 1970s and the 1980s, limiting plant
derived drugs developed in this period. However, in the 1990s the renewed
interest in phytochemistr‘y encouraged the major pharmaceutical industries to start

plant screening programme.

The systematic study of the mechanisms of a large number of natural
products by means of traditional assay based methods is a costly and time-
consuming process due to the difficulty in extraction, synthesis, and activity

testing. Therefore, in silico virtual screening is expected to be an alternative



approach for low-cost and rapid analysis of the plant derived natural products and
efficient search for their targets. Ligand-protein docking is a popular virtual
screening technology in rational drug design which could be utilized to identify
ligands as well as the potential protein targets and can be readily extended to

study the structural and molecular mechanics of the binding between them.

Another most widely used virtual screening approach in rational drug
design is Quantitative Structure Activity Relationship (QSAR) studies. QSAR is
based on statistical analysis of the relationship between certain biological
activities of a m_olecule against quantitative attributes of the structure of the
molecule. The resultant statistical model of QSAR may be used to predict the
antimycobacterial activity of a molecule, even before its synthesis, or to explore
virtual modifications at the structural levels for enhanced antimycobacterial
activity of an existing molecule by its quantitative attributes calculated from its

structure.

In the present study the experiments were carried out using M. smegmatis
as a surrogate in vitro model for the detection of compounds which are inhibitory
to the growth of Mycobacterium tuberculosis. M. smegmatis offers technical
benefits like shorter generation time and negligible risk to laboratory workers in

comparison to pathogenic M. tuberculosis.

In the present work the in silico approach enabled the generation of a
hypothesis about possible drug-target interactions implicating plant derived
natural products and a potential target- the Thy X protein in M. tuberculosis using
the M. smegmatis model system target. The absence of this enzyme in human
makes it an important candidate for future drug target. The thyX encoded ThyX
(EC 2.1.1.148) protein catalyzes the methylation of deoxyuridine 5’-
monophosphate (dUMP) to deoxythymidine 5’- monophosphate (dTMP) in the de
novo pathway of nucleotide biosynthesis. Subsequently for validation of the
hypothesis, molecular and biochemical approaches were followed . In the first
step, the thy x gene of M. smegmatis was cloned and expressed in an expression
vector. In the second step, inhibition of the enzymatic activity of the purified
target protein by selected natural products has been studied through enzmye

assays.



The advent of nanotechnology has generated nanoparticles (1-100nm), as
an alternative source for antibacterial agents. The high surface to volume ratio
endows nanoparticles with an increased potential to interact with pathogens.
Carbon nanotubes (CNTs) are promising candidates to alleviate the problem of
resistance in various microbial strains. The preliminary study on the activity of
few selected functionalized multiwall carbon nanotubes (MWCNTS) as well as
few selected nanocomposites as potential antimycobacterial agents have also
been studied, in this work.

Chapter 1, the Introduction, presents the problem of tuberculosis caused
by M. tuberculosis, the requirement of new drugs due to the emergence of
resistance against the conventional chemotherapeutic agents and various new
approaches to drug discovery. Traditional knowledge has been highlighted as a

potent source of antimycobacterial secondary metabolites.

Chapter II includes the Review of Literature, and presents comprehensive
review on the contemporary work on antimycobacterial drug discovery, various in
silico approaches like QSAR and molecular docking. The chapter concludes

with the review on the enzyme Flavin dependent tymidylate synthase ( Thy X) .

Chapter III is on Materials and Methods which discusses in details the
different techniques used in the study which include microbiological, in silico,
biochemical and molecular methods methods used in carrying out the various

experiments.

Chapter IV is on the Results and Discussions. The chapter presents the results in
details along with a critical analysis of the results. The QSAR analysis identified
the molecular descriptors of chalcone molecules endowing their antimycobacterial
activity.  The flavonoid molecules of the seven plants exhibiting
antimycobacterial activity were selected and subjected to virtual screening using
molecular docking against Thy X leading to the identification of hit 16
molecules. The Thy X enzyme of M.smegmatis ATCC 14468 has been cloned,

overexpressed and purified in order to validate the in silico driven hypothesis



of binding of these 16 selected molecules to the enzyme. The antimycobacterial

activity of nanocomposites has also been explored.

Chapter V is on the conclusions of the work and also proposes future
works in which could be done in the presented work.

The final part of the thesis contains the references and appendices.
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Chapter I

Introduction

1.1 The Mycobacterium complex

The M. tuberculosis complex includes M. tuberculosis, M. africanum, M.
canettii, M. bovis, and M. microti. These species are closely related sharing >99%
identity at the nucleotide level for some loci but they differ significantly in
morphology, biochemistry, host range, and disease patterns in experimental animals

(1]

Although humans are reported to be the only natural hosts for M.
tuberculosis, experimental animal models exist. In contrast, M. bovis exhibits a
broad host range, producing tuberculosis in several mammals including human and
cattle and has been a major cause of human tuberculosis prior to pasteurization of
milk. Infection by M. canettii appears to be rare; however, in parts of Africa, M.
africanum causes more cases of tuberculosis in comparison to M. tuberculosis [2].
The pathology and course of the diseases caused by M. tuberculosis, M. bovis, and
M. africanum in humans are similar. M. microti infects voles and is avirulent in
humans and mice. The attenuated M. bovis derived BCG and M. microti are potent

live tuberculosis vaccines [3].

TB has claimed the maximum number of lives compared to any other
disease [4]. Long generation time, fastidious growth requirements and high risk
of contagion of M. tuberculosis present a tremendous challenge to the biomedical
researchers. The genus Mycobacterium comprises of more than 150
species and most of the species are non-Pathogenic. However,
M. tuberculosis, M. leprae, and M. ulcerans, the etiological agents

of tuberculosis, leprosy, and Buruli ulcers, respectively are highly



successful pathogens which may be attributed to their ability to establish

residence and proliferate inside host macrophages [5, 6].

1.2 Mycobacterium smegmatis as the mode] organism

M. smegmatis with a generation time of approximately 2 to 3 hours [7] was
discovered by Lustgarten in 1884[8, 9}. It was first isolated from the smegma and
forms colonies on solid media within 3 to 4 days [10]. It is an acid fast bacillus
with an approximate size of 3.0 to 5.0um. The relatively less risk and the ease of
genetic manipulation with respect to M. smegmatis,makes it an attractive model
for investigating different aspects of the virulent forms of Mycobacterium
including M. tuberculosis. The similarity between M. smegmatis and M.
tuberculosis in eliciting hypoxia response has been reported [11, 12, 13,14]. A
comparative study of the M. smegmatis and M. bovis BCG models for the
discovery of M. tuberculosis inhibitors indicated lesser sensitivity of the M.
smegmatis model. However, it is pertinent to point out that the screening of
bacteriostatic drug takes longer period of 14 days in M. bovis BCG model as
compared to 4 days in M. smegmatis because of the slow growth rate of the
former [14]. The efficacy of the M. smegmatis model as a screening organism for
anti-tubercular drug can be appreciated from the identification of TMC207, a
diarylquinoline, which is currently undergoing clinical trials as one of the potent
anti-tubercular drugs using the high-throughput screen in M. smegmatis [15].
The assay of the sensitivity profiles of M. smegmatis, M. phlei and M. fortuitum
as well as Multi Drug Resistant (MDR) clinical isolates of M. tuberculosis against
anti-TB drugs isoniazid and rifampicin have also revealed that the profile of M.
smegmatis is similar to that of the MDR M. tuberculosis. M. smegmatis exhibited
100% specificity and 78% sensitivity vis-a-vis the MDR M. tuberculosis. These
results highlight the utility of M. smegmatis as an avirulent and fast growing
organism for primary screening of anti-tubercular molecules in order to forward
shortlisted compounds for advanced screening against MDR M. fuberculosis [16].
The conserved molecular pathways common to both M. smegmatis and M.
tuberculosis has been reported [17, 18]. In the context of the above, M. smegmatis

has been usd as a surrogate system in the present study to explore the common



mycobacterial biology with a view to identify potentlal target for inhibition
through shortlisted ligand molecules and to understand the posgf;)qle mechanism of
drug-target interaction which may be extended to M.tuberculosis in the long run.
1.3 Tuberculosis- an emerging threat

The battle between humankind and M. tuberculosis, the etiological agent
of tuberculosis (TB), dates back to about 9,000 years as evident from the studies
on a Neolithic settlement in the Eastern Mediterranean [19,20] . Historically the
disease had been referred to as ‘consumption,” ‘wasting away,” ‘king’s evil,’
‘lupus wulgaris,” ‘the white plague’ or ‘phthisis based on its clinical
manifestations [21, 22].

Notorious amongst all the infectious diseases afflicting mankind since
antiquity, the incidence of TB and mortality due to this dreaded disease had been
significantly reduced with the improvement in the living conditions and
sanitation, introduction of TB chemotherapy in the 1950s and widespread use of
BCG vaccine [23]. However, TB has re-emerged in recent years and the
emergence of drug-resistant TB is particularly alarming. Non-compliance of
patients to the current therapy of TB due to prolonged therapy and significant
toxicity has lead to the emergence of Mutli Drug Resistant (MDR, strains which
are resistant two at least two frontline drugs like rifampin and isoniazid ) and
Extensively Drug Resistant ( XDR, strains which are resistant to isoniazid and
rifampin, plus any one fluoroquinolone and at least one of three injectable
second-line” drugs like amikacin, kanamycin, or capreomycin) strains of M.
tuberculosis. Chemotherapy of TB is also limited to small number of antibiotics
due to the intrinsic tolerance of M. tuberculosis to most of the commercially

available antibiotics .

Several fatal outbreaks of MDR-TB have already occurred [24] making
MDR-TB a significant threat to the treatment and control of the
disease  especially in some parts of the world where the incidence of MDR-TB
is as high as 14% [24]. In 2011, an estimated 8.7 million new cases of
TB (13%  co-infected with HIV) was  reported. 1.4
million people died from the deadly infection. The high mortality rate in



women, with 300 000 deaths among HIV-negative women and 200 000 deaths among

HIV-positive women in 2011 has made TB the highest killer disease in women [25]

The burden of TB is highest in Asia and Africa with 40% of the world’s TB
cases reported from India and China together. The African Region has the highest
rates of cases and deaths per capita and constitutes 24% of the world’s TB cases.
Globally, 3.7% of the new cases and 20% of previously treated cases are estimated to
have been caused by the multi drug resistant strains of M tuberculosis in 2011. The
highest percentage of TB patients with MDR-TB is reported in Eastem Europe and
central Asia [25].

Immunocompromised individuals due to HIV infection are particularly
susceptible to infection of M tuberculosis. In the African Region 80% of the TB cases
are reported among individuals infected with HIV. An estimated 0.5 million cases
and 64 000 deaths have been reported among children (aged less than 15) in
2011[25].

TB has claimed the maximum number of lives compared to any other disease
[4]. Long generation time, fastidious growth requirements and high risk of contagion

of M. tuberculosis present a tremendous challenge to the biomedical



Figl.l: Estimated TB incidences in 2011

(Source: Global TB Report, WHO, 2012.)

Fig 1.2: Estimated HIV prevalance in new TB cases in 201 1

(Source: Global TB Report, WHO, 2012.)



researchers. The genus Mycobacterium comprises of more than 150 species and
most of the species are non-Pathogenic. However, M. tuberculosis, M. leprae, and
M. ulcerans, the etiological agents of tuberculosis, leprosy, and Buruli ulcers,
respectively are highly successful pathogens which may be attributed to their

ability to establish residence and proliferate inside host macrophages [5, 6].
1.4 The Genome and proteome of M. tuberculosis

The collaborative project featuring the Sanger Centre and the Institut
Pasteur determined the complete sequence of M. tuberculosis. The M.
tuberculosis genome comprises of 4411529 bp and possesses an average G+C
content of 65.6%. Bioinformatics tools enabled the identification of 50 genes
encoding stable RNA species and 3924 genes encoding proteins accounting for
91% of the potential coding capacity [27] with gene density at one gene per 1.1
kb. The protein-coding genes were classified into 11 broad groups. Similar to the
Lscherichia coli and B. subtilis genomes, about 51% of the coding sequences has

arisen from gene duplication events [26, 27].

The abundance of amino acids such as Gly, Ala, Pro and Arg, which are encoded
by G+C rich codons, reflect the high G+C content of the genome [28]. A
significant portion of the genome relates to genes involved in lipid metabolism
which endows Mycobacteria with the  characteristic = mycobacterial cell
envelope containing unusual lipids, glycolipids, mycolic acids and polyketides.
However, most of the encoded enzymes are involved in fatty acid degradation.
The presence of about 100 genes encoding enzymes that could catalyse individual
steps of the classical L-oxidation cycle in addition to the FadA/FadB proteins
indicate the possibility of existence of an alternative lipid oxidation pathway .
These enzymes might be involved in the degradation of the host vacuolar or

cellular membranes lipids required for the energy metabolism [27, 28].
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Figl.3: The genome of M. tuberculosis H37Rv.
(Source: Cole et al., 1998)

Recent genomic analyses have shed new light on the evolutionary lineage
within the Mycobacterium complex. Studies on the distribution of a series of DNA
deletions (regions of difference’, RD) among closely related Mycobacteria [1. 29]
have argued that M. tuberculosis, with the fewest regions deleted, is the most
ancestral of all organisms comprising the complex. M. bovis, with the most regions
deleted is on the other hand is the most evolved species. M. africanum and M. microti
share intermediate positions in this new evolutionary scenario. These studies
contradict the belief that M. tuberculosis evolved from the broad-range M. bovis as an
unintended consequence of the domestication of cattle However, the fact that M.
bovis possesses a broader host range could not be explained in a process dominated

by the loss of DNA [30,31].



Sequencing and analysis o fthe genomes of 259 globally diverse strains of the
M. tuberculosis complex (MTBC), suggest that MTBC strains emerged in Africa
about 70,000 years ago[32 ]. Comparative study of the evolutionary history of M.
tuberculosis with a corresponding analysis of ~5,000 human mitochondrial genomes
representing the major human haplogroups, revealed close coevolution of MTBC
strains with present humans as these humans migrated out of Africa and colonized
different regions globally. Abrupt increase in human density during the Neolithic
Demographic Transition, around 10,000 years ago, helped in the successful spread
of this pathogen,thus, pointing to human demography as a strong selective force.
However, an another recent study by Pepperell et al. , 2013, argues against the

codivergence of human and MTBC populations [33, 34].

In contrast to the previous assumption that M. ruberculosis posses a
remarkably stable genome, recent high-density oligonucleotide array analysis
demonstrated the existence of polymorphism. An average of 2.9 deletions per strain
in 15 of 16 clinical M. ruberculosis isolates had been detected [35]. The comparison
of the genomes of the virulent laboratory strain H37Rv and the clinical isolate
CDCI1551 exhibited over 1000 single nucleotide polymorphisms and 74 large
sequence polymorphisms (LSP; insertions or deletions unique to one strain relative to

the other) [36].
1.5 Host-Pathogen Interaction

M. tuberculosis is a slow-growing facultative intracellular pathogen and is
transmitted predominantly by the inhalation of infected aerosol droplets. Once M.
tuberculosis gains entry to the lungs, the primary site of infection, it is rapidly
enguifed by the alveolar macrophages. However, it survives in the macrophage by
utilizing the strategies employed by the intracellular parasites including inhibition of
phago-lysosome fusion[37], modification of the phagolysosome to facilitate survival
and replication of the parasite [38, 39], preferentially using the uptake pathways

that do not lead to phagolysosomal fusion [40], resistance to the lysosomal contents
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[41], inactivation of enzymes in lysosome [42,43] and escape into the cytoplasm (44,
45].

The replication of the bacteria recruits macrophages, epitheloid cells and
lymphocytes thus leading to the formation of the granulomas [46]. Granulomas are
involved in the sequestering the pathogen from the adaptive immune system. A
persistent infection is developed by the establishment of equilibrium between the
growth of the harbored M. tuberculosis and the protective immune response.
Subsequently, macroscopic nodules called ‘tubercles’ are formed due to the

development of fibrosis within the granuloma and in the surrounding parenchyma.

The histological hallmark of TB lesions is cavitation and the formation of
caseum, a liquid containing the highly contagious bacilli. Disruption of immune
responses results in uncontrolled growth of M. tuberculosis, leading to symptomatic
disease causing fever, cough, followed by weight loss. Progression of the disease
leads to necrosis of the lungs causing the spread to other organs, like the central

nervous system and the bone [47, 48].

The molecular details of the host immune response against TB are still poorly
understood. Infected macrophages initiate the host immune response by secretion of
interleukin-12(IL-12) which in turn activates and recruits T lymphocytes to the site of
infection. Subsequently, CD4+ and CD8+T cells secrete type 1 cytokines, most
importantly interferon-y (IFNy) and tissue necrosis factor-a (TNF-a) after recognition
of the mycobacterial antigens presented by phagocytes in association with Class Il
and Class I major histocompatibility complex (MHC) molecules. In addition to the
generation of reactive oxygen radicals, nitric oxide, and iron chelators (lipocalins),
which serve as  bacteriostatic and bactericidal molecules by the activated
macrophages, the T cells produce perforin and granulysin that contribute to
microbicidal activity [49, 50]. The host immune response may restrict bacterial
replication and progression of the active disease. However M. tuberculosis can also

remain dormant for many months or years, and may cause the disease later in life by



the process called ‘reactivation’. Reactivation is a poorly understood process. It has
been observed that immunosuppression may lead to reactivation of infection .
Reports have also shown that M. (tuberculosis evades the potent host immune
response by the recruitment of mesenchymal stem cells (MSCs) to the site of

infection. The MSCs suppress the T-cell responses by producing nitric oxide [S1].

The clinical outcome of infection with M. tuberculosis may be different [52],
which may include development of symptoms within the first 1-2 years of infection
and is termed as ‘primary disseminated TB’. This type of outcome of the infection
represents the majority of pediatric cases. Altematively, M. tuberculosis infection
may become chronic by slow progression and exhibiting the clinical symptoms after
more than 2 years of infection. However, in 90% of cases, the infection may remain
latent and the infected individual remains totally asymptomatic. These two latter
groups of infected individuals comprise the reservoir of M. tuberculosis. The host and

microbial factors which influence the rate of progression of the M. tuberculosis

\

infection to clinical disease are poorly understood [53].
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1.6 Chemotherapy of TB

Streptomycin was discovered by Albert Schatz and Selman Waksman from
Streptomyces griseus in 1944 and marked the advent of modern TB chemotherapy
[54]. In 1946, para-aminosalicylic acid (PAS) was discovered as an effective TB drug
by Lehmann from Sweden followed by the discovery of the highly active TB drug
isoniazid (INH) in 1952. Discovery of INH was based on the nicotinamide activity
against tubercle bacilli in the animal model and is a major milestone in the
chemotherapy of TB because it is highly active, inexpensive, and without significant
side effects [55] . This was followed by the discovery of pyrazinamide (PZA) in
1952, ethionamide (ETH)/Prothionamide (PTH) in 1956 and Ethambutol (EMB) was
discovered in 1961 [56, 57, 58] .Many other antituberculosis drugs such as
cycloserine [59];kanamycin [60] and its derivative amikacin; viomycin [61];
capreomycin [62] ; and rifamycins [63] and its derivative rifampin (RIF) [64].Most of
the drugs used today in TB chemotherapy were discovered in the 1950s and 60s
which is termed as the golden era of TB drug discovery. The broad-spectrum
quinolone drugs, developed in 1980s, are used as the second-line drugs for drug-

resistant TB strains [65, 66].

The current strategy to contain TB is through a multi-drug therapy (MDT)
of the first-line drugs to reduce drug resistance and to increase drug efficacy [67].
The therapy consists of RIF, INH and PZA together with an introductory phase of
ETH and/or streptomycin [68, 69, 70, 71] for the initial two months followed by the
continuation of the phase which involves treatment with RIF and INH, the two most

potent first-line drugs.

The six month therapy is administered via DOTS (Directly Observed
Therapy shortcourse) to ensure adherence to the prescribed drug regimen and to
reduce the emergence of drug resistant strains of M ruberculosis [72]. However, the
prolonged therapy leads to patient noncompliance that defeats the therapy and
complicated further through emergence of the multi-drug resistant form of TB

(MDR-Tb).
11



1.7 Mechanism of Action of the TB Drugs

The TB drugs can be divided into two categories viz., the bacteristatic
and thebactericidal drugs. The bacteristatic drugs include EMB and PAS,
whereas the bactericidal drugs include INH, RIF, SM, and FQ
(fluoroquinolones) [73).Ethambutol (ETH) is known to inhibit arabinosyl
transferases, mainly the embB gene product, involved in cell-wall biosynthesis
directly effecting the polymers arabinogalactan (AG) and lipoarabinomannan
(LAM) [74, 75].Isoniazid (INH) inhibits InhA, a nicotinamide adenine
dinucleotide (NADH)-specific enoyl-acyl carrier protein (ACP) reductase. InhA
is involved in fatty acid synthesis. The prodrug is activated by KatG, a catalase-
peroxidase hemoprotein {76]. The active moiety of Pyrinizamide (PZA) ,viz.,
pyrazinoic acid (POA), has been shown to inhibit various functions at acid pH
in M. tuberculosis [77, 78] PZA has been reported to  diffuse into the M.
tuberculosis cell and then is converted to POA by the enzyme pyrazinamidase
(PZAase), also called nicotinamidase. A portion of the POA exits the cell and
becomes protonated in the acidic pH. The protonated POA re-enters the cell and
disrupts the membrane potential. The POA and protonated POA accumulate and
lower the intracellular pH which may lead to inactivation of many pathways
which include the fatty acid synthase and affect membrane transport function.
However, the mechanism of action of POA is poorly understood and it is widely
accepted that POA may not inhibit a specific target, but rather it inhibits
mycobacterial growth by cellular acidification [79,80] Rifampin (RIF) targets
the essential rpoB gene product B -subunit of bacterial DNA dependent RNA
polymerase activity thus, inhibiting the transcription [81].Streptomycin greatly
inhibit bacterial growth by targeting the 30S ribosomal subunit thus limiting
protein synthesis.

1.7.1 Mechanism of Action of the first-line drugs
Mutations in the genes embA or in embB lead to the resistance to the drug

ethambutol. Mutations in the target gene(inhA) and in the activating enzyme KatG
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cause resistance to INH . Target-specific mutants resistant to PZA have not been
isolated. However, PZA-resistant mutations are usually found in the enzyme PZAase
[82] .Mutations in the RIF-resistant determining region (RDR), a 81 bp stretch of the

rpoB gene leads to resistance to Rifampin [83].

MDR-Tb has developed as a result of ineffective drug therapies and failure to
adhere to the treatment regimen [84] .Strains exhibiting a combined resistance to INH
and RIF are defined as MDR-strains [85]. The WHO reported 3.7% of new cases
and 20% of previously treated cases to have MDR-TB. India, China, the Russian
Federation and South Africa have been reported to have almost 60% of the world’s
MDR-TB cases. The highest proportion of MDR TB patients are in eastern Europe
and central Asia. Almost 80% of TB cases among people living with HIV reside in

Africa [25].

The problem of TB has become so grave that the WHO declared TB a global
emergency in 1998 and launched the DOTS-Plus project in 1999 for the
management of MDR-TB.

1.7.2 Mechanism of Action of th Second-line drugs

The second-line drugs of TB include aminoglycosides (kanamycin and
amikacin), fluroquinolones -(ofloxacin and ciprofloxacin), polypeptides
(capreomycin, viomycin and enviomycin), D-ycloserine and thionamides
(ethionamide and prothionamide); out of which, aminoglycosides and

fluroquinolones are the most potent among all the second-line drugs [86].

Since the isolation of nalidixic acid, first quinolone drug, during
manufacture of quinine in the early 1960s , [87, 88] many fluroquinolones (FQ)
derivz;tives have been evaluated for their antibacterial activity. FQ include
ciprofloxacin, ofloxacin, levofloxacin, and sparfloxacin which are highly active
against M. mberculosis [89]. FQ target DNA synthesis by inhibiting the DNA

gyrase A and B subunits. FQ drugs are being used as second-line drugs to treat
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MDR-TB.However, strains are becoming resistant to FQ [90] by mutations in the
GyrA or GyrB subunit [91,92].

Aminoglycosides target protein synthesis by binding to the 30s ribosomal
subunit. The mechanism of action of polypeptides are yet to be elucidated. D-
cycloserine, an  inhibitor of alanine racemase, is an analog of D-alanine. The
enzyme alanine racemase is involved in the synthesis of peptidoglycan in cell wall

biosynthesis [84] .

The MDR-TB therapy is comparatively longer in comparison to the period
of treatment with respect to the drug sﬁsceptible TB and the drugs too have more

side-effects and are less efficacious {84, 93, 94 ]

The emergence of  Extensively drug-resistant TB, or XDR-TB was first
reported by the Centers for Disease Controi and Prevention, in March 2006. Strains
that are resistant to RIF, INH- the most potent first line and to the 3 or more of the
second-line drugs, one or more fluroquinolones and one or more of the injectable
antibiotics (capreomycin and/or any aminoglycosides) [94] are defined as XDR
strains. The therapy for treatment of the XDR-TB is comparatively toxic and less
effective. XDR-TB has been reported from 84 countries; the average proportion of
MDRTB cases with XDR-TB is 9.0%.13 out of 68 (19.1%) countries and territories
have reported more than 10 XDR-TB cases in a single year since 2007. Among them,
the proportion of MDR-TB cases with XDR-TB was highest in Azerbaijan, Belarus ,
Estonia, Latvia, Lithuania and Tajikistan [25].
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Fig1.5: Countries that had notified at least one case of XDR-TB by the end of
2011

(Source: Global TB Report, WHO, 2012.)

Recently, the emergence of totally drug resistant TB (TDR-Tb) [95] has
been reported.The intrinsic tolerance of M. tuberculosis to most of the commercially
available antibiotics due to the presence of the highly hydrophobic cell wall [96,27,
97].Since 1972, no new classes of drugs have been approved for the treatment of TB

by the US Food and Drug Administration [98].

In view of the emergence of MDR, XDR and TDR strains of M. tuberculosis
, there is an urgent need to identify new drugs with novel mechanism of action as
well as new drug targets to tackle the problem of TB [99].

1.8 Drug Development

New drugs for TB need to be less toxic and more efficacious with short
treatment regimen in order to overcome the drawbacks of the current therapy. The

new drugs should also be able to eradicate latent M. tuberculosis [100] and should
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not interfere with antiretroviral drugs (ARVs) used for the treatment of HIV.

Currently a number of candidate molecules are in the pipeline.

1.8.1 TB drugs in the pipeline

There are a number of potential TB drugs in the pipeline which are briefly

stated below.

)]

L1.3858

It is in the phase 1 clinical trial and a fixed dose combination with the first line anti

TB drugs is also being developed. The mechanism of action of this pyrrole

derivative is not yet elucidated [101].

2)

3)

4)

PA-824

PA-824 has exhibited activity against the fully susceptibie and the MDR
strains and also has greater activity than isoniazid and moxifloxacin in vitro
and in mice. It has also shown comparable activity to the combinétion therapy
with rifampicin and isoniazid. The chemical entity is in the phase 1 clinical

trials [102].

T™MC207

It inhibits the ATP synthase and has exhibited activity against the nonreplicating

bacteria. It is also under the phase Il clinical trials.

OPC 67683

This chemical entity is a 6-nitro-2,3-dihydroimidazo[2,1-b] oxazole exhibiting
in vitro activity against both drug susceptible and resistant strains of M.
tuberculosis. It does not demonstrate any cross resistance to the presently
available anti-TB drugs. It inhibits the methoxy-mycolic acid and keto-mycolic

acid synthesis pathways [103, 104].
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5) Moxifloxacin
Moxifloxacin is a fluoroquinolone which targets DNA gyrase. This drug
candidate has reached the phase 11l clinical trials [105,106]. It exhibits very low
interaction with thecytochrome P450 enzymes which are involved in the
metabolism of some of the ARVs(Anti-retrovirals) [107] .

6) SQ109
Currently the ethambutol analogue SQ109 is being studied and has given the
status of orphan drug by the U.S. Food and Drug Administration (USFDA) and
European Medicines Agency [108].

1.9 TB Vaccines

Mycobacterium bovis— bacillus Calmette-Guerin (BCG) was first used in humans 90
years ago. The TB vaccine has been administered to an estimated 3.5 billion people.
However.evidences show that it does not reliably prevent the pulmonary form of the
disease in adults. Therefore, there is an urgent requirement of an effective vaccine
that could prevent a TB epidemic. The preparation of a successful vaccine solely
depends on the fundamental understanding the disease pathogenesis which currently

requires more exploration [109].
1.10 Drug Targets-the essential and the conserved genes

Minimal gene set is defined as the number of genes required to sustain celiular life
under favorable conditions without external stress. The gene products of the minimal
gene set are critical for cellular life processes and include essential enzymes which are
involved in DNA replication, DNA recombination and repair, transcription, translation,
cell division, cell membrane and cell wall synthesis, bioenergetics and macromolecule
synthesis and therefore considered as excellent drug targets [99]. It is important to
ensure that the gene product selected as a drug target is essential for the survival of fhe
bacteria under all growth conditions and is absent in the eukaryotic genome for broad-
spectrum antibiotic development [110]. The identification of such potent drug targets in
bacteria has been greatly accelerated with the advent of in silico screening and
comparative genomics approach [111,112,113,114].
17



1.10.1 Flavin-dependent thymidylate synthase (Thy x)

Understanding of the molecular and biochemical mechanisms of drug - target
interaction constitutes an important component in forwarding a candidate
molecule effective against potent pathogen. Recently it was discovered that
M. tuberculosis posseses a flavin-dependent thymidylate synthase (FDTS or
ThyX) in addition to the conventional ThyA (thymidylate synthase)[115].The
Thy A and the ThyX enzymes are involved in the catalysis of the conversion of
2'-deoxyuridine-5'-monophosphate (dUMP) to dTMP in the presence of R- N°,
N'* methylene-5,6,7,8-tetrahydrofolate (CH,THF)[1 15]. Thy A lacks a cofactor
and in the reductive methylation reaction catalyzed by Thy A , CH2THF
donates a methylene group as well as acts as the reductant forming the product
7,8-dihydrofolate (DHF) [116].In this mechanism, dihydrofolate reductase
(DHFR ; E C 1.5.1.3) reduces DHF to generate tetrahydrofolate (THF). THF is
methylated by serinehydroxymethyl transferase ( SHMT; EC 2.1 .2. 1) to
regenerate CHTHF On the other hand, in the reaction catalyzed by ThyX ,
CH2THF acts only as a methylene group donor and therefore results in the

production of THF in place of DHF.

Figl.6: ThyX converts dUMP to TMP using mTHF, NADPH, and FAD as
cofactors. mTHF is regenerated by serine hydroxymethyltransferase (SHMT)



In ThyX catalysis, the cofactor FAD functions as the reductant. A critical
step in the Thy X catalysis is reduction of FAD by transfer of electron from reduced
pyridine nucleotides (NADH or NADPH ) [117, 118]. It has been reported that
organisms that lack the gene for TS also lack the gene for DHFR. Thy X is a
potential target for new anti-bacterial drugs since the thyX gene is rare in eukaryotes
and is absent in humans [119, 120,]. Transposon site hybridization (TraSH)
experiments indicate that the Mycobacterium thyX is an essential gene for optimal

growth of the pathogen [121, 122].

Important human pathogens,viz.,Helicobacter pylori, Bacillus anthracis,
and the Mycobacteria have been reported to posses the thy x gene. The expression
of the thy x gene has been shown to be altered in different growth conditions of M
tuberculosis [122, 123]. However, neither sequence nor structural similarity have
been identified between the homodimeric ThyA and homotetrameric ThyX proteins
[124, 125, 126]. Existence of ThyX in organisms lacking ThyA shows a sporadic

phylogenetic distribution indicating lateral gene transfers [117].

1.11 Targeted Screening

After a target has been validated as being crucial for the survival of the
pathogen, screening for compounds which specifically inhibit its function is
performed. Screening assays can be generally divided into three types viz., the cell
based assays, functional cell-free assays, and the binding assays. In  cell-based
assays, the effect of the inhibitor is studied on the cell growth, alteration of the
expression level of the target protein or activity of a suitable marker. The functional
cell-free assay involves measuring of an enzymatic activity and binding assays which
on the other hand depend on the formation of a ligand-receptor complex[127] . The
function of an unknown gene may be studied by binding assays. However, whole-cell
assays can determine the permeability of the drug trough the highly hydrophobic cell
wall of M. tberculosis [112]. Additional information like the mechanism of action
of the compounds [128],identification of related targets in mammals, ADME-TOX

values of the drug to mammalian cells and rational drug design (RDD) could be
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studied using bioinformatics approach[129]. Before a promising drug candidate for
the treatment of TB is approved by the FDA for clinical use, it has to undergo the

clinical trials for validation of its efficacy and safety.

1.12 Plants and Traditional Knowledge

Plants have been the corner stone of medicinal therapies for thousands of years, and
continue to be an essential part of health care throughout the world [130, 100].In the
nineteenth century, before the advent of the pharmaceutical industry, all medicinal
preparations were derived directly from nature, mostly from plants. Drug researchers
have shifted their focus towards synthetic drugs in the wake of development of
synthetic chemistry during the 1970s and the 1980s, limiting plant derived drugs
developed in this period. However, in the 1990s the renewed interest in
phytochemistry encouraged the major pharmaceutical industries to start plant

screening programme.

Currently, 60% of the world population and 80% of the population in developing
countries depend on traditional medicines- mostly plant derived drugs for their
primary health care needs [131,132]. In India 70% of the population is still

dependent on traditional plant based medicines [133].

North East India is one of the ‘biodiversity hotspots’ of the world comprising of the
states of Arunachal Pradesh, Assam, Manipur, Meghalaya, Mizoram, Nagaland,
Sikkim and Tripura [134, 135]. The region therefore has enormous possibilities for

drug discovery exploration.
1.13 In silico tools for virtual screen

The systematic study of the mechanisms of a large number of natural products
by means of traditional assay based methods is a costly and time-consuming process
due to the difficulty in extraction, purification, synthesis, and activity testing [136].

Therefore, Computer aided drug design (CADD) is fast emerging as an alternative
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approach for low-cost and rapid analysis of the plant derived natural products and
efficient search for their targets.

CADD approaches can be categorized into structure-based drug design
(SBDD), ligand-based  drug design (LBDD) and  sequence-based
approaches.Introduction of databases of crystal structure of ligands with the
biomolecular target in the post-genomic era has enabled “structure-based drug
design” (SBDD) and the efficient optimization of leads(Jorgensen,2004). SBDD has
contributed to the introduction of approximately 50 compounds into clinical trials and

to numerous drug approvals [137, 138].

LBDD tools which include quantitative structure-activity relationship
(QSAR), pharmacophore modeling,molecular field analysis and 2D or 3D similarity
assessment, are used in the absence of three-dimensional (3D) structures of potential
targets. LBDD tools can provide insights into the interactions between drug targets
and ligands, thus can be used to construct predictive models that are suitable for lead
discovery and optimization [139,140]. The sequence-based approaches are used to
compare and analyze multiple to identify potential targets from the sequence in order
to conduct lead discovery [141, 142].Currently, drug discovery and development
requires  combinational and hierarchical strategies which  employ multiple

computational approaches [140].

Ligand-protein docking is a popular virtual screening technology in rational
drug design which could be utilized to identify the ligands as well as the potential
protein targets and can be readily extended to study the structural and molecular
mechanics of the binding between ligand and the target [143]./n silico tools such as
molecular docking [144],pharmaco phore [145], structure-activity relationship (SAR)
and quantitative structure activity relationship (QSAR) [146] ,machine learmning
[147], and combination methods [148] have been widely used for lead discovery
against individual targets [149]. ldentification of compounds/molecules with
favorable pharmacokinetics and toxicological properties in drug discovery require the

Absorption, Distribution, Metabolism, Elimination and Toxicity (ADMETOX)
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studies. The ADME TOX profile defines the success of a drug. Currently
computational ADMET studies lead molecules using standard in silico tools help in
saving time and expenditure by enabling the screening of large numbers of

undesirable molecules in a relatively very short period of time [150].

Another most widely used virtual screening approach in rational drug design
is Quantitative Structure Activity Relationship (QSAR). QSAR is based on statistical
analysis of the relationship between certain biological activities of a molecule vis-a-
vis the quantitative attributes of the structure of the molecule. The resultant statistical
model of QSAR may be used to predict the antimycobacterial activity of a molecule
even before its synthesis, or to explore virtual modifications at the structural levels
for enhanced antimycobacterial activity of an existing molecule by its quantitative
attributes calculated from its structure [151].QSAR is essentially dependent on the
information content of the training set (TS) of molecules (statistical sample) and the
analyzis, extraction, quantification and representation of this information as QSAR
studies correlate information on molecular structure with information on molecular

properties [152].

QSAR modeling can be classified as local, pharmacophore-based and global.

Local QSAR (2D-QSAR) is an extension of Hammett’s equation to biological
systems (Hansch’s analysis) ,considers a limited chemical space and are usually
easily interpretable and predictive. 2D-QSAR modeling are mainly used in the lead
optimization step, by modifying type and position of small substituents on a large
common chemical scaffold recognized to bear a specific bioactivity. The
pharmacophore-based QSAR models explore the chemical and biological space
based on the common mechanistic interpretation of drug interaction [152]. The global
QSAR models are based on different similarity search algorithms (including 3D-

- pharmacophore search). The global models consider a very large number of
compounds which possess considerably different and (apparently) unrelated

chemical structure[152, 153].
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1.14 Nanocom posites as antimycobacterial agents

Emergence of drug resistant tuberculosis has prompted the development of
alternative strategies to treat bacterial diseases [154].Among the different strategies
nanoscale materials have emerged as novel antimicrobial agents. In vitro as well as in
animal model studies present nanoparticles and nanosized carriers for antibiotics
delivery as more effective for treating infectious diseases, including antibiotic-
resistant infections [155). Nanoparticles poise to play as important tools in
biotechnology and medicine, as well as for studying biological systems. The
appearance of new mechanical, chemical, electrical, optical, magnetic, electro-
optical, and magneto-optical properties of the nanoparticles that are different from
their bulk properties can be attributed to the high surface area to volume ratio
[156,157).Appropriate functionalization will enable the selective application of
nanoparticles. Recently, antibacterial properties of nanomaterials have become
increasingly attractive, including silver nanoparticles (Ag NPs) [158], silver nanorods
[159], copper nanoparticles [160] and carbon nanotubes. Carbon nanotubes (CNTSs)
are graphene sheets are rolled into a tube and have been explored for their potential
application as the antimicrobial materials in the last few years [161, 162, 163, 164] .
The microbial adso‘rption capacity of CNTs so far reported is higher than any other
commercially available adsorbent media [165].The first report on antibacterial
activity of single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) was by Kang et al. [166,167,168]. In the present study we

investigate the antimycobacterial activity of nanocomposites.
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1.15 Objectives
The work embodied in this thesis proceeded with the following objectives in view
of the the urgent requirement to identify potential new molecules as drugs to
cure tuberculosis described in the preceding
introduction.
1. Virtual screening of some important natural products (ligand) to
identify probable target protein of Mycobacterium.

2. Determination of Minimum Inhibitory Concentration (MIC) values of
the selected molecules, through in vivo studies.

3. QSAR (Quantitative Structure Activity Relationship) to predict the
antimycobacterial activity of the selected molecules.

4. Validation of the in silico driven hypothesis through cloning,
expression and inhibition assay of the target enzyme.

5. Determination of antimycobacterial activity of some selected

nanocomposites.
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Chapter IT
REVIEW OF LITERATURE

2.1 Global burden of TB

Mycobacterium tuberculosis was identified by Robert Koch in 1882 as the
causative agent of tuberculosis (TB). About one seventh of the total deaths in
Europe and one third of all deaths among the younger population at that time were
attributed to TB [169].

TB is a contagious disease that is caused by Mycobacterium complex
which includes M. tuberculosis, M. bowvis, M. africanum, M. microti, and M.
canetti. The TB bacillus is a thriving pathogen infecting 2 billion persons around
the world and claiming approximately 2-3 million lives per day globally. TB is
most frequent in the developing countries and in the countries with higher
incidence of HIV infection ansd the frequency of TB has multiplied several folds
in these countries [169].

Most species of Mycobacterium are non-pathogenic environmental
bacteria intimately related to the groups of the soil bacteria Streptomyces and
Actinomyces. Only a few species are very successful pathogens viz., M.
tuberculosis, M. leprae, and M. ulcerans, the causative agents of tuberculosis,
leprosy, and Buruli ulcers, respectively [5,6].These species are able to establish
and multiply within the host cells, viz., the macrophages despite the
antimicrobial capabilities of these cells. The host, involving both innate and
adaptive components of the immune system mounts a complex immune response
that often sequesters the pathogen into granulomas, rendering the pathogen
latent. The infection thus can again manifest as acute or chronic disease or may

remain clinically asymptomatic with the potency to resurface later {170].
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M. tuberculosis also possesses special mechanisms to counteract and
survive the reactive oxygen species (ROS) and reactive nitrogen intermediates
(RNIs) within a macrophage. Peptide, methionine sulfoxidereductase A (MsrA)
is believed to repair the oxidative damage to methionine residues that occurs
under these conditions. MsrB is also believed to reduce Met-O. Together, these
proteins have been proposed to be the primary tools against oxidative stress in
Mycobacteria and other pathogens. Disruption of MsrA in several pathogenic
bacteria has been shown to result in the loss of the ability to colonize host cells
[171}.

M. tuberculosis, present a number of trial difficulties for the bacterial
geneticist due to their slow growth, thick cell walls, and tendency to form
clumps rather than single cell suspensions in culture. A considerable amount of
information is now available conceming the genome structures of M.
fuberculosis a major effort is on its way to determine their complete nucleotide
sequences. A variety of systems are available for introducing genes into
mycobacterium [S1].A number of studies have been done on drug action and
drug resistance. Specific enzyme cause inactivation of drugs and is a common
mechanism with most genes encoding these enzymes being present on mobile
genetic elements. Resistance can also be generated by specific point mutations
or by target amplification. Decreased or increased permeability may also lead to
changes in the intracellular concentration of the drug, rendering drug resistance
[170].
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there is a common mechanism with most of the genes encoding these enzymes
being present on mobile genetic elements. Resistance can also be generated by
specific point mutations or by target amplification. Decreased or increased
permeability of the cell wall and the membrane systems may also lead to changes in

the intracellular concentration of the drug, rendering drug resistance[170].

A major role in the control of tuberculosis is played by modern chemotherapy.
Although tuberculosis still remains a leading infectious disease worldwide, largely
because of the inadequacy of the current chemotherapeutic regimen and the latency
of the organism. The increase in drug-resistant tuberculosis along with the HIV
infection threatens disease cqntrol and highlights both the needs to develop new

and more effective drugs and to understand how our current drugs work [170].

The current therapy, i.e., DOTS (directly observed therapy short course) is
accepted worldwide which consists of two distinct phases: the initial phase of
around 2months during which the patient is given four drugs, viz., isoniazid,
rifampicin, pyrazinamide and ethambutanol to prevent the emergence of resistant
mutants. These drugs constitute the first line drugs. The second line drugs are more
potent but with a number of side effects and includes capreomycin, cycloserine,

kanamycin, and fluoroquinolones[170].

The emergence of the multidrug-resistant TB (MDR-TB, resistant to at least
two frontline drugs such as isoniazid and rifampicin), is particularly alarming.
MDR-TB has already caused several fatal outbreaks and poses a significant threat to
the treatment and control of the disease in some parts of the world, where the
incidence of MDR-TB can be as high as 14 % [172].The standard TB therapy is
ineffective in controlling MDR-TB. Fifty million people have already been
reported to be infected with drug-resistant TB [172]. There is much concern that
the situation may become even worse with the spread of HIV worldwide, a virus

that weakens the host immune system and allows latent TB to reactivate and makes
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the person more susceptible to re infection with either drug-susceptible or drug
resistant strains. The lethal combination of drug-resistant TB and HIV infection is a

growing challenge in effective TB control [170].

2.2 The search for new drugs
In recent times, emphasis is being given in introduction of new drugs as well
as in the identification of new drug targets to treat TB. A few of the promising new
drug candidates which are in different stages of drug trial and are discussed below

[173)-

1)PA 824: It is a bicyclic nitroimidazo [2, 1-b] oxazine molecule
exhibiting anti-TB activity against the non replicating M. tuberculosis
inhibiting the cell wall lipid and protein synthesis. It did not exhibit any
cross resistance to the present known first line drugs and is under the

Phase Il of drug trials [174].
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Fig2.1: The 2D structure of PA 824

2) SQ 109: It is a diamine analogue of ethambutol with unsaturated isoprenyl
units and a bulky adamentyl unit. In vitro studies revealed its activity
against both drug susceptible and resistant strains of M. tuberculosis. The
putative target of this ethambutol analogue is the cell wall synthesis in
Mycobacteria. SQ109 has exhibited synergistic activity upon
administration with INH and RIF [175].
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Fig2.2: The 2D structure of SQ 109

3) OPC 67683: It is a 6-nitro-2,3-dihydroimidazo[2,1-b] oxazole
exhibiting in vitro activity against drug susceptible as well as drug resistant
strains of M. tuberculosis It does not demonstrate any cross resistance to the
presently available anti-TB drugs. It exhibits antimycobacterial activity by
inhibiting the methoxy-mycolic acid and keto-mycolic acid synthesis of the

cell wall [103, 104].

Fig2.3: The 2D structure of OPC 67683

4) TMC 207: This chemical entity has demonstrated a potent in vitro
activity against drug susceptible, MDR and even XDR strains of M.
tuberculosis by inhibiting the membrane bound ATP synthase. It belongs
to the diarylquinolines (DARQs) class of molecules and didnot exhibit

any cross resistance to any of the first line anti-TB drugs [83].
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Fig2.4: The 2D structure of TMC 207

2.3 Medicinal plants as an alternative source of antimycobacterial molecules

Natural products including plants, animals and minerals have been the basis of
treatment of many diseases. In fact medicinal history dates back to practically the
very early existence of human civilization. The modern method of treatment, ie.,
allopathy developed over the years gradually, although its origin can be traced back
to the traditional medicine and therapies. Thus ancient medicine has been an
important base for the treatment of diseases and will remain as a source of
development of allopathy in the future as well. The Ayurveda, which has been
reported since 1000 BC, has a sound philosophical and experiential basis and is still
practiced widely in India, Sri Lanka and other countries [176, 177 ].The Chinese
medicine dates back to 500 BC and some of the formulae are still in use {178]. The
vast wealth of “Traditional Knowledge’ (TK) of the different ethnic groups across
the world provides an immense opportunity for discovering new drug molecules

against TB.

The emergence of drug resistant pathogens and the side effects of the
synthetic drugs have revived the interest in plants as a source of new active
compounds. About 30% of the drugs which are being used today are of plant origin
[178] and is worth around US $ 40 billion a year worldwide. Realizing the
importance of traditional medicine, the WHO has developed strategies and

guidelines for use of standardised botanical medicines [179] .
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The aromatic secondary metabolites of plants are reported to have remarkable
medicinal properties. These mostly include phenols and their oxygen substituted
derivatives. The important subclasses are phenols, phenolic acids, flavonoids,
flavones, tannins and coumarins which serve in plant defense mechanisms in
response to microbial infections are often found as effective in vitro as antimicrobial

agents [180].

The innovative potential of TK and its impact in drug discovery may be
witnessed in the genesis of a number of useful drugs used extensively for treatment
of many diseases. It has been estimated that almost 25% of all plant species posses
some sort of medicinal use which means 40,000 to 70,000 plant species are used as
medicines  to treat various ailments[181]. A study on the use of plants in
traditional medicine in Sitamata Wild life sanctuary in Rajasthan, India revealed the
extensive use of 243 medicinal plants belonging to 76 different families [182]. The
tribal i)ractitioners of the Jaintia tribes inhabiting the North Cachar Hills district of
Assam, India have been reported to use 39 medicinal plant species belonging to 35
genera and 27 families [183].The use of 65 different species of plants in traditional
medicine in the state of Assam located in North East India has been reported [184].
The native inhabitants of Churu district in Rajasthan are known to be use various
medicinal plants to treat a vast range of ailments by [185].The local inhabitants of
Mozambique are reported to use 53 species of medicinal plants to treat a vast
number of diseases [186].The plants used in traditional medicine in the Terai forest
of Western Nepal belong to 66 species of 60 genera in 37 families of angiosperms.
It has been reported that 41 species of these medicinal plants are used in treatment

of gastro-intestinal disorders[187].

2.4 Antimycobacterial activity of Plant Natural Products

Natural products and their derivatives from plants have been reported to

inhibit Mycobacterial species (180, 188). These generally belong to the secondary
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metabolites and include coumarins, flavonoids, alkaloids, glycosides, lignans,

steroids, sugars, terpenoids, etc. [189].

The flavonoids are commonly found in fruits, vegetables, nuts, seeds, stems,
flowers, tea, wine, propolis and honey. Preparations containing flavonoids as the
principal physiologically active constituents have been used to treat various human
ailments [190].A brief review of the flavonoids exhibiting antimicrobial activity is

reviwed below.

2.4.1 Flavonoids as antimycobacterials

The term “flavonoid” is generally used to elucidate a group of natural
products that include a Cs-C3-Cs carbon framework ( phenylbenzopyran
functionality). Based on the position of the linkage of the aromatic ring to the

benzopyrano (chromano) moiety, flavonoids can be divided into three classes:

e flavonoids (2-phenylbenzopyrans)
* isoflavonoids (3-benzopyrans)

e neoflavonoids (4-benzopyrans)

Flavonoides are synthesized in the plants from the common chalcone
precursor and are responsible for the color of the flowers, fruits and sometimes of
the leaves of plants [191]. Based on the differences in the molecular backbone
structures, the flavonoids may be divided into six different major classes viz.,

flavonols, flavanones, flavones, isoflavones, flavonols and anthocyanidins [192,193].

The flavones Nevadensin and Isothymusin isolated from Limnophila geoffrayi
have exhibited inhibition activity against M. tuberculosis with equal MIC value of
200pg/ml [194]. The flavonoids, Isosakuranetin, 4'-hydroxy-5,6,7-
trimethoxyflavanone, Acacetin and Luteolin extracted from the flowers of

Chromolaena odorata (Eupatorium odoratum) exhibit moderate activity against M
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tuberculosis H37Ra with the MIC values of 174.8uM , 606.0uM, 704.2uM and 699.3
M, respectively [195].Three out of the four flavonoids extracted from the plant

3

Fig2.5: The C6-C3-Cé6 carbon framework of the three classesof flavonoids :
(1) the flavonoids (2-phenylbenzopyrans), (2)isoflavonoids (3-benzopyrans)
,and (3) the neoflavonoids (4-benzopyrans) .

Derris indica exhibited activity against M. tuberculosis H37Ra. The MIC of 3-
Methoxy-(3",4"-dihydro-3",4"-diacetoxy)-2",2"-dimethylpyrano-(7,8:5",6")-

flavone,8,4'-Dimethoxy-7-O-c,c-dimethylallyliso-flavone and 3,4-Methylenedioxy-
10-methoxy-7-oxo[2]benzopyrano[4,3-b]benzopyran were 25pg/ml, 100pg/ml and
6.25ng/ml respectively [196].The common acetyl derivative of Linaroside and
Lantanoside, isolated from Lantana camara, exhibited 98% inhibition ofbM.
tuberculosis H37Rv at 6.25ug/ml [197]. Butein, lsoliquirtig;anin, 2,29,49-
trihydroxychalcone and Fisetin have been reported to inhibit the growth of M. bovis
BCG. Furthermore, in vitro inhibition of the mycolic-acid-producing fatty acid
synthase Il (FAS-II) of M. smegmatis suggests a mode of action analogous to those
observed in E. coli and Plasmodium falciparum [198].These and other reports thus
provide very strong indications about the possibility of discovering new plant based

natural products as potential drug against M. tuberculosis.

The flavonoids viz., Epicatechin, Isorhamnetin, Kaempferol, Luteolin,
Myricetin, Quercetin, Rutin and Taxifolin were tested for their ability to modulate the

susceptibility of different strains of fast-growing mycobacteria like M. smegmatis
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(ATCC 14468), M. smegmatis mc2155 (ATCC 700084), M. smegmatis mc22700, M.
phlei (ATCC 11758) and M. fortuitum (ATCC 6841) in combination with the first-
line antituberculotic drug isoniazid (INH). The strongest synergistic effects were
observed in M. smegmatis mc2155 followed by M. phlei. Myricetin, followed by
quercetin, exhibited maximum intensification of INH susceptibility in all the tested

strains decreasing the MIC of INH up to 64-fold at 16 pg/ml [199].

Three known flavonoids, (25)-5,7,2'-trihydroxyflavanone, (E)-3,2'4'-
trihydroxychalcone, and (E)-2'4'-dihydroxychalcone , and the new (E)-3,2'4'-
trihydroxy-3'-methoxychalcone were isolated from the leaves of Galenia africana.
(25)-5,7,2'-trihydroxyflavanone and (E)-2',4'-dihydroxychalcone exhibited moderate
antimycobacterial activity againt M. tuberculosis. A combination of (E)-3,2'4'-
trihydroxy-3'-methoxychalcone and isoniazid, reduced their original MICs 4-fold,
resulting in a fractional inhibitory concentration (FIC) of 0.50. The most pronounced
effect was demonstrated by (2S)-5,7,2'-trihydroxyflavanone and isoniazid reducing
their MICs 16-fold and resulting in an FIC of 0.12. [200]. The evaluation of the
antimycobacterial activity of five flavonoids: Isobachaicone (IBC); Kanzanol C
(KAN); 4-hydroxylonchocarpin (4-LCP); Stipulin (SPL) and Amentoflavone (AMF)
from Dortenia barteri was performed using the Agar disc diffusion, broth
microdilution, microplate alamar blue assay (MABA) and radiometric respiratory
technique using BACTEC 460 system. The results showed that the crude exéract and
the flavonoids were able to prevent the growth of M. tuberculosis with isobachalcone
exhibiting maximum activity with MIC < 10 pg/ml. The total inhibition effect on M.
tuberculosis H37Rv strain was exhibited by isobachalcone and stipulin at day 9 when
tested at 4x MIC [201].The flavonoids 5,4'-Dihydroxy-3,7,8,3"-tetramethoxyflavone
and 5,4'-dihydroxy-3,7,8-trimethoxyflavone isolated and characterized from Larrea
tridentate exhibited activity against M. tuberculosis MDR strains having MIC values
of 25 and 25-50 pg/mL, respectively [202] Seven methoxy-flavones, namely,
cirsimaritin , eupatilin , eupatorin , salvigenin , 3'-O-methyl-eupatorin, 3',7-

dimethoxy-5,6,4'- trihydroxyflavone , and 7'-O-methylapigenin , and one triterpene-
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oleanolic acid were isolated from the dichloromethane extract from Lippia lacunosa
Mart. & Schauer, Verbenaceae. The compounds showed in vitro activity against
Mycobacterium tuberculosis with MIC ranging from 25 to 200 pg/mL when studied
using a redox bioassay [203]. Bioassay-guided fractionation of the active AcOEt-
soluble layer led to the isolation the antimycobacterial flavonoids 3-
Hydroxyxanthyletin , Genistein , Prunetin , and (2S)-Naringenin which showed
antimycobacterial activities against Mycobacterium tuberculosis HyRy with MIC
values of 16, 35, 30, and <2.8 pug/ml, respectively [204]. The flavonoids isolated from
flowers of Butea monosperma included one new dihydrochalcone,
Dihydromonospermoside, with three known chalcones, Butein , Monospermoside and
Isoliquiritigenin , one flavone, 7,3",4'-trihydroxyflavone , four flavanones, (—)-Butin ,
(-)-Butrin, (+)-Isomonospermoside and (-)-Liquiritigenin , and three isoflavones,
Formononetin, Afrormosin and Formononetin-7-0-f-D-glucopyranoside.of these
compounds exhibited varying antimycobacterial activity where chalcone was found
to be the most active compound (MIC 12.5 pg/ml [205]. Ermanin isolated from
Hapllopappus sonorensis displayed 98% inhibition of M. tuberculosis at 100 ug/ml
[206].Licochalcone A which was isolated from Chinese licorice root inhibited the
growth of a range of clinical isolates of mycobacteria including M. tuberculosis
(MIC 5-10 pg/ mL), M. bovis (MIC 10-20 pg/ mL) and M. bovis BCG (MIC 5-10
pg/ mL) [207].Licoisoflavanone isolated from the medicinal plant Glycyrrhiza glabra
exhibited potent antimycobacterial activity with an MIC of 25 pg/mL against M.
tuberculosis [208].The two flavonoids phaseollidin and erythrabyssin I from
Erythrina gibbosa, inhibited the growth of M. tuberculosis with MIC values of 8-25
pg/ ml [208].

2.5 In silico studies

More innovative and openapproaches in place of the traditional closed-door
and market driven approaches for drug discovery are required for diseases like
tuberculosis and malaria as most patients suffering from these diseases have poor

paying capacity [209]. /n silico (computer aided) approaches in drug discovery have
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gained immense popularity as these methods do not need animal models or
enzymatic methods in comparison to in vivo and in vitro studies [210]). In silico
approaches could expedite the process of drug development as simulation of every
aspect of drug discovery and development has been made possible by the in silico
approach.

2.5.1 Quantitative Structure Activity Relationship (QSAR)

Quantitative Structure Activity Relationship (QSAR) studies involve
statistical analysis by tying various molecular descriptors to physical, chemical, and
biological properties of a set of molecules to form a model which may be used to
predict the antimycobacterial activity of a molecule. The public domain ““C-QSAR”’
database, containing thousands of such models, has become a valuable resource for

drug discovery [211]. QSAR studies was first reported by Hansch in 1963 [212].

QSAR studies can be one dimensional (1D) which focuses only on a single
physico<hemical property for example, solubility, pKa value or by the biological
effect of the molecule. Two dimensional 2D-QSAR, also known as local QSAR is an
extension of Hammett’s equation to biological systems (Hansch’s analysis). The lead
optimization step uses 2D-QSAR modeling by modifying the type and position of
the small substituents on a large common chemical scaffold recognized to bear a
specific bioactivity which include different effects/properties of the substituents
(electronic, steric and lipophilicity) [152].The three dimensional (3D) QSAR studies
include the length and width of the molecules. Comparative Molecular Field Analysis
(CoMFA) which include the 3D structure of a molecule was first reported in 1988.
The four dimensional (4D) QSAR studies involve the different conformations,
orientations, stereo-isomers and tautomers of the molecules [213].3D QSAR studies
have been reported on a set of pyrrole derivatives while investigating the correlation
between the chemical structures of these compounds and the anti-TB activity
exhibited by these molecules [214]).QSAR studies involving multiparameter
regression analysis was carried out on a set of isonicotinic acid hydrazide derivatives

[215] . 3D QSAR studies involving CoMFA, Comparative Molecular Similarity
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Indices Analysis (CoMSIA) and CoMFA alongwith the inclusion of Hydropathy field
(HINT) analysis were performed on a set of anti-TB ring substituted quinoline
derivatives [216]. 3D QSAR studies were also performed on a set of 24 compounds
corresponding to 4 series of anti-TB ring substituted 2/4 quinolinecarbaldehyde
[217]. QSAR studies were carried out for 25 chalcone molecules to analyze their
anti-TB  activity [218]. 8 QSAR models based on various descriptors were
constructed using the compound libraries available online including PUBCHEM
[219].A 3D QSAR study based on CoMFA and CoMSIA revealed the correlation
between the chemical structures and their antimycobacterial activity[220].QSAR
studies on a set of 104 flavonoid derivatives as p56lck protein tyrosine kinase
inhibitors were carried out using hydration energy and logP as predictor parameters
[221]. QSAR analysis of the interaction of set of flavones derivatives with the
Benzodiazepine binding site of the GABA4 receptor complex revealed the
association of their binding to the negatively charged oxygen atom of the carbonyl
group of the flavonoids and with the nature of the substituent in the position 3' [222].
An open-source program Open3DQSAR aimed at chemometric analysis of molecular
interaction fields (MIFs) has been made available. MIFs can be generated by
Open3DQSAR itself or imported from different sources (GRID, CoMFA/CoMSIA,

quantum-mechanical electrostatic potential or electron density grids) [223].

2.5.2. Molecular docking studies

Molecular docking, widely used in the field of structure-based drug design, is
an in silico computational technique which predicts the conformation and binding
affinity of intermolecular complexes on the basis of the three-dimensional structures
of individual molecules. The screening of compounds employing wet lab in vitro
approaches is expensive and time-consuming process. Therefore to screen out the
unlikely candidates, in silico fast molecular docking methods are gaining popularity
[224, 225] .The availabity of large number of proteins and nucleic acids structures
has increased the consideration of molecular docking for dlscovery of lead

molecules. In case of mycobacterial pathogenesis molecular docklng strategies
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enabled identification of hits , elucidation of the drug target interaction and possible
mechanism of drug inhibition [226,227].Ninety five potential molecules out of
fifteen thousand four hundred and fifty two compounds were selected on the basis of
their docking efficiencies for study against the chorismate dismutase protein of M.
tuberculosis. Out of these hits, fifteen compounds were further screened using Flex
X molecular docking software and subjected to biological study [228].Molecular
docking studies of 27 different quinoline and amide derivatives against ATP
synthase protein of M. tuberculosis were performed to study the fligand target
[interaction [229]. Molecular docking studies established the antimycobacterial
activity of covalent hydrates of trifluoromethylated pyrazoles due to the inhibition
of Riboflavin Synthase M. tuberculosis [230].Virtual screening was used to evaluate
the antimycobacterial activity of a vast number of novel cyclic peptides in order to
develop new drug molecules against M. tuberculosis [231).Screening of a virtual
compound library containing one lakh fifty two thousand one hundred and two
compounds against M. tuberculosis Inh A using the GOLD and DOCK software
revealed five potent molecules on the basis of their docking scores [227]. Docking of
phytochemicals from three different plants Ficus religiosa, Saraca asoca and
Tylophore indica against PKs 18 and Acc D5 protein receptors in M. tuberculosis
revealed phytol as an inhibitor [232]. Molecular docking studies of 2-methylheptyl
isonicotinate as inhibitors of the DHDPS enzyme M. tuberculosis has been reported

[233].

2.6 The search for new drug targets

Identification of the drug target and understanding the mechanism of drug —
target interaction is a major component of the current research initiative for
discovering new antitubercular agents. Out of many drug targets discovered for
antituberculosis drug development, a few promising drug targets are as the follows:
Isocitrate lyase [234] , Lumazine synthase [235] AccD5(an essential acyl-CoA
carboxylase carboxyltransferase) [236] and mycobacterial translocase | enzyme

[237]. An extensive review of research related to drug targets discovery has enlisted
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many potential drug targets which include hyperphosphorylated guanine synthase I,
sigma factors of M.tuberculosis, P-ketoacyl-acyl-carrier protein synthases- KasA and

KasB, etc. [170].

2.6.1 Thy X as new drug target

The gene encoding the classical thymidylate synthase ThyA has been found to
be absent from the genomes of a large number of nonsymbiotic microbes even though
the deoxythymidylate cannot be provided directly by ribonucleotide reductase. This
fact leads to the identification of ThyX ( Thyl) proteins as a distinct class of
thymidylate synthases the function of which were previously unknown. ThyX is
present in microbial genomes lacking thy4 and has a wide but sporadic phylogenetic
distribution.The presence of Thy X in many pathogenic bacteria and absence in
human make ThyX an attractive target for potential antibacterial drugs
[238].Mechanistic studies of a FDTS from Thermoioga maritima (TM0449) reveal
that the reaction proceeds via a ping-pong mechanism where nicotinamide binding
and release precedes the oxidative hélfreaction. It is primarily pro-R specific enzyme
with regard to the nicotinamide (NADPH), the oxidation of which is the rate-limiting
step of the whole catalytic cascade. An enzyme-bound flavin is reduced and
exchanges protons with the solvent prior to the reduction of an intermediate
methylene. The slow activity of the enzyme could be explained by the significant
NADPH substrate inhibition and large rationalized Ky [239]. Biochemical and
structural analyses also revealed the catalytic mechanism of the recently discovered
flavin dependent thymidylate synthase ThyX from Paramecium bursaria chlorella
virus-1 (PBCV-1). Several residues implicated in either NADPH oxidation or
deprotonation activity of PBCV-1, ThyX were identified by site-directed
mutagenesis [240].The investigation of the molecular mechanism of this enzyme
revealed an unexpected substrate-dependent lag-phase found in the single tumover
reduction of FDTS bound Flavin [239]. The catalytic mechanism of Chlamydia
trachomatis ThyX has also been studied [241]. A report on the study of the oxidative
half-reaction of the thyX gene product from Campylobacter jejuni established direct
observation of the participation of flavin adenine dinucleotide(FAD) in the
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stoichiometry of conversion of 2’-deoxyuridine monophosphate (dUMP) and 5,10-
methylenetetrahydrofolate (CH2THF) into dTMP and tetrahydrofolate (THF). The
study also established that flavin is oxidized after dUMP reacts with CH,THF [242].
The thyX gene of te Lyme borreliosis (LB) agent Borrelia burgdorferi has been
reported to be located in a 54-kb linear plasmid [243].Sequence revealed an open
reading frame A674R that encodes ThyX. The mechanism of Thy X differs vastly
from the traditional thymidylate synthase, ThyA, as Thy X uses
methylenetetrahydrofolate (CH2H4folate) as both a source of the methylene group
and the reductant, CH2H4folate only provides the methylene group in ThyX-
catalyzed reactions. ThyX only catalyzes thymidylate (dTMP) formation in the
presence of reduced pyridine nucleotides and oxidized FAD [244].Analysis of the M.
tuberculosis ThyX enzyme revealed the presence of the short RHRX73S found in all
thy x genes [245]. The cloning, over-expression, and purification of the ThyA and
ThyX gene products were performed and the thymidylate-synthesizing ability was
directly confirmed by HPLC analysis of reaction products and substrate saturation
kinetics were established. 5-Fluoro-29-deoxyuridine 59-monophosphate (FAUMP)
was identified as a potent inhibitor of both ThyA and ThyX, offering important clues
to double-targeting strategies, however, the folate-based 1843U89 was a potent
inhibitor of ThyA but not ThyX suggesting that it should be possible to find ThyX-
specific antifolates [246]. Three series of compounds based on a thiazolidine core
were synthesized to identify potent inhibitors of thymidylate synthase X. Two
distinct classes of compounds that inhibit ThyX with submicromolar concentrations
were identified on the basis of the evaluation of the catalytic activity of the enzyme in
the presence of these molecules. After optimization this could lead to effective

inhibitors with potential biomedical interest [247].

2.7 Nanocomposites as novel antimycobacetrial agents

The advent of nano-technology has enabled generation of nano-particles (1-
100nm), as an altemative source of antibacterial agents. The high surface to volume

ratio endows nanoparticles with an increased potential to interact with pathogens.
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Recently, the antimicrobial activity of nanosized silver, zinc, and their compounds has
been explored [248, 249]. The preparation and antimicrobial activity of four different
types of chitosan-based nanocomposite films using a solvent-casting method by
incorporation with four types of nanoparticles, that is, an unmodified montmorillonite
(Na-MMT), an organically modified montmorillonite (Cloisite 30B), a Nano-silver, and
a Ag-zeolite (Ag-lon) [250].ZnO nanoparticles have been shown to posses
antimicrobial activity [251] , on the other hand CNTs have been reported to be
comparatively less dispersive, and can adopt different functionalities
[252].Functionalization of MWCNT via covalent and non-covalent have been reported
to be an apt strategy to the practical challenges of the chemical inertness of the
graphitic network, poor dispersion and interfacial bonding with others and so on [253].
Zn0O coated MWCNTSs have been reported to exhibit higher antimicrobial activity in
comparison to raw and purified MWCNTs [254] MWCNTs have been reported to
possess less cytotoxicity than single-walled carbon nanotubes and functionalization
of these MWCNTs with cationic amino acids could be a bene ficial approach
[255].CNTs and PAni have been reported to posses inherent antimicrobial activity
[167,257].
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Chapter IIT
MATERIALS AND METHODS

Materials

3.1 Bacterial strains

The bacterial strains used in this study are Escherichia coli DHj3a,
Escherichia coli BL21(DE3)pLysS , Mycobacterium smegmatis ATCC14468,
Mycobacterium smegmatis mc2155, Bacillus subtilis MTCC441 , Staphylococcus
aureus MTCC96, Klepsiella pneumoniae MTCC618. Stocks of all strains were made
up in 20% glycerol and stored at -80°C.

3.2 Plasmids
The two plasmids used in this study are as the following:

i. pTZS7R/T cloning vector (Thermo Scientific): linearized and ddT
tailed for direct use in cloning of PCR products, Phage f1 origin ,T7
promoter, MCS, Amp’ ,2.8 kb(Fig 3.1).

.  pET32a(+) expression vector (Novagen) : protein over-expression
vector, pBR322 origin, T7 promoter, T7 transcriptional start and
terminator, His*Tag, MCS, Amp', 5. 9kb (Fig.3.2).

3.3 Media

3.3.1 E. coli, B. subtilis, S.aureus and K. pneumoniae

E. coli, B. subtilis, S. aureus and K. pneumoniae strains were cultured in Luria-
Bertani broth (LB broth, HIMEDIA) and 1.5% Luria-Bertani agar (LB agar,
HIMEDIA) as per the manufacturers’ instructions with media supplements as
described in section 3.4 and culture conditions as described in section 3.5. For
antibacterial assays the strains were grown in Mueller Hinton Broth No.2 (MHB,

HIMEDIA) and Mueller Hinton Agar as per the manufacturers’ instructions . The
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media was sterilized via autoclaving at 121°C for 15 minutes in an autoclave on a

liquid cycle.

T o
st g}l;
B &
L. 03
NGy
1 T
.
pd
. henid 4
fon o
R4
e
il
= 3
A
teoten Sré
e omb,
sinan - __6x)
[T

-rcc""’u%‘w GCT. ‘nmwﬂ
e ccr ACG TAC GTT CGA_ A&
R
Us O A» WY W SH Cu AP Tw

ks u*r-rﬁ.‘rwcmm o A

TTA BIA CTN_G7A TCG AGH MM r&; ¥
w:ﬂ:mmnw#‘n e S0
Liba toml Thy ?2m)

116 |
o P
er YL sy sy Trve | K. L 2w ‘“M Eztisal !E MveTIth
> b 728 A%c AE Goe £ TGA ATT CEAGC MTmmcccmrcca
3 € ATy 1707010 &0 000 ACT, TAA GCT CGA GCC.ATO GEG €GC TTA CCT
LacZ «— ¥ ¥4 Als Lew Ser' Ath Sa Ser Pro ¥, G Am O Ot
" tootm At td —
Yool L L2 sos 2 3
TCT AGA, Tol AT. cea""n‘rc TCG GOGC COG TCG ACT, GCA
ARA TCT A odf TA GCC TAG GGC'CRG GGC RGS 'MEA COT
Ay S s >Pro Am Alg A ‘Al A Ser Oy
L L

T ed ooy
mm&.c:l OO ACC GTA

Hit -The m mw S8 Pro' T

Fig.3.1. Map of the pTZ57R/T cloning vector and DNA sequence of MCS region.
(Source: InsTAclone™ PCR Cloning Kit, Thermo Scientific)
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3.3.2 M. smegmatis
M. smegmatis strains were cultured in LB broth, 1.5% LB agar or Middle brook with

media supplements as described in section32.2.4 and culture conditions as described

in section 3.3.

3.4 Media supplements

Tween 80: 10% Stock solution of Tween 80 was made with deionized water and
autoclaved at 121°C for 30 minutes in an autoclave on a liquid cycle. M. smegmatis

culture media had a final concentration of 0.1% Tween 80.

Glycerol: 10%, 50% and 80% stocks of glycerol were made up to with deionized

water and autoclaved at 121°C for 30 minutes in an autoclave on a liquid cycle.

Antibiotics: All antibiotic stocks were made with deionized water and filter-sterilized
with a 0.22 um Millipore filter and kept at -20°C. The final concentrations of all the

antibiotics used are listed in Table 3.3.

Chemicals: Isopropyl-p-D-thiogalactopyranoside (IPTG, SIGMA) was prepared with
deionized water and was filtered-sterilized with a 0.22 pm Millipore filter. S-bromo-
4-chloro-3-indolyl-3-D-galactopyranoside (X-gal,SIGMA) stock solution was made
by dissolving X-gal in dimethylformamide(MERCK) at a concentration of 20 mg/ml
solution. The polypropylene tube was wrapped in aluminum foil to prevent damage
by light and store at -20°C. The final concentrations of all chemicals used are

tabulated in Table 3.3.
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Table 3.1: Antibiotics and chemicals used in this study

Antibiotics/ Chemicals Stocks Working
Ampicillin (Amp) 100 mg/mL 100 pug/mL
Streptomycin 100mg/ml 100 pg/mL
IPTG 100 mg/mL 100 pg/mL
X-gal 40 mg/mL 40 pg/mL

3.5 Culture Conditions

All the bacterial strains were cultured at 37°C. All agar plates were incubated in a
stationary plate incubator and all liquid cultures in flasks, polypropylene tubes and 96
well plates (NUNC) were aerated with orbital shaking at 200 rpm.

3.6 Chemicals and Reagents

All chemicals and/or compounds were purchased from Sigma-Aldrich unless
otherwise stated. Xgal, dNTPs, DNA ladder, DNA loading buffer, DNA Molecular
Marker and Protein Molecular Marker were procured from Fermentas. The vector
pTZ57R procured from Fermentas and the expression vector pET32a+ was procured

from Novagen.

3.7 Enzymes

The restriction endonucleases were purchased from New England Biolab. T4 DNA
ligase and Long PCR Enzyme Mix were procured from Fermentas. Proteinase K,
lysozyme, RNase A, DNAse | and Enterokinase bovine recombinant expressed in

E.coli were obtained from Sigma.
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3.8 Oligonucleotides

Oligonucleotide primers were analyzed for restriction sites and designed
using the softwares NEB Cutter V 2.0 and Generunner and were synthesized by
Imperial Life Sciences(ILS). The sequences of the primers used in this study are
shown in Table 3.4. Each primer was resuspended in nuclease free water as a
stock solution at 100 uM and working stocks were made from these at 10 pM with

nuclease free water .Table 3.2: Primers used in this study

SL Name Primer sequence
No

1. FPThx2 5-GCCATGGCCGAGATCGCGCCGCTGCGCGTACAGCTGATC-3

2, RPThx2 | 5°- CCTCGAGTCACGCTTCTGTCGCCAGCGGGGAG -3

3.9 Selection of medicinal plants:

The medicinal plants were selected on the basis of their use in traditional
medicine. The plants were collected from Sonitpur District (Assam), East Khasi
Hills District (Meghalaya).

Extracts of the plant samples were prepared using ethanol. The different
parts of the plants which are used in traditional medicine were air dried to obtain a
consistent weight. The powdered samples were extracted in ethanol by maceration
for 72 hours and were passed through Whatman filter paper no.1.The filtrates
obtained were dried 7 vacuo using rotatory vacuum evaporator and weighed to
calculate the yield . The standard solution at the concentration of 20mg/ml were
prepared in sterile 1% DMSO [298].The following plants were screened for their
antimycobacterial properties.

3.9.1 Binomial name: Cynodon dactylon L.
Scientific Classification:

Kingdom: Plantae

Order: Poales

Family: Poaceae
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Genus: Cynodon
Species: C. dactylon

The blades are rough edged and short with an average length of 2—15 cm. The
color of the blades is grey-green. The stems are erect, flattened, often tinged purple in
colorand can grow 1-30 cm tall. C. dactylon can reproduce through seeds, runners,
and rhizomes. The seed heads are produced at the top of the stem in a cluster of two
to six spikes together. It possesses a deep root system and the grass creeps along the
ground forming a dense mat wherever a node touches the ground. Optimum growth
of the grass is between 24 and 37 °C .In winter, the grass becomes dormant and tumns

brown [257].

3.9.2 Binomial name: Chromonaela odorata L.
Scientific Classification:

Kingdom: Plantae

Order: Asterales
Family: Asteraceae
Genus: Chromolaena
Species: C. odorata

C. odorata is a multi-stemmed perennial herb with an average height of 2.5 m
tall. It possesses soft stems , however, the base is woody. It becomes etiolated and
behaves as a creeper in shady areas and can attain a height of 10 m. The plant is
hirsute and glandular. The leaves are 4-10 cms long by -5 cms wide, opposite,
triangular to elliptical with serrated edges and give off a pungent, aromatic odour .
Petioles are 1-4 cms long. The inflorescences are panicle and consist of white to pale
pink tubular 10 to 35 flowers at the ends of branches. The seeds are achenes and hairy
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and mostly spread by the wind, but can also cling to fur, clothes and require light to
germinate. A plant produces about 80000 to 90000 seeds. The plant can also

regenerate from the roots.

Chromonaelo ogoroto L
Source wwowe.medicinal plant.com

Glyeine max 1a
SOUrca vavwy. agrostias.ru
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o g

Potennlic fulgers Ia
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FPlawcladus onentahs L.
Seource conmoms vikinedia ox

Fig.3.3: Pictogram of the medicinal plants .
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3.9.3 Binomial name: Glycine max L.,
Scientific Classification:

Kingdom: Plantae

Order: Fabales

Family: Fabaceae

Subfamily:  Faboideae

Genus: Glycine

Species: G. max

The height of the plant varies 0.2 to 2.0 m .The pods, stems, and leaves are
hirsute. The leaves are trifoliolate, with three to four leaflets. The average size of the
leaflets is 6-15 cm in length and 2—7 cm in breadth. The self-fertile flowers are white,
pink or purple in color and borne in the axil of the leaf . The pod grows in clusters of
three to five and is 3—8 cm long. It contains two to four seeds which are 5-11 mm in

diameter [258].

3.9.4 Binomial name: Lawsonia inermis L.

Scientific Classification:

Kingdom: Plantae
Order: Myrtales
Family: Lythraceae
Genus: Lawsonia
Species: L. inermis
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It is a tall shrub, with a height of 1.8 to 7.6 m. The plant is glabrous, multi-
branched and have spine-tipped branchlets. The leaves are opposite, glabrous, sub-
sessile, elliptical, and lanceolate with average dimensions of 1.5-5.0 cm x 0.5-2 cm.
The flowers possess obvate petals with white or red flowers, four sepals, a 2 mm
calyx tube, with 3 mm spread lobes. Fruits are have brownish capsules and are 4-

8 mm in diameter and contain 32—49 seeds per fruit.
3.9.5 Binomial name: Mimosa pudica L.

Scientific Classification:

Kingdom: Plantae

Order: Fabales

Family: Fabaceae

Subfamily:  Mimosoideae

Genus: Mimosa

Species: M. pudica

The plant has slender stem, branching, and sparsely to densely prickly and
can grow to a length of 1.5 m . The leaves are bipinnately compound with one or two
pinnae pairs and each pinna has about 10-26 leaflets. The pale pink or purple flower
heads are pedunculate arising from the leaf axils and are globose to ovoid heads with
a size varying from 8-10 mm in diameter (excluding the stamens). The fruit
comprises of clusters of 2—8 pods which are 1-2 cm in length containing pale brown

seeds some 2.5 mm long. The flowers are pollinated by the wind and insects.

3.9.6 Binomial name: Potentilla fulgens L.

Scientific Classification:
)

Kingdom: Plantae
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Order: Fabales
Family: Rosaceae

Subfamily:  Rosoideae

Tribe: Potentilleae
Genus: Potentilla
Species: P. fulgens

The perennial herb is erect with the average height of 15 to 75 cm. The leaves
are pinnate and have both radical and cauline leaves. The radical leaves are 4-30cm
in length , with serrated margins and have abaxial white surface The cauline leaves
abaxially white with serrated margins. The flowers are yellow in color and 1-2 cm in

diameter. The plant reproduces by rhizomes and seeds [259,260].
3.9.7 Binomial name: Platycladus orientalis L.
Scientific Classification:

Kingdom: Plantae

Order: Pinales
Family: Cupressaceae
Genus: Platycladus
Species: P. orientalis

It is a small tree with the height ranging-between 15-20 ml and 0.5 m trunk
diameter. It is a slow-growing tree. The scale-like leaves are 2-4 mm long and the

green colored cones are 15-25 mm which become brown in color when ripe. The
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cones have 6-12 thick scales arranged in opposite pairs and possess seeds with no

wing and are 4-6 mm long [261].
Methods

3.10 Antibacterial assay

The assay was conducted by agar well diffusion method. The bacterial strains
grown on MHB at 37°C for 18h were suspended in a saline solution (0.85% NaCl)
and adjusted to a turbidity of 0.5 Mac farland standards (108CFU/mlI). The suspension
was used to inoculate 90mm diameter petri. Wells (6mm diameter) were punched in
the agar and SOpL of 20mg/mL extracts or nanocomposites. The dissolution of the
organic extracts (Ethanol) was aided by water, which did not affect the growth of
microorganisms , in accordance with the control experiments. Plates were incubated
in air at 37°C for 24h. Antibacterial activities were evaluated by measuring inhibition
zone diameters. The experiments were conducted thrice. DMSO was taken as control

for aqueous extracts.

3.11 MTT (3-(4,5-dimethylthiazol-2-yI)-2,5-diphenyltetrazolium bromide) Assay

MIC was determined using microdilution method .Bacterial strains were
cultured in MHB2 media. Stock solution of the extract/nanocomposites were
prepared at a concentration of 10 mg/ml. Various concentrations of the extract were
prepared by serial dilution. 100 pL of extract/nanocomposites of each concentration
was added to the respective wells serially followed by the inoculation of 100uL of the
bacterial inoculum corresponding to 0.5 Mc Farland Standard into each well.
Streptomycin was taken as the positive control while DMSO 1% was the negative
control. The plates were then incubated at 37°C for 16hours. After the incubation
period was over, 40 uL of MTT solution (0.2 mg/ml) was added into each well and

further incubated at 37°C for 45 minutes for the formation of formazan. The

53



formazan complexes were dissolved using DMSO and the absorbance was recorded

at 550nm [262].

3.12 Colony forming unit (CFU) count

The antibacterial assay of the prepared nanocomposites was assessed with
standard Dynamic Shake Flask Method. The number of individual bacterial colonies
growing on the samples inoculated with the nutrient agar and incubated at 37 °C was
determined to find out the CFU. All the test strains were cultured in Mueller Hinton
Broth media at 37° C for 18 h. The bacteria were then suspended in an isotonic
solution of 0.85% NaCl to adjust the McFarland standard of the celis to a turbidity of
0.5 corresponding to approximately 1x10® CFU/mL. The prepared nanocomposites
(50 mg/mL) were dissolved in DMSO (10% v/v), filter-sterilized through a 0.22-um
membrane filter and inoculated with bacterial suspension for 24.h at 37°C at 200rpm.
The HBPEA film was used as the reference, while the bacterial inoculum without the
films served as the experimental control. The reported results were averaged over a

set of three independent experiments.

3.13 Total protein content
The total protein content of the bacteria that were adhered onto the film
surface was estimated according to the method described by Bradford. 200 uL of (1
g/mL) bovine serum albumin (BSA) standard was mixed with 1.25 mL of Bradford
reagent and the absorbance was measured at 595 nm. A standard curve of the
absorbance at 595 nm versus protein concentration (mg/mL) with correlation
coefficient (R2=0.9997) was plotted and then the absorbance of the bacterial adhered
film was also measured at the same wavelength. The total protein content was
estimated using the following linear fit equation:
Y=0.2658X

where Y is the absorbance and X is the protein concentration.

3.14 Nanocomposite-bacteria interaction.
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The release of cytoplasmaic constituents, such as DNA and RNA of the
microbial cells upon interaction of the same with the nanocomposites was monitored
by their UV absorption at 260 nm. This study is represented as the optical density
(OD) ratio of the tested bacterial suspension with nanocomposite to a bacterial

suspension without the nanocomposites.

3.15 Reactive oxygen species (ROS) measurement.

The toxicity of the nanocomposites was evaluated by the ferric reducing
ability of , FRAP, assay using ascorbic acid as the positive control. The specific
conditions for this assay is as follows: 300 pLL of FRAP reagent (acetate buffer+2.4,6-
35 tripyridyl-s-triazine+FeCI3.6H20) was added to 10 pL of nanocomposite followed
by dilution with 30 pL of water. The change in the absorbance at 593 nm with and

without nanocomposite quantifies the amount of quenched ROS.

3.16 Isolation and culturing of PBMC

The PBMC were separated from the goat blood by sedimentation technique
(density gradient centrifugation) using histopaque. The blood was collected in sodium
citrate and diluted in 1:1 ratio with phosphate buffer saline (PBS,Appendix) at pH
' 7.4. Differential migration of different cells in the blood during centrifugation
resulted in the separation of the same into different layers. The blood was then
layered with a Pastuer pipette on histopaque in 3:2 ratios in a wide transparent
centrifuge tube. The bottom layer contained histopaque-aggregated red blood cells,
followed by a diffuse layer containing granulocytes and unbound histopaque with
PBMC fraction sandwiched at the interface between the unbound histopaque and
uppermost plasma/platelet layer. The interface was collected after centrifugation at
400xg for 15 min and transferred to serum free DMEM (Dulbecco's Modified Eagle
Medium). The diluted cell suspension was subjected to multiple washes in 20 mL
serum free media at 70xg for 10 min. The final pellet of PBMC was resuspended in 2
mL of serum free medium. The PBMC were cultured for 2 h in RPMI-1640 medium

supplemented with 10% fetal calf serum, antibiotic Penicillin-Streptomycin-
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Neomycin solution and incubated in a humidified 95% O antibiotic Penicillin-
Streptomycin-Neomycin solution and incubated in a humidified 95% O, with 5%

CO, atmosphere at 37 °C.

3.17 In vitro biocompatibility assay

The biocompatibility of the pristine and nanocomposite films was evaluated
using mammalian blood derived PBMC. The in vitro assessment of cell membrane
integrity and proliferation of the PBMC onto the prepared films was determined by
trypan blue exclusion assay by the following method. In this test, cells adhered onto
the film surface were stained with 0.4% trypan blue solution in PBS (pH 7.4). The
visual distinction between unstained viable cells and blue-stained nonviable cells was
done using microscope at 20X magnification. The unstained cells as the viable cells
were counted by help of a haemocytometer after an incubation period of 3 min. The
percentage of viable cells was calculated using the following equation:

% of viable cells= (Number of unstained cells/total number of cells) x 100

3.18 Cytotoxicity assay

RAW264.7 were used for assaying the cytotoxicity of the plant extracts and
PBMC were used for assaying the cytotoxicity of the nanocomposites . The cells
were seeded onto 96-well microplates at the density of 1x10* cells/well and
incubated at 37 °C under 5% CO; in water-saturated atmosphere and allowed to grow
for 2 h. The metabolic activity of the viable cells was determined by using
colorimetric MTT assay. The test samples were added into each microplate followed
by incubation under the same conditions for 18 h. MTT was added to the seeded
wells at different time intervals of 0, 1, 12, 24 and 48 h followed by 4 h incubation
under the above conditions. The absorbance of the above cultured media was then
recorded spectrophotometrically at 550 nm. The untreated cells were taken as the

control and the experiments were performed in triplicates.
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3.19 Scanning Electron Microscopy

Scanning electron microscopy was used to study the morphological changes
induced in the cells by the plant extracts/nanocomposites at the MIC. The samples
for the microscopy were prepared using the method of Roy et al.,2011{263]. In case
of bacterialstrains the inoculum was adjusted to 0.5 Mc Farland standard and
suspended into 4ml of sterile 10 mM sodium phosphate buffer, pH 7.4, followed by a
treatment with the plant extract/ nanocomposites at MIC for 6 hours at 37°C.
PBMCs grown on nanocomposite films and the bacteria were then fixed overnight at
4°C with 2.5 %( v/v) glutaraldehyde. After fixation the cells were mounted on
coverslips using Poly-L-Lysine. The cells were rinsed with 10mM sodium phosphate
buffer at pH7.4, and subjected to serial dehydration through an ethanol series for 15
min each .The samples were dried at room temperature and coated with10—
15nmthickness of platinum using a JEOL1600 Auto Fine Coater. The samples were
then examined under the SEM with an accelerating voltage of 10-15 kV
(JEOL6390).

3.20. Ethidium bromide exclusion assay

. 0.2 pg of pET-32a(+) plasmid DNA (5.9 kB), isolated by standard protocol
from E. coli DH5a and was treated with 0.1 pg, 0.8 ug, 1.3 pg and 1.4 ug of each of
the samples. The complexes were allowed to interact for 1 h at 37 °C. The untreated
plasmid DNA was taken as the control. The electrophoretic mobility shift (if any) of
the plasmid DNA was analyzed by loading the complex mixtures in 1% agarose gel
in TAE buffer containing ethidium bromide (EtBr). The gel was run for 90 min at 7
V/cm and photographed under UV light to check for EtBr exclusion.

3.21. Total phenols content assay

The total polyphenolic content of the plant extracts were determined using

the modified Folin-Cioclateu method [264].An aliquot of the extract to a final
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concentration of 0.1 mg/ml was added to diluted (1:10 v/v) 5 ml Folin-Ciocalteu
reagent and 4 ml (7.5 %) of sodium carbonate. The tubes were vortexed and
incubated for 30 minutes at 40°C. Absorbance was then measured at 765 nm using
the (Cecil spectrophotometer). Total phenolic content was expressed as mg/g Gallic
acid equivalent (GAE) using the following equation based on the calibration curve:

y=0.19 x, R’=0.961, where x is the absorbance and y is the gallic acid equivalent

(mg/g).

3.22 Total flavonoids content assay

The total flavonoid assay was performed using quercitin as a standard [265].
100ul of 1M potassium acetate and 100pl of 10% Aluminium nitrate was added to
Iml of the plant (I1mg/ml) extracts. The total volume was made upto Sml by addition
of methanol and was incubated for 40mins at room temperature. The absorbance was
recorded at 420 nm. Total flavonoid content was expressed as mg/g Quercitin

equivalent (QE) using the following equation based on the calibration curve:

y=0 .01x, R>=0.94,where x is the absorbance and y is the Quercitin equivalent

(mg/g).

3.23 Hemocompatibility Test

Goat erythrocytes served as mammalian erythrocyte model for the assay
haemolytic activity of the plant extract [266]. Goat blood was collected into
heparinized tubes and centrifuged at 3000rpm for 20 mins at 4°C. The erythrocytes
were washed in sterile 10mM Phosphate Buffer Saline (PBS) (pH 7.4) and
centrifuged at 3000rpm for 10mins at 4°C. The packed erythrocytes were suspended
with PBS to obtain a 5% haematocrit. Catalase activity was inhibited by addition of
ImM NaNj to the 5% haematocrit and incubation for 10 minutes at 37°C. Smg/ml of
stock solution of plant extract in sterile PBS was prepared and incubated with the
haematocrit at the concentration of 0.039mg/ml to 1.25mg/ml and incubated for 60

mins at 37 °C. The cells were then centrifuged at 3000rpm for 10 mins at 4 °C.
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Supernatants were used for determining haemoglobin concentration as a measure of
haemolysis by taking absorbance at 540nm. Haemolysis caused by PBS and 1% (v/v)

Triton X-100 were used as 0 and 100% controls respectively.

3.24  Insilico investigation

3.24.1 Molecular Docking

Molegro Virtual Docker (MVD) 5.0 (Molegro ApS, Aarhus, Denmark) was
used for the Molecular Docking studies. It is an integrated environment for studying
and predicting how ligands interact with macromolecules. MVD performs a flexible
ligand docking, therefore, the optimal geometry of the ligand is determined during
the docking. The MolDock scoring function (MolDock Score) used by MVD is
derived from the PLP . The MolDock scoring function further improves these scoring
functions with a new hydrogen bonding term and new charge schemes. The docking

scoring function, E score, is defined by the following energy terms:

+ E.

inira

E score Eimer

The prediction of the binding affinities, different binding modes and
orientation of the compounds in the active site(s) of the target proteins were
determined by the scoring functions of the ligands and the H-bonds formed with the
amino acids. The cavity detection algorithm in MVD was used for optimizing the
potential binding site and water molecules were not taken into account for this study.
A set of 100 runs was given for each docking study using 2000 interactions to
calculate the Rerank score and the MolDock . The ligands were generated in

CHEM OFFICE 2002.

3.24.2 Selection of the target proteins
The structure of the target protein (Thy X) was downloaded from the Protein
Data Base (http://www.rcsb.org/pdb/explore/explore.do?structureld=2GQ2).
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3.24.3 QSAR studies

DFT based Quantitative Structure Activity Relationship (QSAR) analysis
using Multiple Linear Regression (MLR) has been attempted to relate the structural
features of these chalcone molecules that may have an influence on their observed

antimycobacterial activity.

3.243.1. Theoretical background
In theoretical chemistry, the chemical potential (i) is identified as the negative of

the electronegativity () by Iczkowski and Margrave [267] and defined as:

OF |
ST .
ON Jugz

The quantitative definition of hardness (n) of an.N-electron system with total

energy E and external potential v(r) using density functional theory can be expressed as:

1{0%*E 1{ 0
n= 5( 2) = E(a—#) @)
aN v(F) N v(F)

and the global electrophilicity index (w) is expressed in terms of chemical potential and

hardness as:
a)=/l— 3)
According to the finite difference approach, global hardness and chemical

potential can be approximated as:
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where, IP and EA are the first vertical ionization potential and electron affinity,

respectively, of the chemical system.

Further approximation using Koopmans’ theorem [268], the above parameters
can be expressed by taking IP and EA as negative of the HOMO and LUMO energies,

respectively.

= E, o + Evomo (6)
2
and
N = E LUMO ;EHOMO (7)

where, ELumo is the energy of the lowest unoccupied molecular orbital and Enomo is the

energy of the highest occupied molecular orbital.

3.24.3.2 Computational details

Structures of all chalcone molecules are presented in Fig.3. 2. Full unconstrained
geometry optimizations of these compounds were carried out using DMol® program
[269]). The most widely used exchange-correlation functional suggested exchange
potential by Becke [270] with gradient corrected correlation provided by Lee, Yang and
Parr [271] (BLYP) was used in combination with double numerical with polarization
(DNP) basis set to study chalcones derivatives. DNP is the double numerical with
polarization basis set, size of which is comparable to 6-31G** basis of Hehre et al.

[272].However, it is believed to be much more accurate than a Gaussian basis set of the
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same size. Optimized geometries were verified by frequency calculations and
characterized as minima (no imaginary frequency) in their potential energy surface. The
reactivity descriptors electrophilicity index (w ), chemical potential (p), and global
hardness () were calculated for all systems using eqs.3, 6 and 7, respectively. The
Conductor-like Screening Model (COSMO) [273] as incorporated into the DMol®
program with dielectric constant of 78.4 was adopted to study the solvent (water) effect.
In addition, the molar refractivity (MR), van der Waals surface area (SA), volume (V),
mass (M) and lipophilicity index (logP) for whole molecule were calculated from the

MM+ computations with Hyperchem software [274].

3.24.33 QSAR modeling

The analysis was performed selecting different descriptors such as, energy of
highest occupied molecular orbital (Enomo), energy of lowest unoccupied molecular
orbital (ELumo), energy of the next lowest unoccupied molecular orbital (EnL), energy
difference between LUMO and HOMO (A, .4), dipole moments, electrophilicity (o),
hardness (1), etc. Molecular mechanics (MM) parameters such as van der Waals
surface area (SA), molecular volume (V), hydrophobicity, polarizibility, molar
refractivity were also calculated. Subdivision of the flavonoid molecules into
submolecular fragments have been suggested [275] for a more informative approach

relationship model.

In QSAR modeling based on the reports that different moieties of flavonoid
scaffold being responsible for antioxidant activity and inhibition of Reactive Oxygen
Species (ROS) production in enzymatic and whole cell system [276, 277]. Therefore,
we also subdivided the chalcone molecules into Ring A and Ring B to calculate the
molar refractivity of the groups at the carbon position 4 and Carbon position 4' of

Ring A and Ring B, respectively.
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Fig 3.4: Sketch of the chalcones used tobuild quantitative structure—activity

The antimycobacterial activity data of the chalcone molecules 1-27 against
Mycobacterium tuberculosis H37Rv determined by BACTEC method were taken
from the results reported by Lin et al., 2002 [278]. The analyses of the 27 molecules
were performed in both gas phase and solvent phase. Multi-lincar Regression was
performed by those descriptors which showed greater correlation to the % inhibition
of M. tuberculosis H37Rv at a concentration of 12.5pg/ml and smaller autocorrelation
were selected out. Four parameter QSAR was performed using the least square error
estimation [279] to calculate and compare bioactivity of the molecules. The quality
and predictability of the QSAR models were determined using the “leave one

out” (LOO) cross validation method.
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3.25 DNA Isolation, Purification and Quantification

The chromosomal DNA of Mycobacterium smegmatis was performed using
MB545 Mycobacterium tuberculosis DNA Extraction Kit (HIMEDIA).5 ml of the
culture media was inoculated and incubated for 16 hours at 37°C. The culture was
centrifuged for 3 minutes at 4,000x g. The culture medium was removed and
discarded. The pellet was resuspended thoroughly in 250 ul of Lysis Solution (AL)
(DS0015) and incubated in 80°C oven for 60 minutes . The Mycobacterium spp.
suspension was added to the HiBead Tube (DBCA04) provided and mixed by
vortexing. The tubes were centrifuged at 13,000 x g for 1 minute at room
temperature. The supernatant was transferred to a new 2.0 ml collection tube and
25 mg of Lysozyme (MB098) and 25 pl of the Proteinase K solution (20 mg/ml)
(MB086) was added.The sample was mixed and incubated for 2 hours at 37°C
followed by the addition 20 pl of RNase A solution (DS0003) and incubate,
vortexed thoroughly (about 15 seconds), and incubated at 70°C for 10 minutes. 200 pl
of ethanol (95-100%) was added to the lysate ,mixed thoroughly by vortexing for 15
seconds. The lysate obtained was transferred into HiElute Miniprep Spin column
and centrifuged at 6,500 x g for 1 minute. The flow-through liquid was discarded and
the spin column was placed in a new 2.0 ml collection tube. 500 pl of Prewash
Solution was added to the HiElute Miniprep Spin column and centrifuged at 6,500 x
g for | minute. The flow-through liquid was discarded and 500 pl of Wash Solution
added to the column followed by centrifugation for 3 minutes at maximum speed
13,000 x g. 100 pl of the Elution Buffer (ET) (DS0040) was directly added into the
column without spilling and incubate for 1 minute at room temperature. The DNA

was eluted by centrifugation at 6,500 x g .
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3.26 Purification of plasmid DNA
Two methods were used for the isolation of plasmid DNA in this study;

phenol/chloroform extraction (section 3.20.1) and QIAGEN Plasmid Miniprep Kit
(QIAGEN, section 3.20.2).

3.26.1 Phenol/chloroform extraction

Single colonies were picked from LB agar plates and inoculated in 2 mL LB
broth in 15 mL polypropylene tubes with ampicillicin (Table 2.3) and cultured
overnight (section 2.3). A 1.5 mL of the overnight culture was transferred to
microfuge tubes and centrifuged at 13, 000 x g for 30 seconds (all subsequent
centrifugation steps were carried out at 13, 000 x g). The pellets was resuspended in
100 pL cold Alkaline Lysis Solution | (Appendix ) by vigorous vortexing.
Approximately 200 pl of freshly prepared Alkaline Lysis Solution Il (Appendix )
was added to the bacterial suspensions and mixed via inverting the tube. 150 pL of
cold Alkaline Lysis Solution Il (Appendix ) was added to the lysate, mixed via
inverting the tubes, incubated on ice for 3 minutes and centrifuged for 5 minutes. One
volume of phenol: chloroform (1:1) was added to the supernatant, mixed via
vortexing then centrifuged for 2 minutes. This step was repeated with chloroform.
The aqueous layer was transferred to fresh microfuge tubes and 2.5 volumes of cold
99% ethanol was added to these. The solution was mixed via vortexing and allowed
to stand at room temperature for 2 minutes before it was centrifuged for 5 minutes.
The supernatant was removed and all drops of fluid were removed by inverting the
tubes on a Kimwipe. About 200 pL of cold 70% ethanol was added to the pellets,
inverted several times and centrifuged for 2 minutes. The supernatant was removed
and the tubes were stored at room temperature until all the ethanol evaporated. The

nucleic acid was resuspended in 50 pL. TE buffer (Appendix) and stored at -20°C.

3.26.2 QIAGEN Plasmid Miniprep Kit

QIAGEN Plasmid Miniprep Kit was used to isolate plasmids following the
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manufacturer’s instruction. A single colony from a freshly streaked selective plate was
inoculated as a starter culture of Sml LB medium containing 50ug/ml .Ampicillin was
used as the selective antibiotic. The culture was then incubated for approximately 8h
at 37°C in an orbital shaker (Scigenics) at 300rpm.The starter culture was diluted to
1/500 to 1/1000 into 3 ml selective LB medium and incubated at 37°C for 12—16h in an
orbital shaker at 300rpm.The bacterial cells were harvested by centrifugation at 6000xg
for 15 min at 4°C. The bacterial cells were resuspended in 0.3ml of Buffer P1 followed
by the addition of 0.3 ml of Buffer P2 and mixing thoroughly by vigorously inverting
the sealed tube 4—-6times. The tubes were incubated at room temperature (15-25°C) for
Smin. 0.3 ml of chilled Buffer P3 was added to the tubes and mixed immediately and
thoroughly by vigorously invertingd—6times, and incubated on ice for Smin. The tubes
were centrifuged at maximum speed in a microcentrifuge for 10min followed by the
prompt removal of the supernatant containing plasmid DNA. The QIAGEN-tip20 was
equilibrated by applying Iml Buffer QBT, and allowing the column to empty by
gravity flow. The supernatant was applied to the QIAGEN-tip 20 and allowed to enter
the resin by gravity flow. The QIAGEN-tip20 was washed twice by 2ml of Buffer QC
and the DNA was eluted with 0.8ml Buffer QF. The eluted plasmid DNA was
precipitated by adding 0.7 volumes (0.56 mi per 0.8 ml of elution volume) of room-
temperature isopropanol followed by mixing and centrifugation immediately at
15,000xg for 30 min in a microcentrifuge. The supernatant was decanted. The plasmid
DNA pellet was the washed with Iml of 70%ethanol and centrifuged at 15,000xg
forlOmin. The pellet was air-dried for 5-10min, redissolved in 50 ul of

TEbuffer,pH8.0 and stored at -20°C for further use.

3.27 PCR Purification

PCR purification was done using QIAGEN PCR Purification Kit. 5 volumes
of Buffer PB was added to 1volume of the PCR sample and mix. The sample was
applied to the  QlAquick spin column placed in a 2 ml collection tube and
centrifuged for Imin at 10,000xg. The flow-through was discarded and placed in the
QlIAquick column back into the same tube. To wash 0.75 ml Buffer PE was added to
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the QIAquick column and centrifuge for Imin and the flow-through was discarded.
The QlAquick spin column was centrifuged for an additional 1 min. The QlAquick
column was placed in a fresh 1.5 ml microcentrifuge tube and the DNA was eluted
by addition of 50 pl Buffer EB (10 mM Tris-Cl, pH 8.5) and centrifuging the column
for Imin. The purified DNA was stored at -20°C for further use.

3.28 Gel purification of DNA

The DNA fragment was purified from gel using QIAGEN Gel Purification
Kit. The DNA band was excised from the agarose gel with a clean, sharp scalpel and
weighed. 3 volumes of Buffer QG was added to 1 volume of gel and incubated at
50°C for 10 min . 1 gel volume of isopropanol was added to the sample and mixed. A
QIAquick spin column was placed in the provided 2 ml collection tube and the
sample was applied to the QIAquick column, and centrifuge for 1 min at 10,000rpm.
The flow-through was discarded and the QIAquick column was placed back in the
same collection tube. To wash , 0.75 ml of Buffer PE was added to the QlAquick
column and centrifuge for 1 min. The flow-through was discarded followed by
centrifugation for an additionallmin at 17,900 x g (13,000 rpm).
The QlAquick column was placed into a clean 1.5 ml microcentrifuge tube and 50pl
of Buffer EB(10mMTris-Cl,pH8.5) was added to the center of the QlAquick
membrane and centrifuged the column for 1 min to elute the DNA. The purified DNA

was analyzed on a gel and the rest was stored at -20°C for further use.

3.29 DNA quantification
All nucleic acid was quantified using THERMO Spectrophotometer
(THERMO). Deionized water was used as blank. The solution. DNA was dissolved

in deionized water .
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3.30 Genetic Manipulation

3.30.1 Polymerase Chain Reaction (PCR)

PCRs were performed using GeneAmp* PCR system 9700 ( Applied
Biosystems ) in PCR tubes. To isolate the thy x gene from M. smegmatis , primers
were designed to bind specifically to the 5’ and 3’ ends of the MSMEG 2683 gene.
The forward primer (2p1) contains an Ncol site and the reverse primer (2p2) an Xho 1
site, both of which are just 5' of the respective thy x binding sequences. The M.
smegmatis thy x gene was then isolated by PCR amplification from the genomic
DNA. PCR conditions involved an initial denaturation step at 95°C for 3 min, then 35
cycles of denaturation at 94°C for 15 s, annealing at 60°C for 20 s, extension at 68°C
for 1.5 min,and a final extension of 68 °C for 10 min. The PCR product was gel-

purified using the Gel Purification  Kit indicated above.

Table 3.3: Reagents and concentrations used with Tag DNA Polymerase /Reagent

Reagents Stock conc. Final conc.
Primer FPThx2 10 uM 0.4 M
Primer_RPThx2 10 4M 04 M
Buffer 10x 1x

Long Taq 250U 1y

MeCl, 25 mM 1.5mM
DNA Template 200 ng/ul. 40-80pg

3.30.2 DNA ligations

T4 DNA ligase was used in this study. TA cloning of PCR fragments was
carried out using the T4 DNA ligase supplied with the InsTA clone PCR Cloning Kit
. Ligation reaction in case of cohesive end ligations (Table 3.4), were carried out

using T4 DNA ligase purchased from Thermo Scientific . The negative control with
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no vector were run for both TA ligation reactions and cohesive end ligation
reactions. To identify the percentage of false positives in the transformations,

cohesive end ligation reactions had control with the digested but unligated vector .

Table 3.4: Reagents and concentrations used for ligation

Reagents Stock conc. Final conc.
T4 DNA Ligase 10U/ 0.5 U/uL
Primer RPThx2 10 M 0.4 M
Ligation Buffer 10x Ix

ATP solution 10x I1x

Vector 10— 20 ng/ul 10ng
Insert 50—200 ng/ul, 90ung

3.30.3 Transformations into E. coli
E. coli was transformed with vectors and ligation reactions into calcium

competent cells (section 3.24.3.1 ) with heat-shock (section 3.24.3.2 ).

3.30.3.1 Preparation of calcium competent cells

Single colony of the strains E. coli DH5a and E. coli BL21(DE3)pLysS
from the ovemight plates were inoculated into 10 mL LB broth in 50 mL culture
tubes and cultured overnight . The overnight cultures were sub-cultured in 100 mL
LB broth and incubated in an orbital shaker at 200 rpm until the optical density at
600 nm (OD600) reached ~ 0.5. The OD600 of the cultures were measured in lcm
path length cuvettes using a Thermo Spectrophotometer. The cells were incubated in
ice for 30 minutes. The cells were harvested by centrifugation at 4, 000 x g for 10
minutes at 4°C (all subsequent centrifugation steps were carried out at 4, 000 x g for
10 minutes at 4°C). The supernatant was discarded and the pellet was resuspended in
50 mL cold sterile 0.1 M CaCl, The cells were incubated on ice for 20 minutes and
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recovered by centrifugation and resuspended in 2 mL cold sterile 0.1 M CaCl2 with
14% glycerol. 50 pL aliquots of the cells were stored into 1.5 ml microfuge tubes

and were used for heatshock transformations (section 3.24.3.2)

3.30.3.2 Heat-shock transformation

150 pL cold sterile 0.1 M CaCl2 was added to the cells and 10 puL of the ligation
reactions or 50 ng/ul of purified plasmid DNA were added to the calcium competent
cells , incubated on ice for 20 minutes and heat-shocked at 42°C on a preheated 42°C
circulating water bath for 90 seconds. After heat-shock the tubes were further incubated
on ice for 5 minutées and 800 pL LB broth were added to the cells. The tubes were
incubated at 37°C for 60 minutes in a stationary incubator. After 60 minutes, the cells
were harvested at 13, 000 x g for 30 seconds, the supernatant was discarded and the
pellet was resuspended in 100 pL. media and plated on LB agar plates with ampicillin,

IPTG and XGAL (Table 3.1).

3.30.4 Identification of recombinant clones

Colony PCR was used to identify the recombinants clones initially (section
3.24.1). The confirmed clones with the correct inserts were cultured overnight (section

3.3) in LB with ampicillin and the recombinant plasmids were isolated.
3.30.4.1 Colony PCR

The white colonies were used as templates in the PCR reactions with the
primers (Table 3.3) following the PCR protocols shown in section (3.3) and the
amplified products were analyzed on 1% agarose gels . The presence of the PCR
product corresponding to the thy x gene verified that the insert was present in the
colony. The verified clones with inserts were prepared using the protocols in section

3.24 42 for further analysis.
3.30.4.2 Restriction digests

Restriction digestion were performed with the enymes Ncol and Xhol along

with the buffer 4 supplied with the enzyme for double digestion as per manufacturer’s
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instruction [Double Digest Finder, NEB
(http://www.neb.com/nebecomm/doubledigestcalculator.asp)]. 1x BSA was added to
the digestion mixture as recommended by the manufacturer. The restriction digestion
(Table 3.5) for the analysis of insertions into vectors was made up to a total volume of
10 uL with ddH20 and incubated 1 hour at 37°C. The digested DNA was analysed on

an 1% agarose gel .

The restriction digestion performed to extract DNA fragments from TPZ vector
and pET32a+ was made up to a total volume of 10 uL with Nuclease free water and
incubated 1 hour at 37°C and run on a 1% agarose gel (section 3.25) to separate the
extracted DNA fragment from the plasmid DNA before being gel purified (section
3.22).

Table 3.5: Reagents and concentrations used for restriction digests

Reagents Stock conc. Final conc.
Restriction Enzyme 10,000 U/uL. 0.5U/uL
NE Buffer 4 10x Ix

BSA 10x 1x

Vector 50 200 ng/pL 25-100ng

3.31 Agarose gel electrophoresis

25mL of 1% agarose gels were prepared in 1 x TAE buffer (Appendix) via
heating and was mixed with 0.5ug/ml ethidium bromide. It was poured into a gel cast
with combs and set at RT for 30 minutes. 5 pL. of DNA ladder and DNA with 5x
DNA loading buffer (1: 4) were loaded on the gel and ran at 7 V/cm for 90 minutes.

Gels were visualized using a High Performance UV transilluminator and recorded.

3.32 DNA sequencing
DNA sequencing was performed by ABI3730xI DNA analyzer (Applied
Biosystems). 300 ng of plasmid DNA, 3.2 pmol of the primers and nuclease free
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water wasused to make the reaction up to 15uL. The chromatograms received from
the sequencing reactions were analyzed using 3730/3730x!] Analyzer Data Collection

and GeneMapper Software (Applied Biosystems).

3.33 Protein Over-expression, Purification and Quantification

Protein over-expressions were carried out in E. coli BL21 (DE3)pLysS with
the pET-32a(+) vector. The vectors was cloned with the thyx gene from M
smegmatis ATCC14468 under the transcriptional control of the T7 promoter for the
pET-32a(+) vector .

3.33.1 Expression of recombinant protein in E. coli BL21

Single colonies of BL21(DE3)pLysS transformed with recombinant pET-
32a(+) cells were picked and inoculated in 5ml LB broth containing Amp and
incubated in an orbital shaker at 200rpm at 37°C overnight. The starter culture was
then inoculated in 50 ml LB with Amp and grown at 37°C with shaking till O.D at
600 nm reached 0.6-0.7. BL21(DE3)pLysS transformed with pET-32a(+) was taken
as control. IPTG was added to the cuiture to a final concentration of I mM and
incubated at 37°C. Before addition of IPTG, 2ml of the culture was kept aside which
served as uninduced cells. 1 ml of the induced cells were pelleted down at0, 1,2, 3, 4
and 5 hours respectively at S000 rpm for 10 min. The pelleted down cells were lysed
with 100 pul of sample buffer (1X SDS gel-loading dye) and run on 12.5% SDS-

PAGE gel to confirm overexpression of the recombinant protein.
3.33.2 Protein Over-expression, Purification and Quantification
3.33.2.1 Purification of recombinant protein

Ni-NTA Magnetic Agarose Beads
Cell lysis under native conditions:

The culture was lysed by sonication in presence of lysis buffer(Appendix)
.Lysozyme was added at the concentration of 1 mg/ml to the lysate and incubated on
ice for 30 min. The lysate was centrifuged at 10,000 x g for 30 min at 4°C.The
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supernatant was collected. The Ni-NTA Magnetic Agarose Beads were resuspended
by vortexing for 2 s. Immediately 10 i of the 5% Ni-NTA Magnetic Agarose Beads
suspension was added to 200 pl of the 6xHis-tagged protein solution in each well of
a 96-well microplate and mixed for 45 min to 1 h. 20 pl 1% Tween 20 was added to
each well and mixed for 15 min. The 96-well microplate was placed on the 96-Well
Magnet for 1 min and the supernatant was removed with a pipet. 200 ul of
Interaction Buffer was added to each well, mixed, placed for 1 min on the 96-Well
Magnet. The buffer was removed. 50 ul of Elution Buffer was added to each well,
mixed and incubated for 1 min. The microplate was placed on on the 96-Well Magnet
for 1 min and the eluate was collected. The crudely purified protein was subjected to
dialysis against 10 mM Tris HCI (pH 7.2), 50 mM NaCl, and 2 m M DTT, and then

bound to a Q Sepharose Fast Flow column.

3.33.2.2 Protein quantification

All protein was quantified using the method of Lowry et al,1951[280] .
Img/ml BSA was taken as the protein standard. Different concentration of BSA was
taken in test tubes and the volume was made up to 1ml using distilled water. The test
tube with 1 ml distilled water served as blank. 4.5 ml of Reagent I (Appendix)was
added and incubated for 10 minutes. After incubation 0.5 ml of reagent Il
(Appendix) was added and incubated for 30 minutes. The absorbance was measured
at 660 nm and the standard graph was plotted . The amount of protein present in the

given sample was estimated from the standard graph.

3.33.2.3 SDS-PAGE

About 4.5 mL of 12% resolving gel (Appendix ) was casted between gel
plates (GE-Lifesciences), covered with ImL dH,O and set at RT for 40 minutes.
"After 40 minutes the dH,0 was decanted off and 4% stacking gel (Appendix) was
poured on top of the resolving gel, the comb was put in the stacking gel and allowed
to set at RT for 45 minutes. The comb was removed and the wells were washed with

dH,0 to remove unpolymerized acrylamide and the gel plates were placed in the gel
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tank (GE-Life sciences) and filled with running buffer (Appendix ).

1 mL bacterial pellets were resuspended into 100 pl of SDS loading buffer
(Appendix) in case of the induction of the recombinant protein and 20 pL of the
purified protein was added to 10 pL 3x sample buffer (2:1) () and boiled at 95°C 10
minutes before being loaded onto the gel. 20 pL. of samples were loaded in the wells
with 5 pL protein molecular weight marker and run at 12 V/cm untif the bromophenol

blue ran off the end of the gel.

At the end of the run the gel was removed from between the glass plates and
stained for 2 hours in coomassie stain (Appendix) on a rocking platform at RT. After
staining the gel was destained (Appendix) for 4 hours with one change of destaining
solution after every hour. The gel was destained overnight in water and the gel were

recorded for analysis.

3.33.2.4 Ion exchange Chromatography

To further purify the recombinant protein HiTrap Q FF prepacked 1mL column
(GE Health care) was used for ion exchange chromatography was used. The column
was equilibrated with Tris-Cl buffer.The elution was performed by using elution buffer
(Appendix). The flow rate was maintained at 1 min/ml and 1.0 ml fractions were
collected just after loading the proteins. The fractions containing ThyX were pooled
and subjected to dialysis against 50 mM Tris HCI (pH 7.5), 200 mM NaCl, and 10%
glycerol.

3.33.25 RP-HPLC

The enriched fraction was subjected to purification by HPLC. HPLC was
performed on Waters HPLC system with a binary 515 Pump system and a 2489 UV-
VIS detector. The semi-preparative reverse phase HPLC column Symmetry C18 (7.8
X 7), 250mm in length was used for the purification using isocratic elution. The flow
rate was maintained at 1 ml/min using mobile phase acetonitrile and water (90: 10, v/v)

10 pul sample was injected at a time and chromatogram was recorded at 278nm.
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3.33.2.6 Enterokinase Digestion

The concentration of the fusion protein solution was adjusted to 1.5 mg/ml (
pH between 7.0-8.0) with 500 mM Tris-HCI, pH 8.0, 2.0 mM CaCl, , and 1%
TWEEN20. Enterokinase was added to fusion protein solution at a ratio of ~0.02
units per 1 mg of fusion protein and mixed. The reaction mixture was incubated at

25°C for 16 hours.

3.33.2.8 TMP synthesis

Approximately 3 pg of ThyX, was added to a mixture of 60 pL mTHF (final 20
mM ), 15uL o f 140 uM ,dUMP, 3 puL o f350 uM FAD, and 1 pL o f35 uM NADPH
and water to give reaction volume‘oflOS mL. The reaction times varied from 30 to 120
minutes. To isolate the products, the reaction mixture was spun through a Microcon
YM-10 centrifugal filter (MWCO = 10,000) at 13,0006g for 5 minutes. An additional
100 Microcon YM-10 centrifugal filter pL o f water was added and the spin was
repeated. The deproteinized reaction mixture was run on an HPLC using a HPLC
column Symmetry C,g with isocratic flow with 5 mM potassium phosphate (pH 7.0), 5
mM tetrabutylammonium dihydrogen phosphate, and 5% (v/v) acetonitrile, while
monitoring elution at 260 nm. To assign the elution positions of reactants and products

standard solutions of JUMP, TMP, and mTHF were also run.

3.33.2.9 Enzyme Assay (NADPH oxidation assay)

Assay reactions were performed with a final volume of 200 pl, consisted of
200 uM NADPH, 5uM CH;Hyfolate, 5 pM dUMP, 1 mM MgCl, 1 % glycerol, 62.5
uM FAD and 12.5 p M o f ThyX. The reactions were initiated by addition of
NADPH to each well of the Microtiter 96-well clear flat-bottom plate, followed by
rapid shaking of the microplate. ThyX activity was determined by following the
decrease of Asz4 (due to oxidation of NADPH) that was measured with a reading
interval of 30s for duration of 15 min. All assays were recorded by mulitilabel
microplate reader .The primary screen was performed with the ligands dissolved in

DMSO, including DMSO alone as low-activity control. The concentration of
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screened compounds was 20 puM. All screening reactions were performed in
triplicates.

The plots of the reaction velocity (v) versus the substrate concentration (A and/or B)
were fit to the Michaelis-Menten equation for a sequential mechanism:

v = (Vmax[A][B])/(JA]|B]+Km*[B]+Km"[A]+KmKs").

Ackermann-Potter plots using the equation, Slope= (kcat[S])/([S]+Km) were used to

determine the ky value.

3.33..2.7 Mass Spectrometric Analysis

The methylation of M. smegmatis ThyX was determined following the method
of Griffin et al,, 2005 [241]. A thymidylate synthesizing half reaction which included
all the substrates except dUMP was set up. The reaction was incubated for 5 min at 37
°C, followed by the addition of SDS sample buffer. The sample was run on a 10%
SDS-polyacrylamide gel and the protein band was excised mechanically and subjected
to in-gel trypsin digest. The peptides were extracted following the stan&ard protocol
and were analyzed by electrospray ion trap time-of-flight mass spectrometry

(LC/MS/TOF) using a Q-Star Pulsar i (Applied Biosystems).
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ChapterlV

Results and Discussion

4.1. QSAR studies

Flavonoids constitute the largest class of polyphenols and are ubiquitous in
plants. They posses the common structure of diphenylpropanes (C6-C3-C6),
consisting of two aromatic rings linked through three carbons. Chalcones are the
important precursors of flavonoids and isoflavonoids [192] and, recently, have been
subjected to great interest for their valuable pharmacological activities, including
antioxidant [281], antibacterial [282], antitrypanosomal [283], antileishmanial [284],
anticancer, cytotoxic[285] , antidiabetic [286] and anti-inflammatory [287] activities
protective against cardiovascular disease [288]. The presence of a reactive a,f-
unsaturated keto function in chalcones is found to be responsible for their
antimicrobial activity, which may be altered depending on the type and position of
the substituent on the aromatic rings {282]. In this work we attempt to identify
antimycobacterial flavonoid molecules present in traditionally used medicinal plants
of North East India to treat tuberculosis. We have also attempted to establish these
flavonoid molecules as inhibitors of mycobacterial Flavin Dependent Thymidylate
Synthase (Thy X). In order to identify the molecule descriptors responsible for the
antimycobacterial activity of selected chalcone molecules we performed a QSAR
study.

QSAR is an in silico method which is being frequently used in the discovery
and optimization of novel molecules with affinity toward a target as well as
physicochemical characterization of the potential drug molecules [289].The

molecular descriptors are used to define the electronic properties of a molecule owing
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to the presence of limitations of fundamental physical and chemical laws in direct
quantification of biological activity. In this study, we found that DFT-derived
descriptors chemical hardness (), Enomo and MM+ descriptor, namely molar

refractivity (MR), correlates with the antituberculosis activity of the chalcone

molecules remarkably in both gas and solvent phases.
Gas phase - Solventphase
% inkibition i
No. oo | Bumo | MRy | MRee [ 1} L] Boo | MRS, | MRge:| 1f
*2112.5m gfrd
L 61 1255 | 5665 | 039 | 089 | 07459 | 12035 | 5593 | 089 | 089 | osue
2 32 122 [ 5205 | 732 | 732 | o764 | w161 | 535 | ‘732 | 732 | 03043
3 63 13 [ 5635 | 732 | o8 [ o742e [ 1258 | 5569 [ 732 | o8 | os0me
s, 39 1249 | 5782 | o089. | 539 | o7so8 | 1226 | 5676 | 039 | 539 | osm
5 67 181 |-5746 | 539 | o089 | o7ss | 187 | 559 | 539 | o3y | osn2
6 57 1278 | 5648 | 732 | 539 | omo7 [ 12365 | s5m2 [ 732 | 539 | 03051
7 70 1224 | 5754 | 821 | o089 | ome7 | 12095 | 5588 | 821 | 089 | 08033
3 57 1252 | 5799 | o089 | sm [ omoes | 1219 | 5644 | 089 | 3m | 0305
9 25 1275 | 5655 | 732 | 821 | 07449 | 12425 | 5545 | 732 | s | osm
10 2 1227 | 5752 | 089 | 1299 | 07194 | 1178 | 5558 [ o089 | 1299 | o307
1 68 1128 | 5472 | 039 | o039 | 07488 | 1085 | 5366 | 089 [ o039 | 08147
12 6 0905 | 43842 | o089 | o089 | 07309 | 0817 | 4754 | 089 | o089 | o784
13 67 112 | 5705 | o8y [ o039 [ omrs | w615 | 5532 | o089 | o089 | 03046
14 68 118 | 56983 | o089 [ o039 | omm4 | 1165 | 5546 | 089 | 089 | oson
15 51 1142 | 5614 | 089, | o3 | om12 | 1ios [ 5437 | o8y [ o9 | osose
16 1 1074 | 5189 | 039 | 03y | o767 | 09785 | 5073 | o039 [ o039 | 03039
17 % 1222 | -5.762 | 089 | 089 | 07231 | 'L192 | 5631 | 089 | 039 | 680M
13 9 1225 | s | o039 | o8 | ems | 1207 [ ses2 | o | osv | esens
19 75 1282 | 5365 | 732 | o3 | omm | 1205 | s415 | 732 | 039 | osied
20 66 121 | 5642 | 732 | o089 [ omas | 1252 | 563 | 732 [ o039 | osm
2 5. 1141 | 4948 03y 422 | 07203 | 09905 | 4363 | 039 470 | 07319
n 82 1271 | 5487 | 732 | o089 | ems1 | 12675 | 5639 | 732 | 089 | a7l
B 9 1255 | 53824 | o089 [ o039 [ o7 | 12455 | 5745 | 039 | 39 | esons
2% -40 1222 ] 508t | 732 | 732 J oee | 1asas | s | 732 | 732 | 0mss
2 ) 1103 | 5402 | o039 | o039 | o7 | 1027 | 5144 | o9 [ o039 | osms
26 83 184 | 5645 | 089 | 0839 | omas | 11955 [ 5626 | 039 [ o089 | o794
u 12 1t [ 5383 | o89 | 82 | o705 | 1038 | 5447 | 089 | 8 | o787
-

Table 4.1: Parameters used to build the QSAR models with the jackknife results for
gas and solvent phases against M. tuberculosis.

The calculated DFT-based parameters such as ®, Eny, ELumo for the
derivation of the QSAR models were analyzed and found that the equations derived

by considering the percentage of inhibition at 12.5 pg/ mL as a dependent variable
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and hardness (1), energy of the HOMO orbital (Exyomo), MR of the group at position
4 of Ring A (MRa4), and MR of the position 4' of Ring B (MRp4) as independent
variables gave the best correlation in the gas phase and the solvent phase. The gas-
phase and solvent-phase models are presented as equations 4.land 4.2. The
descriptors used to build theQSAR model for both gas and solvent:phases are

presented in Table 4.1.

Gas phase:
Activity =-321.01 + 181.44% — 31.00 Eyomo— 1.10 MRA4—3.94 MRy (Eq:4.1)

n=27, r’=0.73, F=14.85, p<0.05, r’ = 0.56

Solvent phase:
Activity =-416.84 -7.011]-89.45E||0M() +0.02 MRA.4 -3.01 MRB.4' (Eq42)

n=27, r’=0.81, F=22.72, p<0.05, r’.,=0.50

In the QSAR equations, n is the number of data points, r* is square of the
correlation coefficient and represents the goodness of fit, r’cv is the LOO cross-
validated r* (a measure of the quality of the QSAR model). F is the overall F-statistics
for the addition of each successive term, and p is the p values using the F statistics.
We have found that the gas-phase r* value (0.73) increases (0.81) when calculated in
the solvent phase; however, the r* cv value is 0.56 in the gas phase and decreases to
0.50 in the solvent phase. The errors of regression coefficients are also found to be
less in solvent phase than that of gas phase. These regression models are significant
as depicted by the p value <0.05 using the F statistics [290). The QSAR models had
to be further improved as general statistical standards requi'res ? > 0.80 [291] and
r’cv > 0.60 [292] for a regression model to be acceptable. Therefore, to improve the

overall quality of the regression models, we applied the scheme suggested by Dietrich
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et al., 1980 [293]and Cornish- Bowden and Wang ,1978 [294]. In this scheme, a
compound is considered as an outlier if its corresponding r?, called jackknife (¥ cv)
value obtained from the regression analysis after deleting the compound, is
comparatively higher than the other r* cv values. Table 1 presents the r’cv values
calculated in gas phase and solvent phase. Although the independent variables are
same in both gas and solvent phases, the r'cv values differed in case of each
molecule. In gas phase, it was observed that molecules 4, 11, 24, and 25 possessed
higher r’cv values (0.751, 0.749, 0.750, and 0.769, respectively), whereas in solvent
phase, molecules 4, 9, 24, and 25 exhibited high r 2 cv values (0.822, 0.827, 0.826,
and 0.823, respectively). These molecules were

considered as outliers, and it was observed that deleting these molecules from the
data set lead to the improvement of the statistical parameters in the QSAR models.
The QSAR equations after deleting these outliers (4, 11, 24, and 25in gas phase) and

(4,9, 24, and 25 in solvent phase) are as follows:

Gas phase:
Activity = -323.18 + 131.621 - 42.05 Eyjomo— 0.63MR4 4—4.46MRp 4
n=23, r’=0.84, F=23.46, p<0.05, r*,=0.70 (Eq:4.3)
Solvent phase:
% Inhibition = -391.68 - 8.82n - 85.37 Enomo + 0.31MRA4- 3.34MRp.¢
n=23, r’=0.88, F= 33.0, p<0.05, r’=0.67 (Eq:4.4)

It was observed that the r* value increased from 0.73 to 0.84 and 0.81 to 0.88
in gas phase and solvent phase, respectively. The r’cv value increased from 0.56 to
0.70 in the gas phase and 0.50 to 0.67 in the solvent phase; however, the r'cv value
remained lower in solvent phase as compared to the gas phase. The error of
regression coefficient was found to decrease for both gas- and solvent-phase model
calculated using jackknife scheme. However, the error of regression coefficient
significantly decreases for independent variable, Enomo, in solvent phase. The t- and
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p-values for all the regression coefficients for all the equations were also calculated
and are provided in Table 4.2. Although both the QSAR models are significant, the
solvent phase was observed to be better than the gas phase—derived model based on
the r* values. The correlation plots between the experimental and calculated
bioactivity values of the chalcones molecules derived from the two QSAR models are
shown in Figure 4.1. The plots indicate that these descriptors can be effectively used

in the prediction of the bioactivity of the chalcone molecules.

The QSAR models predict that in both gas phase and solvent phase, lower
values of Enomo and MRB-4' relate to greater inhibition of M. tuberculosis. However,
difference was observed in the dependence of antimycobacterial activity of the
chalcone molecules on hardness and MRA-4 when calculated in gas and solvent
phases. In gas phase, the antimycobacterial activity increased with the higher values
of hardness and lower values of MRA-4 of the molecules as shown by the equations
4.1 and 4.2 The equations 4.3 and 4.4 depicting the antimycobacterial activity of the
chalcone molecules in solvent phase, however, predict that decrease in the hardness
and increase in MRA-4 of these molecules increase their antimycobacterial activity.
The frontier orbital theory states that the energy of the HOMO and LUMO is the
important factors that determine the reactivity of a molecule. The QSAR models
generated in both gas and solvent phase predict that decrease in the energy of HOMO
increased the inhibition activity of the chalcone molecules. It was observed that the
presence of a halogen'in one of the two rings, irrespective of the position, increased
the antimycobacterial activity of the chalcones. This could be attributed to the
electronegativity of the halogens which decrease the energy of HOMO by removing
the electron density from the r space of the benzene rings [295).The very low values
of antimycobacterial inhibitions can be similarly explained by the presence of an
electron donating group such as an amino group(-NH2). The lone pair of electrons of
nitrogen atom delocalize into the p space of the benzene ring and increase the Enomo
of the molecule [296]. Table 4.1 shows that in both gas and solvent phases, the

presence of the amino group in the B ring of the chalcone molecules increases the
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Enomo more as compared to the presence of the amino group in Ring A. However, no
such discrete increase in Euomo was observed owing to the presence of halogens in
Ring A or Ring B. Sivakumar et al. [297] ] reported the QSAR study of 33 chalcones
using robust statistical technique such as genetic function approximation. Their
analysis also indicates the importance of hydrogen bond donor and HOMO in the
determination of antituberculosis activity of chalcones. The correlation plots between
experimental and calculated activity values in gas and solvent media presented in
Figure 4.1 indicated that the selected parameters can predict the antimycobacterial
activity of the set chalcone molecules with greater predictability in the solvent phase.
Thus, designing new chalcone molecules with electron withdrawing substituent on

the ring may increase the antimycobacterial activity.

Table 4.2: Statistical t- and p-values for all the regression coefficients for all

the equations

| Enomo MRA4 MRB4’

n Phase t-Value | p-Value | t-Value | p-Value | t-Value | p-Value | t-Value | p-Value

27 | Gas 2.5943 | 0.0166 | -1.6574 | 0.11164 | -0.7729 | 0.4478 | -4.2062 | 0.0004
phase

27 | Solvent | 03242 | 0.7489 | -6.5668 | 1.32E- 0.2236 | 0.8251 -3.8779 | 0.0008
phase 06

23 | Gas 23386 | 0.0311 -2.6958 | 0.01478 | 0.5618 | 0.5812 | -5.9341 | 1.00E-
phase 05

23 | Solvent | 05285 | 0.6036 | -7.7234 | 4E-07 0.4053 | 0.6900 | -5.0311 | 9.00E-
phase 05

MR, molar refractivity

82



Gas phase
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Fig. 4.1 :Plots of experimental versus calculated values of bioactivity
for the two models

4.2. Screening of Medicinal plants and biochemical investigation of the
important plant metabolites
4.2.1. Plant samples

Subsequently, on identification of the molecular descriptors |,
plants which  are traditionally wused in North East India to treat
tuberculosis were screened for their amtimycobacterial  activity.

The plants were collected during field trips from  Sonitpur



and Jorhat Districts of Assam and from East Khasi Hills District of Meghalaya

after interviewing Viadyas and Ojhas (traditional healers) .
4.2.2.Plant extract yield

The yield of the ethanol extract of the respective plant plants are presented in the

Table4.3.The yield was observed to be higher in case of leaves.

Table 4.3 : Yield of the various plant extracts.

ol Plant Putused | yiglg o)
No.

| | Codoran Buds 81

2 C doctylon Leaves 106

y  |Gmo Leates 54

4 L inermis Leaves 51.03

5 Mpudica Root 197

6 | Fens Fou nu

7 |Porimtals Lt 198




4.2.3.Antibacterial Assay

The antimycobacterial activity of the plant extracts was assessed using agar well

diffusion assay against Mycobacterium smegmatis ATCC 14468 as the model . The

antibacterial activity of the plant extracts was also assessed against E. coli and

K pnuemoniae ( gram negative) and S. aureus and B. subtilis (gram positive). From

the result of the agar well diffusion assay presented in Table 4.4, it can be inferred

that the root extract of L. inermis possess the highest antibacterial activity in

comparison to the other six extracts tested.

Table4.4: Antibacterial activity of various plant extracts

SL| Plant Part |Solvent| Inhibition | Inhibition | Inhibition | Inhibition
No used zone zone zone zone
M smegmatis| S.aureus | Bsubtilis |K pnuemoniae,

(mm) (mm) (mm) {mm)

; C. odorata | Buds |Ethanol 10 10 12 n

, | Cdactylon | Leaves | Etanol 7 10 8 11

3 G.max | Leaves | Ethanol 9 13 10 8

. L. inermis | Leaves | Ethanol 17 11 14 12

5 Mpudica | Root |Ethanol 13 11 14 11

p Pfulgens | Root |Ethanol 14 12 15 13

, P. grientalis| Leaves | Ethanol 11 12 11 13
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4.2.4. Assay of Minimum Inhibition Concentration of the various plant extracts

MIC activity was calculated using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) Assay. MTT is a water soluble dye which is yellow in
color and is transformed into purple colored formazan crystals when reduced by the
dehydrogenase system of live cells. Formazan crystal formation indicated bacterial

growth which was measured by the absorbance at 550nm. From the Table 4.5 it can be

inferred

eixhibited the lowest MIC.

Table4.5: Minimum Inhibition Concentration of the various plant extracts

SL|  Plant Part |Solvent| M smegmatis | S.aureus | B.subtilis |K pnuemonia
No used e
MIClug/il) | MIC(ug/pl) | MIC(ug/ul)
MIC(ug/u))
7 C. odorata |Buds |Ethanol] 125 125 3125 125
o C.dactylon |Leaves|Ethanol 125 6.25 6.25 125
3 G. max iLeavesi\Lthanol 12.5 12.5 6.25 12.5
L.inermis Uavefv&kanal 09 0.9 0.9 187
4
5 Mpudica  [Root |Ethanol 125 125 25 3125
< |Pfulgens  [Root [Ethanol] 1.0 0.78 3.125 1.56
Porientalis |Leaves{Ethanol 125 12.5 6.25 125
7

4.2.5.Scanning Electron Microscopy

that L. inermis leaf extract possess the highest antibacterial activity as it

The morphological changes induced in the mycobacterial cells by the plant

extracts at their respective MIC values was studied by the Scanning Electron
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Microsopy. Comparative morphological changes were observed in the mycobacterial

cells upon treatment with the plant extracts as seen in the Figd4.2.

N
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Fig4.2: Scanning electron micrographs of M. smegmatis a) without treatment of plant
extracts ( control), morphological changes induced upon treatment with the plant
extracts of b) C. odorata, ¢) C. dactylon d) G.max e) L. inermis f) M. pudica g) P.

Julgens and h) P. orientalis .
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From the representative micrographs shown in Fig. 4.2 (b),( d),(e) and (f) cell lysis
and wrinking was observed when the cells were treated with plant extracts of (.
odorata, G. max, L. inermis, M. pudica. The cells treated with C. dactylon and P.
Sfulgens extracts showed shortening of the cell length as observed from Fig 4.2(c) and

(g). Wrinkling of the cell wall was observed in P. orientalis as seen in Fig 4.2 (h).

4.2.6. Total polyphenolic content

The total polyphenolic content of the positive plant extracts was determined.
Total phenolic content was expressed as mg/g Gallic acid equivalent (GAE) using the
calibration curve: y=0.17 x, R?=0.954,where x is the absorbance and y is the Gallic
acid equivalent (mg/g). It was found that both the L. inermis and P. fulgens had high
amount of phenolic content followed by C. odorata, T. orientalis possessed the

lowest total polyphenolic content.
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Fig4 3: Total phenolic content of the plant extracts expressed as mg/g Gallic
acid equivalent (GAE).
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4.2.7 Total Flavonoid Content

The total flavonoid content was carried out to determine the amount of
flavonoid content in the crude extracts (Fig 4.4). The absorbance was recorded at 420
nm. Total flavonoid content was expressed as mg/g Quercitin equivalent (QE) using

the following calibration curve: y=0 .008x, R*=0.937 where x is the absorbance and

y is the Quercitin equivalent (mg/g). It has been found that both the L. inermis
and P. fulgens had high amount of flavonoid content followed by C. odorata, T.
orientalis possessed the lowest total flavonoid content. The high amount of
polyphenolics and flavonoids correlate with the low MIC values of the plant crude
extracts. This provided an inkling of the natural products present in the plant extracts

that endow the antimycobacterial activity to the respective plant extracts.
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Fig4.4: Total phenolic content of the plant extracts expressed as mg/g

Quercitin equivalent (QE) .
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4.2.8 Cytotoxicity Assay

The plant extracts were assayed at the concentration of their respective MIC,
10XMIC, 50XMIC and 100XMIC. The viability of the RAW264.7, same as in the
control post 48 h incubation showed that the plant extracts exhibited no cytotoxic

effect on the cells.

4.3 Molecular Docking studies

Literature survey was then performed to identify the flavonoids present in the
above mentioned seven plants which exhibited antimycobacterial activity. The
chalcone molecules after the QSAR study were subjected to docking against the
protein Thy X to establish it as a putative target of the chalcones. After the analysis of
the docking results of the chalcone molecules and the flavonoids molecules of the
plants exhibiting antimycobacterial activity were also subjected to a virtual screen

against the target M.tuberculosis Thy X.

Molegro Virtual Docker (MVD) 5.0 (Moleéro ApS, Aarhus, Denmark) was
used for the Molecular Docking studies. Molecular docking was carried out and the
top ranking ligands were further analyzed visually to exclude structure with
improbable docking orientation. The docking score and H-Bond energies are shown
in Table 4.6 which indicates that there is a strong interaction between the ligands and

the receptor indicating a binding affinity.

Table 4.6. Docking Score of the plant derived flavonoids against M. tuberculosis

Thy X enzyme.

SL | COMMON IUPAC NAME MOLDOCK SCORE | RERANK H-BOND

N | NAME SCORE

0.

1 Fisetin 243,4-dihydroxyphenyl)-3,7- -82.1957 -69.2189 25
dihydroxychromen-4-one

2 Quercetin 2+3,4-dihydroxyphenyl}-3,5,7- -83.5485 -75.9531 -5.46533
trihydroxychromen-4-one

3 Kaempferol 3,5,7-trihydroxy-2-(4- -74.2173 -45.2306 -10.258
hydroxyphenyl)chromen-4:one
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4 Rutin 2-(3.4-cdihydroxyphenyl}-5,7- -96 7286 -87 8667 -17 9934
dihydroxy-3-[(28,3R,4S.58,6R)-
34,

5-tnhydroxy-6-
[{(2R,3R,4R,5R,6S)-3,4,
S-tnhydrovy-6-methyloxan-2-
yljoxymethyljoxan-2-
ylJoxychromen-4-one

5 Epigallocatech | [(2R,3R)-5,7-dihydroxy-2+3,4,5- -100 498 - 728734 -13 3435
1n gallate trihydroxyphenyl)-3,

4-dihydro-2H-chromen-3-yl} 3,4,5-
trihydroxybenzoate =

6 Buten (E)-142,4-dithydroxyphenyl)-3- -96 9071 -85 2024 47157
(3,4-dihydroxyphenyl )prop-2-en-1-
oue

7 Apimn 7-{(2S,3R,48,58,6R)-3- -111 053 -108 533 -20 5082
f(2S,3R,4R)-3,

4-dthydroxy-4-
(hydroxymethyl)ovolan-2-yl]oxy-4,
5-dihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxy-5-
hydroxy-2-(4-hydroayphenyl)
chromen-4-one

8 Acacetin 5,7-dihydroxy-2+(4- -109 507 -91 7063 -5
methoxyphenyl )chromen-4-one

9 Datdzein 7-hydroxy-3-(4- -107 01 -86 0845 -4 14654
hydroxyphenyljchromen-4-one

10 | Gossypentin 8 | 2-(3,4-dihydroxyphenyl)-3,5,7- -80 8798 60 2466 -18 1686

rhamnoside trihydroxy-8-{(2S,5R,65)-3,4,
5-trihydroxy-6-methyloxan-2-
ylJoxychromen-4-one

11 | Tamfolm (2R,3R)-2-(3,A<dihydronyphenyl)- | -83 6282 681427 10 6553
3,5,7-tnhydroxy-2,
3-dihvdrochromen-4-one

12 | Apigemun S, 7-hhydroxy-2-(4- -78 2139 -57 1441 -327871
hydroxyphenyl)chromen-4-one

13 | Gemstein 5,7-dthydroxy-3-(4- -81 2082 -64 4444 -323097
hydroxyphenyl chromen-4-one

14 | Luteoln 2-(3,4-cdihydroxyphenyi)-5,7- -102 447 -38 0168 -4 92109
dahydroxychromen-4-one

15 | Bacalemn 5,6,7-tnhydroxy-2-phenylchromen- | -65 5542 -62 8541 -13 0018
4-one

16 | Myricetin 3,5,7-tnthydrony-2-(3,4,5- -95 6148 -84 7355 -217226
trthydroxyphenyl)chromen-4-one

It was observed that the flavonoids docked into the active site of Thy X
(shown in Figure 4.5.a). The docking results show that out of the 16 flavonoids
Apiin bound tightly at the active site of Thy X. The ligands were found lying
deep into the binding site exhibiting molecular interactions such as hydrogen
bonding, electrostatic interactions (Figure 4.5.b) and hydrophobic interaction
(Figure 4.5c). The docking analysis also showed the interactions with seven
amino acid residues Argl90(A), His194(B), Argl99(B), Ser201(B),
His203(B), Arg95(B), Arg97(B), present in the active site of M. tuberculosis
Thy X (shown in Figure 4.5.a) The MolDock docking score was used in
the present study. The MolDock scoring function (MolDock Score) in MVD
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5.0 derived from the PLP scoring functions originally proposed by Gehlhaar e al.
1998.[299] and later extended by Yang et al., 2004 [300]. The MolDock scoring
function further improves these scoring functions with a new hydrogen bonding term
and new charge schemes. The docking scoring function, Esxore, is defined by the
following energy terms:

Escore=EintertEinra

where Eiqe, is the ligand protein interaction energy.

The detailed analysis of docking in terms of protein-ligand interaction energy
including ligand- protein interaction energy analysis (both electrostatic and H-bond) -
was calculated in order to get a better understanding of the variations between the
binding mode. Table 4.7 enlists the protein-ligand interaction energy calculation
including the interacting residues , the protein-ligand interaction distances and H-
bond energy. These 16 flavonoid molecules with good docking orientations were then

chosen for biological testing.

Table 4.7: Protein-ligand interaction energy calculation presenting the interacting

residues , the protein-ligand interaction distances and H-bond energy.

S | NAME INTERACTING AMINO ACID | H-BOND DISTANCE

L. ENERGY

N

0.

1 Fisetin His96(B) -0.332573 . 3.39218
Arg97(B) -0.698702 3.18471
Arg97(B) -0.18251 3.45688
Argl90(A) -0.358469 3.56885

2 | Quercetin Argl90(A) -2.5 2.9809
His98(A) -.0569377 2.82163
Asnl198(A) -2.12306 2.55477
Arg97(B) -0.136657 3.1959
His98(B) -1.7764 2.65343

3 | Kaempferol His98(A) 25 2.60021
Arg97(B) -2.29836 3.14033
His194(B) -2.5 2.61906
His98(B) -2.5 3.09998
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Rutin Ser71(A) -0.315465 3.53691
Ser71(A) 2.04203 3.19159
Ser71(A) 2.5 2.99877
Tyrd4(A) -2.24762 3.15048
Gly68(A) -2.35563 3.12887
Phe70(A) -0.103013 3.49592
Gly68(A) -2.5 2.93262
Arg95(B) -1.93924 3.21215
Argl99(B) -0.406315 3.18268
Arg95(B) -0.00136683 3.57506
Arg95(B) -0.00436841 2.3087
Arg95(B) -0.12287 3.54558
His96(B) -0.0321357 3.49462
Glu92(B) -2.5 3.09892
Arg95(B) -2.5 3.05907
GIn103(C) -0.0986245 2.8583
GIn103(C) -2.5 2.8211

Epigallocatechin Glu74(A) -2.5 3.03379

gallate His194(B) -1.95002 2.80719
His96(B) -1.27405 3.31054
Arg97(B) -0.563414 3.48732
Argd97(B) -1.74058 3.25188
His96(B) -0.262532 2.68372
Arg199(B) -0.180583 2.54413
Argl99(B) -0.139752 2.575598
Ser201(B) -0.0902595 3.58195
Alal97(B) -25 2.75591
Ser201(B) =25 3.05147

Butein Argl190(A) -1.32158 2.45859
Argl90(A) -0.645843 3.35867
Argl99(B) -0.714438 2.90229
Arg94(B) -2.5 2.83914
Arg97(B) -0.469226 2.93588
Arg97(B) -0.416274 2.94651
Alal91(B) -2.18809 3.16238

Apiin Argl190(A) -0.256345 2.6806
Argl90(A) -0.773451 3.16945
His194(B) -0.340732 3.13566
His194(B) -2.29109 3.04363
Argl199(B) -0.426749 3.51465
Argl99(B) -2.48898 2.59868
Ser201(B) -1.92968 3.21406
His203(B) -2.5 2.90468
His194(B) -1.11623 3.37675
Argl199(B) -2.49124 2.77017
Argl99(B) -0.33222 3.15323
Arg95(B) -25 2.88459
Arg97(B) -2.22763 3.017
Arg97(B) -0.279329 3.51053
His194(B) -1.39809 3.09088
Arg97(B) -0.988423 3.52587
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8 | Acacetin Asnl88(A) -2.5 3.07017
Arg97(B) -0.581426 3.48371
His96(B) -2.2521 3.14958
9 | Daidzein His(C) -1.55193 2.48623
His98(A) -0.236697 3.47752
Phe99(C) -0.243747 3.48281
10 | Gossypentin 8 Tyr44(A) -0.433347 2.352
rhamnoside His69(A) -0.726745 2.76001
Arg95(B) -0.63145 2.70992
Arg95(B) -1.45804 2.88233
Glu92(B) =25 2.6216
Ser105(C) -1.13918 337216
Arg87(C) -1.71659 2.61267
Arg87(C) -25 2.94981
Arg87(C) -2.19156 3.0769
GIn103(C) -1.35669 3.32866
11 | Taxifolin Glu74(A) -2.14323 3.17135
His96(B) -1.29079 3.2425
His194(B) -1.09413 2.65455
Arg97(B) -1.41372 331726
Ser100(C) -2.5 -3.06988
12 | Apigenin His96(B) -2.24733 3.15053
Asn188(A) -0.0293033 3.53125
Asnl88(A) -0.503443 3.49931
13 | Genistein Argl190(A) -1.88074 3.03789
Argl90(A) -0.120066 3.39005
Argl190(A) -0.140274 3.40521
Asn188(A) -1.5986 2.49183
Arg97(B) -2.27887 3.14423
14 | Luteolin Argl90(A) -2.39578 2.58749
Glu74(A) -2.49435 3.10068
Arg97(B) -0.106161 3.14962
Arg97(B) -0.0266119 3.47179
Alal91(B) -0.679836 3.46403
15 | Baicalein His91(B) -0.582338 3.11389
Glu92(B) -2.48802 2.59856
Arg87(C) -2.02117 3.19577
Arg87(C) -1.84542 3.11422
Gin103(C) -2.5 2.60983
Arg87(C) -2.02639 2.63319
GIn106(C) -2.5 3.01107
16 | Myricetin Tyrd4(A) -2.5 2.98624
Ser71(A) =25 2.82364
Tyrd4(A) -0.240772 3.55185
Arg87(C) -2.49974 3.10005
GIn103(C) -25 291516
Leul04(C) -2.5 292214
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[ Arg87(C) -0.528879 3.49422
| Arg87(C ) -2.49945 2.59993
| Serl05(C) -2.16036 2.55924
CTyrl01(C) -1.44525 3.31095
| Serl02(C ) -1.73192 | 3.25362
| Serl05(C) -2.05926 2.54711
\

(a) (b)

(c)

Fig 4.5: Docking study of Apiin. (a) Predicted bonded interactions (green dashed
lines) between ligands (green) and mycobacterial Thy X , (b) predicted non bonded
electrostatic interaction between ligands (green) and the residues at the active site and
(c) predicted non bonded hydrophobic interaction between ligands (green) and the
residues at the active site
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4.4 Minimum Inhibition Concentration of the Flavonoids

The intrinsic tolerance of M.tuberculosis to most of the commercially

available antibiotics which has limited the chemotherapy to a small number of

antibiotics [96] can be attributed to the failure of the antibiotics to reach the

cytoplasmic membrane[301]. Therefore, before performing the study of the inhibitory

effects of the flavonoids on the mycobacterial Thy X we performed the well diffusion

assay as well as the MTT assay to confirm the antimycobacterial activity of the

flavonoids. The 2D structure of the flavonoids is presented in Fig4.6.
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Fisetin G enistein - ol
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Gossypefin 8-1hamnoside

Taxifolm

Myricern Quercetin

Fig4.6: 2D Structure of the sixteen flavonoid molecules
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The potency of the flavonoid molecules against M. smegmatis ATCC 14468
was assessed quantitatively by determining the minimum inhibitory concentration
(MIC)  using MTT  assay. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] is a pale yellow water soluble substrate which forms
water-insoluble purple formazan crystals upon reduction by the dehydrogenase
system of active living cells and forms the basis of this assay used to estimate the
cell viability. Dead celis do not reduce MTT [302].The MIC of the flavonoids is
provided in Table4.8.

4.5. QSAR study of the flavonoids

In this QSAR study, we found that DFT-derived descriptors, chemical
potential (u) and Eni descriptor correlated with the antimycobacterial activity of the
flavonoid molecules remarkably in both gas and solvent phases. In both Gas phase
and Solvent phase decrease in chemical potential and incregse in En correlated with

the antimycobacterial activity.

Gas phase:
1471.182 (£268.3639) + 13328.14 (£2281.242) 1 — 10540.5 (+2069.893)EnL
R?=0.803023, SE=43.0175, F=18.34536, p<0.05
Solvent phase:
1542.12 (£382.7402) + 13496.05 (£3025.485) n — 10008.6 (+2300.821) EnL

R%= 0.733099, SE= 50.07406, F= 12.3602, p<0.05
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Table 4.8: Minimum Inhibition  Concentration of the flavonoid
molecules.
SLRD. Hame Physical Properties XLogP3 MolecalarFormla]  Molecalar MIC frghd)
Weight[s/mol)
1 Acacetin CompowadID: XLogP3: 21 CygHy; 05 2342630 100
5180442 H-Boad Domor= 2
H-Bond Acceptor: 5
2 Agigenin Compomad ID: XLogP3: 1.7 CysiyOs 170236 220
5230443 H-Bonad Donor-3
B Bond Acceptor: 5
3 Agiin CompomadID: | XLogP3-AA:-04 |  CyHyOr, 56449212 250
5180746 H-Boad Domor: 8
H-Bowd Acceptor:
14
4 Baicalein Compoxnd [D: XLogP3: 1.7 CisHnGs 2702369 70
5281605 H-Bond Donor:- 3
H.Bond Acceptor: §
5 Butein CompomadID: | XLogP3-AA:23 Cy5Hy,05 2978 50
5281722 H-Bond Domor- 4
H-Bond r: 5
1] Daid: Compound ID: XLogP3-AA:25 CisHi0y 2542375 255
5281703 H-Boad Domor:-2
H-Bosd r:4
7 Epigallocatechin | Compomad ID: XLogP3:11 CuinOy 4533112 100
gallate 65064 H-BosdDomor-3
H-Boad Acceptor
11
8 Fisetin Componnd ID: XLogF3:2 (&% : 74 2862383 158
5281614 H-Bood Dozor: 4
H-Bowd Acceptor: 6
9 Gepistein Compound ID: XLogP3-AA:27 CysH, 0% 270236 270
5280961 H-Bond Donor: 3
H-Bowd Accegtor: 5
10 Gossypentin-8, Compound ID: XLogP3-AA:05 Cy HyOy 4643763 50
rhamnoside 44259993 H-Bozd Domor:- 8
H-Bond Accegtor:
12
1 Kaemgferdl Compound I: XLogP3:19 CysH,40¢ 23623683 130
5280363 H-Bond Donor- 4
H-Bond Acceptor: 6
2 Liteqhn Compouad ID: XLogP3: 1.4 CisHyy0g 2362383 T
5280445 H-Bomd Donor- 4
H-Bond Acceptor: 6
13 My Componad ID: XLogP3:1.2 CisBy Oy 3182351 &0
528161 H-Boad Donor: 6
H-Bowd T: 8
14 Qoercetin Comnpoxad ID: XLogFP3:15 Cisth Oy 3022357 125
5180343 H-Boad Donor: 5
H-Bond or: 7
5 Rutin CompomadID: | XLogP3-AA:-L3 |  CoHyOy 6105175 120
5280305 H-Boad Donor:- 10
H-Bosd Acceptor:
16
15 Taxifolin Compoxad ID): XLogP3-AA: L5 [0 4 3042518 130
439533 H-Bord Domor: 5§
H-Bond or: 7
17 Isomazid CompowndI1):3767] XLogP3:-0.7 CIN;O 137139 1
H-Bond Danor: 2
H-Bond or: 3
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Table 4.9: Parameters used to build the QSAR models with the jackknife results for
gas phase against M. smegmatis

M
Gasphare % ® Lp | MR | Pl lbowe |t | p | § | o | Eq | Fomo! yflt)p
Accetin wn 1985 | 451 | 269 | 290 | 0097 | 0059 | 0048 | 0049 | &2 | 0063 | 0209 | 100
Agigesin 8.0 16 | 457 | 1665 | 12| 020 | 0206 | 0155 | ooes | 02e8 | w0 | om | 20
Agitn L0l 480 | 1 [ %603 | sue4| 019 | 03 | 015 | 005 | ames | wos7| a2
Baialein 576 N | 45T | 1665 | 717|004 | 0107 [ 4051 ( 0043 [ 0262 | 0067 | 0212 | T0
Buiein wn 9% 49 | 1 | moe] 0295| ou | 0152 | 043 | o [ oS | 024 | %0
Disdzein 3%53 0210 | 426 | Is: | 2663 | G197 | 4089 | 04 | G051 | 4492 | 062 | 0204
m‘"“:emﬂ 52633 567 | se | @3 || i | 0077 | 0133 ) 0056 | 01 | 0037 | 042 | 100
Fisetin w0 an a4 | a4 | s | ouse | 0099 | 0aar | o0 [ o7 | 0087 | 24 | 1%
Gexistetn 155 256 0 | 165 | 17| 0194 | 0093 | 0144 | 005 | 0205 | a067| e | M
Gossypestin § 1 nis L0 | 327 | SIS6 | 4196 | 0186 | Glof | 043 | 041 | 0241 | 0% | 0201 | 1590
fsoxiarid wn 169 | 157 | 1398 | 1435 | 0277 | a9 | 0463 | oose | 0207 | 0os4 | oxm | 1
Kaerglerd 8D N5 | 44 | 1o | s | oae | o1es | oowe | o202 | 006 | o2z | 1m0
Latestn 1B 28 a4 | 1soe | e | cas9 | a0 | 011 | oods | axs | 0s | 0209
Myricetin ms 3025 | 405 | 10m | mus) 019 | 0103 | 0246 | 003 | 2e | 006 | 020 | &
Quercetin %146 14 | 4 | 1942 | 74| 018 | 003 | 0045 | 042 [ 025 | 006 | 4209 | 135
Retin 5053 o7 | 2123 | 3299 | 5475 0201 | 0008 | 0155 | 047 | 0256 [ 007 | 42m | 120
Tuifota 3%36 B0y | 38 | 651 | w7 | 42m|-oam | 0155 0os3 | oms | 0082 | 02 | 130
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Table 4.10: Parameters used to build the QSAR models with the jackknife results for
solvent phase against M. smegmalis.

Sobvest
oo | S | BB | i | MR | P | b | bw | p | 8 | e | By | Epo |MOWR)
Acxceti | 4770 | 1935 | 481 | e | w0 | oum | oodol | 405 | oooe | ooaw | oned | 420 | 1o
A | 3342 | 806 | 451 | 1685 | w2 o 02 | a0 | Qa5 | oo | o2 | 40K | 4 | M
_dgin | ounl | 651 | | e | s | o | e | oam ) ows | oo | e Lo | s
Buaein | W56 | 004 | 457 | 1655 | ny | i | 01065 | Gie9 | oM | 029 | 005 | o | B
Biten | 41270 | 9% | 49 | man | mM | pi9l | a1 | 0152 | oM | o9 | o | a0 | %
Diadurin | 35683 | 2020 | 426 | SN | 2683 | QIo4 | o091 | a4 | oas | oa¢ | 006 | a3 | 2%
Epinalloct
ki pabh
fe | 51633 | SI6T | 59 | 31 | @7 | 4091 | 008 | 035 | e | 04 | oM | 891 | (00
| Frein | 36702 [ BT " 18 19 4188 | 0401 | 043 | 00 | 024 | 0055 | 03l 1%
Gasten | 3565 | 256 | 49 | 165 | 727 | 0a08 | oo | 014 | 005 | 036 | o6 | o2 | m
Gosspeti
AR | 4135 | A | 377 | 5196 | 4% | oi85 | o1 | oie | oo | oo2@ | 0899 | 02 | 19
lotard | 207 | 166 | 157 | 1398 | 35 | o;6 | oo | 09 | o) | omy | 009 | em | 1
Kaemplod) 363238 | 9 | a4 | s | 79 | oum | oto | s | ese | o2 | w0m | on | 10
Lateofin | 36588 | 3061 | 44 | 1AM | 79 | 0105 | 010 | 0048 | 047 | 026 | 0063 | 427 | &
Myrietn | 37362 | 3935 | 405 | 081 | 243 | M85 | 0I02 | 044 | 000 | 020 | 008 | 4M | @
Qurcefn | 3674 | 414 M 190 | 15 | Q486 | 4401 | 014 | 42 014 | 005 | 0206 125
Retin | 505 | M | 133 | me9 | S5 | 0198 | 0105 | 048 | o5 | 0245 | o4 | A6 | 1n
| Tarfohn | 37636 | 3308 | 35t | 51 | % | e | 40 | ous1 | oew | o | oes | o | 1
4.6 PCR of the thy x gene from M. smegmatis
The mycobacterial genomic DNA was isolated using the MB545

Mycobacterium tuberculosis DNA Extraction Kit (HIMEDIA) Figd4.7.In order to

clone thy x of M. smegmatis ATCC16648 specific primers were designed to amplify
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out the x gene. The resulting nucleic acid product was run on a 1% agarose gel. The

product matched the expected length of 753 base pairs.

Figd.7: Gel (0.8%) showing Genomic DNA isolated from Mycobacterium smegmatis
ATCC 14468. Lane 1& 2 : Genomic DNA. Lane 3: 1Kb Gene Ruler

Fig4.8: Gel showing the amplified product. Lane [: Amplified product & Lane

2:Gene ruler

4.7 Cloning of the thy x gene into pTZS57R/T vector

For ease of reproduction and amplification as well as for simplicity in
sequence verification, the PCR product was ligated pTZS7R/T vector according to
the InsTAclone™ PCR Cloning Kit protocol. The ligated PCR product was used to
transform E.coli DHS5a cells using heat shock method. Transformed cells were plated
and positive selection was based on light blue colonies Figd.9 Colony PCR was

101



performed to screen the positive colonies Figd.10.Nonspecific amplification was
observed in case of colony PCR. The plasmids were isolated Figd.11, submitted to
the National Institute of Plant Genome Research, New Delhi and the sequence was

verified Figd.12.

(@) (b)

(c)

Fig4 9: Plate containing Transformed Cells. (i) Plate with Control DNA 1 (with out
insert) . Blue Colonies Observed, Plate containing Transformed Cells with Control
DNA 2 (with insert) . White Colonies Observed. Plate containing Transformed Cells
with pTZ57R/T plasmid containing the insert (thyx gene).
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Fig.4.10: Gel showing the amplified products of the colony per. Lane 1,2,3,5,6

&7 amplified products, band of 761bps present. Lane 4 :gene ruler

Fig.4.11: Gel showing the plasmid isolated from the white colony . Lane 1:Gene ruler

and Lane 2: pTZ57R/T plasmid containing the insert
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CLUSTAL 2.0.12 multiple sequence alignment
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Fig.4.12: Nucleic acid sequence alignment
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4.8 Cloning into the pET 32a+ expression vector

pET vector was used for the benefit of expressing the protein with the
addition of an N-terminal or C-terminal His tag. Restriction enzymes from New
England Biolabs were used to cut the thy x insert from the TA vector. Individual
restriction enzyme digests with Ncol and Xhol were performed on both thy x -TA
vector and pET32a + expression vector. Initial digest with Ncol was performed and
the resulting product was purified with Qiagen PCR purification kit. The second
digestion reaction was performed with Xhol and the resulting product was gel
purified and concentrated (Fig. 4.13). The expression vector was similarly digested,
with purification of both restriction enzyme reactions using the Qiagen PCR

purification Kkit.

Fig4.13: Gel showing the Restriction digestion by Nco [ and Xho I product . Lane 1:
Restriction digestion product, two bands of 76 1bps and 2886 present. Lane 2 : Gene

ruler

Digested thy x and pET32a+ were ligated together using T4 ligase from
Thermo Scientific and were used to transform E.coli DHS5a cells. Transformed cells
were selected on ampicillin plates and positive selection was based on light blue

colonies. Again, plasmid was isolated and submitted for sequence verification.
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4.9. Overexpression and purification of the Thy X protein
4.9.1 Induction by IPTG

The plasmids were then used to transform E.coli BL21 DE-3 plLysS cells,
with positive transformants selected on ampicillin plates. Expression in BL21 DE-3
cells was induced with isopropyl-beta-D-thiogalactopyranoside (IPTG). Cells were
harvested five hours post-IPTG induction by centrifugation. Cell pellets were lysed
and resuspended in protein sample buffer containing fresh DTT. Cell lysates were run
on 12% glycine gel and stained. Positive induction was seen as a band at 42.5

kDaltons in lane 2 Fig.4.14.

B i .o oivaed]

Fig.4.14:Purification Analysis of M. smegmatis ThyX by SDS-PAGE. Lanes: 1,
Molecular weight marker,LLane 2 Soluble cell lysate fraction from ThyX expression.
Lane 3: Recombinant Thy X with fusion tag after Ni-NTA Magnetic Agarose . Lane
4: Recombinant Thy X with fusion tag after Q-Sepharose column.

106



_ e A -
- N A~ O
L s L )

EJ

Absorbance {280nm)

O O O O
[

A
AN A

1t 3 5 7 9 1113 15 17 19 21 23 25
Time {min)

Fig4.15: lon exchange chromatography of Recombinant Thy X . The elution profile

was monitored at 280nm, Peak 4 was of Recombinant Thy X containing solution.

4.9.2 Purification by Affinity Chromatography
Initial isolation of the recombinant Thy x protein was attempted using Ni-

NTA Magnetic Agarose beads (Fig. 4.14,Lane 3) following the manufacturer's

instructions.

4.9.3 Purification by lon-exchange Chromatography

The Q-Sepharose captured Recombinant Thy X protein was eluted with
50mM Tris-Cl ( pH-7.3) containing SOmM to 500mM NaCl ( pH 7.5) successively.
The eluates were collected and the factions were measured for the following
spectroscopic features. Peakl probably some unbound proteins; Peak Il colorless
solution was of some protein impurities; Peak Il colorless solution containing some
protein impurities and Recombinant Thy x protein; Peak IV yellow colored solution
containing Recombinant Thy x protein . The Recombinant Thy X protein rich

fraction was pooled and subjected to RP-HPLC for further purification.
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Fig4.16: Reversed phase HPLC profile
4.9.4 RP-HPLC

RP-HPLC method coupled to a UV-Vis detector was used to purify the

protein. Elution of 150 pg protein was performed at 1 ml/min with using mobile

phase Acetonitrile and Water (90: 10, v/v) and monitored online at 273 nm.

Recombinant Thy x was eluted as yellow colored solution of Peak 3 s at 58

min(Fig. 4.16). Peak 1 and Peak 2 were protein impurities which were obtained

as colorless solutions.

4.9.5 Enterokinase digestion

The His tag was cleaved from the purified protein by Enterokinase digestion
(Figd.17, Lane 4.) . The expected band of 27.59 kD could be observed in the

SDS-PAGE.
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Figd.17: Analysis of M. smegmatis ThyX by SDS-PAGE.Lanes: 1, Molecular weight

marker,Lane 2 Soluble cell lysate fraction from ThyX expression. Lane 3: Purified

Recombinant Thy X with fusion tag.Lane 4: ThyX after cleavage of the fusion tag.

Table 4.11.Purification of M. smegmatis Thy X

Purification Total amount of Total activity Specific activity Purification Yield%
step protein (mg) factor
Cell lysate 325 754 2.32 1 100
HPLC 6 51 8.5 3.6 6.76
Purified
protein

The amino acid sequence for this construct was aligned to sequence of

Mycobacerium smegmatis Thy X protein ( Fig.4.18).
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Figd.18 Mycobacerium smegmatis Thy X protein sequence (ThyX) aligned with the
protein sequence of the overexpressed protein of Thy X(Thy X2) of Mycobacterium
smegmatis expressed in E.coli

4.10 TMP synthesis

The thymidylate-synthesizing ability of M. smegmatis ThyX was investigated

by reversed phase HPLC (Fig.4.19). The products of the enzymatic reactions were

loaded onto a HPLC column Symmetry C;g The decrease in dUMP and increase in

TMP were confirmed using known standards. On the basis of the absorbance at 260

nm, the peak corresponding to dUMP (tr = 8.5 min) decreases while the peak

corresponding to TMP (tr = 11 min) increases over a 120 minute time course (0, 30,

60, and 120 minute time points) thus confirming the synthesis of TMP synnthesis.

However, difference in the retention time of UMP and TMP has been observed when

compared to the retention time reported by Hunter et al, 2008[246]). This difference
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in the retention time may be attributed to the difference in the HPLC columns used

during the experiment.

S el A

~ dUMD |8.5 mins}
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Figure 4.19. The HPLC analysis of M. smegmatis ThyX products to

ensure TMP synthesis.

ThyX activity was examined by NADPH oxidation assay. The purified enzyme was

assayed with various concentrations of the substrate dUMP or with varying

concentrations of the substrate(mTHF). The enzyme displayed a standard Michaelis-

Menten curve (Fig.4.20).
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Fig.4.20: The kinetics of M. smegmatis Thy X. (i) Titrations of mTHF
(1.25,2.5, 5,10, 20 mM) with varying concentrations of dUMP 1.25 mM;
2.5 mM: 5 mM; 10 mM; 20 mM). (ii) Double reciprocal plot of data from
plot (i) showing a sequential reaction mechanism. (iii)Titrations of dUMP
(1.25,2.5.5. 10, 20 mM) with varying concentrations of mTHF (1.25 mM:
2.5 mM: 5 mM; 10 mM: 20 mM). (iv) Double reciprocal plot of data from
plot (ii1) showing a sequential reaction mechanism. Lines in (i) and (ii1)
depict the Michaelis-Menten curve with calculated constants. Lines in (ii)

and ( iv) are the linear regressions.

Fitting of the data to the appropriate equation revealed K, values for M.

smegmatis ThyX were 4+0.6 uM for dUMP and 5.0+0.8 uM for mTHF.
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These values are higher in comparison to the experimentally determined values
for the M. tuberculosis ThyX enzyme b\ Hunter et al., 2008. The experimentally
determined values tor the ThyX enzymes of other prokaryotes . 6-65 uM for
dUMP and 20-24 uM for mTHF [239. 240.244, 303 |. The value of Kkey of M.

semgmatis Thy X'is 0.5 min’"

4.11 Inhibition studies

The screening of the flavonoids as inhibitors of M. smegmatis ThyX
revealed Apiin as a promising candidate. The NADPH oxidation assay was used
to determine the K; value of the flavonoid Apiin as an inhibitor for the ThyX
enzyme. Apiin and the corresponding substrate dUMP concentrations were varied
as listed in the legends of Fig. 4.21.The data was fitted in double reciprocal plots

that yielded linear regression lines.
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Figd.21: Inhibition of M. smegmatis Thy X by Apiin . (i) Titrations of dUMP
(1.25, 2.5, 5, 10,20 uM) with varying concentrations of Apiin ( 0 nM;250 nM;500
nM; 750 nM:; 1000 nM) in the presence of 8 uM mTHF. (ii) Double reciprocal
plot of data from plot (i) showing a mixed inhibition mechanism. Lines in (i) are
plots of Michaelis-Menten equations with calculated constants. Lines in (ii) are

linear regressions.Error bars are propagation of standard deviations.

M. smegmatis ThyX was inhibited by Apiin with the K; of 200nM=+15. The
double reciprocal plot of the data showed a mixed inhibition mechanism
(Figd4.21.11).
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The K; value of Apiin is comparatively higher than the M. tuberculosis Thy X
inhibitor FAUMP with the K; of 100nM as reported by Hunter et al., 2008[246],

however, it constitutes a promising starting point for optimized inhibitors of Thy X.

4.12 Mass Spectrometric Analysis

Mass spectrometry was used to elucidate the peptide fragment that harbours
the methyl group. MALDI-TOF was carried out on trypsin digested protein which
revealed a peptide corresponding to amino acid residues 173-182 (AVLPNATETR),
exhibited a mass shift of 14 atomic mass units following the methyl-donating half-
reaction (Fig.4.22 , peak 1085.181) thus, identifiying Arg 182 as the amino acid

residue in the peptide that can accept a methyl .

1056.6

% Intenaity
g

1280 1560 1840 2120 2400
Mass (m/z)

Figd 22:MALDI-TOF mass spectrometric analysis of purified recombinant
M.smegmatis ThyX following the Thymidylate synthesizing half-reaction. Peaks
with a mass between 1000 and 2400 are shown . Peptide 1085.181 represents
residues 173-182 (AVLPNATETR) which shows an increase of 14 atomic mass
units in calculated mass as compared with the expected mass.

4.13 Antimycobacterial activity of hyperbranched poly(ester amide))/ MWCNT
nanocomposites

4.13.1 Antibacterial assay of hyperbranched poly (ester amide)/ MWCNT

In the present investigation, therapeutic potential of the novel
nanocomposites, as implant materials, has been examined for its antibacterial and

114



antimycobacterial activity.This study was performed in collaboration with the
laboratory of Professor N. Karak, Department of Chemical Sciences , Tezpur
University where the novel nanocomposites were prepared. Antimicrobial activity of
nanocomposites termed HBPEA, HBPEAM]', HBPEAM2.5 and HBPEAMS towards
(a) B. subtilis, (b) S. aureus, (c) E. coli, (d) K. pneumonia, () M. smegmatis mc2 155,
and (f) M. smegmatis ATCC14468 was studied using Well Diffusion assay. From the

result of the agar well diffusion assay presented in the following Table4.11 it can be

inferred that the nanocomposites possess antimicrobial activity.

Table4.12: Antibacterial activity of the nanocomposites

S1.| Nanocomposite | Inhibition | Inhibition | Inhibition zone | Inhibition | Inhibition |Inhibition
No 7one wone zwone zone zone
Staphylococcus
M. M. smegmatis aureus Bacillus | Escherichia | Klepsiella
smegmatis | ATCC14468 subltilis coli pnuemoni
me2 155 {mm) (mm) ae
(mm) (mm)  |MTCC618
(mm)
(mm)
;| HBPEA NA NA NA NA NA NA
2| HBPEAMI 9 9 10 8 NA NA
3|HBPEAM2.5[ 11 11 13 10 8 8
4 HBPEAMS 15 17 14 14 10 9
NA: No Activity
Table4.13: MIC of the nanocomposites against the sixbacterial strains.
Sl.{Nanocomposite M. M. Staphylococcus| Bacillus |Escherichia| Klepsiella
No smegmatis | smegmaltis aureus subtilis coli pnuemoniae
mc2 155 |ATCCl14468
MIC(ug/ul)  \MIC(ug/u)|MIC(ug/ul)) MIC(ug/ul)
MIC(ug/ul)| MIC(ug/nl)
; |HBPEAMI 100 10.0 7.5 7.5 25 25
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) [HBPEAM2S 5.0 5.0 3.12 3.12 150 15.0

HBPEAMS 3.125 125 1.56 1.56 12.5 12.5

4.13.2 Enumeration of CFU count

The antibacterial effect of the prepared nanocomposites by the incorporation of f-
MWCNT in the HBPEA on bacterial growth was assessed by culturing the bacteria
with the nanocomposites a concentration lower than MIC value. Enumeration of the
colony forming units (CFU) revealed a substantial reduction in the attachment of the
Gram positive and acid fast bacterial species. (Fig. 4.23.b). Pronounced antibacterial
efficacy was exhibited by the nanocomposites against B. subtilis (Fig. 4.23.a) and S.
aureus (Fig. 4.23.b), as compared to E. coli (Fig. 4.23.c) and K. pneumonia (Fig.
4.23.d). Significantly less number of bacterial colonies was observed on the
nanocomposite films with respect to pristine HBPEA implying the superior
antibacterial activity over of the same. The results show that the nanocomposites
were more effective against Gram-positive bacteria as compared to the Gram-
negative ones, showing differential interaction of the same with the surface moieties
of the two different bacterial strains. The basic differences between the cell wall
structures in Gram-positive bacteria and Gram-negative ones strains may play a key
role in determination of their antibacterial activities. The M. smegmatis mc2 155
(Fig. 4.23.e) (ampicillin resistant) and M. smegmatis ATCC14468 (Fig. 423.f)
exhibited low colonization onto the nanocomposites as compared to the pristine

HBPEA (Fig.4.24.a).
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Fig. 4.23: Antimicrobial activity of HBPEA, HBPEAMI, HBPEAM2.5 and
HBPEAMS towards (a) B. sublilis, (b) S. aureus, (c) E. coli, (d) K. pneumonia, (e¢) M.

smegmatis mc2 155, and (f) M. smegmatis ATCC14468. The CFU results are

compared with the control sample of inoculated broth.
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Fig. 4.24: Comparative antibacterial study in terms of (a) Colony-forming units
enumerated from, and (b) protein adsorbed on the HBPEA, HBPEAMI,
HBPEAM2.5 and HBPEAMS towards B. subtilis (colored in red), S. aureus (colored
in green), E. coli (colored in blue), K. pneumonia (colored in cyan), M. smegmatis

mc2 155 (colored in purple) and M. smegmatis ATCC 14468 (colored in yellow).

4.13.4 Total protein content from bacterial adhesion
The reduction in the protein adsorbed on the nanocomposite films was
observed for the bacterial strains (Fig. 4.24.b). The adhesion of the bacteria onto the

films decreased with the increase of FMWCNT content, with the lowest adhesion
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onto the HBPEAMS. This was attributed due to the synergism of antibacterial effect
of MWCNT and the presence of emeraldine salt form of PAni nanofiber (the key
structural unit having similarity with that of the active antibacterial tetracyclines)
wrapped onto the MWCNT. The protein concentration increased similarly with
increasing CFU count (Fig. 4.24.a). The proteins concentration of B. subtilis
decreased by 80.6%, which is more than five-fold decrease as compared to K.
pneumoniae upon culturing on the HBPEAMS matrix. The decrease of protein
content may arise from the ~MWCNT that retarded the bacterial cell growth result in
decreased proliferation rates. The selective antibacterial potency of the
nanocomposites, as estimated by the total protein content correlated well with the

CFU study.

4.13.5 Interaction of the nanocomposite with the bacteria
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Fig.4.25: Release of 260 nm absorbing materials from Gram positive and acid fast

positive bacterial strains.

The plausible mechanism of cytotoxicity of the prepared nanocomposites on
the tested bacterial species is presented underneath. The release of intracellular
components (having UV absorption at 260 nm) is indicative of loss of cell membrane
integrity. The absorbance at 260 nm thus provided a mechanistic study of the
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interaction of the bacterial cells with the nanocomposites (Fig. 4.25). It was observed
that the release of the cytoplasmic constituents from the Gram positive bacterial
strains attained to a level of saturation within 120 min of incubation, though the curve
reached almost plateau, post 220 min incubation with the 20 pg/mL of nanocomposite
at 37 °C. However, the mycobacterial strains exhibited a monotonic increase of the
cytoplasmic constituents release over time. The release of these 260 nm absorbing
materials from the bacterial cytoplasm is attributed to the disruption of the cell wall
and cell membrane in the bacterial strains, which allowed the influx of the
nanocomposites. The differential UV absorption pattern of the Gram positive and
mycobacterial strains is attributed to the presence of a characteristic mycolic acid
rich cell wall in the M. smegmatis which may have played an important role in a

slow release profile.

Further the SEM study showed a distinct difference in cellular morphologies
of the bacterial cells after treatment with the nanocomposite. The B. subtilis are
elongated and evenly shaped cells, which became corrugated with ruptured cell
surface upon interaction with the tested material (Fig. 4.26.b). The cell wrinkling and
shortening together with the formation of craters were also observed. Upon
interaction with the nanocomposite, deformation and disintegration of the cells were
observed from round and proliferating cells with intact and well-defined membranes
of the control S. awreus (Fig. 4.26.c). The M. smegmatis bacterial strains have
uniform cylindrical-shape morphology (Fig. 4.26.d). The cells ruptured, becoming
flattened together with compromising their cellular integrity (Fig. 4.26.¢). The
different morphological observations of two tested bacterial strains indicated their
difference in the strain susceptibility towards the nanocomposite. Thus on the basis of
the above study, it can be inferred that there exists a positive correlation of loss of

cellular integrity and release of cytoplasmic constituents from the bacterial cells.

120



18V X7500 2w 0008 153888 16KV X20.000 tpm 0000 1434 S8

FIG4.26: Scanning electron micrographs of (a) B. subtilis without treatment, (b) 5.
subtilis upon interaction with the HBPEAMS (¢) S. aureus without treatment, (d) S.
aureus upon interaction with the HBPEAMS (e) M. smegmatis mc2 155 without
treatment, (f) M. smegmatis mc2 155 upon interaction with the HBPEAMS (g) M.
smegmatis ATCC14468 without treatment (h) M. smegmatis ATCC14468 upon
interaction with the HBPEAMS.
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4.13.6 Trypan blue exclusion assay

The prepared nanocomposites were examined for their biocompatibility with
PBMC by trypan blue exclusion assay. The PBMC-matrix adhesion was evident from
the Fig. 4.27. It was observed that the nanocomposite films supported more cells as
compared to the pristine polymer, indicating that FMWCNT is the key player. The
dose-dependent increment of cell viability of the nanocomposites is attributed to the
presence of FMWCNT as the cell adhesion and proliferation is influenced by the

matrix on which it grows [304].
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Fig. 427: Representative picture of cell viability using the trypan blue exclusion
assay after 48 h of incubation of PBMC onto (a) control, (b) HBPEA, (c) HBPEAMI,
(d) HBPEAM2.5, (¢) HBPEAMS, and (f) % cell viability.

4.13.7 MTT assay

The biocompatibility of the prepared nanocomposites with PBMC was further
examined by the colorimetric MTT assay. The spectroscopic measurement of the
solubilized formazan crystals (an indirect measurement of the activity of the
mitochondrial dehydrogenase) in MTT assay is directly related to the number of
viable cells [305]. Fig. 4.28. showed a time- and dose-dependent increment in cell
viability of the nanocomposites. The viability of the PBMC, same as in the control
post 48 h incubation showed that the nanocomposite films exhibited no cytotoxic

effect on the cells. The cell viability increased with the incubation time, imparting a
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superior biocompatibility with time. The Janus-like properties of the MWCNT has
been reported , wherein the pristine nanotubes are found to be cytotoxic to the cells,
unless surface functionalized owing to the lowering of their surface activity. Thus the
adhering of PGMA and PAni nanofiber onto the ~AMWCNT together with their
dispersion in between the HBPEA chains altered their cytotoxicity, thereby imparting
biocompatibility with the PBMC.
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Fig. 4.28. The cell viability of PBMC in terms of absorbance at 540 nm at different
time intervals of 0, 1, 12, 24 and 48.

4.13.8 PBMC adhesion and proliferation studies

The SEM was conducted to assess the seeding of PBMC, particularly to
probe into the cell adhesion and proliferation onto the nanocomposite films. The
SEM micrographs were found to be consistent with the proliferation of PBMC with f-
MWCNT content, as indicated by an apparent increase in the magnitude of the
adhered cells. Fig. 429 show the attachment and interaction of PBMC with porous
HBPEA as well as the nanocomposite films. The presence of both macro- and micro-
pores of diameter ranging from 10-230 nm (Fig. 4.29b) proved to be effective as
anchoring points in the attachment and proliferation of the PBMC, as evident from
Fig. 4.29.c. The 3D interconnected porous structure improve cell attachment and
growth [306]. The low shrinkage of the films (due to their optimum crosslinking
density) promoted cell adhesion and good biocompatible properties, which is further

supported by Fernandes et al., 2010 [307]. The surface of the porous films exhibited
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an interconnected structure of PBMC at the loading of 2.5 wt% /~MWCNT in the
nanocomposite (appearing to mimic mesocarp of a watermelon pepo). However the
PBMC were well-adhered and proliferated to form a continuous layer of cells
covering the HBPEAMS. In other words, the surface of porous HBPEAMS film
exhibited a mat-like conformation (appearing to mimic a graphene sheet), with the

pores of the film being completely masked by the continuous mesh of PBMC (Fig.

CL {800 X1200 _T0pm 0000 14365E 1V X1200 10ym 0000 S43ESE -

Figd.29: SEM images showing adhesion and proliferation of PBMC after seeding on
the surfaces of (a) HBPEA, (b) HBPEAMI, (¢c) HBPEAM2.5, and (d) HBPEAMS.

4.29.d). The porosity of the films allowed gas exchange (O2 uptake and CO2
release) together with passage of cell signaling of the PBMC .Thus the above results
indicated the porous nanocomposite films support attachment and well proliferation
of the PBMC. The hyperbranched architecture is exemplified with indispensable

biological perspectives due to their unique 3D structure and presence of multitude of
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functional groups at the periphery, imparting biocompatibility of the matrix via
cellular interactions with PBMC. Rajaraman and his coworkers documented that
spreading behaviour of the PBMC is governed by the factors like the available
surface area, number and density of adhesion sites and other receptors of the substrate
[304] .The SEM micrographs suggested that the biocompatibility was further
augmented by increasing ~MWCNT content in the HBPEA matrix. It is essentially a
surface phenomenon epitomized by cell-cell and cell-matrix interactions. Thus the
masking of the MWCNT with PAni nanofiber and their dispersion in the HBPEA
matrix impart tissue tolerance and cellular interactions [308] .The presence of
carbonyl group on the surface of ~AMWCNT also plays a key role in enhancing the
biocompatibility owing to the decreased activation of mitochondria mediated
apoptotic pathway [309] .Thus the SEM study corroborated well with the results

obtained from trypan blue exclusion assay and MTT assay.

4.13.9 Measurement of reactive oxygen species (ROS)

The potential of the nanomaterials to penetrate the healthy cells due to their
quantum size effect has triggered the exploration of the toxicity of the prepared
nanocomposites. The production of ROS is a two-edged sword which acts as a boon
in cell signaling, gene expression and in maintaining homeostasis in human, while as
a bane by damaging cellular proteins, lipids and DNA that subsequently lead to
carcinogenesis under oxidative stress condition [309]. It is primordial to know that
production of ROS is one of the health hazards related to the exposure of MWCNT
[310]. A decrease in the membrane integrity of the PBMC leads to the leakage of
ROS outside the cell leading to cell apoptosis. Therefore, FRAP assay ,based on the
reduction of ferric-tripyridyltriazine (Felll-TPTZ) to an intense blue colored ferrous
form (Fell), was performed [311]. The ROS production or reducing ability of the
nanocomposites is directly proportional to the amount of ferrous product formed
which can be quantified photometrically at 593 nm. The dose-response characteristics

of the prepared nanocomposites showed a linear behavior Fig. 4.30. It was evident
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from the FRAP assay that the ascorbic acid (control) showed an absorbance of 0.68,
the prepared nanocomposites exhibited the absorbance of 0.5 post 10 min interaction
with Felll-TPTZ. The MWCNT on one hand showed no absorbance at 593 nm
indicating their pronounced oxidative nature, while the ~MWCNT on the other hand
showed meagre absorbance (0.09). The masking of MWCNT with large number of —
OH groups residing at the periphery of the HBPEA, rendered the prepared
nanocomposites with significantly low toxicity as compared to MWCNT. This study
showed that the prepared nanocomposites attenuated the quenching of ROS as

compared to the FMWCNT.
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Fig. 4.30.ROS reaction kinetics

4.13.10 Hemocompatibility assay

The hemocompatibility is an important aspect of biocompatibility because of
the direct/indirect contact of the samples with blood. The hemolytic assay results
showed that the optical density at 540 nm observed for the pristine and the
nanocomposites were equivalent as that of PBS, the negative control [266].Thus the
samples showed no lysis of the red blood cells, implying their compatibility with the

cells. Thus, in vitro cell response studies showed that the adhesion and proliferation rate of
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the PBMC increased with increasing -MWCNT content, without having any hemolysis
activity or production of reactive oxygen species. In this context, both 3D porous
interconnected network structure and presence of f-80 MWOCNT proved to be the prime
factors in harboring cell growth.
4.14.Antimycobacterial activity of poly(glycidyl methacrylate)-functionalized
multiwall carbon nanotubes with a 'tendrillar' nanofibrous polyaniline
wrapping
4.14.1. Minimum Inhibition Concentration

The antimycobacterial activity of the poly(glycidyl methacrylate)-
functionalized multiwall carbon nanotubes with a nanofibrous polyaniline wrapping
synthesized in the lab of Professor N. Karak, Department of Chemical Sciences ,
Tezpur University was also studied. MWCNTs sonicated in THF solvent was termed
as SI,PGMA-f-MWCNTs was termed as S2, PAni nanofiber was termed S3 and
PAni nanofiber wrapped around PGMA-f-MWCNTs was ermed asS4.The minimum
inhibitory concentration of the nanocomposites required to inhibit the mycobacterial
growth was found to be 8ug/mbL for both S]1 and S2 while S3 and S4 exhibited
antimycobacterial activity at the higher concentration of 10 pg/mL. The toxicity of
MWCNTs and PAni nanofiber in bacterial cells was found to be higher as compared
to the functionalized nanotubes. This efficiency may be attributed to the larger
surface area of the former available for interaction with the bacterial cell surface
which in turn facilitated the penetration of the nanomaterials into the bacteria. The
larger surface area facilitated the partitioning and partial penetration of nanotubes into
the bacterial cell wall and thereby caused cell membrane damage and subsequent cell

death by oxidative stress.

4.14.2 EtBr exclusion assay

Plasmids being critical for the survival of bacteria may be one of the possible
targets of various antibacterial nanomaterials [312] and can be also used as a model to
study the effect of antimicrobials on the DNA. To study the MWCNTSs mediated
antimicrobial activity plasmid DNA was incubated with the prepared samples and run

on gel electrophoresis. The migration of the pristine and functionalized MWCNT-
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plasmid DNA complex (for the concentration of 0.8 ng/mL of S1, S2, S3 and S4) in
1% agarose gel electrophoresis and the degree of plasmid DNA condensation by EtBr

exclusion are shown in Fig.4.31.

Fig 4.31: Agarose gel(0.8%) showing electrophoretic motility of the
complexes of S1, S2, S3, and S4 with the plasmid DNA
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Chapter V
Conclusion and Future Work,

The multifaceted approaches of drug discovery from medicinal plants
involving the combination of botanical, phytochemical, biological, computational
and molecular techniques continue to provide new and important lead molecules
against various pharmacological targets including cancer, HIV/AIDS and TB. The
emergence of new resistant forms of infectious diseases has lead to the need for
discovering new drugs. In the current scenario, each of the chemotherapeutic drugs of
TB contains at least one resistant strain against it. Plants are a known source various
phytochemicals and have been the corner stone of medicinal therapies for thousands
of years, thus, forwarding a very important source for the discovery of new drug

molecules.

As the study of the mechanisms of a large number of plant natural products by
means of traditional‘assay based methods is a costly and time-consuming process due
to the difficulty in extraction, synthesis, and activity testing, in silico virtual screening
approach is fast emerging as an alternative strategy of choice for low-cost and rapid
analysis of the plant derived natural products and efficient search for their targets.In
the present study DFT-based QSAR studies were performed on a set of twenty
seven chalcone molecules in order to identify the molecular descriptors responsible
for their antimycobacerial activity. It was observed that the reliability of the QSAR
model is higher in the case of the model built in the Solvent phase and the
antimycobacterial activity of the chalcone molecules increased with the decrease in
the descriptors of chemical hardness, Energy of Highest Occupied Molecular Orbital
and Molar Refractivity of the group present in position 4 °of Ring B of the chalcone
molecules. The activity of the chalcone molecules decreased with the increase in the
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Molar Refractivity of the group present in position 4 of Ring A of the chalcone

molecules .

After the identification of the molecular descriptors , seven plants viz.,
Cynodon dactylon L., Chromonaela odorata L. , Glycine max L., Lawsonia inermis
L., Mimosa pudica L., Potentilla fulgens L. and Platycladus orientalis L. which are
traditionally used in North East India to treat tuberculosis were screened for their
amtimycobacterial activity. As chalcone are the common precursors of flavonoids
synthesis, the antimycobacterial activity of flavonoid rich ethanolic extracts of seven

plants which are traditionally known to be used for the treatment of TB were tested.

All the plant extracts were also assayed for their phenolics and flavonoid
contents to ascertain the class of compounds present. L. inermis and P. fulgens had
high phenolic and flavonoid contents followed by C. odorata. P. orientalis possessed
the lowest total phenolic as well as flavonoid contents. The high amounts of
phenolics and flavonoids correlate with the low MIC values of the plant crude
extracts thus, providing an cue to the nature of the range of plant compounds with

antimycobacterial properties.

A virtual screen of the chalcone and the flavonoids molecules of the seven
plants which were identified by a literature survey was performed against the Thy X
protein of M. tuberculosis . The molecular docking studies identified sixteen
flavonoid molecules, viz., Fisetin, Quercetin, Kaempferol, Rutin, Epigallocatechin
gallate, Butein, Apiin, Acacetin, Daidzein, Gossypentin, 8- rhamnoside, Taxifolin,
Apigenin, Genistein, Luteolin, Baicalein and Myricetin as putative inhibitors of Thy
X. The maximum antimycobacterial activity was found to be in Luteolin which acted

with the lowest MIC of 50 pg/ul.

In order to confirm the in silico driven hypothesis, the thy x gene of M.
smegmalis was cloned, over expressed and purified. The inhibition of the activity of

the Thy X by the flavonoid molecules was studied using the NADPH-oxidation
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assay. The flavonoid molecule Apiin (IUPAC:7-[(2S,3R,4S,5S,6R)-3-[(25,3R,4R)-
3,4-dihydroxy-4-(thydroxymethyl)oxolan-2-yljoxy-4,5-dihydroxy-6-

(hydroxymethyl)oxan-2-yljoxy-5-hydroxy-2-(4-hydroxyphenyl)chromen-4-one) was
identified as a potent inhibitor of the Thy X enzyme. This is the first report of both
cloning , over-expression of thy x gene of M. smegmatis as well as flavonoids as

inhibitors of Thy X.

The antimycobacterial activity of the novel nanocomposites was studied .The
multifunctional bio-based HBPEA//MWCNT nanocomposites nanocomposites
exhibited antibacterial activity by triggering the release of a significant amount of
cytoplasmic constituents of Gram positive bacteria as well as M. smegmatis. MTT
assay established the biocompatibility of the nanocomposites with PBMC, further
vouched by significant PBMC attachment and proliferation in response to varied f-
MWCNT content of the nanocomposites and exposure time. Thus, this study opens

up promising avenues for biomedical applications of the novel nanocomposites.

Investigation of the antimycobacterial activity functionalized nanotubes
exhibited anti-mycobacterial activity at the higher concentration as compared to that
of the pristine nanotubes due to the reduction of active surface area upon
functionalization. The ethidium bromide exclusion assay indicated the complexation
of the plasmid DNA with the nanomaterials as a possible mode of anti-bacterial

action by the latter.

Future Work:
The future work includes the following:

1. Lead optimization of the Apiin molecule.
2. Animal toxicity studies of the optimized lead molecule.
3. Co-crystallization of the Thy X protein with Apiin.
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Appendices

Media and Solutions
Solutions
Proteinase K

I mg lyophilized powder was dissolved in 1 mM Tris (pH 8.0) and 1.5 mM
calcium acetate and stored at -20°C.

Alkaline Lysis Solution I
1 M Glucose 5 mL
1 M Tris-Cl (pH 8.0) 2.5 mL
0.5 M EDTA (pH 8.0) 2 mL

Alkaline Lysis Solution I was made up to 100 mL with deionized water, autoclaved
for 15 minutes at 121°C on a liquid cycle and stored at 4°C.

Alkaline Lysis Solution IT |
0.2 M NaOH

1% SDS (w/v)
Alkaline Lysis Solution Il was freshly prepared before use.

Alkaline Lysis Solution III
5 M Potassium acetate 60.0 mL
Glacial Acetic Acid 11.5 mL
H,O 285 mL

Alkaline Lysis Solution Il was stored at 4°C.

Coomassie Stain

It was made up to 400 mL with deionized water and stored at RT.
Coomassie Brilliant Blue 1.25 g
Methanol 223 mL
Acetic acid 45 mL

Destain was made up to 1 L with with deionized water and stored at RT

159



Methanol 400 mL
Acetic acid 100 mL

Buffers

1 M Tris-HCI
Trisbase 121.1¢g

Tris base was dissolved in 800 mL deionized water, the pH was adjusted by
adding concentrated HCl and the volume made up to 1 L.

0.5 M EDTA (pH 8.0)
EDTA 186.2¢

EDTA was dissolved in 800 mL deionized water, the pH was adjusted with 10 M
NaOH with vigorous stirring with a magnetic stirrer and the volume made up to 1 L.

50x TAE buffer
Trisbase 242 g

Glacial acetic acid 57.1 mL

10x Phosphate-buffered Saline (PBS)

NaCl 80¢g
KCI 2g
Na2HPO, 144 ¢
KH2PO4 24 ¢

These were dissolved in 800 mL water and the pH was adjusted to 7.4 by
adding HCI. The volume was then made up to 1 L. The solution was sterilized by
autoclaving for 15 minutes at 121°C on a liquid cycle.

10x SDS Running buffer
Trisbase 0.2 g
Glycine 44g
SDS 1g
This was made up to 1 L with distilled water and stored at RT.

2X Sample Buffer

0.5 M Tris-HCI (pH 6.8) 2.5 mL
Glycerol 2 mL

10% SDS (w/v) 4 mL
2-mercaptoethanol 1 mL
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1.5% Bromophenol Blue 1 mL

This was made up to 20 mL with distilled water. The solution was mixed and
stored at -20°C as | mL aliquots.

SDS gels
12% separating gel (50 mL)

40% acrylamide 14.6 mL
2% bis-acrylamide 8 mL
1.5 M Tris-HCl pH 8.8 12.5mL
10% SDS (w/v) 0.5 mL
ddH,0 14.15mL

for 5 mL:

10% APS  0.05 mL
TEMED 0.006 mL

4% stacking gel (makes 25 mL)

40% acrylamide 2.4 mL

2% bis-acrylamide 1.3 mL

1 M Tris-HCIpH 6.8 3.15 mL
10% SDS (w/v) 2.5 mL
ddH,0 154 mL

for 2.5 mL

10% APS  0.025 mL
TEMED 0.0042 mL

APS and TEMED were added just before the gels were poured.

Elution Buffer

50mM Tris-Cl, pH-7.3
50mM to 500mM NaCl, pH 7.5

50mMTris buffer
50 mM Tris-Cl, pH-7.3
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In this study, antimycobacterial activity of a set of
synthesized chalcone derivatives against Myco-
bacterium tuberculosis H37Rv was investigated by
quantitative structure-activity relationship (QSAR)
analysis using density functional theory (DFT) and
molecular mechanics (MM+)-based descriptors in
both gas and solvent phases. The best molecular
descriptors identified were hardness, Eyomo, MRa 4
and MRg_4 that contributed to the antimycobacte-
rial activity of the chalcones as independent fac-
tors. The correlation of these four descriptors
with their antimycobacterial activity increases
with the inclusion of solvent medium, indicating
their importance in studying biological activity.
QSAR models revealed that in gas phase, lower
values of Eyomo, MRa 4 and MRg 4 increase the an-
timycobacterial activity of the chalcone mole-
cules. However, in solvent phase, lower values of
Eyomo and MRg, and higher values of MR,
increase their activity.
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Introduction

The battle between humankind and Mycobacterium tuberculosis,
the etiological agent of tuberculosis (TB), dates back to antiquity.
Although in 1950s, TB incidences were reduced by the introduction
of antimycobacterial chemotherapy and the widespread use of BCG
vaccine (1), TB still remains a major international health problem,
which is likely to become even more alarming in the coming years
due partly to TB deaths in HIV-infected patients and partly to the
emergence of multidrug resistant strains of the Mycobacterium
tuberculosis (2). TB was declared as a global emergency by the

World Health Organization (WHO) in the year 1993. The prolonged
therapy and the significant toxicity of the current TB drugs make
patient compliance to therapy very difficult, giving rise to selection
for drug-resistant TB bacteria (3). This is also responsible for the
emergence of the threats from the phenomena of multidrug resis-
tance and extensive drug resistance against the conventional first
line and second line of drugs. The rapid spread of TB worldwide
has intensified the need for more efficient antimycobacterial agents
to combat this disease.

Chalcones, or 1, 3-diaryl-2-propen-1-ones (Figure 1), are a group of
natural or synthetic compounds (4), consisting of open-chain flavo-
noids in which the two aromatic rings are joined by a three-carhon
o, f-unsaturated carbonyl system (5). Chalcones are important pre-
cursors of flavonoids and isoflavonoids (6) and, recently, have been
subjected to great interest for their valuable pharmacological activi-
ties, including antioxidant (7), antibacterial (8), antitrypanosomal (),
antileishmanial (10), anticancer, cytotoxic (11), antidiabetic (12) and
anti-inflammatory (13) activities. The presence of a reactive «, [
unsaturated keto function in chalcones is found to be responsible
for their antimicrobial activity, which may be altered depending on
the type and position of the substituent on the aromatic rings (8).

In silico virtual screening is fast emerging to be a potentially useful
tool in search of targets of natural products. This approach is inex-
pensive as it is effective and fast. In silico methods are being
increasingly applied in generating hypothesis relating to the possi-
ble mechanism of drug target interactions. This approach implicates
databases, quantitative structure-activity relationships (QSAR), simi-
larity searching, pharmocophores, homology models and other
molecular modeling, machine learning, data mining, network analy-
sis tools, and data analysis tools. /n silico methods have been fre-
quently used in the discovery and optimization of novel molecules
with affinity toward a target, the clarification of absorption and in
studying the distribution, metabolism, excretion, and toxicity proper-
ties as well as physicochemical characterization of the potential
drug molecules (14). QSAR is fast emerging as a useful tool in
modern chemistry, biology, and drug discovery (15,16). A QSAR
model is a mathematical equation that correlates the biological,
chemical, or physical activity of a molecular system to its geometric
and chemical characteristics. The molecular descriptors are used to
define the electronic properties of a molecule owing to the pres-
ence of limitations of fundamental physical and chemical laws in
direct quantification of biological activity. The quantum chemical
descriptors computed by density functional theory (DFT) and semi-
empirical methods have found increasing use in modern QSAR
analysis (16).
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Figure 1: Basic structure of chalcone

In this study, we have found that DFT-derived descriptors chemical
hardness (1), Eqomo and MM+ descriptor, namely molar refractivity
(MR), correlates with the antituberculosis actiity of the chalcone
molecules remarkably in both gas and solvent phases

Methods

Theoretical background
In theoretical chemistry, the chemical potential () 1s 1dentified as
the negative of the electronegativity (x) by Iczkowski and Margrave

{17) and defined as
OF
x=-n=-(35) ("
N/ v

The quantitative definition of hardness (n) of an A-electron system
with total energy £ and external potential Y7 using DFT can be

expressed as
1 025> 1(6;1)
N===—% == | = 2
2(8/\F wn 2\ON/ .4 @

and the global electrophilicity index (co) 1s expressed in terms of
chemical potential and hardness as

w= £ (3)

According to the fimte difference approach, global hardness and
chemical potential can be approximated as

#=__(IP-;EA) )

(5)

where IP and EA are the first vertical tomzation potential and elec-
tron affinity, respectively, of the chemical system

Further approximation using Koopmans' theorem (18), the above

parameters can be expressed by taking IP and EA as negative of
the HOMO and LUMO energies, respectively
Emo + Evomo

=7 ®)
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and

_ bumo -2- Buomo ™

where Fymp is the energy of the lowest unoccupied molecular
orbital and Eyomo IS the energy of the highest occupied molecular
orbital

Computational details

Structures of all chalcone molecules are presented in Figure 2
Full unconstrained geometry optimizations of these compounds
were camed out using DMo® program (19) The most widely
used exchange-correlation functional suggested exchange potential
by Becke (20} with gradient-corrected correfation provided by Lee
Yang and Parr (21) (BLYP) was used in combination with double
numerical with polanzation (DNP) basis set to study chalcones
denvatives DNP 1s the double numerical with polanzation basis
set, size of which 1s comparable with 6-31G** basts of Hehre
etal (22) However, 1t i1s believed to be much more accurate
than a Gaussian basis set of the same size Optimized geome-
tries were venfied by frequency calculations and charactenized as
minima (no imaginary frequency) in their potential energy surface
The reactivity descriptors electrophilicity index (w), chemical
potential {u), and global hardness (y) were calculated for all sys-
tems using eqns 3, 6 and 7, respectively The conductor-hke
screening model (COSMO) {23) as incorporated into the DMai®
program with dielectric constant of 784 was adopted to study
the solvent (water) effect In addition, the MR, van der Waals
surface area (SA), volume (W, mass (M), and lipophilictty index
{logP) for whale molecule were calculated from the MM+ compu-
tations with Hyperchem software (%)

QSAR modeling

Quantitative structure-activity relationship (QSAR) analysis using
multiple linear regression has been attempted to relate the struc-
tural features of these chalcone molecules that may have an influ-
ence on their observed antimycobactenal activity

The analysis was performed selecting different descriptors such
as, energy of highest occupied molecular orbital {Eyomo). energy
of lowest unoccupied molecular orbital (Eyymg). energy of the
next lowest unoccupied molecular orbital (Eyy), energy difference
between LUMO and HOMO (A ), dipole moments, electraphilic-
ity (), and hardness {5) Molecular mechanics (MM) parameters
such as van der Waals surface area (SA), molecular volume (W,
hydrophobicity, polarizibihity, and MR were also calculated Sub-
dviston of the flavonoid molecules into submolecular fragments
has been suggested (24) for a more informative approach in
OSAR madeling based on the reports that different moleties of
flavonoid scaffold being responsible for antioxidant activity and
inhibition of reactive oxygen spectes production in enzymatic and
whole cell system (25,26) Therefore, we also subdivided the
chalcone molecules into Ring A and Ring B to calculate the MR
of the groups at the carbon position 4 and carbon position 4” of
Ring A and Ring B, respectively

Chem Biol Drug Des 2012, 79 553-559
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Figure 2: Sketch of the chalcones used to build quantitative structure—activity relationship mode!

The antimycobactenal activity data of the chalcone molecules 1-27
against Mycobacterium tuberculosis H37Rv determined by BACTEC
method were taken from the results reported by Lin et a/ (27) We
have randomly selected these 27 molecules of the reported 47 chal-
cones (27) However, we have excluded some molecules for this
study as they are ineffective with inhibitary activity value zero The
analyses of the 27 molecules were performed in both gas phase
and solvent phase Multi-inear regression was performed by those
descriptors which showed greater correlation to the percentage of
mhibition  of M tuberculosis H37Rv at a concentration  of
125 pg/mL and smaller autocorrelatton were selected out Four-
parameter QSAR was performed using the least square error esti-
matien (28) to calculate and compare bioactivity of the molecules
The quality and predictabiity of the QSAR models were determined
using the ‘leave one out’ (LOO) cross-validation method

Results and Discussion

We analyzed all the calculated DFT-based parameters such as w,
& fumo for the dervation of the QSAR models and found that
the equations dernved by considering the percentage of inhibition
at 125 pg/mlL as a dependent vanable and hardness (), energy
of the HOMO orbnal (Eugmg). MR of the group at position 4 of
Ring A (MR, 4). and MR of the position 4’ of Ring B (MRg.4-) as
independent vanables gave the best correlation in the gas phase
and the solvent phase The gas-phase and solvent-phase models
are presented as egns 8 and 9 The descriptors used to bulld the
(SAR mode! for both gas and solvent phases are presented In
Table 1

Chem Biol Drug Des 2012, 79 553-559

Gas phase

Activity = — 321 01(£64 301) + 181 42(69 929)
— 31 07(2:18 748) hugmo — 1 104(£1 429)MRa_s  (8)
— 3 94(0 937)MRg_y

n=27,%=073 F=1486,p <005 r2 = 056
Solvent phase

Activity = — 416 87(£61 492) — 7 03(:21 689)n
-89 47(:1:13 624)5“0,\40 +021 (0 931)MRa_4 (9)
— 302(:£0 778)MRy_¢

n=27,#=081, F=2273,p< 005 2 =050

In the QSAR equations, n 1s the number of data points, 7 Is square
of the correlation coefficient and represents the goodness of fit, 72,
15 the LOO cross-validated / {a measure of the quality of the QSAR
model} F s the overall Fstatistics for the addition of each succes-
sive term, and p s the p values using the F statistics We have
found that the gas-phase / value (0 73) increases (0 81) when cal-
culated in the solvent phase, however, the 72, value 1s 056 I the
gas phase and decreases to 050 in the solvent phase The errors
of regression coefficients are also found to be less in solvent phase
than that of gas phase

These regression models are significant as depicted by the p value
<005 using the F statistics (28) The QSAR models had to be
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Table 1: Parameters used to build the quantitative structure~activity relationship models with the jackknife results for gas and solvent

phases against M tuberculosis

Gas phase Salvent phase
Percentage of
hibition at
Compounds 125 mg/mi n EHOMO MBa4 MRg.y flz n EHOMO MRaa MR !/'2
1 61 1255 -5665 089 089 07459 1203 -5593 089 089 08116
2 32 122 ~5205 732 732 07264 1161 -525 732 7132 08043
3 63 13 -5635 732 08 07424 1258 —-5569 732 08 08084
4 89 1249 -5782 089 539 0.7508 1226 -5676 089 539 0.8222
5 67 1231 —5746 539 089 07285 1187 -5599 539 089 08112
6 57 1278 -5648 7132 539 07297 1236 -5572 732 539 08051
7 70 1224 -5754 821 089 07267 1202 -5588 82 089 08033
8 57 1252 -5799 083 821 07306 1219 -5644 089 821 08053
9 25 1275 —5655 7132 821 0 7449 1242 -5545 732 821 0.8271
10 21 1227 -5752 o83 1299 07194 1178 ~5558 089 1299 0807
1 68 1128 -5422 088 088 0.7488 1085 -5366 089 089 08147
12 6 0805 -4 842 088 088 07303 817 —4 754 083 089 07834
13 67 1192 -5705 083 089 07275 1161 -5582 089 089 08046
14 68 118 -5693 088 089 07274 1165 -5546 083 089 08031
15 51 1142 -5614 089 089 07312 1106 -5437 089 089 08086
16 " 1074 -5189 089 089 07267 0978 -5078 089 089 08039
17 90 1222 -5762 089 089 07231 1192 -5631 089 089 08024
18 92 1225 -5 089 089 D723 1207 -5652 08s 083 08013
19 75 1282 -5365 7132 089 07278 1201 -5415 732 089 08169
20 66 1291 -5642 732 089 07344 1252 -5630 7132 089 08102
21 5 1141 —4948 089 422 07208 0930 -4 868 089 422 07819
22 82 1N -5487 732 089 07291 1267 -5639 732 089 07981
23 79 1255 ~5824 089 089 07219 1245 -5745 089 089 08013
24 40 1222 —-5081 7132 732 0.7499 1154 -5210 732 7132 0.8258
25 8 1103 -5402 089 089 0.7692 1027 -5144 089 089 0.8225
26 83 1234 -5645 089 088 07225 1195 -5626 083 089 07994
27 12 m -5383 089 821 0705 1038 -5147 083 821 0787

MR, mofar refractivity

The bold values in Table were selected and subjected to the LOO method with an intentton to increase the correfation coefficient

further improved as general statistical standards requires /2 > 080
{30) and 2, > 060 {31) for a regression model to be acceptable
Therefore, to improve the overall guality of the regression models,
we apphed the scheme suggested by Dietrich et af (32} and Cor-
nish-Bowden and Wang (33) as we have apphed in our recent
paper (34,35} In this scheme, a compound 1s considered as an out-
frer 1f 1ts corresponding 7, called jackkmfe 7 {r2) value obtained
from the regression analysis after deleting the compound, 1s com-
paratively higher than the other r2, values Table 1 presents the 2,
values calculated in gas phase and solvent phase Although the
independent varnables are same 1 both gas and solvent phases,
the %, values differed in case of each molecule In gas phase, 1t
was observed that molecules 4, 11, 24, and 25 possessed higher
r%, values (0751, 0748, 0750, and 0 769, respectively), whereas in
solvent phase, molecules 4, 8, 24, and 25 exhibited high /2, values
(0822, 0827, 0826, and 0823, respectively) These molecules were
considered as outliers, and it was observed that deleting these mol-
ecules from the data set lead to the improvement of the statistical
parameters In the QSAR models

The QSAR equations after deleting these outliers (4, 11, 24, and 25

in gas phase} and (4, 9, 24, and 25 in solvent phase) are as
follows

556

A}
Gas phase

Activity = — 323 24(2:54 0887) + 131 53(=£56 246)y
— 42 08(15 610) Byomo — 0 63(£1 127)MRa_y  (10)
- 4 46(d:0 752)MH3_41

n=237A=084 F=2346p<005 4 =070
Solvent phase

Activity = — 331 63(50 827) — B 85(16 737)n
— 85 38(£11 055) Biomo + 0 31(20 788)MRa_s  (11)
— 3 35(0 666)MRg_

n=23 #=088 F=330,p<005 4 =067

We have observed that the 7 value increased from 073 to 084
and 081 to 088 in gas phase and solvent phase, respectively The
r2, value increased from 056 to 070 in the gas phase and 050 to
067 in the solvent phase, however, the r2, value remained lower i
solvent phase as compared to the gas phase We have found that
the error of regression coefficient decreases for both gas- and

Chem Biol Drug Des 2012, 79 553-559



solvent-phase model calculated using jackknife scheme However,
the error of regression coefficient significantly decreases for inde-
pendent vanable, Eyomo. In solvent phase We have also calculated
the + and p-values for all the regression coefficients for all the
equations and provided n Table 2 Although both the QSAR models
are significant, we found solvent phase to be better than the gas
phase-denved mode! based on the / values The correlation plots
between the expenimental and calculated bioactivity values of the
chalcones molecules derived from the two OSAR models are shown
in Figure 3 The plots indicate that these descriptors can be effec-
tively used in the prediction of the bioactivity of the chalcane mole-
cules

The QSAR models predict that in both gas phase and solvent
phase, lower values of Eygmpe and MRg, relate to greater inhibi-
tion of M tuberculosis However, difference was observed In the
dependence of antimycobacterial actiity aof the chalcone mole-
cules on hardness and MRa4 when calculated ln/gas and solvent
phases In gas phase, the antimycobacterial activity increased with
the higher values of hardness and lower values of MR, of the
molecules as shown by the eqs 8 and 10 The eqs 9 and 11
depicting the antimycobactenal actwity of the chalcone molecules
in solvent phase, however, predict that decrease in the hardness
and increase in MRa4 of these malecules increase thetr antimyco-
bacteral activity

The frontier orbital theory states that the energy of the HOMO and
LUMO 1s the important factors that determine the reactivity of a
molecule The QSAR models generated in both gas and solvent
phase predict that decrease In the energy of HOMO increased the
inhibition activity of the chalcone molecules It was observed that
the presence of a halogen in one of the two nings, irespective of
the position, increased the antimycobacterial activity of the chal-
cones This could be attributed to the electronegativity of the halo-
gens which decrease the energy of HOMO by removing the electron
density from the o space of the benzene rings {36) The very low
values of antimycobacterial inhibitions can be similarly explamned by
the presence of an electron donating group such as an ammno
group(-NH,) The lone pair of electrons of nitrogen atom delocalize
into the = space of the benzene ring and increase the £ygmo of the
molecule (35) Table 1 shows that in both gas and solvent phases,
the presence of the ammno group In the B ring of the chalcone mol-
ecules increases the Eyomp more as compared to the presence of
the amino group In Ring A However, no such discrete increase In
Euomo was observed owing to the presence of halegens in fSing A
or Ring B Swvakumar et al (37) reported the QSAR study of 33

DFT-based QSAR
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Figure 3: Plot of experimental versus calculated values of bioac-
tivity for the two models

chalcones using robust statistical technique such as genetic func-
tion approximation Therr analysis also indicates the importance of
hydrogen bond donor and HOMO in the determination of antituber-
culosis activity of chalcones

The correlation plots between experimental and calculated activity
values In gas and solvent media presented in Figure 3 indicated
that the selected parameters can predict the antimycobacteral
activity of the set chalcone molecules with greater predictability in
the solvent phase Thus, designing new chalcone molecules with
electron withdrawing substituent on the ring may increase the anti-
mycobacterial actwity

Table 2: Statistical + and p-values for all the regression coefficients for all the equations

n Evomo MRas MRa.’

n Phase +Value p-Value +Value p-Value +Value p-Value +Value p-Value
27 Gas phase 25943 00166 -16574 011164 -07729 04478 —4 2062 00004
21 Solvent phase —03242 07489 -6 5668 1 32E-06 02236 08251 -38779 00008
23 Gas phase 23386 00311 —26958 001478 -05618 05812 -59341 1 00E-05
23 Salvent phase —05285 06036 -717234 4E-07 04053 06900 -50311 9 00E-0S
MR, molar refractivity
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Conclusions

The QSAR equations developed with the four parameters hardness
{n). Eiomo. MRas and MRg4 provide regression models to predict
the activity of the set of chalcone molecules against Mycobacterium
tuberculosis H37Rv The statistical quality of the regression models
in both gas and solvent phases was improved by applying the jack-
knife test Increase m correlation coeffictent ( = 0 88) by the inclu-
sion of solvent medium depicts the importance of the solvent effect
and the selected parameters These regression moadels reveal that
In gas phase, higher values of hardness and lower values of Eugpmg,
MRa s and MRg4 of chalcones increase their inhibitory activities
against M tuberculosis H37Rv In solvent phase, lower values of
hardness, Eyomo and MRB-4" and higher value of MRA-4 increase
the antimycobactenal activity of the chalcones The QSAR models
also show that the descriptors derived from DFT and MM+ methods
can successfully be utiized to predict the antimycobacterial activity
of the chalcone molecules
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Bio-based hyperbranched poly(ester amide)-MWCNT
nanocomposites: multimodalities at the biointerfacet

Sujata Pramanik,? Rocktotpal Konwarh,? Nilakshi Barua,® Alak K. Buragohain® and
Niranjan Karak*®

There has been a growing interest in the use of nanomaterials featuring potent biocompatibility and bio-
degradability together with the added facet of antibacterial activity, particularly against drug-resistant
bacterial species. Addressing these three features at the biointerface, we report the fabrication of multi-
modal bio-based hyperbranched poly(ester amide) (HBPEA)-microwave functionalized multiwalled
carbon nanotube (~-MWCNT) nanocomposites by incorporation of various weight percentages (1, 2.5,
and 5 wt%) of the ~MWCNTs into HBPEA by using an ex situ polymerization technique. Fourier transform
infrared spectroscopy confirmed the structural changes upon interaction of the -MWCNTs with HBPEA.
The formation of thermosetting nanocomposites resulted in an acceptable improvement of the desired
properties including their mechanical properties (~170%), instrumental for providing mechanical inte-
grity in cultured cells. The nanocomposite films were found to be biocompatible substrates for the
in vitro adhesion and proliferation of peripheral blood mononuclear cells (PBMC) with enhanced cell via-
bility correlating with the increase of the -MWCNT content. The antibacterial results, monitored by a CFU
count and the protein concentration, demonstrated that the prepared nanocomposites were more toxic
towards Gram positive bacteria and Mycobacterium smegmatis than the Gram negative ones. The
damage of bacterial cells upon interaction with the nanocomposites was validated by UV-visible spec-
troscopy and a SEM study. The antibacterial and biocompatibility studies suggested that these micro-
porous nanocomposite films (3D interconnected porous structures with pore diameters of 5-105 um and
a porosity of 39.90%) possess concurrent long-term lethal activity against the bacterial cells and biocom-
patibility with PBMC. Thus, the prepared nanocomposites may find potential bio-medical applications,
particularly as antimicrobial dressing materials for infected burn wounds.

availability of bacterial nutrients in the burn locale and
destruction of the vascular system near the burned region lead

The steep augmentation in deadly infections associated with
infected wounds including burns has posed a serious nuisance
in the realm of medical sciences. The prevalence of commu-
nity-associated and hospital-acquired infections has increased
abruptly in the last 20 years, particularly with the methicillin-
resistant Staphylococcus aureus (MRSA) and the drug resistant
Mycobacterium smegmatis and so on, accompanied by a rise in
antibiotic-resistant strains."? These multi-drug resistant
opportunistic bacteria, ubiquitous in distribution, are recog-
nized as deadly pathogens which require a foreign body such
as sutures or burn wounds to invade tissues. The loss of skin,
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to immune-suppression, thereby making burn wounds suscep-
tible to infection.” Such bacterial colonization near the periph-
ery of the injury region causes sepsis." The prevailing scenario
of the infection susceptibility of burn patients by drug-resist-
ant bacterial species has caused a global need for antibacterial
dressing materials. Thus, a major drive to search for suitable
antimicrobial materials is underway.

In this vein, a nanotechnology-based approach can be
effective in addressing the aforementioned challenges. Amidst
the genre of nanomaterials, polyaniline (PAni) nanofibers® and
multiwalled carbon nanotubes (MWCNTSs)® have carved a
unique niche of their own as potent antibacterial materials in
the biomedical field. The functionalization of MWCNTS via
covalent and non-covalent approaches is an apt strategy to
address the practical challenges of the chemical inertness of
the graphitic network, poor dispersion, interfacial bonding
with others, and so on.” The microwave (MW) assisted
functionalization of MWCNTSs, covalently with poly(glycidyl
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methacrylate) (PGMA) and non-covalently with PAni nanofibers
in a single pot, proved to be an efficient technique amongst all
others, particularly in the context of green chemistry.” Thus, in
the present study, MW-assisted PGMA and PAni nanofiber func-
tionalized MWCNTs (fFMWCNT) will be employed as efficient
antibacterial materials. The effects of functionalization and
synergism of MWCNTs and PAni nanofibers as the single nano-
hybrid in the antibacterial efficacy against a spectrum of bac-
terial species will be delved into. Further, the potential toxicity
of these nanomaterials implies an urgent need for the develop-
ment of biocompatible nanomaterials.

However, the rapid advancement of nanotechnology in the
realm of bio-medical science over the past few decades has
resulted in growing concern regarding the biosafety of these
nanomaterials to human health, particularly the immunologic
toxicity. The conventional antibacterial materials including
antibiotics, metal ions, and quaternary ammonium com-
pounds used in the domain of bioscience suffer from limit-
ations such as short-term efficacy, a poor release profile
together with cumulative toxicity, and subsequently, microbe
resistance.® The unison of nanotechnology and polymer
science may be imperative in amalgamating the biocompatibi-
lity together with antibacterial efficacy to address the above
problems. The inclusion of a small wt% of fMWCNTs into a
biocompatible polymeric matrix holds potential in reducing
the cytotoxicity of the nanotubes. The blood compatibility is
one of the key problems that limit the applications of these
materials in blood-contacting environments such as in the car-
diovascular system.® The peripheral blood mononuclear cells
(PBMC) are of immunological importance, and particularly
help in the healing of wounds and in controlling the response
of the host matrix towards a foreign body.'® The response of
the prepared nanocomposites towards the same is dictated by
the adhesion and proliferation of PBMC onto the host matrix,
making the interaction imperative in evaluating the biocompat-
ibility. The rationale behind the adherence and proliferation of
PBMC is for the practical utility of the nanocomposites as anti-
bacterial dressing materials for infected burn wounds. The lipid
protein layer (LPC) produced in the skin after the burning acci-
dent inhibits the immune response and the production of inter-
leukin 2 (IL2}, a cytokine."” PBMCs stimulate the release of IL2,
essential for the growth of IL2-dependent lymphocytes in the
periphery of the infected burn wound region.'? Thus, the
current focus remains on scrutinizing the compatibility of
the FMWCNTs with the polymer along with its interaction with
the PBMC for their potent application as antibacterial dressing
materials for infected burn wounds.

Again, the biodegradability of the polymeric materials is of
paramount importance because this provides long term bio-
compatibility as well as leaving room for tissue regeneration.’?
In addition to the above, no post-healing treatment is required
in the context of the biodegradable dressing material. Thus,
there has been a paradigm shift from non-degradable to bio-
degradable polymeric materials for applications in the arena
of bio-medical science. This is attested to by the latter’s
inherent amenability for tailorable degradation kinetics, which
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is useful for various applications.'® In this milieu, bio-based
hyperbranched poly(ester amide) (HBPEA) is an important
proposition as the global scientific community thrusts to opt
for renewable bioresources endowing green credentials.’® The
unison of ester and amide moieties in the hyperbranched
architecture bequeaths the resin with the synergism of high
functionality, adequate mechanical strength and flexibility
together with improving the biocompatibility and biodegrad-
ability of the same.?® It is pertinent to mention that non-edible
castor oil containing more than 90-95% ricinoleic acid is a
good candidate for the preparation of HBPEA."

Thus, the judicious inclusion of the antibacterial
FMWCNTs into a bio-based HBPEA matrix constitutes an
interesting strategy for the fabrication of novel antibacterial,
biocompatible and biodegradable materials. A perusal of the
literature has shown that the preparation of bio-based HBPEA~
MWCNT nanocomposites having antimicrobial properties, bio-
compatibility and biodegradability under the biological con-
ditions of stimulated human body fluid has never been
attempted, which encouraged us to initiate the present study.
Thus, in continuation of our exploration of FMWCNTs,” we
herein wish to report the fabrication of castor oil based
HBPEA-fMWCNT nanocomposites. The response of these
nanocomposites towards a number of bacteria including drug
resistant bacterial species was investigated. The UV absorption
at 260 nm and SEM studies were done to gain insight into the
antibacterial action of the nanocomposites. Further, the poten-
tial of the same to support the attachment and proliferation of
PBMC, and the biodegradability in simulated body fluid was
also delved into.

2. Materials and methods
2.1 Materials

Castor oil (Sigma Aldrich, India), diethanol amine (Merck,
India), phthalic anhydride (Merck, India) and isophthalic acid
(Sisco Research Laboratory Pvt. Ltd, India) were used after
being dried under vacuum at 50 °C overnight. Maleic anhy-
dride (Merck, Germany) was used after being dried in a
vacuum desiccator for 2 days. The MWCNTs ( purity ~95 wt%,
external diameter of about 10-15 nm) were purchased from
Hanwha Nanotech Corp., Korea. Glycidyl methacrylate (GMA),
2,2'-azobis-(isobutyronitrile) (AIBN), ammonium peroxydisul-
fate (APS) and hydrochloric acid (HCI) (36.46 g mal™?, 11.6 N)
were obtained from Merck, India, and used as received.
Aniline (Merck, India) was purified by vacuum distillation in
the presence of zinc dust (SD Fine-Chem Limited, India,
atomic weight 65.37 g mol™") and stored at 4 °C prior to use.
The solvents such as benzene, methanol, tetrahydrofuran
(THF), dimethyl acetamide (DMAc) and dimethyl sulfoxide
(DMSO) were obtained from Merck, India, and distilled before
use. The bisphenol-A-based epoxy resin (Araldite GY 250)
(epoxy equivalent: 180-190 g per equiv. and density: 1.16 g cc™*
at 25 °C) and poly(amido amine) hardener ((HY 840)
Hindustan Ciba Geigy Ltd, India) were used as received.

This journal is © The Royal Soaety of Cherustry 2013



Histopaque (density 1.077 g mL™') was obtained from Sigma
Aldrich. Sodium citrate was obtained from Merck, India, and
phosphate buffer saline from HIMEDIA. All other chemicals
and bacterial strains used in the biological study were pro-
cured from the Department of Molecular Biology and Biotech-
nology, Tezpur University.

2.2 Characterization of the nanocomposites

The interaction of the fFMWCNT and HBPEA matrix was con-
firmed by Fourier transform infrared (FTIR) spectroscopy
using a Nicolet Impact-410 FTIR spectrophotometer. The spec-
tral studies were conducted in transmission mode within the
wavenumber range of 5004000 cm™" using KBr pellets. The
prepared nanocomposites were exposed to MW irradiation
using a Catalyst Scientific microwave system at 30% power of
210 W at 60-80 °C for 2 min in pulsed mode. The crystallinity
of the prepared nanocomposites was evaluated by a Rigaku
Miniflex X-ray diffraction (XRD) system using CuKa radiation
with a wavelength (1) of 1.5406 A in the range of 2-70°. The
dispersion of the fFMWCNT in the HBPEA matrix was done
using a standard sonotrode of 3 mm tip-diameter in a
Hielscher UP200S high intensity ultrasonic processor at a 60%
amplitude and 0.5 cycles. The thermal stability of the nano-
composites was determined by thermogravimetric analysis
(TGA) using a Shimazdu TGA 50 thermal analyzer at a nitrogen
flow rate of 30 mL min~' and at the heating rate of 10 °C
min~' within the temperature range of 25 to 700 °C. The
mechanical performance of the cured thermosets (as per the
ASTM D 412-51 T)'® was determined using a Zwick Z010 uni-
versal testing machine (UTM) with a load cell of 10 kN and at a
40 mm min~' jaw separation speed. The results were averaged
over three replicates. The gloss, scratch hardness and impact
resistance of the cured films were measured as per the stan-
dard methods.'” The absorbance for the MTT assay was
measured by ultraviolet (UV)-visible spectroscopy using a
UV-1700 PharmaSpec spectrophotometer. The surface mor-
phology of the thermosets was studied by high-resolution
transmission electron microscopy (HRTEM) using a JEOL
2100X electron microscope at an operating voltage of 200 kV
after casting on carbon coated copper grids. The adhesion of
the PBMC onto the thermosets and the antibacterial inter-
action of the used bacterial strains with the nanocomposites
was assessed by scanning electron microscopy (SEM) using a
JEOL JSM-6390LV microscope after platinum coating on their
surface.

3. Results and discussion

3.1 Fabrication of the nanocomposites

A solution technique was adopted to fabricate the HBPEA-
SMWCNT nanocomposites. Firstly, the MWCNTs were
functionalized with PGMA and PAni nanofibers, wherein the
functionalization occurred at the defects - the prime sites
present on the nanotube edges and on the sidewalls.>® The
epoxy groups and benzenoid-quinoid moieties generated by

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Preparation of the bio-based HBPEA-f-MWCNT nanocomposites by
the synergism of ultrasonication and MW irradiation.

the MW-assisted functionalization inferred interfacial
adhesion and wettability of the same with the HBPEA. The
interaction of the MWCNTSs with the PGMA and PAni nano-
fibers dictated the dispersion of the debundled nanotubes in
the HBPEA matrix. The preparative layout of the HBPEA-
J/MWCNT nanocomposites is shown in Scheme 1.

3.2 Possible mechanism of the formation of the
nanocomposites

The ultrasonic waves as well as the MW irradiation played vital
roles in the formation of the HBPEA-fMWCNT nanocompo-
sites with a preferred directionality, as evident from the
HRTEM study. Pulsed ultrasound was reported to be effective
in the exfoliation and dispersion of MWCNT agglomerates in
the HBPEA matrix.*! The effects of the ultrasound are associ-
ated with the rapid collapse of cavitation bubbles on a micro-
second time scale, creating microscopic domains of high
temperature and pressure, which opened up the non-covalently
wrapped PAni nanofibers from the nanotube surface. The
formation of microjets of energy or hot spots caused enhanced
exfoliation of the fFMWCNTSs,** thereby allowing a greater
surface area of the same to interact with the HBPEA chains.
Dictated by previous reports on the active MW absorption by
the MWCNTs,> the prepared nanocomposites were exposed to
MW radiation for 2 min (divided into six cycles, each cycle con-
taining an irradiation of 10 s succeeded with an interval of
10 s) to assist in the dispersion of the fMWCNTs in the
HBPEA matrix. The strong MW absorption is ascribed to the
presence of free n-electrons moving out of the graphitic frame-
work of the FMWCNTSs with a simultaneous volume expansion
of the nanotubes.** The MW absorption by the MWCNTSs at a
relatively low temperature caused a thermal expansion of
the nanotube layers, thereby facilitating the formation of

Biomater. Sci.



Table 1 Performance and domain length of the HBPEA, HBPEAMI,

HBPEAM2.5 and HBPEAMS thermosets

Physico-mechanical

property HBPEA HBPEAM1 HBPEAMZ2.5 HBPEAMS
Curing time (h) 10 1.5 1.2 1

Gel fraction (%) 772 78.4 79.7 80.2
Scratch hardness (kg) 8.5 9.5 10 >10
Impact resistance (cm) >100  >100 >100 >100
Tensile strength (MPa) 7.2 9.5 12.7 16.7
Elongation at break (%) 88.1 83.3 77.5 70.3
Domain length (A) — 9.7 12.4 16.2

“The maximum limit of the instrument is 100 cm.

interfacial interactions between the MWCNTs and the polymer
matrix.”® The MW irradiation induced the localized heating of
the fMWCNTs at the nanotube-HBPEA interface such that the
nanotubes aligned in a preferred direction within the matrix.**
The alignment of the FMWCNTs in the HBPEA is supported by
the morphological study and the presence of long-range order
by the XRD study (ESIf and Table 1). Upon direct MW
irradiation, the static temperature gradients resulted in well
oriented and aligned nanotubic arrays in the HBPEA matrix.

3.3 Morphology of the nanocomposites

The stable and uniform dispersion of the fFMWCNTs in the
HBPEAMS, as evident from the HRTEM study, is instrumental
in comprehending the enhancement of the structural and
thermal properties of the nanocomposites. The HRTEM image
(Fig. 1a) shows that the pristine MWCNTs have an average
external diameter of ~15 nm. A representative HRTEM

Fig. 1 High-resolution TEM images of (a) a pristine MWCNT, (b) a -MWCNT
based nanocomposite with the inset of an enlarged wall-to-wall distance of the
-MWCNT, (c) a dispersion of PAni nanofibers in HBPEAMS, and (d) a dispersion
scenario of FMWCNTs in HBPEAMS.
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micrograph (Fig. 1b) shows the anchoring of a PGMA layer
onto a MWCNT (having a diameter of ~35 nm). A reconstruc-
tion of the wall-to-wall distance of fFMWCNTSs was observed in
the MW treated nanocomposites as compared to the untreated
SMWCNTs. The wall-to-wall distance of the untreated
fMWCNTs was ~0.37 nm, which increased to ~0.4 nm in the
case of MW irradiated fMWCNTs dispersed in the HBPEA
nanocomposite (inset Fig. 1b).>* This change in the intertubu-
lar distance of the fMWCNTSs is indicative of the high temp-
erature and pressure encountered by the nanotubes during
MW irradiation. The dispersion of the PAni nanofibers in the
nanocomposite was observed in Fig. 1c. The MW irradiation
suffices for the appearance of a furrowed-like architecture of
the nanocomposite (Fig. 1d). This is further confirmed by the
presence of long range order in the XRD study (Table 1).

3.4 Performance of the nanocomposites

The performance of the epoxy-poly(amido amine) cured ther-
mosetting nanocomposites effectively changed with the incor-
poration of fMWCNTs. Table 1 lists properties such as the
curing time, gel fraction, scratch hardness, impact resistance,
gloss, tensile strength and elongation at break of the nano-
composites. It is evident from Table 1 that the curing time of
the epoxy-poly(amido amine) cured HBPEA and its nanocom-
posites baked at 150 °C decreased significantly with the
increase of the FMWCNT content. This was attributed to the
presence of the N-atom of the benzenoid ring and the oxirane
ring (adhered to the fFMWCNTs) which aided the crosslinking
reaction of HBPEA. In other words, the covalent bonding
between the epoxide groups adhered to the fFMWCNTSs and
-OH groups present in the periphery of the HBPEA backbone
resulted in a strong interfacial adhesion between the nano-
tubes and the polymer matrix.”> The preferred orientation of
the fMWCNTs in the HBPEA matrix, as evident from the
HRTEM study, also helped in decreasing the curing time. The
increment in the gloss with the FMWCNT content in the nano-
composites indicated that the cured thermosets possessed a
good dimensional stability and smooth surface morphology.
The increment in scratch hardness of the nanocomposites
with the fFMWCNT content was attributed to the enhanced
strength of the nano-reinforcing functionalized nanotubes and
flexibility of the HBPEA chains. The high impact resistance of
the thermosets reflected optimum crosslinking and flexibility
of the long hydrocarbon chains of the fatty acid part of the
HBPEA. The pristine HBPEA thermoset possessed a tensile
strength of 7.2 MPa which increased from 9.5 to 16.2 MPa with
the incorporation of FMWCNTs from 1 to 5 wt%. The incre-
ment in the magnitude of the tensile strength of the HBPEA
nanocomposites to ~170% as compared to the pristine one
further supports the presence of strong fMWCNT-HBPEA
interfacial interactions. The interactions between fMWCNTs
and HBPEA, as evident from the FTIR study, enhanced the dis-
persion of the FMWCNTs in the matrix and hence led to the
formation of dense crosslinked structures, which hindered the
mobility of the HBPEA chains, thereby improving the mecha-
nical properties.”® In other words, the incorporation of the

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Thermogravimetric analysis of HBPEA, HBPEAM1, HBPEAM2.5 and
HBPEAMS.

JMWCNTs in the HBPEA imparted a nano-reinforcing effect,
which is responsible for providing mechanical integrity to the
PBMC. The restricted mobility of the long fatty acid chains due
to the incorporation of fMWCNTs justified the decrease
(20.2%) in the elongation at break of the nanocomposites. The
minimal decrement in the elongation at break also reflects
sufficient flexibility of the nanocomposite films for being suit-
able for a number of applications including wound dressing
materials.

The thermal stability and degradation pattern of the HBPEA
and its nanocomposites were assessed by thermogravimetry
(Fig. 2). The HBPEA thermoset exhibited a two-step degra-
dation profile, with an initial and final degradation at around
277 °C (weight loss due to ester groups) and 521 °C (weight
loss due to amide groups), respectively.'"” The HBPEA nano-
composites also presented a two-step degradation pattern with
a dose-dependent increment of thermal stability. The increase
(277-325 °C) of the initial degradation temperature of the
nanocomposites with increasing fMWCNT content is attribu-
ted to the nano-mechanical interlocking of the fMWCNTs
within the HBPEA matrix via the adherence of functionalities
onto the nanotube surface. An increment in the weight residue
of the nanocomposites (~2-3% as compared to the HBPEA)
observed at 800 °C reflects the presence of thermo-stable
FMWCNTs.

3.5 Antibacterial activity of the nanocomposites

3.5.1 Enumeration of the CFU count. This study investi-
gated the antibacterial effect of the prepared nanocomposites
against bacterial strains, which cause a host of infections from
localized skin eruptions to life-threatening conditions such as
bacteraemia, endocarditis and pneumonia.

The effect of the incorporation of fFMWCNTs in the HBPEA
on bacterial growth was assessed by inoculating the nanocom-
posite films with the test strains. A substantial reduction in
the attachment of the Gram positive and acid fast bacterial

This journal is © The Royal Society of Chemistry 2013

View Article Online

1.0x10 )
(a) 1.0x10%] | (b)
-
3
5 < asae
w -
© HBPEAM2.S yean
1.5x10¢ - e 2.5!10‘_ HBPEAM!
1.0x10¢ B P —
HBPEAM{ 1.5x1 08 ngeuta "
5.0x10° 1.0x10¢ HBPEAMZS |
: HBPEAMS 50x104 ——
0 0
1.0x10" (c) 1.0x10° (d)
-
2 g
£ 2 2500 HOPEA gPeAM1 upEAMS
3 HBPEA o 25010 Ao S s
@ 1.5x107 HBPEAMT popays 0 gggg,
© rodur 1.0x107
5.0x10% 50108
0 1" HepEAMz S = iechied WBPEAM2 5
Wanoculated (e) Wnoculated f
1.0x108 " 1ox108 "
4 =
E HBPEAM2.§ 3 — HBPEAM2 S
35 S 2.5¢
E Soniof i 2.0x10¢ ;
© Txtoe 1.5%10¢ HBPEA
riara Ll vorent
M"% ) HBPEANS

Fig. 3 Antimicrobial activity of HBPEA, HBPEAM1, HBPEAM2.5 and HBPEAMS
towards (a) B. subtilis, (b) S. aureus, (c) E. coli, (d) K. pneumonia, (e) M. smegmatis
mc? 155, and (f) M. smegmatis ATCC14468. The CFU results are compared with
the control sample of inoculated broth.

species was observed as assessed through enumeration of the
colony forming units (CFU) (Fig. 3). The nanocomposites
exhibited pronounced antibacterial efficacy against B. subtilis
(Fig. 3a) and S. aureus (Fig. 3b), as compared to E. coli (Fig. 3c)
and K. pneumonia (Fig. 3d). A significantly lower number of
bacterial colonies was observed on the nanocomposites, imply-
ing the superior antibacterial activity of the same over the pris-
tine HBPEA. It can thus be inferred from the above
observations that the nanocomposites were more effective
against Gram positive bacteria as compared to the Gram nega-
tive ones, showing differential interaction of the same with the
surface moieties of the two different bacterial strains. The
basic architectural differences between the cell wall structures
in these bacterial strains may play a key role in the determi-
nation of their antibacterial activities.”” The M. smegmatis mc*
155 (Fig. 3e) (conventionally available, antibiotic ampicillin
resistant) and M. smegmatis ATCC14468 (Fig. 3f) exhibited low
colonization onto the nanocomposites as compared to the
pristine HBPEA (Fig. 4a).

3.5.2 Total protein content from bacterial adhesion. In
line with the above result, the reduction in the protein
adsorbed on the nanocomposite films was observed for the
tested bacterial species (Fig. 4b). The adhesion of the bacteria
onto the films decreased with the increase in the fMWCNT
content, with the lowest adhesion onto HBPEAM5. This was
attributed to the synergism of antibacterial effect of the
MWCNTs and the presence of the emeraldine salt form of the
PAni nanofibers (the key structural unit having similarity with
that of the active antibacterial tetracyclines)*® wrapped onto
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the MWCNTs. The ffMWCNTs are dispersed throughout the
HBPEA matrix, so the nanotubes are present both on the
surface as well as in the bulk. Although the HBPEA does not
possess antibacterial activity, the presence of dispersed
[MWCNTs in the HBPEA matrix is responsible for the antibac-
terial action of the nanocomposites. This is supported by the
work of Liu et al., which reported that the large surface area
and the strong adsorption of bacteria by the nanotubes
present in the dispersed state in the polymer matrix account
for the pronounced antibacterial activity.>® The protein con-
centration decreased similarly with decreasing CFU count
(Fig. 4a). The excretion of extra-cellular components such as
proteins by B. subtilis decreased by 80.6%, which is a more
than five-fold decrease as compared to K. pneumoniae upon
culturing on the HBPEAMS5 matrix. The decrease in protein
content may arise from the fMWCNTs that retarded the bac-
terial cell growth, resulting in decreased proliferation rates
instead of the death of the cells. The selective antibacterial
potency of the nanocomposites, as estimated by the total
protein content correlated well with the CFU study.

3.5.3 Interaction of a manocomposite with bacteria. The
plausible mechanism of cytotoxicity of the HBPEAMS5 on the
tested bacterial species is presented below. The release of
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Fig. 5 (a) Release of 260 nm absorbing materials from Gram positive and acid
fast positive bacterial strains. SEM images of (b) B. subtilis, (c) S. aureus,
(d) M. smegmatis mc? 155, (e) M. smegmatis ATCC14468 upon interaction with
HBPEAMS.

intracellular components, particularly nucleotides such as
DNA and RNA (having a strong UV absorption at 260 nm), is
indicative of the loss of cell membrane integrity.** The absor-
bance at 260 nm thus provided a basis for the mechanistic
study of the interaction of the bacterial cells with the nano-
composite (Fig. 5a). It was observed that the release of the cyto-
plasmic constituents from the Gram positive bacterial species
attained a level of saturation within 120 min of incubation,
though the curve almost reached a plateau after 220 min of
incubation with 20 pg mL™" of the nanocomposite at 37 °C.
However, the ‘acid fast positive species’ exhibited a monotonic
increase of the cytoplasmic constituents released over time.
The release of these 260 nm absorbing materials from the bac-
terial cytoplasm is attributed to the absence of the outer cell
membrane in both bacterial strains, which allowed the influx
of the nanocomposite. The differential in the UV absorption
pattern of the Gram positive and acid fast positive bacterial
species is attributed to the presence of a characteristic mycolic
acid rich cell wall in M. smegmatis which caused a slow release
profile.

Further, the SEM study showed a distinct difference in cel-
lular morphology of the bacterial cells after treatment with
HBPEAMS. The B. subtilis are elongated and evenly shaped
cells, which became corrugated with a ruptured cell surface

This journal is © The Royal Society of Chemistry 2013
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upon interaction with the tested material (Fig. 5b). The cell
wrinkling and shortening together with the formation of
craters were also observed. Upon interaction with the nano-
composite, the deformation and disintegration of the cells
were observed from round and proliferating cells with intact
and well-defined membranes of the control S. aureus (Fig. 5c).
The M. smegmatis bacterial strains have a uniform cylindrical-
shape morphology. These cells exhibited cell lesions together
with the formation of mycothiol for survival under hostile oxi-
dative stress conditions, upon interaction with the nanocom-
posite (Fig. 5d). In other words, the cells ruptured, becoming
flattened together with compromising their cellular integrity
while remaining embedded in the mycothiol (Fig. 5¢).*' The
different morphological observations of the two tested bac-
terial strains indicated different strain susceptibility towards
the nanocomposite. Thus, on the basis of the above study, it
can be inferred that there exists a positive correlation of the
loss of cellular integrity and the release of cytoplasmic con-
stituents from the bacterial cells. These results confirmed the
interaction between the nanocomposite and the bacterial cells.
This is due to the fact that the cells are damaged upon inter-
action with the nanocomposite, which is clearly seen from the
SEM micrographs. The nano-biointeraction is further sup-
ported by the UV-visible results, as the peak at 260 nm con-
firmed the release of DNA and RNA from the bacterial
cytoplasm (absorbance at 260 nm).

3.6 Invitro biocompatibility of the nanocomposites

3.6.1 Trypan blue exclusion assay. The prepared nanocom-
posites were examined for their biocompatibility with PBMC
by a trypan blue exclusion assay.*> The PBMC-matrix adhesion
is evident from Fig. 6. It was observed that the nanocomposite
films supported more healthy cells as compared to the pristine
polymer, indicating that the fMWCNTs are the key players.
The dose-dependent increment of cell viability of the nano-
composites is attributed to the presence of fFMWCNTs, as the
cell adhesion and proliferation is influenced by the matrix on
which it grows.**

3.6.2 MTT assay. The biocompatibility of the prepared
nanocomposites with PBMC was further examined in terms of
the former's effect on the latter's proliferation by the colori-
metric MTT assay. The spectroscopic measurement of the solu-
bilized formazan crystals (an indirect measurement of the
activity of mitochondrial dehydrogenase) in the MTT assay is
directly related to the number of viable cells.”’ Fig. 7a showed
a time- and dose-dependent increment in cell viability of the
nanocomposites. The viability of the PBMC compared to the
control after 48 h of incubation showed that the nanocompo-
site films exhibited no cytotoxic effect on the cells. The cell via-
bility >85% at 0, 1, and 2 h is attributed to the acclimatization
of the cells to the matrix. The cell viability increased with the
incubation time, imparting a superior biocompatibility with
time. Shvedova et al. reported the Janus-like properties of the
MWCNTs, wherein the pristine nanotubes were found to be
cytotoxic to the cells, unless surface-functionalized owing to
the lowering of their surface activity.®® In other words, the
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assay after 48 h of incubation of PBMC with (a) control, (b) HBPEA,
(c) HBPEAM1, (d) HBPEAM2.5, (e) HBPEAMS., (f) % Cell viability.

non-cytotoxic fMWCNTs enhanced the proliferation of the
PBMC. Thus, the adhering of PGMA and PAni nanofibers onto
the fFMWCNTs together with their dispersion in between the
HBPEA chains altered their cytotoxicity, thereby imparting bio-
compatibility with the PBMC.

3.6.3 PBMC adhesion and proliferation studies. The SEM
analysis was conducted for PBMC seeding assessment, particu-
larly to probe the cell adhesion and spreading onto the nano-
composite films. The SEM micrographs were found to be
consistent with the proliferation of PBMC with increasing
fMWCNT content, as indicated by an apparent increase in the
number of the adhered cells. Fig. 7(c~f) showed the attach-
ment and interaction of PBMC with porous HBPEA as well as
the nanocomposite films. The presence of both macro- and
micro-pores of a diameter ranging from 5-105 pm and 39.90%
porosity (Fig. 7b) proved to be effective as anchoring points in
the attachment and proliferation of the PBMC, as evident from
Fig. 7c. The 3D interconnected porous structure appeared to
resemble the elements of an extra-cellular matrix, thereby
improving cell attachment and growth.'* The low shrinkage of
the films (due to their optimum crosslinking density) pro-
moted cell adhesion and good biocompatibility, which was
further supported by Fernandes et al*® The surface of the
porous films exhibited an interconnected structure of PBMC at
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Fig. 7 (a) The cell viability of PBMC in terms of absorbance at 540 nm at
different time intervals of 0, 1, 12, 24 and 48 h. SEM images showing the
adhesion and proliferation of PBMC after seeding on the surfaces of (b) HBPEA,
(c) HBPEAM1, (d) HBPEAM2.5, and (e) HBPEAMS.

the loading of 2.5 wt% fMWCNTs in the HBPEA (appearing to
mimic the mesocarp of a watermelon pepo). However, the
PBMC were well-adhered, and proliferated to form a continu-
ous layer of cells covering the HBPEAMS5. In other words, the
surface of the porous HBPEAMS5 film exhibited a mat-like con-
formation (appearing to mimic a graphene sheet), with the
pores of the film being completely masked by the continuous
mesh of PBMC (Fig. 7f). Although PBMC consists of a mixed
population, the PBMC isolation protocol supports the adher-
ence of ~90% of the non-specific esterase-positive cells (rich in
macrophages) on the nanocomposite surface.*® The porosity of
the films allowed gas exchange (O, uptake and CO, release)
together with the passage of cell signaling molecules such as
hemokinins in the PBMC.?” Thus, the above results indicate
that the porous nanocomposite films support the attachment
and good proliferation of the PBMC. The hyperbranched archi-
tecture, when viewed from a biological perspective, has a
unique 3D structure and the presence of a multitude of func-
tional groups at the periphery imparts the biocompatibility of
the matrix via cellular interactions with PBMC. Rajaraman and
his coworkers documented that the spreading behaviour of the
PBMC is governed by factors such as the available surface area,
number and density of adhesion sites and other receptors of
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the substrate.”® The SEM micrographs suggest that the bio-
compatibility was further augmented by increasing the
JSMWCNT content in the HBPEA matrix. It is essentially a
surface phenomenon epitomized by cell-cell and cell-matrix
interactions. Thus, the masking of the MWCNTs with PAni
nanofibers and their dispersion in the HBPEA matrix impart
tissue tolerance and cellular interactions.”® The presence of
carbonyl groups on the surface of fFMWCNTs also plays a key
role in enhancing the biocompatibility owing to the decreased
activation of a mitochondria mediated apoptotic pathway.*
Thus, the SEM study corroborated well the results obtained
from the trypan blue exclusion assay and the MTT assay.

3.6.4 Measurement of reactive oxygen species (ROS). The
potential of the nanomaterials to penetrate healthy cells due
to their quantum size effect triggered the exploration of the
toxicity of the prepared nanocomposites. The production of
ROS is a two-edged sword which acts as a boon in cell signal-
ing, gene expression and in maintaining homeostasis in man,
while as a bane by damaging cellular proteins, lipids and DNA
which subsequently leads to carcinogenesis under oxidative
stress conditions.’ Tt has long been known that the pro-
duction of ROS is one of the health hazards related to the
exposure of MWCNTS.*” A decrease in the membrane integrity
of the PBMC leads to the leakage of ROS outside the cell,
leading to cell apoptosis. The FRAP assay is based on the
reduction of ferric-tripyridyltriazine (Fe'"-TPTZ) to an intense
blue colored ferrous form (Fe™).>' The ROS production or redu-
cing ability of the nanocomposites is directly proportional to
the amount of ferrous product formed, which can be quanti-
fied photometrically at 593 nm.*" The dose-response charac-
teristics of the prepared nanocomposites showed a linear
behavior (Fig. 8a). Tt was evident from the FRAP assay'!
(Fig. 7d) that ascorbic acid showed an absorbance of 0.68, the
prepared nanocomposites exhibited an absorbance of 0.5 after
10 min of interaction with Fe'"-TPTZ. The MWCNTs on one
hand showed no absorbance at 593 nm, indicating their pro-
nounced oxidative nature, while the fMWCNTs on the other
hand showed meagre absorbance (0.09). The masking of the
MWCNTs with a large number of -OH groups residing at the
periphery of the HBPEA rendered the prepared nano-
composites with significantly low toxicity as compared to
MWCNTs. This study showed that the prepared nano-
composites attenuated the quenching of ROS as compared to
the fMWCNTs.

3.6.5 Hemocompatibility assay. Hemocompatibility is an
important aspect of biocompatibility because of the direct/
indirect contact of the samples with blood. The hemolytic
assay results showed that the optical density at 540 nm
observed for the pristine MWCNTs and the nanocomposites
were almost equivalent to that of PBS, the negative control.'®
Thus, the samples showed no lysis of the red blood cells,
implying their compatibility with the cells.

Thus, the in vitro cell response studies showed that the
adhesion and proliferation rate of the PBMC increased with
increasing fFMWCNT content, without having any hemolysis
activity or without inducing any production of ROS. In this

This journal is © The Royal Society of Chemistry 2013
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context, both the 3D porous interconnected network structure
and the presence of fMWCNTs proved to be the prime factors
in promoting cell growth.®

3.7 Invitro biodegradation of the nanocomposites

The in vitro biodegradation of pristine MWCNTs and HBPEA~
FMWCNT nanocomposites was studied by subjecting the films
to the degrading action of a lipase-phosphate buffer solution,
which mimics the pseudo-chemical environment of simulated
animal body fluid.*” The biodegradation of the pristine and
nanocomposite films occurred as an extracellular process in
PBS catalyzed by lipase via an enzymatic oxidative mechanism.
Lipase, interfacially activated at the water-polymer interface,
assists in the enzymatic hydrolysis of the ester moieties
present in the polymeric backbone.®® The enzyme contains
buried catalytic sites and their activation occurs as a resuft of a
conformational change induced upon binding to the polymer
substrate. In aqueous media, the o-helical lid covers the active
site of the enzyme and blocks its access to the substrate. Upon
contact with the hydrophobic polymeric substrate, the lid rolls
back and the active site becomes accessible, and thus, the
enzyme gets in its active conformation.**** Firstly, the
inclusion of water into the polymer matrix occur via attack of
the polar groups, followed by bond scission catalyzed by the
enzyme. Thus, the bulk degradation takes place by the uptake
of water, followed by surface erosion at the interfacial region
between the polymeric surfaces and the aqueous media. The
increase in the fMWCNT content in the HBPEA matrix directly
correlates with the increase in the degradability of the fabri-
cated films.
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Table 2 Deconvolution of the ester and amide band of HBPEA and HBPEAMS

lesver/,nmidc

Sample 1 week 2" week 3" week 4" week
HBPEA 1.12 1.05 0.92 0.89
HBPEAMS 1.1 0.89 0.75 0.61

The FTIR spectroscopic analysis of the ester to amide ratio
(Tester/Tamice) Of the nanocomposite films before and after bio-
degradation provided a mechanistic understanding of its enzy-
matic degradation. The scission kinetics of the ester bond of
the biodegraded films was investigated from the FTIR spec-
trum. The pristine HBPEA exhibited an absorption peak at
around 1730 em ™', corresponding to the C=0 stretching. The
integrated intensity of I.ger/Iymige Was analyzed by fitting with
a Lorentzian profile. The enzymatic hydrolysis of ester moi-
eties of the pristine MWCNTs (Fig. 8b) and the HBPEA nano-
composites (Fig. 8¢) by lipase is evident from the decrement in
integrated intensity of Iogrer/Tamiqe (Table 2) for the biodegraded
films.

The degradation by a surface erosion mechanism, charac-
terized by the loss of material from the surface, is evident
from the mass loss profile of the films (Fig. 8d). With the
increase in fFMWCNT content, a considerable decrement in
the mass of the films (17.09, 25.04, 31.16 and 38.19% mass
loss for HBPEAM1, HBPEAM2.5 and HBPEAMS, respectively)
was observed. Thus, the hydrolysis of the ester bonds in
HBPEA and its nanocomposites has been postulated as the
mechanism of its biodegradation.'5 Further, the observed
dose-dependent biodegradation is attributed to the increasing
FMWCNT content. The increment of the degradation of the
nanocomposites with the AFMWCNT content is attributed to
the presence of polar moieties on the fMWCNTSs, such as
epoxy, carbonyl and PAni nanofibers. These groups aided in
the enhancement of the wettability and hydrolytic degradation
of the nanocomposites by sorption and penetration of water
into the polymer matrix. The penetrated water molecules pro-
moted the accessibility of the polymer chains towards lipase,
thereby enhancing chain scission, which hence resulted in
good biodegradation.

However, upon degradation of the nanocomposites in due
course of time, the fMWCNTs may be released from the
polymer matrix, although the rate of degradation slows down
with time. The fate of the released MWCNTs in the body yields
concern regarding their cytotoxicity. In such a situation, the
nanotubes are catalytically biodegraded by the radical inter-
mediates generated inside the biofluids in the body, such as
myeloperoxidase and hypochlorite, resulting in the release of
carbon dioxide without generating any inflammatory
response.*’

3.8 Antibacterial efficacy of the biodegraded nanocomposites

The long-term antibacterial potency of the biodegraded films
was  investigated by inoculating the  biodegraded
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Fig. 9 Antimicrobial activity (CFU count) of HBPEA, HBPEAM 1, HBPEAM2.5 and
HBPEAMS towards (a) B. subtilis, (b) S. aureus, (c) M. smegmatis mc? 155, and
(d) M. smegmatis ATCC14468.

nanocomposites with the tested bacterial strains and calculat-
ing the CFU count. It was clearly evident from Fig. 9 that there
is a slight increment in the CFU count with time on HBPEA.
The increase in the CFU count on the film is illustrative of the
enhancement of the bacterial adhesion onto HBPEA with time.
This may be attributed to the increase in oligomeric products
with degradation time. These low-molecular-weight HBPEAs
may increase the accessibility of the film towards bacteria by
serving as the carbon source for their growth. However, the
antibacterial activity of the degraded nanocomposites was
fairly constant with degradation time. In other words, the inhi-
bition of bacterial growth on the biodegraded nanocomposites
was similar to that of the non-biodegraded ones (Fig. 9). This
is attributed to the presence of fMWCNTSs - the prime factor
for antibacterial activity in the degraded nanocomposites. Also
the in vitro biodegradation study of the HBPEAMS5 (the
maximum biodegraded nanocomposite) showed that it
required four weeks to degrade 38.19 wt% with a gradual
decrease in the rate of degradation with exposure time. More-
over, the above degradation accounted for the polar moieties
such as esters. The nanotubes remained intact for longer
(more than four weeks). Thus, these results indicate that the
nanocomposite retained the antibacterial efficacy for a longer
time period.

4. Conclusions

The present study highlighted the fabrication of multifunc-
tional bio-based HBPEA-fMWCNT nanocomposites. The anti-
bacterial nanocomposites triggered the release of a significant
amount of cytoplasmic constituents of Gram positive bacteria
and M. smegmatis. The mitochondrial enzyme activity assay
established the biocompatibility of the nanocomposites with
PBMC, further confirmed by the significant PBMC attachment
and proliferation in response to a varied fFMWCNT content of

Biomater. Sci.
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the nanocomposites and exposure time. The time-course
dependent biodegradation of the nanocomposites augmented
in line with the increase in the fMWCNT content. Thus, the
study opens up the promising application of bio-based
HBPEA-fMWCNT nanocomposites as antibacterial dressing
materials for infected burn wounds, where a decrease in the
bacterial colonization onto the wound surface is favorable for
the reduction in the infection rate of burn wounds. However,
before the practical utilization of these microporous nanocom-
posites as wound dressing materials for burn infections,
further in vivo studies need to be performed. The authors are
happy to announce that the study of the prepared nanocompo-
sites as prospective scaffold materials for facilitating the pro-
liferation of epithelial cells, an integral part of the wound
healing process, is in progress, and the preliminary results are
very encouraging.
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