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ABSTRACT
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Monoamine oxidase (MAO) is the flavoenzyme which is present on the outer membrane
of the mitochondria. The two isoforms of the enzyme are MAO-A and MAO-B that have
sequence similarity of 73% but differ in substrate specificity, inhibitor selectivity and
tissue distribution and their crystal structure is well explored. MAOs play major role in
Parkinson’s, Alzheimer’s and depression and also involved in other disease states like
anxiety, anorexia, bulimia, dysmorphic disorder. Recently para-substituted 4-
phenylpiperidines and 4-phenylpiperazine have been reported as MAO inhibitors and
results suggested that p-substituent’s with low dipole moment increases affinity to MAO-
A, while substituent with high dipole moment have weak MAO-B. We have designed
some phenyl piperazine derivatives with the help of molecular docking studies and
explored various interactions of the ligands with reported crystal structure of both
isoforms of MAO. Docking studies reveals that the proposed compounds shows
significant binding interactions with the enzyme. A series of 10 compounds (VS-1 to 10)
synthesized and evaluated for their MAO inhibitory potency. The results suggested that
the synthesized compounds VS-1 showed 57% to 46% inhibition in total MAO activity as

iv



compared to the control whereas VS-2, VS-3, VS-4, VS-6 and VS-10 compounds also
displayed inhibitory response. While, VS-3 was found to be less active with increase in
the concentration. The compounds VS-5, VS-7, VS-8 and VS-9 displayed constant
inhibitory response at all concentrations as compared to the untreated control. It is
pertinent to mention that the standard inhibitor used in the experiment i.e. clorgyline
(MAO-A) and pargyline (MAO-B) displayed 36% and 52% inhibitory activity respectively.
The current synthesis strategy employed here a scope for generation of a library of
compounds and their evaluation against selective MAO-A and MAO-B enzyme.

Sheetal Dr. Vinod Kumar Dr. Anil K. Mantha



ACKNOWLEDGEMENTS

I would like to thank the following people and affiliations that played a role

in helping me complete my Master's study:

Firstly to my Lord and Saviour for His grace, guidance and patience

My supervisor, Dr. Vinod Pathania for his support, wisdom and always being
there when needed most.

My co-supervisor, Dr. Anil K. Mantha for all his help and guidance in
biological studies.

Dr. Raj Kumar and Dr. Vikas Jaitak for their support and guidance.

Prof. P. Ramarao for his wisdom and guidance.

Prof. R.G Saini for his guidance and improving our presentation skills by his
comments and tips.

A special thanks to Ashish (ashi) and Vijayinder (khamba) for helping me
throughout my thesis and gave me the possibility to complete this research
work. Thank you guys for always being there whenever needed.

A big thanks to Mr. Ravi Cholia for helping me in biological studies.

My fellow students' (Gaurav, Anil, Gagan (gaggu), Akanksha and Mayank)
support has been continuous fuel during my journey in finishing this thesis
program. My deepest thanks to my seniors (Monika, Ramit, Arvind
negi, Jimi, Prakriti, and yashika) who supported and helped me
throughout my work.

A deepest thanks to Mr. Rajesh Tiwari, Vishal and Roshan for helping me

and providing me all the Lab facilities.

Life would not have been as colorful without the many good friends, a very

special thanks to all my caring, loving, supportive and Special friends

(Shifali, Shiny, Deepika, Rekha, Manpreet, Rajandeep, Hilal, Mudasir,

Vi



Sameer, Raoof) for sharing good times throughout my research work and
making me happy.

» Last but not least, I want to thank my loving and caring family (Meenia
Family). Thanks to my father Subhash chander and my mother Sandhya Devi
for teaching me to be curious and sincere to life, and for always being there
for me. Anamika meenia, for being such a sweet and uplifting little sister.
Words cannot express my appreciation and love for my other brothers and
sisters (Pratima, Abhishek, Pamela, Ranjeet, Pawan, Monika, Seema,

Vikas, Sonika,).

“l WOULD LIKE TO DEDICATE THISTHESISTO MY WHOLE FAMILY AND WOULD LIKETO
EXPRESSMY LOVE AND THANKS FOR GIVING ME THE OPPORTUNITY FOR HIGHER
STUDIES AND SUPPORTING ME EVEN IN THEIR HARD TIMES. LOVEU ALL.”

-  Sheetal

Vi



TABLE OF CONTENTS

Sr. No. Contents NE%gbeer
1. Introduction (Chapter-1) 1
2. Review of Literature (Chapter-2) 13
3. Rationale and Objectives (Chapter-3) 40
4. Molecular Docking studies (Chapter-4) 45
5. Synthesis of Compounds (Chapter-5) 57
6. Biological studies (Chapter-6) 66
7. Results and Discussion (Chapter-7) 74
8. Summary and Conclusions (Chapter-8) 90
9. References (Chapter-9) 03
10. Appendix 101

viii



LIST OF TABLES

Page
Table No. Table description Number
2.1 MAO inhibitors under clinical trials 14
4.1 IUPAC names and structures of the docked compounds 48
4.2 Docking energy of the compounds with MAO-A enzyme using, 51
AutoDock, AutoVina & MOE software’s
4.3 Docking energy of the compounds with MAO-B enzyme using, 52
AutoDock, AutoVina & MOE software’s
5.1 Spectral analysis data of the synthesized compounds VS-1 to VS- 61
10
5.2 Chemical Analysis data of the synthesized compound 65
6.1 List of instruments used in Biological studies 67
6.2 Cell lines under study 67
7.1 Total MAO activity determined in the mitochondrial extracts of SH- 78
SY5Y cells against known inhibitors and synthesized compounds
designed as potential MAO inhibitors
7.2 Cell viability (%) of SH-SY5Y cells at different concentrations of 82
synthesized compounds after 24 hr of treatment.
7.3 Cell viability (%) of SH-SY5Y cells at different concentrations of 84
synthesized compounds after 48 hr of treatment.
7.4 Cell viability (%) of IMR-32 cells at different concentrations of 86
synthesized compounds after 24 hr of treatment.
7.5 Cell viability (%) of IMR-32 cells at different concentrations of 88

synthesized compounds after 48 hr of treatment.




LIST OF FIGURES

Figure No. Figure Description Page No.
1.1 General Catalytic Reaction of MAO Enzyme 3
1.2 Oxidation of monoamine into aldehyde using FAD as Cofactor 3
1.3 Mechanism of neurotoxicity induced by Fe“"ions due to Fenton 4

reaction
14 Role of MAO in different disease states 5
15 Crystal structure of human MAO-A with harmine. PDB ID 9

(2Z5X)
1.6 A ribbon crystal structure of MAO-B (dimeric) with Farnesol 10

PDB ID (2BK3)
1.7 Active site mutations and cavities of MAO-A & MAO-B 12
1.8 MAO Inhibitors 13
2.1 Pyrazoline derivative as MAO inhibitors 16
2.2 Coumarin derivatives as MAO inhibitor 17
2.3 Chromone derivatives as MAO inhibitors 19
2.4 Hydrazine derivatives as MAO inhibitors 21
2.5 Hybrid molecules as MAO inhibitors 23
2.6 Chroman analogues as MAO inhibitors 24
2.7 Benzofuran derivative as MAO inhibtors 24
2.8 Diphenylpropenamides as MAO inhibitors 25
2.9 a-tetralone derivatives as MAO inhibitors 26
2.10 Benzamido-phenylxanthine derivatives as MAO inhibitors 26
2.11 Piperine derivative as MAO inhibitors 27




2.12 Sulphanylpthalimide derivatives as MAO inhibitors 27
2.13 Thiazolidinedione derivatives as MAO inhibitors 28
2.14 Caffeine derivatives as MAO inhibitors 29
2.15 Phenoxy analogues as MAO inhibitors 29
2.16 Phthalide analogues as MAO inhibitors 29
2.17 Quinolinone derivatives 30
2.18 penta-2,4-dien-1-one derivatives 31
2.19 Psychotria alkaloids as MAO inhibitors 31
2.20 Benzyloxy analogues as MAO inhibitors 32
2.21 Quinoxazoline derivative as MAO inhibitors 32
2.22 B-carboline derivatives as MAO inhibitors 33
2.23 Oxazolidinone derivatives as MAO inhibitors 33
2.24 Carbothioamide derivatives as MAO inhibitors 34
2.25 Piperamide derivatives as MAO inhibitors 34
2.26 Imidazole derivatives as MAO inhibitors 36
2.27 Benzophenone derivatives as MAO inhibitors 36
2.28 Polyamine derivatives as MAO inhibitors 37
2.29 Sulphonate esters as MAO inhibitors 38
2.30 Quinazoline Derivatives as MAO inhibitors 38
2.31 Dienone derivatives as MAO inhibitors 39
3.1 Biological importance of Piperazine ring 42
3.2 4-Arylpiperazine derivatives 42
3.3 4-phenylpiperidines and 4-phenylpiperazine derivatives 43

Xi




3.4 mono-substituted 4-phenylpiperidines and 4-phenylpiperazines 43

4.1 Tyramine interactions with MAO-A (2Z5X) and MAO-B (2BK3) 50

4.2 Interactions of standard drug Harmine docked with protein (PDB 53
ID 275X) using Schrodinger software.

4.3 Docking poses of compounds VS-7 and VS-4 interacts with the 54
MAO-A (2Z5X)

4.4 Standard drug Farnesol docked with protein (PDB ID 2BK3) 54
using Schrodinger software

4.5 Docking poses of compounds VS-3 and VS-8 interacts with the 55
MAO-B (2BK3)

51 General reaction scheme for compounds VS 1-5 & VS-8 59

5.2 Process optimization for C-N bond formation reaction 60

5.3 C-N bond formation reaction in presence of ionic liquid under 60
microwave

54 General reaction scheme for compounds VS-6 to 7 & VS-9 to 61
10

6.1 Reaction scheme for the formation of resorufin, the fluorescent 69
product from amplex Red.

6.2 Schematic representation of mitochondrial isolation protocol 70

6.3 Schematic representation of mitochondrial lysate preparation 70
protocol.

6.4 Protocol for MAO inhibitory assay 71

6.5 Reduction of MTT by reductases 71

6.6 Schematic Representation of MTT Assay Protocol 73

7.1 Reaction schemes for synthsesizing compounds (VS-1 to VS- 76
10)

7.2 Total MAO (A & B) activity in mitochondria lysates made from 80

SH-SY5Y cells in the presence or absence of known and

synthesized compounds designed as potential inhibitors for

MAO.

Xii




7.3

Cell viability of SH-SY5Y cells in response to treatment with
synthesized compounds at concentrations of control, VC, 1 uM,
5uM, 15 pM, 25 pM, and 50 pM for a time duration of 24 hr

81

7.4

Cell viability of SH-SY5Y cells in response to treatment with
synthesized compounds at concentrations of control, VC, 1 uM,
5uM, 15 uM, 25 uM, and 50 pM for a time duration of 48 hr

83

7.5

Cell viability of IMR-32 cells in response to treatment with
synthesized compounds at concentrations of control, VC, 1 uM,
5uM, 15 uM, 25 uM, and 50 pM for a time duration of 24 hr

85

7.6

Cell viability of IMR-32 cells in response to treatment with
synthesized compounds at concentrations of control, VC, 1 uM,
5uM, 15 pM, 25 pM, and 50 pM for a time duration of 48 hr

87

xiii




LIST OF ABBREVIATIONS

Full Form

Abbreviation

Monoamine oxidase

MAO

S. No.
1.
2. Flavin Adenine Dinucleotide FAD
3. Parkinson’s Disease PD
4. Alzheimer’s Disease AD
5. Hydrogen peroxide H,O,
6. Amyotrophic Lateral Sclerosis ALS
7. Tyrosine TYR
8. Acetylcholinesterase AChE
9. Butyrylcholinesterase BuChE
10. Blood Brain Barrier BBB
11. Protein Data Bank PDB
12. Root Mean Square Deviation RMSD
13. Molecular Operating Environment MOE
14. Reactive oxygen species ROS
15. Dopamine DA
16. Nerve Growth Factor NGF
17. Glial cell line derived neurotropic factor GDNF
18. Brain derived neurotropic factor BDNF
19. Glyceraldehydes-3-phosphate GADPH

dehydrogenase

20. Superoxide dismutase SOD
21. B-cell leukemia/lymphoma BCL
22. 5-Hydroxytryptamine 5-HT
23. Structure activity relationship SAR
24. Dimethyl sulfoxide DMSO

Xiv



25. Fourier transform Infrared spectroscopy FT-IR
26. Nuclear magnetic resonance NMR
27. Gas chromatography-Mass spectrometry | GC-MS
28. Thin layer chromatography TLC
29. Dimethyl formamide DMF
30. Cuprous iodide Cul
31. Cesium carbonate Cs,CO3
32. Dichloromethane DCM
33. Round bottom flask RBF
35. Dulbecco's modified Eagle's medium DMEM
36. (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl | MTT
tetrazolium bromide
37. Bovine serum albumin BSA
38. Coomassie Brilliant Blue G-50 CBB G-50
39. Sodium hydride NaH

XV



CHAPTER 1

INTRODUCTION



1.1 Monoamine oxidase

Monoamine oxidase (MAQ) is an enzyme existing in all living cells and bound to the
outer membrane of the mitochondria. The enzyme contain a flavin adenine
dinucleotide (FAD) cofactor vital for its activity (Youdim et al., 2006). FAD co-factor
covalently bind to MAO at cysteine residue by an 8-alpha (s-cysteinyl) riboflavin linkage.
MAO acts as a catalytic agent in the oxidative deamination of various monoamines,
comprising 5-hydroxytryptamine (serotonin), dopamine, histamine, adrenaline and

noradrenaline.

1.2 Pharmacological significance

1.2.1 Substrates and inhibitors similarities and specificities

MAO was not a single enzyme but might exist in at least two forms that had different pH
optima and sensitivity to heat inactivation’s (Blaschko et al., 1937). MAO exists in two
isoforms (Carradori et al., 2013): MAO-A and MAO-B. These two isoforms have
sequence similarity of around 73% but vary in their substrate specificity and inhibitor
selectivity. MAO-B deaminates benzylamine and 2-phenylethylamine (aryl/ alkylamines)
and is inhibited by (R)-deprenyl whereas MAO-A deaminates 5-hydroxytryptamine
(serotonin) and is inhibited by clorgyline (Novaroli et al., 2006). Both isoforms oxidizes
tyramine and dopamine as substrates. MAO-A is expressed first but the expression
level of MAO-B inside the brain is increased intensely after birth (Nicotra et al., 2004).
Although the two isoforms of MAO are preferentially inhibited by different inhibitors, they
show similar susceptibility to some inhibitors, such as iproniazid, phenylzine,
tranylcypromine and propargylamines. Iproniazid, a common drug to treat tuberculosis
patients, was found to produce mood elevation in patients, so this hydrazine derived
inhibitor was an initial MAO inhibitor to treat depression (Ganrot et al., 1962).

1.2.2 Tissue distribution

The sources of the enzyme are human placenta (MAO-A and B), blood platelets
(MAO-B), bovine liver (MAO-B), and baboon liver (MAO-B) and recently human
MAO-B reported from yeast cells (Weyler et al., 1990). MAO enzyme activity is different
among various regions of human brain, hypothalamus and basal ganglia show the

highest activity while cerebellum and neocortex show the lowest activity (O'Carroll et al.,
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1983). To identify the distribution of MAO isozymes throughout the brain, radio labeled
inhibitors were used and it was found that basal ganglia contains mainly MAO-B (Fowler
et al., 1987).

1.3 Reaction mechanism of MAO

In the MAO catalytic reaction, there are two half-reactions: reduction and oxidation, and
molecular Oz assists as the electron acceptor. The amine substrates are first oxidized
by the covalent flavin cofactor to produce an imine intermediate in the reductive half-
reaction, and flavin cofactor is correspondingly reduced to the hydroquinone. The
reduced flavin is then reoxidized by O: in oxidative half reaction to form H202, and H20
non-enzymatically hydrolyzes the dissociated imine product to aldehyde and NH4* as
shown in Fig.1.1 (Edmondson et al., 1993).

RCH,NR,R, + MAO,, —> RCH=NR,R, + MAO,_,
H,O 0,

RCH=0
. MAO,,

NH-R;R,

Fig.1.1 General Catalytic Reaction of MAO Enzyme
MAO enzyme catalyzes the oxidative deamination of biogenic monoamines to the
corresponding hydrogen peroxides, aldehydes, ammonia and substituted amines
that may causes neurodegeneration (Salach & Weyler, 1987). It is reported that the

oxidation of the amine occurs when it is in the free base form (Silverman et al., 1980).

RCHNR{R;, — > RCHOH + NHR(R;

MAO l ADH

RCOOH

Fig.1.2 Oxidation of monoamine into aldehyde using FAD as Cofactor.



Metabolism of monoamines by MAO is major source of H20:2 in the brain in Fig.1.2.
Normally the H20:2 is inactivated by glutathione peroxidase (GPO) but it can be
converted chemically by Fe?* ions (Fenton reaction) into highly reactive hydroxyl radical.
This radical has widespread deleterious effects which can cause neuronal damage and
death. So the inhibition of MAO decreases the formation of H202 and iron chelation
removes the Fe?* ions, both decreasing the formation of hydroxyl radical and the levels

of oxidative stress as shown in Fig.1.3

MAO other oxidative proce?ie—§‘
% fFeZ*
OH. (_reacts with lipids, proteins)
GSG j
GSSG j
H,0, + 02

Fig. 1.3 Mechanism of neurotoxicity induced by Fe?*ions due to Fenton reaction
1.4 Physiological role of MAO enzyme in different disease states

MAO in peripheral tissues, such as the intestine, liver, lungs and placenta, seems to
protect the body by oxidizing amines from the blood or by preventing their entry into the
circulation. MAO-B in the micro-vessels of the blood—brain barrier (BBB) apparently has
a similar protective function, acting as a metabolic barrier. It has been proposed that
in the peripheral nervous system (PNS) and central nervous system (CNS) MAO-A
and MAO-B protect neurons from exogenous amines, terminate the actions of
amine neurotransmitters and regulate the contents of intracellular amine stores.
Noradrenergic neurons contain both MAO-A and MAO-B (O’Carroll et al., 1983), and
NA is a reasonably good substrate for both forms of the enzyme. MAO regulates
concentrations of important neurotransmitters in brain, such as dopamine and serotonin,
as well as protects the body by oxidizing xenobiotic and dietary amines in peripheral
tissues which could function as false neurotransmitters. A wide range of MAO inhibitors
that includes reversible and irreversible inhibitors of MAO-A, MAO-B, or both are now

available. These are ascertaining to have therapeutic value in several diverse



conditions, including affective disorders, neurodegenerative diseases, stroke and
ageing. The therapeutic use of MAO inhibitors in these conditions is discussed below in
Fig. 1.4 -

| Major depressive disorder |
’ Role of MAO enzymes in\
ety N different diseases ,/'
| Resistant Depression
| Body dysmorphic disorder |

Fig. 1.4 Role of MAO enzyme in different disease states

1.4.1 MAO enzyme in depression

MAO inhibitors showed antidepressant properties by selectively inhibit MAO-A enzyme
which leads to increased brain levels of dopamine, noradrenaline and 5-HT. Some of
the non-selective irreversible inhibitors including phenelzine and tranylcypromine, are
still in clinical use along with the reversible MAO inhibitors moclobemide, befloxatone
and toloxatone. The reversible MAO-A inhibitors have been reported to be particularly
effective in the treatment of depression in elderly patients (Da Prada et al., 1987). MAO-
A and non-selective MAO inhibitors seem to be particularly valuable in the treatment of
phobic anxiety and atypical depressions, such as those involving hysterical traits,
hypersomnia, bulimia, tiredness and impression of rejection, for which they are superior
to amine-uptake inhibitors (Stahl & Felker, 2008). Interestingly, phenelzine has been
shown to increase corticosterone levels associated with hypothalamic—pituitary—
adrenocortical axis activity (Kier et al., 2005), which is hypoactive in atypical depression,
but hyperactive in major depressive conditions. MAO-B inhibitors are devoid of
antidepressant activity and do not promote the cheese reaction unless administered at
concentrations high enough to inhibit MAO-A.



1.4.2 MAO enzyme in alzheimer’s disease

Alzheimer’s disease (AD) is measured as extreme loss in memory and intellectual ability
convoyed by behavioral disturbances & declining ability to perform basic activities of
daily life (Zhang, 2005). Depressive symptoms occur in patients with AD and these may
be associated with decrease in serotonergic and noradrenergic transmission in the
limbic system (Cummings et al., 1995; Garcia-Alloza et al., 2005). Although the cause of
progressive neuronal degeneration in AD is not known but there are evidences like:
presence of oxidative stress mediated by increased levels of iron, breakdown of
peroxynitrite and nitration of tyrosine residues in the cell membrane proteins has been
reported (Christen, 2000) and MAO-B activity also increases in association with gliosis
which can result in higher levels of H202 and oxidative free radicals (Markesbery, 1997,
Sterling et al., 2002). MAO is another target to be considered for the treatment of AD as
it catalyzes the oxidative deamination of variety of biogenic and xenobiotic amines with
the production of H202. MAO inhibitor deprenyl is an anti-Parkinson drug used to inhibit
dopamine degradation in the brain. Also as a neuroprotective agent, deprenyl has been
used to slow the progress of neurodegenerative diseases such as AD for many years. It
is reported that the major depressive symptoms by a lack of noradrenaline and
serotonin. MAO inhibitors increase the intracellular concentration of endogenous
amines by inhibiting their deamination, which seems to be the cause of their
antidepressant action (Stahl & Felker, 2008).

1.4.3 MAO enzyme in parkinson’s disease

Both MAO-A and MAO-B are the major enzymes that catalyze the oxidative
deamination of monoamine neurotransmitters such as dopamine (DA), noradrenaline,
and serotonin in the central and peripheral nervous systems. MAO-B is mainly localized
in glial cells. MAO B also oxidizes the xenobiotic 1-methyl-4-phenyl- 1, 2, 3,6-
tetrahydropyridine (MPTP) to a parkinsonism-producing neurotoxin, 1-methyl-4-phenyl-
pyridinium (MPP+). MAO-B may be closely related to the pathogenesis of PD, in which
neuromelanin containing DA neurons in the substantia nigra projecting to the striatum in

the brain selectively degenerate. MAO-B degrades the neurotransmitter DA that is



deficient in the nigro-striatal region in PD, and forms H202and toxic aldehyde
metabolites of DA. H20:2 produces highly toxic reactive oxygen species (ROS) by
Fenton reaction that is catalyzed by iron and neuromelanin. MAO-B inhibitors such as L-
(-)-deprenyl (selegiline) and rasagiline are effective for the treatment of PD. Concerning
the mechanism of the clinical efficacy of MAO-B inhibitors in PD, the inhibition of DA
degradation (a symptomatic effect) and also the prevention of the formation of
neurotoxic DA metabolites, i.e., ROS and dopamine derived aldehydes have been
speculated. As another mechanism of clinical efficacy, MAO-B inhibitors such as
selegiline are speculated to have neuroprotective effects to prevent progress of PD. The
possible mechanism of neuroprotection of MAO B inhibitors may be related not only to
MAO B inhibition but also to induction and activation of multiple factors for anti-oxidative
stress and anti-apoptosis: i.e., catalase, superoxide dismutase (SOD) 1 and 2,
thioredoxin, Bcl-2, the cellular poly(ADP-ribosyl)ation, and binding to glyceraldehydes-3-
phosphate dehydrogenase (GAPDH). Furthermore, it should be noted that selegiline
increases production of neurotrophins such as nerve growth factor (NGF), brain-derived
neurotropic factor (BDNF), and glial cell line-derived neurotropic factor (GDNF), possibly
from glial cells, to protect neurons from inflammatory process. PD is one of the common
neurological disorders in that elevated level of MAO-B is found (Fowler et. al.1980). This
disease may be associated with the effect of MAO-B activity by increasing the levels of
toxic H202 and by bio activating exogenous or endogenous neurotoxins which lead to
degradation of dopamine-producing neurons. PD occurs as a result of affected basal
ganglia region where MAO-B isoform seems to be significantly responsible for the
metabolism of dopamine, therefore inhibitors of MAO-B have been used in the therapy
of PD (Thokozile et al., 2012). In PD therapy, MAO-B inhibitors are frequently combined
with levodopa, the metabolic precursor of dopamine. The inhibition of the MAO-B
catalyzed oxidation of dopamine in the brain may elevate the levels of dopamine
derived from levodopa and may allow for a reduction of the levodopa dose required for
a therapeutic effect. In addition MAOs act as major source of H202 in cells which may
causes oxidative stress and promote the neurodegenerative processes associated with
PD (Manley-King et al., 2011).



1.4.4 Other neurodegenerative diseases.

Neurodegenerative diseases such as Huntington’s disease and amyotrophic lateral
sclerosis (ALS) shows similar pathological features of PD and AD, such as oxidative
stress, iron accumulation, excitotoxicity, inflammatory processes and the toxic proteins
that cannot be degraded after ubiquitination. |-Deprenyl treatment has not been
successful in the treatment of ALS (Lange et al., 1998). However, rasagiline and CGP
3466 have been reported to be effective in mouse models of ALS (Kragten et al., 1998;
Waibel et al., 2004). A single-patient study has reported beneficial effects of |-deprenyl,

in combination with the 5-HT reuptake inhibitor fluoxetine, in Huntington’s disease.

1.4.5 Cerebral ischaemia

[-Deprenyl declines the peripheral tissue damage that results from cardiac failure (Qin et
al., 2003), and that arising in the brain from cerebral ischaemia in animal models (Simon
et al., 2001). This protective effect has been credited to a decrease in H202generated
by MAO during ischaemia-reperfusion, together with an increased ratio of B-cell
leukaemia/lymphoma 2 (BCL2) to BCL2-associated protein X (BAX) it is reported that
phase 2 clinical trials confirmed that the recovery after cerebral infarction enhances by

selegiline [I-deprenyl] (Youdim et al., 2006).

1.5 X-ray crystal structure of MAO-A and MAO-B

Mammalian MAOs are bound to outer mitochondrial membrane and have a FAD
molecule covalently bound to protein via an 8a-thioether linkage to a cysteinyl residue.
The two isoforms MAO-A and MAO-B share a high sequence identity (~70%) but
different in their substrate specificities. MAO B mainly acts on small exogenous amines,
whereas MAO-A carries out the degradation of bulkier endogenous amine

neurotransmitters, such as serotonin.



1.5.1 Structure of hMAO-A

Fig. 1.5 Crystal structure of human MAO-A with harmine. PDB ID (2Z5X) (Son et al.,
2008)

Crystal structure of human MAO-A shown in Fig. 1.5, Human MAO-A contains 527
amino acid residues and it consists of a single cavity that extends from flavin ring to
cavity-shaping loop consisting of residues 210-216.The volume of this cavity is
predicted to be ~ 550A3 which is shorter in length and wider and is lined by 11 aliphatic

and 5 aromatic residues which reveal that this cavity is quite hydrophobic.

1.5.2 Structure of human MAO-B

MAO-B consists of 520 amino acids. The crystal structure of MAO-B (Fig. 1.6) shows
that the enzyme is a dimer and each monomer consists of a globular structure (residues
1-488) .The protein contains substrate-binding domain and FAD binding domain. The
enzyme is attached to the outer mitochondrial membrane through its C-terminal amino
acids (residues 461-520).The volume of MAO-B cavity as ~ 700 A3.Moreover, the MAO-
B cavity was found to be bipartite containing two separate spaces -the substrate cavity
(~400 A3) & the entrance cavity (~300 A3) (Milczek et al., 2011). The position of FAD-
cofactor with respect to the overall structure is highly conserved and the substrate
binding sites consist of elongated cavities (Son et al., 2008). Separating the “entrance

cavity” from



the similarly hydrophobic “substrate cavity” (volume = 400 A3) is an isoleucine199 (lle-

199) side chain which serves as a “gate” between the two cavities.

Fig.1.6 A ribbon crystal structure of MAO (dimeric) with Farnesol PDB (2BK3) (Hubalek
et al., 2005)

The two cavities are hydrophobic involving two nearly parallel tyrosyl (398 and 435)
residues which forms an “aromatic cage (Edmonson et al., 2007). Substrate cavity
and entrance cavity are separated by four amino acid side chains which are Tyr-326,
lle-199, Leu-171 and Phe-168. The hydrophilic section is near the flavin and is
essential for recognition and directionality of the substrate amine functionality. This
hydrophilic region is located between Tyr-398 and Tyr-435 which together with the
flavin, form an aromatic cage for amine recognition. Structural data analysis of MAO-
B enzyme has revealed that FAD coenzyme is situated in a solvent-inaccessible
hydrophobic environment and forms several hydrogen bonds and peptide bonds
with the enzyme (Edmondson et al., 2004). Only one electrostatic interaction is present
between FAD and MAO-B shows an electrostatic interaction between positively charge
guanidine group of Arg42 and negatively charged pyrophosphate of the FAD, and
mutation of Arg42 into alanine resulted in an enzyme that is incapable of
incorporating FAD; thus data suggest that this electrostatic interaction is essential
for FAD incorporation into MAO-B enzyme (Kirksey et al., 1998). The ribose ring of
the FAD adenosine moiety is bound to the carboxylate group of Glu34, to a H20
molecule and to the guanidino group of Arg36 through hydrogen bonds, and

mutation of Glu34 into Ala, Glu or Asp resulted in more than 90% loss in enzymatic
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activity of MAO-B (Edmondson et al., 2004). These data demonstrate that hydrogen
bond between carboxyl group of Glu-34 and ribose ring of the FAD is essential for FAD
binding to MAO-B.

1.5.3 Structural comparisons of hMAO-A with hMAO-B

As discussed above human MAO-A exhibits 72% sequence identity with human MAO-
B. Both human MAO-A and human MAO-B are bound to the outer mitochondrial
membrane as dimer. The substrate binding site in human MAO -B is smaller than that of
human MAO-A and this can explain the greater affinity of human MAO-A to the bulkier
monoamines such as 5-hydroxytryptamine. Aromatic cage in the human MAO-A is
identical to that of human MAO-B. The conserved structure of aromatic cage in both
isozymes of human MAO supports the concept that the principal role of aromatic
cage is in the process of amine oxidation rather than determining substrate specificity.
shows the three dimensional structure of human MAO-A (De Colibus et al., 2005).The
difference in the structure of active site of human MAO-A as compared with
human MAO-B is due to change in 7 out of the 20 amino acids residues that line the
active site in human MAO and also due to change in cavity shaping loop 210-216 .The
most important amino acids replacements in human MAO-A are: Phenyalanine-208
(Isoleucine-199 in human MAO-B) and Isoleucine-335 (Tyrosine-326 in human
MAO-B) shown in Fig. 1.7. These amino acids replacements have an important role in
determining the substrate/inhibitor specifity of MAO-A and MAO-B.

Fig. 1.7 Active site mutations and cavities of MAO-A and MAO-B (Son et. al., 2008)
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1.4 Monoamine oxidase inhibitors

MAO inhibitors were the first drugs indicated for treatment of depression. Though,

they were used extensively from the 1950’s and followed for the next two decades

but their use declined because of the reported side effects in addition to their

significant food and drug interactions i.e. Cheese effect. Various MAO Inhibitors are

shown in Fig. 1.8
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Fig.1.8 MAO Inhibitors(Ramsay, 2012).
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2.1 Problems associated with MAO inhibitors

Isoniazid and Iproniazid was withdrawn from the market due to the high incidence of
hepatitis whereas isocarboxazid was found to be less toxic. The biggest disadvantage
of the MAO inhibitors was their interaction with tyramine containing foods, like old
cheese and wine, as a consequence of inhibition of the iso-enzyme MAO-B (Leonetti et
al., 2007). Tyramine was not only found to be involved with depression but also with
blood pressure (Rao & Yeragani, 2009). Normally, the MAO enzyme also wipes tyramine
out of the body, but in presence of MAO inhibitor, MAO is blocked from monitoring
tyramine levels as well as levels of the neurotransmitters associated with depression
(Blackwell & Mabbitt, 1965). Excess amount of tyramine causes increase in blood
pressure resulting in hypertension. It has been seen that a dramatic rise in the tyramine
level resulted possibly in a fatal spike in blood pressure, termed as hypertensive
crisis(Tripathi, 2003).In order to address various issues related to the irreversible
inhibitors, a number of MAO-A inhibitors (e.g. moclobemide) were developed (Da Prada
et al.,, 1987).The main advantage was the conspicuous absence of the ‘cheese-effect’
(Ramsay, 2013).

Table 2.1 MAO inhibitors under clinical trials

MADO inhibitor Selectivity Binding Applications
Phenelzine MAO-A/ MAO-B Irreversible, Antidepressant and
covalent. . .
anxiolytic
Tranylcypromine | MAO-A/ MAO-B Irreversible, Antidepressant and
covalent. . .
anxiolytic
Selegiline MAO-B Irreversible, Antiparkinsonian
covalent.
Rasagaline MAO-B Irreversible, Antiparkinsonian
covalent.
Lazabemide MAO-B Reversible, Development as
covalent. antiparkinsonian was
discontinued due to
toxicity issues
Safinamide MAO-B Reversible, Currently undergo
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non-covalent. phaselllclinical trials
asantiparkinsonian
Zonisamide MAO-B Reversible, Antiepileptic and it is
non-covalent. approved in Japan as
antiparkinsonian

(Shubbar, 2013)

The recent developments in the designing and synthesis of MAO inhibitors are

given below:
2.2 Pyrazoline derivatives as MAO inhibitors

In 3,5-Diaryl pyrazolines compounds the 4-hydroxy substitution in ring A escalates the
potency towards MAO-A at the same time reducing the cytotoxicity, substitution of
thiophen-2-yl/furan-2-yl group as ring B and various substituents in phenyl group of ring
C and explored their MAO-A inhibitory potency. The substitution of five membered
hetero aromatic groups on ring B resulted in enhanced potency with substitution on ring
C an essential factor for the selectivity towards MAO-A as in compounds (1), (2) and
(3)as shown in Fig. 2.1 (Karuppasamy et al., 2010). The N-substituted-3-[(2’-hydroxy-4’-
prenyloxy)-phenyl]-5-phenyl-4,5-dihydro-(1H)-pyrazolines were synthesized (4) and (5).
The compounds exhibited significant inhibitory activity selectively towards MAO-B The
compounds having benzyloxy group in the para position at C5 and those bearing
chlorine substitution at the same position were essential for the greater
potency(Fioravanti et al., 2010). Novel 3,5-diaryl pyrazolines were synthesized and
evaluated as selective inhibitor of either one of the isoform. the compound (6) was
found to be selective inhibitor of MAO-B while (7) portrayed MAO-A inhibitory property
(Sahoo et al., 2010). A series of ethyl and phenyl carbamate derivatives of
pyrazolineand screened them for their MAO inhibitory activity. Structure activity
relationship (SAR) studies suggested that the phenyl carbamate derivatives were more
potent than ethyl carbamates with greater selectivity index. The compound (8) was
found out to be the most potent inhibitor with best selectivity index. Molecular docking
studies of individual enantiomer (R&S) of the lead compound indicates that the S-

enantiomer is better than R-enantiomer.
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Fig. 2.1 Pyrazoline derivatives as MAO inhibitors
2.3 Coumarin derivatives

The bromo-6-methyl-3-phenylcoumarin derivatives were synthesized and the SAR
studies suggested that the substitution of halogen in the coumarin moiety improved the
inhibitory activity of MAO-B and substitution of bromo atom at 8" position of 3-phenyl
coumarin (9) (shown in Fig. 2.2) improved the activity. The substitution of p-methoxy
group in the phenyl ring improved the activity (Matos et al., 2010). The compounds
showed significant inhibitory activity towards hMAO-B. SAR studies revealed that the
number and position of methoxy groups on the (1H)-benzopyran structure is crucial for
the activity especially methoxy group at position 7 of benzopyran ring (10) & (11)
increased the MAO-B inhibitory activity (Delogu et al., 2011). The 7-Oxycoumarin
designed, synthesized and performed molecular simulations on the series of 4-methyl
and 3,4-dimethyl-7-oxycoumarin derivatives including oxadiazoles, thiadiazoles,
triazoles, and thiazolidinones. They manifested their high affinity and selectivity toward
MAO-A isoenzyme, compared to clorgyline and Moclobemide through in vitro
investigations. In particular, the acetohydrazide derivative (12) (Ki (MAO-A) = 5.01 pM,
and Sl = 9.66 x 10 4) and the diethylaminoethylthio-1,3,4-thiadiazole compound (13)
Ki(MAO-A) = 5.18 pM, and SI = 9.58x10%) are exceptionally the most potent and
selective MAO-A inhibitors (Abdelhafez et al., 2012). Abdelhafez et al. in 2013 have
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synthesized a series of 7-oxycoumarin derivatives and evaluated for their MAO-A and
MAO-B inhibitory activities. The in vitro studies indicated that all the synthesized
compounds were potent and selective MAO-A inhibitors. The in vivo results revealed
that most of the compounds were more active than iproniazid. The most potent
inhibitors reported in vitro and in vivo studies were 2-(3,4-dimethylcoumarin-7-
yloxy)acetohydrazide (14) with in vitro Ki values (5.01 pM for MAO-A and 0.484 uM for
MAO-B) and in vivo EDso = 0.009143 uM and 2-(3,4-dimethylcoumarin-7-yloxy)-N-(2,5-
dioxopyrrolidin-1-yl)acetamide (15) with in vitro Ki values (6.34 pM for MAO-A and
0.575 uM for MAO-B) and in vivo EDso = 0.00915 pM. The molecular docking studies
indicated direct correlation between binding affinities and percentage inhibition of MAO-
A and MAO-B (Abdelhafez et al., 2013). A series of new 3-aryl coumarins derivatives
was synthesized by introducing hydroxyl group in the position 4 of ring B of coumarin
skeleton. The synthesized compounds were evaluated for their potency towards
inhibition of MAO-B. SAR studies revealed that the substitution of methoxy and chloro
groups in the para and meta position of the 3-phenyl ring were crucial for inhibitory
activities. Iproniazid was used as a reference and it was found that the compound with
chloro substituent at the six position (16) was most potent in the series with better

inhibitory activity and selectivity against MAO-B isoform (Serra et al., 2012).
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2.4 Chromone derivatives:

Chromone moiety plays a vital role in various medicinal and biological activities such as
anti-inflammatory, antitumor and antimicrobial. The MAO inhibitory activity of chromone
moiety were evaluated by Alcaro et.al. Wherein two chromone isomers were screened
for their affinity towards MAO-A and MAO-B. The results suggested that the substitution
of acidic group in position 3 of the heterocyclic scaffold significantly increased the
inhibitory activity towards MAO-B whereas acid moiety at position 2 shows no inhibition.
Thus, the chromone-3-carboxylic acid (17) (shown in Fig. 2.3) was found to be the most
potent and selective MAO-B inhibitor. Molecular docking studies reveals that the
hydrogen donor moiety should be placed in position 3 of the pyrone ring for favorable
energy and selectivity towards MAO-B isoform (Alcaro et al., 2010). Legoabe and group
synthesized a series of chromone derivatives substituted at C-6 position with alkyloxy
substituents and evaluated the resulting compounds as inhibitors of recombinant human
MAO-A & B. It was reported that the C6-substituted chromones were potent reversible
MAO-B inhibitors with ICso values in sub nM range. The chromones were also found to
bind reversibly to MAO-A, but with less affinities compared to MAO-B and hence it was
concluded that the synthesized compounds were MAO-B selective inhibitors. The
docking study of the lead compound (18) was performed for the analysis of potential
binding orientation with MAO-A & B isoenzymes. The lead compound exhibited differing
interactions and orientation within the two enzymes. Thus the C-6 substituted chromone
derivatives possessed potency against MAO-B isoform and can be used as promising
lead for the development of therapy against Parkinson’s disease (Legoabe et al.,
2012a). Same research group further carried out the modification at C-7 position of the
chromone resulting in the synthesis of series of C-7 substituted chromone (1-
benzopyran-4-one) derivatives. The synthesized compounds were evaluated for their
potential to inhibit recombinant human MAO-A &B and were found to have ICso values
ranging from 0.008 to 0.370 uM. These compounds also displayed affinities for MAO-A
with ICso values ranging from 0.495 to 8.03 yM. Structure activity relationship studies
suggested that 7-benzyloxy substitution of chromone is crucial for MAO-B inhibition and
concluded that 7-benzyloxychromones (19) are appropriate lead compounds for the
design of reversible and selective MAO-B inhibitors (Legoabe et al., 2012b).
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Fig. 2.3 Chromone derivatives as MAO inhibitors

Secci and co-workers recently established and evaluated a series of arylidene-(4-
substituted-thiazol-2-yl) hydrazines as selective MAO-B inhibitors. They demonstrated
that smaller heterocyclic moieties on the N1-hydrazine is essential for selective MAO-B
inhibitory activity whereas substituent on the-carbon to the N1-hydrazine moiety was
also indispensable for activity. Further a methyl group instead of a hydrogen in this
position showed an escalated hMAO-B inhibition. 4-fluorophenyl substituted C-4 has
been found to be most active and selective derivatives (20) (shown in Fig. 2.4), and
progressively decreased for 2,4-difluorophenyl and 4-nitrophenyl derivatives. The
substitution of aromatic ring has been linked to the FAD coenzyme via interaction with
the structural “aromatic cage” of hMAOs (Secci et al., 2012). Distinto and research
group reported synthesis and biological evaluation of halogenated derivatives of a
series of 1-arylidene-2-(4-phenylthiazol-2-yl)hydrazines. In this series of compounds,
the effect of 4-chloro- or 4-fluoro-phenyl substituents in the position four of the thiazole
ring was explored. It was concluded that the fluorine as a substituent played pivotal role
both in activity and selectivity of ligands towards MAO-B isoform. In addition, to
understand the possible binding mode and rationalizing the activity, docking simulations
of the synthesized compounds were also performed. In the computational studies it was
observed that fluorine substituent interacted with the water molecule close to cofactor
and the understanding about these interactions with arylidene moiety further helped in
designing ligand with more selectivity for MAO-B isoform. The 4-fluorophenyl derivative
(21), and the homologous 4-chlorophenyl (22), were reported as most potent MAO-B
inhibitors in the series (Distinto et al., 2012). Park and group designed and synthesized
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the oxazolopyridine and thiazolopyridine derivatives and evaluated these against MAO-
B. Initially a series of 2-phenyloxazolopyridine derivatives was synthesized with various
amino substituents and compounds were tested against hMAO-B isoform. The
structure—activity relationship studies showed that the piperidino group at Ri position
was essential for the activity. In addition phenyl ring was also substituted with halogen
group which improved the inhibitory activity of the ligands. It was concluded that by
replacing the basic structure from oxazolopyridine to thiazolopyridine, the activities were
dramatically improved and the compound (23) was found to be most potent in the series
displaying I1Cs0 value of 26.5 nM (Park et al., 2013). Carradori and team designed
hydrazothiazoles derivatives by combining the hydrazine moiety of iproniazid and the
thiazole nucleus of glitazones. The compounds were screened for their affinity towards
MAO isoforms and it was found that all the compounds displayed selective hMAO-B
inhibitory activity. The SAR studies suggested that the presence of the less hindered
substituent at C4 (ethyl ester) was essential for inhibitory activity and lead compounds
obtained in the series (24) & (25) were found to be even more selective towards MAO-B
than the reference drugs iproniazid and isatin. It was concluded that the hydrathiazole
scaffold could be explored for the treatment of neurodegenerative diseases (Carradori
et al, 2013). D’Ascenzio and group synthesised a series of 4-aryl-2-
cycloalkylidenhydrazinylthiazoles and studied the stereochemical property essential for
the MAO inhibitory activity. The results showed that the 2- and 3-methylcyclohexylidene
derivatives showed good inhibitory activity ,high selectivity towards MAO-B and
biological assay studies specified that the compound (26) is the most active and
selective MAO-B inhibitor (D’Ascenzio et al., 2014).
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Fig. 2.4 Hydrazine derivatives as MAO inhibitors

2.5 Hybrid molecules as MAO inhibitors:

Samadiet.al. reported synthesis, pharmacological evaluation andmolecular modeling
studies of two different series of compounds which simultaneously inhibit MAO as well
as acetylcholinesterase (AChE) and butyrylcholinesterase (BuChg). Series |
compounds were prepared from reaction of 2,6-dichloro-4-phenylpyridine-3,5-
dicarbonitrile or 2,6-dichloropyridine-3,5-dicarbonitrile with prop-2-yn-1-amine and 2-(1-
benzylpiperidin-4-yl)alkylamines. Similarly, series 1l compounds were prepared by
reaction of 6-amino-5-formyl-2-(methyl(prop-2-yn-1-yl)amino)nicotinonitriles with 4-(1-
benzylpiperidin-4-yl)butan-2-one. The screening of compounds help in the identification
of lead compounds that act as multipotent drugs showing strong and selective AChE
inhibitory activity (ICso =37+4 nM)], and moderate, but selective MAO-A inhibitory profile
(ICs0 =417 uM). Molecular modeling investigation confirmed its dual AChE inhibitory
profile, binding simultaneously at the catalytic active site and at the peripheric anionic
site. The lead compound (27) as shown in (Fig. 2.5) was reported as a potent and
selective dual AChEI, showing a moderate and selective MAO-A inhibitory profile, could

be considered as an attractive multipotent drug for further development on two key
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pharmacological targets playing key roles in the therapy of Alzheimer’s disease (Samadi
et al.,, 2011).The same research group reported synthesis, pharmacological evaluation
and molecular modeling studies of heterocyclic substituted alkyl and cycloalkylpropargyl
amine. These compounds were designed as multipotent inhibitors which were able to
simultaneously inhibit monoamine oxidases (MAO-A & MAO-B) as well as
cholinesterase (AChE/BuUuChE). The lead compound obtained in the series I, an indole
derivative (28) has been reported as a multipotent compound being able to selectively
inhibit MAO-B (ICs0 =31 nM) and eqBuUChE (ICso =7 uM). The molecular docking studies
indicated that the high MAO-B inhibitory activity of the lead compound (29) may be
ascribed to the position of the methylpropargyl group, which is closer to N5 of FAD in
MAO-B than in MAO-A. Similarly the series Il compounds, i.e. 5-amino-7-(prop-2-yn-1-
yI)-6,7,8,9-tetrahydropyrido[2,3-b][1,6]naphthyridine derivatives were reported as poor
MAO inhibitors, but showed selective AChE inhibition activity. It was concluded that N-
[(5-(benzyloxy)-1H-indol-2-yl)methyl]-N-methylbut-2-yn-1-amine  (29) showed a
multipotent pharmacological profile on BUuChE and MAO-B, and it was proposed to be
the starting point for the design of new and more efficient multipotent cholinesterase
and MAO inhibitors for the treatment of AD(Samadi et al., 2012).Boleaand group
synthesized a series of new compounds using hybrid approach by combining the
benzylpiperidine moiety of the AChE inhibitor donepezil and the indolylpropargylamino
moiety of the MAO inhibitor N-[(5-benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-
methylprop-2-yn-1-amine, connected through an oligomethylene linker. The molecular
docking studies and kinetic studies have been performed and the results displayed that
the most promising hybrid was found to be the inhibitor of both MAO-A and MAO-B
isoforms that also exhibited potency towards AChE and BuChE. These enzymes play
major role in neurodegenerative diseases and were proposed as a promising lead for
the treatment of AD (Bolea et al., 2011).Lu and Co-workers synthesized and evaluated
a series of tacrine-selegiline hybrids as multi-functional anti-AD agents with
cholinesterase and MAO inhibition activities. They reported that the synthesized
compounds have high inhibitory affinity for MAO-A &B. From their study on all the
compounds they found that the compound (30) have good activity towards all targets
(with ICs0 values of 22.6 nM, 9.37 nM, 0.3724mM, and 0.1810mM for AChE, BuChE,
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MAO-A and MAO-B, respectively). Their study revealed that the hybrids could improve

patient cognition by increasing levels of acetylcholine and protect neurons by

possessing the activities of Selegiline. Thus should be considered as “one compound

multitarget drug targets” for the treatment of AD (Lu et al., 2013).
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Fig. 2.5 Hybrid molecules as MAO inhibitors

Desideri and team reported a series of homoisoflavonoids [(E)-3-
benzylidenechroman-4-ones, 3-benzyl-4H-chromen-4-ones, and 3-benzylchroman-
4-ones and screened the synthesized compounds for their MAO inhibitory activity. It
was found that the (E)-3-benzylidenechroman-4-ones derivatives exhibited higher
selectivity and activity in nanomolar range towards hMAO-B isoform. The
compounds (E)-3-(4-(Dimethylamino) benzylidene) chroman-4-one (31) and (E)-5,7-
dihydroxy-3-(4-hydroxybenzylidene)chroman-4-one (32) were found to be most
potent MAO-B inhibitor in the series and were found even more potent than the
selegiline. The compounds were proposed as a good drug candidate for PD shown
in Fig.2.6 (Desideri et al., 2011) .
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Fig. 2.6 Chroman analogues as MAO inhibitors
Prins and group synthesized a series of indole and benzofuran derivatives (Fig.
2.7)and evaluated their MAO inhibitory activity. The compounds were found to show
significant MAO-B inhibitory activity. SAR studies suggested that the chlorine
substitution at the C5 phenyl side chain of the indoles and benzofuranes improved both
MAO-A and -B inhibition potencies. Molecular modelling studies demonstrated that the
compound (33) is stabilized in active site of MAO B and showed hydrogen bonding with
Tyr-435 and the waters in the vicinity of the FAD co-factor and found to be most potent
MAO-B inhibitor. It was concluded that the indole and benzofuranes derivatives were
selective inhibitor of MAO-B and could be used as promising therapeutic agent for

treatment of PD (Prins et al., 2010).
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Fig. 2.7 Benzofuran derivative as MAO inhibitors

Legoabe and team synthesized a series of anilide derivatives to determine a lead for
the design of reveals a potential MAO inhibitors. Amongst various synthesized
compounds, the N,3-diphenylpropenamides were found to be promising MAO-B
inhibitors. Different phenolic and bezonitrile derivatives were designed and the

molecular docking studies were performed which suggested that the homologues
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containing phenolic hydroxyl functional groups on the para position of the C-3 phenyl
ring increases the potency of (2E)-N-(3-chlorophenyl)-3-phenylprop-2-enamide and
(2E)-N-(3-bromophenyl)-3-phenylprop-2-enamide (2d) towards MAO-B and also that
contains nitrile functional group on the meta position of C-3 ring exhibited more potency
than the (2E)-N- (3-chlorophenyl)-3-phenylprop-2-enamide and  (2E)-N-(3-
bromophenyl)-3-phenylprop-2-enamide.The lead compounds obtained in the series
(2E)-N- (3-chlorophenyl)-3-phenylprop-2-enamide (34) and (2E)-N-(3-bromophenyl)-3-
phenylprop-2-enamide (35) were found to be most potent, reversible and selective
MAO-B inhibitors. The SAR studies suggested that the substitution of chlorine and
bromine at C-3 of phenyl ring of the anilide moiety improved the binding affinity with the
active site of MAO-B enzyme. It was concluded that the N,3-diphenylpropenamides was
suitable scaffold for the design of potent MAO-B inhibitors (Legoabe et al., 2011).
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Fig. 2.8 Diphenylpropenamides as MAO inhibitors

Legoabe et al. synthesized a series of fifteen a-tetralone (3,4-dihydro-2H-
naphthalen-1-one) derivatives as shown in fig. 2.14 and calculated their MAO
inhibitory activity. 6-(3-iodobenzyloxy)-3,4-dihydro-2H-naphthalen-1-one was found
to be the most potent MAO-B inhibitor (36)while 6-(3-cyanobenzyloxy)-3,4-dihydro-
2H-naphthalen-1-one(37) exhibits greater potency and selectivity towards MAO-A.
The SAR studies showed that the substitution at C-6 position is essential for MAO
inhibitory activity. It was observed that benzyloxy substitution increases the MAO-A
inhibitory activity and an alkyl and halogen substitution at the meta and para position
of benzyloxy, increases the MAO-B inhibitory activity. It was proposed that these
compounds could be used as a lead for the treatment of PD and depression
(Legoabe et al., 2014).
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Fig. 2.9 a-tetralone derivatives as MAO inhibitors

Song and co-workers synthesized a series of 8-substituted benzamido-
phenylxanthine derivatives and screened them in vitro for their potential as potent
MAO-B inhibitors. Most of the compounds displayed promising activities and it was
found that the para-substituted derivatives (38 & 39) shown in Fig. 2.10 were more
potent than the meta-substituted derivatives possibly due to steric interaction of the
substituents at the binding pocket. It was concluded that caffeine scaffold may be
favorable for designing potent MAO-B inhibitors and the compounds with smaller groups
holds more potency as MAO-B inhibitors (Song et al., 2012).

Q H o O ocH, 0
A @NH A @NH
0 >N" "N 0> >N N

IKi value = 0.26 uM ' 1.18uM

38 39

Fig. 2.10 Benzamido-phenylxanthine derivatives as MAO inhibitors

Al-Baghdadi and team designed and synthesized a series of piperine and
antiepilepsirine derivatives and screened the synthesized compounds in MAO-A & B
assays. The compounds tested were found to be selective for MAO-B and the most
potent compound (40) shown in Fig. 2.11 in the series displayed an ICso of 498 nM. The
BBB permeability of the compounds was confirmed through PAMPA assays. It was
noticed through SAR studies that presence of nitrogen atom in the ring reduces MAO-B
inhibition. In addition docking studies of the synthesized compounds were performed to
understand various binding interaction of ligands with the receptor site. The lead
compound (40) was found to dock in a similar orientation to MAO-B as the parent
compound piperine (Al-Baghdadi et al., 2012).
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Fig. 2.11 Piperine derivatives as MAO inhibitors

Van der Walt et al. synthesized a series of 5-sulphanylpthalimide analogues and
screened these compounds for their affinity towards both human MAO isoforms. It was
proposed that the phthalimide moiety could be used as important scaffold for the
synthesis of MAO-B inhibitors. Most of the synthesized compounds exhibited MAO-B
inhibitory activity with 1Cso values in the nanomolar range. In the series of reported
compounds 5-(benzylsulfanyl) phthalimide (41) shown in Fig. 2.12, with an 1Cso value of
4.5 nM was found to be most potent MAO-B inhibitor with a 427-fold selectivity for
MAO-B compared to MAO-A. It was proposed that the lead compound obtained with
selectivity towards MAO-B could developed as drug candidate for the treatment of

parkinsonian disease (Van der Walt et al., 2012).
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5-(benzylsulfanyl) phthalimide

MAO-A MAO-B

ICso(MM)  1.9240.172 0.0045 0.0004
41

Fig. 2.12 Sulphanylpthalimide derivatives as MAO inhibitors

Geldenhuys and team have synthesized thiazolidinedione (TZD) analogues and ligand
based virtual screening was performed so that the scaffold hopping from this compound
would provide additional insight into the SAR of previously discovered compounds. The
lead compound (42) in Fig. 2.13 obtained in the series was found to be potent inhibitor
of both MAO-A (ICso= 268 nM) and MAO-B (ICso= 99 nM) and literature search has

highlighted this compound to be a derivative of the naturally occurring bioactive

27



flavonoid, sulfuretin which possesses protective activity against mitochondrial toxins in a
Parkinson’s disease model. The SAR, furthermore, revealed that the tertiary
dimethylamine group in the para position of the phenyl ring and ortho hydroxyl group
reduced the inhibitory activity of the compound from 99 nM (42) to 11.55 Nm (43)
(Geldenhuys et al., 2012).
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Fig. 2.13 Thiazolidinedione derivatives as MAO inhibitors

Okaecwe and team investigated the MAO inhibitory potential of series of 8-
phenoxymethylcaffeine and 8-[(phenylsulfanyl)methyl]caffeine derivatives. It was
reported that that the 8-phenoxymethylcaffeine derivatives acted as potent reversible
inhibitors of MAO-B, with ICso values ranging from 0.148 to 5.78uM. However, the 8-
[(phenylsulfanyl)methyl]caffeine derivatives were found to be weak inhibitors of MAO-B,
with ICso values ranging from 4.05 to 124uM.In addition both the series of compounds
displayed low binding affinities for MAO-A. It was observed that when a heteroatom was
introduced into the C-8 side chain of caffeine derived structures, substitution directly on
C-8 of the caffeine ring led to the most potent MAO-B inhibitor (44) in Fig. 2.14. It was
concluded that 8-phenoxymethylcaffeines might act as useful leads for the design of
MAO-B selective inhibitors and such compounds might find applications in the therapy

of neurodegenerative disorders such as PD (Okaecwe & Dorcas, 2012).
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Fig. 2.14 Caffeine derivatives as MAO inhibitors

Chaurasiya and group treated 5-phenoxy analogs with MAO and evaluated their
potency towards the enzyme inhibition. The results showed that the analogs displayed
better inhibitory activity towards both isoforms when compared with standard drug
primaquine and the compound 5-(4-Trifluoromethylphenoxy)-4-methylprimaquine (45) in
Fig. 2.15 was found to be most active with selectivity towards MAO-B. Though
concluded that these aminoquinolines can be used as a lead for designing and
synthesizing new MAO inhibitors (Chaurasiya et al., 2012).

IC50 (mMM) MAO-A (0.15 + 0.02)
45

Fig. 2.15 Phenoxy analogues as MAO inhibitors
Strydom and group designed a series of C-6 substituted phthalide analogues ie.
phthalide [2-benzofuran-1(3H)-one] derivatives and studied their inhibitory activity
against MAO isoforms. All the phthalide derivatives showed high binding affinities to
both human MAO isoforms however C-6 substituted phthalide exhibited MAO-B specific
inhibition. A number of para-phenyl substituted derivatives of 6-benzyloxyphthalide were
screened and the general order of potency (CFs> | > Br > Cl > F > CH3> H) was

observed. The most potent MAO-B inhibitor obtained in the series was (46) in Fig. 2.16,

R
R o}
IC50 (MM)  Selectivity

) . MAO-A
(46) 4-CFsCeHa(CH)O- 4 19640 006

(47)  CgHs5(CH)30° 0.0014+0.0001 MAO-B

Fig. 2.16 Phthalide analogues as MAO inhibitors
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the CFs substituted benzyloxyphthalide homologue, with an ICsp value of 1.4 nM while
compound (47) was most potent MAO-A inhibitor. It was also concluded that the
synthesized phthalides were reversible and competitive inhibitors at both MAO isoforms
and were suitable lead compounds for the development of novel therapies for PD
(Strydom et al., 2013).

Meiring and colleagues synthesized a series of 3,4-dihydro-2(1H)-quinolinone
derivatives and explored them for their human MAO-A & B inhibitory activity. These
compounds were structurally related to coumarin (1-benzopyran-2-one) derivatives
which were potent MAO-B inhibitors. The proposed compounds showed highly potent
and selective MAO-B inhibitory activity. The compound 7-(3-bromobenzyloxy)-3,4-
dihydro-2(1H)-quinolinone (48) in Fig.2.17 was found to be the most potent MAO-B
inhibitor. SAR studies suggested that C-7 position of 3, 4-dihydro-2(1H)-quinolinone
was significantly important for the MAO-B inhibitory activity than C-6 position and the
benzyloxy group at C-7 position was more important for the inhibition than phenylethoxy
and phenylpropoxy substitution. Thus concluded that the C-7subsituted 3,4-dihydro-
2(1H)-quinolinone derivatives could be used as a promising lead for the treatment of

Parkinson’s disease (Meiring et al., 2013).

H

IC50 (mM) 7.98 + 1.09 (MAO-A);
0.0029 + 0.0009(MAO-B)

48

Fig. 2.17 Quinolinone derivatives as MAO inhibitors
Desideri and team reported a series of (2E,4E)-1-(2-hydroxyphenyl)-5-phenylpenta-2,4-
dien-1-ones and (2Z,4E)-3-hydroxy-1-(2-hydroxyphenyl)-5-phenylpenta-2,4-dien-1-ones
compounds and evaluated in vitro as inhibitors of the two hMAO isoforms, MAO-A and
MAO-B. Most of the synthesized compounds were found to be selective towards MAO-
B isoform with activity in low micro molar or nano molar range. The lead compounds
(2E, 4E)-5-(4-Chlorophenyl)-1-(2-hydroxy-4-methoxy phenyl) penta-2,4-dien-1-one and
(2E,4E)-5-(4-chlorophenyl)-1-(2,4-dihydroxyphenyl) penta-2,4-dien-1-one were found to
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be most potent hMAO-B inhibitors exhibiting 1Cso of 4.51 nM and 11.35 nM, respectively
with high selectivity. The inhibitory potencies were examined by measuring their effects
on the production of H20O2 from p-tyramine by using the Amplex Red MAO assay kit and
microsomal MAO isoforms prepared from insect cells (BTI-TN-5B1-4) infected with
recombinant baculovirus containing cDNA inserts for hMAO-A or hMAO-B. Structure
activity relationship studies revealed that the replacement of the methoxyl group in the
potent hMAO-B inhibitor (49) with the hydroxyl group in the same position resulted in
compound (50) in Fig. 2.18 capable to inhibit both hMAO isoforms. The compound(50)
was reported as most potent with activity in the nanomolar range and excellent
selectivity (ICs0=11.35 nM, SI=1354) (Desideri et al., 2012).

H3;CO O OH O Cl HO O OH O Cl
HWH HWH

H O H O
49 50

Fig. 2.18 Penta-2,4-dien-1-one derivatives as MAO inhibitors

Passos and team isolated 13 psychotria alkaloids from the ethanolic extract of P.
laciniata and molecular docking studies was carried out to evaluate their interactions
with MAO A and B enzymes. The monoterpene indole alkaloid angustine (51) was
found to be the reversible and competitive inhibitor. In addition it was found that all the
screened compound inhibited AChE, BChE and MAO-A enzyme and thus concluded
that these secondary metabolites are the multifunctional compounds (52) in Fig. 2.19
and can be used as a lead for the treatment for various neurodegeneration diseases.
(Passos et al., 2013)

angustine
IC50 (mM) 1.10 (5.96 + 0.04)
51

n=9 |C50=22.6+3.04
52

Fig. 2.19 Psychotria alkaloids as MAO inhibitors

Luhrand group synthesized two series of phenylethylamine analogues and performed

docking studies to examine the assumption of increasing MAO inhibitory potency by
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fixing the amine chain in six membered ring conformation. The benzyloxy analogues
(53) and (54) in Fig. 2.20 were the most potent and selective for both MAO-B and
hMAO-B. They concluded that the justification of these compounds should contribute to
the development of new selective and reversible MAO-B inhibitors with a potential for

use in the therapy of neurodegenerative diseases (Luhr et al., 2010).
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Fig. 2.20 Benzyloxy analogues as MAO inhibitors

Khattab and Co-workers synthesized a series of 2-benzyl-3-(2-arylidenehydrazinyl)
guinoxalines, 4-benzyl-1-aryl-[1,2,4]triazolo[4,3-a]quinoxalines and phenyl(1-aryl-
[1,2,4]triazolo[4,3-a]quinoxalin-4-yl)methanones derivatives and performed their Invitro
testing for MAO-A &B inhibition. The results revealed that the compounds showed
MAO-A activity greater than the standard MAO-A inhibitor. The molecular modelling
studies revealed that the proposed compounds showed hydrophobic interaction with
Phe208 and hydrogen bonds to Ser209, Pro72, Tyr69, Tyr444, Glu74 and Glu216 and
the compound (55) (Fig. 2.21) was found out to be the most active analogue having
three hydrogen bonds with good scoring and is selective against MAO-A isoform
(Khattab et al., 2010).

N cH3
three Hydrogn bonds Hydrophobic interaction
to SERZOQ and PRO72 ith PHE208

IC50 28x109+013MAOA

Fig. 2.21 Quinoxazoline derivative
Reiners and team synthesized a series of B-carboline derivatives. The proposed
compounds were further evaluated for their MAO-A & B inhibition activity and compared
with the standard drug harmine. the results suggested MAO-A inhibitory activity

increases with the O-alkylated compounds which are having lipophilic groups like
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cyclohexyl, phenyl and aliphatic chains but are less active against MAO-B. From all the
proposed compounds, compound (56) having trifluorobutyloxy group showed maximum
MAO-A inhibition on comparison with harmine. The computational studies revealed that
the triflurobutyloxy group occupies the hydrophobic pocket of the enzyme which is
vacant by harmine compound. Compound (57), with the cyclohexylmethoxy chain

shows inhibitory activity towards MAO-B shown in Fig. 2.22 (Reniers et al., 2011).

o Oy O

Ki(nM) : 3.6 ( 2650) Ki(nM) : 221.6 (145.1-338.3)
MAO-A inhibiotor MAO-B inhibitor
56 57

Fig. 2.22 B-carboline derivatives.
Valente et al reported a new series of 3-(1H-pyrrol-3-yl)-2-oxazolidinonesderivatives ass
reversible, highly potent and selective MAO-A inhibitors. Compound (58) shown in Fig.
2.23 was found out to be the most potent compound shows 20000 times more

selectivity against MAO-A enzyme (Valente et al., 2011).
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Fig. 2.23 Oxazolidinone derivatives as MAO inhibitors
Senturk and team synthesized a new series of 3-aryl-5-(4-fluorophenyl)-N-substituted-
4,5-dihydro-1H-pyrazole-1-carbothioamide derivatives and evaluated their MAO
inhibitory activity. Docking results suggested that the potent compound (59) shown in
Fig. 2.24, bind efficiently with the MAO-A enzyme, and the presence of methoxy or
chloro on the 3-phenyl ring increases the potency and selectivity towards MAO-A. thus

can be considered as a promising candidate for antidepressants (Senturk et al., 2012).
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Fig. 2.24 Carbothioamide derivatives as MAO inhibitors

Prashanth and team synthesized a series of piperamide derivatives and evaluated their
antidepressant and antioxidant activity. The antidepressant activity was assessed using
tail suspension test and forced swim test. Compounds were explored for their MAO-A
and MAO-B inhibitory activity. The results suggested that the compound (60) and (61)
shown in Fig. 2.25, were active in both the tests with slightly high potency towards
MAO-A than MAO-B and on comparison with the standard drug clorgyline the
compounds showed significant inhibitory effect. The results revealed that all the
proposed compound showed significant antioxidant property and compound (61) was

found to be the most potent antioxidant.

SOROWNGO RS
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60 61

Fig. 2.25 Piperamide derivatives as MAO inhibitors

Thus concluded that the proposed compounds were explored for their antioxidant,
antidepressant and antimicrobial property thus can be used as a lead for the further

synthesis of selective antidepressant drug candidates (Prashanth et al., 2012).
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Mu and co-workers designed and synthesized a series of piperine derivatives and
evaluated them in-vitro for MAO-A and MAO-B inhibitory activity and selectivity. They
reported that the small amine moieties on piperidino proved to be more potent and
selective inhibitor of MAO-B rather than MAO-A and the compound 5-(3,4-
methylenedioxyphenyl)-2E,4E-pentadienoic acid n-propyl amide (62) showed the
greatest MAO-B inhibitory activity (ICso for MAO-B = 0.045 uM) and good selectivity
(ICso for MAO-A = 3.66 pM) (Mu et al., 2012)
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5-(3,4-methylenedioxyphenyl)-2E ,4E-penta
dienoic acid n-propyl amide
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Lewellyn et.al. disclosed that aplysinopsin analogs can be used as selective MAO-A
inhibitors for the treatment of AD. They synthesized fifty compounds and reported that
the three compounds showed significant MAO inhibitory activity and selectivity. They
reported that the compound (E)-5-[(6-bromo-1H-indol-3-yl) methylene]-2-imino-1,3-
dimethylimidazolidin-4-one (63) shown in Fig. 2.26, possessed an ICso of 5.6 nM at
MAO-A and had a selectivity index of 80.24. The tryptophan derived aplysinopsins have
been isolated from variety of marine organisms and the literature showed that they
aplysinopsin analogs possess various biological activities such as neurotransmitter
modulation. The SAR studies disclosed that the multiple N-methylations of the
imidazolidinone moiety, one of which should be the methylation of N-2’ in addition to
either N-3’or N-4’and bromination at C-5 and C-6 plays a vital role for MAO-A potency
and selectivity (Lewellyn et al., 2012). Villarinho and group examined the MAO inhibitory
activity and antidepressant activity of 2-(3,4-dimethoxy-phenyl)-4,5-dihydro-1H-
imidazole (2-DMPI) in the Mice. From their evaluation they disclosed that the 2-DMPI
exhibited inhibitory activity against the both MAO isoforms with high affinity or selectivity
towards MAO-A. They suggest that the 2-DMPI (64) is a new, reversible and

preferential MAO-A inhibitor that employs its antidepressant-like activity by decreasing
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5-HT and DA turnover without disrupting motor performance, even at high doses.

Therefore, it can be used as lead for the development of novel antidepressants

(Villarinho et al., 2012)

Fig.2.26 Imidazole derivative

Demirkiran and team proposed the benzophenone glycosides in Fig. 2.27 as a MAO

inhibitor selectively against MAO-A isoform. They purified the 80% ethanol extract of

Hypericumthasium Griseb. from n-BuOH and isolated three new benzophenone

compounds along with flavonoid glycoside. Further, they screened all the three as well

as previously isolated glycoside i.e. quercetin and kaempferol against MAO-A inhibitory

activity and compared their ICso values with the standard MAO-A inhibitor clorgyline and

concluded that the compounds showed promising inhibitory activity against MAO-A

isoforms (Demirkiran, 2012).
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. 2.27 Benzophenone derivatives
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Bonaiuto and group proposed a series of new polyamines derivatives and evaluated
them against MAO enzymes. The compound (71) given in the Fig. 2.28 was found to
be most potent and selective MAO-B inhibitor and irreversibly bind to MAO-A enzyme.
In particular, two new types of MAO inhibitors, selective respect to VAP-1, emerged in
this study: the spermine analogue, bearing a thiophene ring, which acts as mixed
reversible inhibitor (Ki 23mM), selective for MAO-B; and compound (71)obtained by
transforming the primary amine function of very good AOs substrates in an ITC moiety.
Although, (72) exhibits high affinity for both MAO isoforms (KI about 5x1uM), it
specifically acts as competitive inhibitor of MAO B and as irreversible inhibitor of MAO-
A. As resulting by the docking studies, Lys305 of the MAO-A active site has been
proposed as a new target for covalently binding the ITC reactive moiety of (72), leading
to MAO-A irreversible inhibition shown in Fig. 2.28 (Bonaiuto et al., 2013)

72

Fig. 2.28 Polyamine derivatives

Pisaniand team synthesized a series of 6’-substituted-(E)-2-(benzofuran-3(2H)-ylidene)-
N-alkylacetamides and reported that the 6’-Sulfonyloxy derivatives have affinities
towards MAO-A, whereas 6’-benzyloxy derivatives showed potency towards MAO-B
isoform. SAR studies revealed the importance of rigidity in planer conformation of
exocyclic double bond suggesting its role in binding. The E conformation was found out
to possess high binding affinity of the exocyclic double bond compared to Z form. The
electronic and steric environment of the compound plays a decisive role and influences
the activity of compounds. They concluded that synthesized novel MAO inhibitors may
be further explored for their promising therapeutic intervention for Depression, PD or
other neurodegenerative diseases(Pisani et al., 2013).They described the (hetero)aryl
sulfonate esters showing good affinity and selectivity towards MAO-A (selectivity

index >> 500), as compared to esuprone as the reference coumarin compound, and
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much greater than moclobemide, which is a prototype reversible MAO-A inhibitor

and one of the most widely used antidepressive agents shown in Fig. 2.34.
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Fig. 2.29 Sulphonate esters as MAO inhibitors

Srivastav and group designed a new series of quinazoline derivatives in Fig. 2.30. It
was reported that quinazoline derivatives exhibits MAO inhibition. Thus, based on this
revelation, 6,7-dimethoxy-N2-(substituted  benzyl)-N2-propylquinazoline-2,4-diamine
derivatives have been designed and synthesized and further characterized for their
antidepressant as well as anxiolytic activity. The proposed compounds showed
excellent antidepressant activity when compared with Imipramine (standard drug). SAR
studies revealed that the substitution on phenyl ring linked with tertiary amine group
attached to the 2" position of the quinazoline ring is essential for the activity. The
substitution of electron withdrawing group like —CI, F and NO2 on phenyl ring at ortho,
meta and paraposition decreases the activity whereas the presence of hydroxyl group
(OH) at ortho position increases its antidepressant activity and decreases the potency
at meta and para position. Moreover, the presence of electron releasing groups like -
CHs3,-OCHs -C2Hs and -OC:Hs at para position showed excellent antidepressant
activity (Srivastav et al., 2013).
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Fig. 2.30 Quinazoline Derivatives

Desideri and team reported a series of 1,5-Diphenylpenta-2,4-dien-1-ones and
evaluated their MAO inhibition activity. The studies suggested that the compounds
showed inhibitory activity, potency and high selectivity towards MAO-B and the most
potent and active compounds showed inhibitory activity in the nanomolar range
(Desideri et al., 2013).

H;CO OH Cl HO OH cl
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IC50 4.51 + 0.28 nM 1IC50 11.35 £ 0.73 nM
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Fig. 2.31 dienone derivatives
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CHAPTER- 3
RATIONALE AND OBJECTIVES



The x-ray crystal structure of MAO-A & MAO-B are well explored now. It has been
reported that the active site of MAO-A has pocket which interact with slightly polar
molecules while active site of MAO-B contain lipophilic pocket which preferably interact
with bulky and lipophilic ligands. Therefore, the target molecules are designed by taking
into consideration the crystal structures of both the enzymes i.e. MAO-A and MAO-B.
On the basis of various literature reports, it was concluded that piperazine nucleus is an
integral part in most of the psychoactive compounds and hence we have focused our
work on piperazine containing scaffolds. Piperazine is an organic compound that
consists of a six-membered ring containing two nitrogen atoms at opposite positions in
the ring. Piperazine exists as small alkaline deliqguescent crystals with a saline taste
(Ahmeda et al., 2012). The piperazine are a broad class of chemical compounds,
many with important pharmacological properties, which contain a core piperazine
functional group. Piperazine is considered as the most promising heteroaromatic
nucleus in the field of medicinal chemistry. Piperazine derivatives were already proved
as important key intermediates for the synthesis of medicinally important derivatives
with a pharmacological profile such as antianginal, antidepressant, antipsychotics,
antihistamines, anticancer, antidiabetic, antiparkinson’s properties. Since the size of
piperazine nucleus is small and are lipophilic in nature that contains 2 nitrogen atom
which are hydrogen bond acceptor and can interact at the receptor site. In addition the
small molecules can easily pass through blood brain barrier (BBB) thus can be used in
various neurodegenerative diseases.

Piperazine ring containing few Important marketed drug and their associated biological
activities(Meher et al., 2013)
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Fig. 3.1 Biological importance of Piperazine ring (Meher et al., 2013)
We came across some recent reports on piperazine derivatives as MAO inhibitors. For
example, Pessoa-Mahana et al. reported a series of 4-Arylpiperazine derivatives of
Moclobemide, as potential antidepressants showing MAO-A inhibitory effect and affinity
towards 5-HT1a (Pessoa-Mahana et al., 2004).

Fig. 3.2 4-Arylpiperazine derivatives

Similarly para-substituted 4-phenylpiperidines and 4-phenylpiperazine has been
synthesized in Fig. 3.3 and evaluated as monoamine oxidase inhibitors (Pettersson et
al., 2012). As reported MAO-A has a predominant effect on dopamine catabolism,
leading to production of the metabolite DOPAC (3, 4-dihydrophenylacetic acid) and
MAO-A inhibitors (e.qg. clorgyline) therefore reduce striatal DOPAC levels.
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Fig. 3.34-phenylpiperidines and 4-phenylpiperazine derivatives

SAR studies reveals that the para-substituted phenethylamines, benzylamines, and
amphetamines had shown correlation between MAO affinity and different physiological
properties of the para-substituent. Para-substituent with low dipole moment increases
affinity to MAO-A, while substituent with high dipole moment have weak affinity. MAO-B
affinity is modulated by bulk of the para-substituent and large hydrophobic substituent’s
produce compounds with high MAO-B affinity (Pettersson et al., 2012)

The same research group recently reported mono-substituted 4-phenylpiperidines and
4-phenylpiperazines which gave strong correlation between the levels of striatal DOPAC
and the affinities to DA D2 and MAO-A.SAR studies reveals that substitution at the
ortho-position increases the DOPAC levels. In meta-position electron withdrawing
groups produces more increase in DOPAC than electron donating groups. A number of
different

Fig. 3.4 Monosubstituted 4-phenylpiperidines and 4-phenylpiperazines
alkylsulfones were tested in the meta-position and in this group the size of the alkyl
determine the effect on DOPAC. The response decline with increasing bulk. Substitution
in the para-position produces completely different effects compared to Ortho and Meta.
Instead of increases in the DOPAC-response, these compounds could only produce
decreased levels. Electronic properties also proved important in this position with
electron-donating groups Yyielding decreased DOPAC-levels while electron-withdrawing
groups rendered inactive compounds (Pettersson et al., 2013).

Inspired by this work on various phenylpiperazine derivatives, we proposed the design,
synthesis and screening of some phenylpiperazine derivatives as potential MAO

inhibitors with improved pharmacological profile.
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Objectives:

1. In silico studies of the designed molecules via molecular modelling on MAO-A

and MAO-B enzyme

2. Exploration of MAO-A binding site through piperazine based ligands with polar

substituents.

3. Synthesis of bulky and lipophilic piperazine derivatives to explore binding site in

MAO-B.

4. Biological evaluation of synthesized compounds for MAO inhibition.
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Chapter- 4

Molecular Docking Studies



Methods
4.1  Molecular Docking using AutoDock 4.2 &AutoVina

AutoDock Vina is a new generation of docking software from the Molecular Graphics
Lab. It achieves significant improvements in the average accuracy of the binding mode
predictions, while also being up to two orders of magnitude faster than AutoDock
4.AutoDockVina does not require choosing atom types and pre-calculating grid maps for
them. Instead, it calculates the grids internally, for the atom types that are needed, and
it does this virtually instantly. Because, the scoring functions used by AutoDock 4.2 and
AutoDock Vina are different and inexact, on any given problem, either program may
provide a better result. AutoDock Vina needs file in .pdbqt format both for receptor and
ligand which is prepared in AutoDock 4.2.

4.1.1 Protein preparation

The PDB for the crystal structure of MAO-A co-crystallized with selective inhibitor 7-
Methoxy-1-methyl-9H-beta carboline [Harmine, PDB entry code 275X, 2.20
A’resolution] (Son et al., 2008) and MAO-B co-crystallized with Farnesol [PDB entry
code 2BK3, 1.80 A resolution](Hubalek et al., 2005) were retrieved from PDB. During
the protein preparation only polar hydrogens and kollman charges were added. The
atoms in the protein were assigned for AutoDock 4.2 type. Now the PDBQT file of the
protein was saved in which its different pdb records from “ATOM” select till “END” were
added.

4.1.2 Ligand preparation

The 3D structure of the ligand was created using ChemBio Draw 3D, and saved in
“.mol2” (SYBYL2) format. The ligand energy is minimized through MMFF94 parameter
displayed in ChemBio Draw 3D. The ligand was selected from the ligand menu of
autodock and from the torsion tree, its roots were first detected and then selected. Now
it will show number of rotatable bonds in the ligand. The resultant ligand file is saved in
standard autodock®.pdbqt” file format.
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4.1.3 Grid generation

From the GRID menu of autodock, the macromolecule (targeting protein/enzyme) was
selected and the enzyme/protein is initialized in the autodock for the grid generation.
Here in this step additional charges and bond orders are assigned. The PDBQT file
generated in this step overwrites the previously created PDBQT file. The Grid was
generated by taking the bound ligand as the center of grid. The grid maps representing
the proteins will be calculated using auto grid and grid size was set to x=40.582,
y=26.931, z=-14.54 for 2Z5X and x=16.012, y= 127.65, z=23.57 for 2BK3 with grid
spacing of 0.375 A

4.1.4 Docking

Docking of protein to ligands were carried out using LGA (Lamarckian Genetic
Algorithm) with standard docking protocol on the basis a population size of 150
randomly placed individuals; a maximum number of 2.5 x10’energy evaluations, a
mutation rate of 0.02, a crossover rate of 0.80 and an elitism value of 1. Ten
independent docking runs will be carried out for each ligand and results were clustered

according to the 2.0 A root mean square deviation (RMSD) criteria.

4.2  Molecular docking using Schrodinger

Schrodinger maestro is a powerful software tool for molecular docking. This software
comes with graphical user interface for windows and through this software | have
performed static docking, where the maximum glide score is considered compared with
standard to check whether the synthesized molecule shows valid interaction or not. In
Schrodinger maestro software where the protein preparation wizard is there where
complete protein preparation is done. Ligand is prepared by selecting the ligand in
required receptor and then there is automatically grid and co-ordinates selection around
the particular area. Docking is performed using XP (Extra precision) method to calculate
the exact interaction compared to standard. The glide score comes for each ligand and

hence compared with standard molecule.
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4.3  Molecular docking using MOE

MOE stands for Molecular Operating Environment which is a molecular modelling suite.
Docking is one of the tool that is used to evaluate the suitability of the fitting of the
designed or synthetics. In the meantime we did docking, implicating similar MAO-A and
MAO-B PDB used earlier in Schrodinger and AutoVina. Similarly we remove extra water
of crystallization and further protonate the system for making it likely to the body
physiological conditions. Ligands were prepared and minimized via MM2 force field in
chembio 3D ultra. Later on the ligands were saved in MOE database file. Finally

docking was done by applying London DG force field.

Table4.1: IUPAC names and structures of the docked compounds

S. No. Structure IUPAC Name
VS-1 henyl(4-phenylpiperazin-1-yl)methanone
) phenyl(4-phenylpip yh)
N
VS-2 Heo. (4-methoxyphenyl)(4-phenylpiperazin-1-
qNﬂN@ yl)methanone
—/
VS-3 QO — 1-((2-nitrophenyl)sulfonyl)-4-phenylpiperazine
VS-4 al™s 1-((4-chloro-2,5-dimethylphenyl)sulfonyl)-4-
\O\E’NC/\NO phenylpiperazine
VS-5 1-((4-(tert-butyl)phenyl)sulfonyl)-4-phenylpiperazine
20 W
g
(¢}
VS-6 o=, 1,4-diphenylpiperazine
VS-7 \ 3-(4-phenylpiperazin-1-yl)quinolone
- N\—/N
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VS-8 —~ @ (4-methylpiperazin-1-yl)(p-tolyl)methanone
N\)
o
- 7N 1-(naphthalen-1-yl)-4-phenylpiperazine
VS-9 NuN@ (nap yl)-4-phenylpip
VS-10 7Y 1-(anthracen-9-yl)-4-phenylpiperazine
-0
/
VS-11 1-methyl-4-phenylpiperazine
OO
u 3
VS-12 o s 1-((4-chloro-2,5-dimethylphenyl) sulfonyl)-4-
0 ooy methylpiperazine
HC &
VS-13 “3°°Qr - (4-methylpiperazin-1-yl)(p-tolyl) methanone
N-CHs
VS-14 Hch (4-methylpiperazin-1-yl)(p-tolyl) methanone
ﬁ\N/ Hs
[e] N\J ’
VS-15 o (4-methylpiperazin-1-yl)(phenyl) methanone
N\JN’ 3
VS-16 N:vN/_\N‘Q 2-(4-phenylpiperazin-1-yl)pyrimidine
\ /N _/

In order to obtain preliminary expectations about the pharmacodynamics and
pharmacokinetics characteristics of our candidates, docking analyses were performed
by targeting human MAO-A and MAO-B crystal structure. Docking studies can also give
us a virtual insight into compound's orientation within the active site of our target. Based
on our results of docking studies, it is obvious that all the compounds exhibit an
extended conformation that will occupy both the entrance cavity and the substrate cavity
within the active site of MAO-B crystal. Similarly for MAO-A all the proposed compound
shows better binding affinity and interaction with the active site amino acids. Such
orientation will force 1l€199 residue to gain an open configuration leading to the fusion of
both entrance cavity and substrate cavity. The active site residues for MAO-A includes
Tyr69, Asnl81, Phe208, Val210, GIn215, Cys323, 1le325, 11e336, Leu337, Phe352,
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Tyr407, Tyrd44 and FAD. The results of docking studies showed that the compounds

showed pi-pi interactions with the various active site amino acids.

Initially we have docked the substrate Tyramine with both the crystal structure of MAO-

A (2Z5X) and MAO-B (2BK3).

ASN
181
ILE
TYR
407 ILE

NH,*
PHE 3
352

MET 208
350

1LE

335 VAL
CH 210

LEU
337
THR

336 GLN cvs

215 323

(A)

ILE
198

aYs

LE 172

FA
= 199 g
328

NH,*

o TYR
206
OH 398

TYR TYR
326 435
LEU
171
TYR

343 2

(®)

Tyramine interaction with the MAO-A
enzyme using PDB ID 2Z5X Molecule
showing H-bond interactions with
ILE180 with NHzand H20 molecule.
Active site residues includes ILE207,
ASN181, 1LE180 in Fig. 4.1 (A).

Structure  represents the  docking
interaction of tyramine with the MAO-B
enzyme using PDB ID 2BK3. In Fig.4.1
(B) the molecule is interacting with the
FAD cofactor. The active site residues
includes ILE199, PHE343, LEU171.

Fig. 4.1 Tyramine interactions with MAO-A (2Z5X) (A) and MAO-B (2BK3) (B)
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Table 4.2: Docking energy of the compounds with MAO-A enzyme using, AutoDock,
AutoVina & MOE software’s

AutoVina
Compounds Protein Schrodinger MOE docking score AutoDock Inhibitory
docking score score binding binding Binding Constants(Ki)

Binding Energy energy energy energy (Calcd. By

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) AutoDock)

VS-1 MAO-A -4.74 -11.2383 -6.5 -5.89. 60.21 uM
VS-2 MAO-A -5.01 -11.4746 -6.7 -5.96 58.06 uM
VS-3 MAO-A -4.65 -11.5990 -6.2 -6.02 32.3uM
VS-4 MAO-A -5.34 -11.6047 -5.3 -6.87 49.67 uM
VS-5 MAO-A -4.80 -10.5946 -4.6 -4.05 49.85 uM
VS-6 MAO-A -3.99 -9.4305 -7.1 -2.17 1.66 uM
VS-7 MAO-A -5.73 -11.0859 -6.9 -6.36 3.67 uM
VS-8 MAO-A -5.59 -11.5572 -1.7 -3.11 2.11 uM

VS-9 MAO-A -5.27 -10.2048 -6.5 -8.57 230.32 uM
VS-10 MAO-A -5.26 -10.7324 -4.9 -5.04 1.06nM
VS-11 MAO-A -2.73 -8.6537 -7.1 -3.95 1.27 uM
VS-12 MAO-A -2.00 -12.5877 -6.2 -6.27 35.65 uM
VS-13 MAO-A -3.65 -11.6146 -7.2 -4.87 48.89 uM

VS-14 MAO-A -3.50 -10.3489 7.7 -8.67 127.34nM
VS-15 MAO-A -3.51 -10.0590 -1.7 -7.34 89.65nM
VS-16 MAO-A -4.44 -9.9231 -7.4 -10.67 76.34nM
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Table 4.3: Docking energy of the compounds with MAO-B enzyme using, AutoDock,
AutoVina & MOE Software’s

Schrodinger MOE AutoVina
Compounds Protein docking score docking score AutoDock Inhibitory
Binding score binding Binding Constants(Ki)
Energy binding energy energy (Calcd. By
(kcal/mol) energy (kcal/mol) (kcal/mol) AutoDock)
(kcal/mol)

VS-1 MAO-B -6.02 -8.8 -9.7 -8.50 85.34nM
VS-2 MAO-B -6.91 -10.33 -9.0 -9.53 103.4nM
VS-3 MAO-B -6.83 -10.01 -7.5 -10.1 39.52nM
VS-4 MAO-B -7.13 -8.36 -5.2 -10.95 9.37nM
VS-5 MAO-B -5.84 -9.53 -7.7 -11.35 4.83nM
VS-6 MAO-B -4.90 -8.13 -9.5 -8.87 316.93nM
VS-7 MAO-B -7.46 -8.56 -11.2 -10.53 19.06nM
VS-8 MAO-B -7.00 -9.57 -9.6 -9.68 80.63nM
VS-9 MAO-B -6.79 -8.67 -10.3 -10.8 12.16nM
VS-10 MAO-B -7.99 -7.15 -9.0 -12.25 1.06nM
VS-11 MAO-B -4.16 -10.66 -6.7 -6.46 18.45uM
VS-12 MAO-B -5.79 -9.91 -6.9 -9.23 9.83nM
VS-13 MAO-B -5.66 -10.25 -7.0 -5.35 120.7nM
VS-14 MAO-B -6.03 -9.89 -7.4 -7.05 7.35nM
VS-15 MAO-B -5.20- -8.95 -7.4 -7.06 6.74 uM
VS-16 MAO-B -6.34 -9.57 -8.5 -5.36 118.3 uM
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Some of the best poses of the compounds which are synthesized for MAO-A and MAO-
B are shown below:

binding energy -3.67

LE

TR ar

Fig. 4.2 Interactions of standard drug Harmine docked with protein (PDB ID 2Z5X)
using Schrodinger software. The compound shows pi-pi interactions with PHE352. Two
hydrogen bonding interactions are shown. Most of the active site is hydrophobic and
some is hydrophilic. Hydrophilic site contains 3 amino acids i.e. ASN181, THR336 and

GLN215. From the fig. it is clear that the compound fits well into the active site.

All the compounds were docked with the enzyme MAO-A and MAO-B and their binding
energies were calculated. The compounds shows good binding energies with the
protein. It has been determined that the compound 4 (Ki= -5.34)and compound 7 (Ki= -
5.73) showed high binding energies with MAO-A. Compounds 4 and 7 were
superimposed with the standard drug harmine to determine the affinity of the
compounds towards the active site in comparison to harmine. The superimposed poses

of compounds are shown below:
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(a) 3D representation of the supeimposed pose of compound
VS-7 (shown in yellow) with the harmine (shown inred).it is (a
clear that the compound is properly superimposed with the
standard which indicates that the compound may also have
the affinty towards MAO-A. (b) 2d representation of

3D representation of the supeimposed pose of compound VS-4 (shown in
green) with the harmine (shown in red). Itis indicated that the compound 4 is
well superimposed with the standard (b)  2d representation of compound 4
indicating that the compound VS-4 completely fits into the active site of the

f:ompound \{S'7 indicaling that the compounds completelt fits enzyme (MAO-A). It shows pi-pi interactions with that of the PHE352 which is
into the.a(.:l!ve sne. of th.e enzyme (MAO-A). Cf)mgounds also present in the harmine. Also there are two additional pi-pi interactions of
shows pi-pi interactions with that of the PHE352 which is also PHE208 and PHE173 with the ARing. It is shown that the active site is

present in the harmine. Also there are two additional pi-pi
interactions of TYR69 with A-Ring and PHE172 with the D-
Ring. This pi-pi interactions retains the molecule fixed in the
active cavity An hydrophilic amino acid GLN215 is also
conserved in the active site.

hydrophobic with an hydrophilic amino acid ASN181.

Fig. 4.3 Docking poses of compounds VS-7 and VS-4interacts with the MAO-A (2Z5X)

binding energy -3.82

TR 336 -
45 mE
3

TIR
&

R
102

Fig. 4.4 Standard drug Farnesol docked with protein (PDB ID 2BK3) using Schrodinger
software. The active site is hydrophobic and the compound was completely fits into the
active site with high affinity. The active site amino acids includesTYR398, FAD1497,
PHE343, TYR60, GLN206, LEU171, CYS172 and PRO102.
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The compounds showed good binding energies with the MAO-B. Both the compounds

were superimposed with the standard drug farnesol to determine the affinity of the

compounds towards the active site in comparison to farnesol. It was found that the
compound VS-3 (-6.83) and VS-8 (-7.0) showed good interactions with MAO-B.

a) representation of the supeimposed pose of compound VS-
3 (shown in yellow) with the Farnesol (shown in ).it is
clear that the compound is properly superimposed with the
standard which indicates that the compound may also have the
affinty towards MAO-A. (b)  2d representation of compound
VS-3 indicating that the compounds completelt fits into the
active site of the enzyme (MAO-B. compound showed
hydrogen bonding interaction with the nitro group and a pi-pi
interactions with that of the PHE343 which is also present with
farnesol. the compounds fits completely into the active site of
MAO-B.

LE
199

PHE LEY crs e
168 7L 172 138 358

TYR

LEU a3s

164

/ \ Fl
TRP. N N
119 \ /
\
PRO \
TR

104 A €0

an e

206 343

LEU
&

FRO.
102

LE
316
FHE

98

a) representation of the supeimposed pose of compound VS-
8 (shown in yellow) with the Farnesol (shown in ).it is
clear that the compound is properly superimposed with the
standard that indicates the binding affinity towards the MAO-B
(b) 2D representation of compound VS-8 indicating that the
compounds completelt fits into the active site of the enzyme
(MAO-B). Compounds shows pi-pi interactions with that of
the TYR326 that plays a role in separating the active site
cavities of MAO-B. which is also present in the harmine. Also
there is additional pi-pi interactions of PHE343.

Fig. 4.5 Docking poses of compounds VS-3 and VS-8 interacts with the MAO-B (2BK?3)
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The compounds shows 7 - rr interactions and hydrogen bonding with the various active

site amino acids and showed good binding affinity towards MAO-A and MAO-B with
good docking score. On the basis of docking results we further synthesize 10
compounds (VS-1 to VS-10) that shows good binding affinity and good interactions with
the MAO-A & B.
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CHAPTER-5

SYNTHESISOF COMPOUNDS



5.1 Materials and methods

5.1.1

General

The reagents were purchased from Sigma-Aldrich, Loba-Chemie Pvt. Ltd., S.D.
Fine Chemicals, Avra synthesis and used without further purification.

Thin layer chromatography was done on glass silica plates with silica gel G as
the adsorbent. Ethyl acetate: Petroleum ether (1:1), (2:3) and Methanol:
Chloroform (0.5% methanol in chloroform with 2-3 drops of ammonium
hydroxide) mixtures were used as solvent system for the chromatographic
purification of compounds. Spots were visualized under UV light and iodine

chamber.

3. Infrared spectra of compounds were recorded on Bruker IR spectrophotometer.

4. The 'H and '3C NMR of the compounds were recorded on Bruker Advance |l

5.2

instrument at 400 MHz frequency, in CDClz, DMSO and TMS (6=0) as internal
standard at IIT Ropar, and Panjab University, Chandigarh.

Mass spectra were recorded on GC-MS (ESI), Central Instruments laboratory
(CIL), Central University of Punjab, Bathinda.

Reactions were carried out under Reflux conditions at 90°C and on simple
stirring at room temperature.

Synthesis

5.2.1 Synthesis of piperazine based analogues as MAO inhibitors

It was proposed to synthesize two series of compounds wherein first series involve

reaction of benzoyl halides or phenylsulfonyl with phenylpiperazine while the second

series involve C-N coupling of aryl bromides with phenylpiperazines.

5.2.2 Synthesis of first series of compounds

For the synthesis of first series of compounds initially benzoyl chloride was reacted with

phenylpiperazine in DCM under ice cold conditions in the presence of potassium

carbonate as base. The reaction mixture was stirred at room temperature and after

completion of reaction as confirmed by TLC, the reaction mixture was worked up and
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the product was analyzed through GCMS. Similarly a series of compounds were
synthesized as reported in Table 5.1 by using substituted benzoyl chlorides and
phenylsulfonyl chlorides. General procedure for the synthesis of compounds is reported

as given below.

5.2.3 General Procedure for compounds (VS-1 to VS-5 and VS-8)

In 200ml round bottom flask (RBF) a dichloromethane (7ml) , aryl/alkyl amine (0.5eq.)
and potassium carbonate (2eq.) was added kept it on stirring for 5 min at 0°C. Then
substituted benzoyl or sulfonyl chloride (1.5eq.) was added slowly in proportions and the
reaction was kept on stirring for 4-8 hr at room temperature. The reaction was confirmed
through the TLC. After completion of the reaction, DCM was evaporated on rotavapor,
the reaction mixture was extracted with water and ethylacetate, then washing with brine
and passed the product through anhydrous sodium sulphate. Then the product was
dried on rotavapor and was confirmed by checking TLC at 50% ethylacetate in

petroleum ether. The purification of the product was done by column chromatography.

Scheme 1 (VS 1-5 & VS-8) R
N

H
N

R = (substituted benzoyl and [ ]
N ~ sulpfonyl chlorides) N

K,C0O3,DCM, 4-5 hr f

Fig. 5.1General reaction scheme for compounds VS-1 to VS-5& VS-8

5.2.4 Synthesis of second series of compounds

For the process optimization of C-N bond formation, the reaction was carried out in
presence of phenylpiperazine, bromobenzene, sodium hydride (NaH), and DMF (dry) at
0°C, the reaction was unsuccessful as confirmed by TLC.

59



¢

H
N

[ ] NaH, DMF(dry) 0°C N
N

5o [5

Fig. 5.2 Process optimization for C-N bond formation reaction

Then the 2" scheme is applied for C-N bond formation where the reaction was carried

out in microwave in presence of ionic liquid.

¢ "

[;] . @ Csic0,ul [:]

HMIM, L-proline MW
phenylpiperazine  Bromobenzene ©

Fig. 5.3 C-N bond formation reaction in presence of ionic liquid under microwave

The reaction was completed and product peak was observed by GCMS however the

yield was very low.

Thereafter a copper catalyzed protocol (Zhang et al., 2005) was explored for the C-N
bond formation reaction in which the Cul was used as a catalyst and amino acid proline
act as a promoter and DMSO as a solvent. The chelation of Cu(l) with an amino acid
makes Cu(l) species more reactive toward the oxidative addition, or/and stabilize the
oxidative addition, thereby promoting the coupling reaction. In the absence of L-proline
the product yield was not so good but in the presence of L-proline sufficient yield was
obtained which indicates that the L-proline is a reliable promotor for aryl/alkyl bromides
with aryl/alkyl amine. The reaction was successful and different arylhalides were

coupled with phenylpiperazine for the formation of target molecules.
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5.2.5 General Procedure for Compounds (VS-6, VS-7, VS 9 & VS-10)

A mixture of alkyl amine (phenylpiperazine),aryl halide (1.1equiv.), CsCOs(2equiv.), Cul

(0.1 equiv.), and the appropriate amino acid (L-proline 0.2 equiv.) in DMSO was

refluxed and heated at 90°C for 24 hr. Around 10ml of ammonium chloride, was added

in the reaction mixture and kept it on stirring for half hour. The cooled mixture was

partitioned between water and ethylacetate. The organic layer was separated, and the

aqueous layer was extracted with ethyl acetate. The combined organic layers were

washed with brine, dried over Na2SOa4, and concentrated on rotavapor. The product was

purified by Column chromatography.

o

0

I

N
Aryl halide (R-X), Cul, CsCO3 [ j

N

Scheme 2 (VS 6-7, VS-9-10) R

L-proline, DMSO
reflux,at 90 o C, 24hr

Fig. 5.4 General reaction scheme for compounds VS-6, VS-7,VS-9 & VS-10

Table 5.1: Spectral analysis data of the synthesized compounds VS-1 to VS-10

Product name

Structure

Spectral analysis

VS-1
C17H1sN20O

¢
)

©/£o

IR (KBr cm): 3329 (NH stretch), 2212 (CN
stretch), 1683 (C=0O stretch), 1830.10 (C=C
stretch).!H NMR (400MHz, CDClz, TMS = 0)d:
3.25 (4H, t, J= 4 Hz), 3.65 (4H, t, J= 8 H2z),
6.95(2H, d, J= 8 Hz), 7.25 (1H, t, J= 8 Hz), 7.30
(2H, d, J= 8 Hz), 7.43(1H, t, J= 8 Hz), 7.60(2H,
d, J= 4 Hz), 8.08 (2H, d, J= 8 Hz).13C NMR (100
MHz, CDCls, TMS = 0) &: 130.0, 129.4, 128.7,
127.2,117.0, 49.12, 47.52

Mass spectrometry:m/z: 266
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VS-2
Ci18H20N202

IR (KBr cm): 1683 (C=0 stretch), 1239(CN
stretch), 2961(CH stretch), 1310(CO stretch),
1298.15 (CC stretch) 1830.10 (C=C stretch),'H
NMR (400MHz, CDCI3, TMS = 0) 3.13 (3H,
s,)3.78 (4H, t, J= 8 Hz), 3.82 (4H, t, J= 8
Hz),6.69 (2H, d, J= 4 Hz), 7.23 (1H, t, J= 8 Hz),
7.36(2H, d, J= 8 Hz),'*C NMR (100 MHz, CDCls,
TMS = 0) &: 171.09, 170.55, 164.66, 164.06,
162.39, 160.99, 132.94, 132.42, 129.35, 121.69,
116.88, 114.21, 113.86, 113.82, 55.6, 49.98,
47.5. Mass spectrometry:m/z: 296

VS-3
C16H17N304S

IR (KBr cm): 1237(CN stretch), 2988(CH
stretch), 1690(C=0O stretch), 1298.15 (CC
stretch) 1050.87 (S=0O stretch), 1529 (NO:2
Symmetric stretch)'H NMR (400MHz, CDCls,
TMS = 0)3.26(4H, t, J= 4Hz), 3.49 (4H, t, J=
8Hz), 6.94 - 7.00 (3H, m), 7.26 -7.30 (2H, m),
7.63 — 7.64 (1H, m), 7.70 - 7.73 (2H, m), 8 (1H,
d, J= 8 Hz).13C NMR (100 MHz, CDCls, TMS =
0) &: 148.21, 134.06, 131.73, 131.10, 129.53,
124.33, 117.42, 49.97, 4587 Mass

spectrometry: m/z: 347

62




VS-4
C18H21CIN304S

IR  (KBr cm): 1231.34(CN
2932.14(CH stretch), 1166.13 (CC stretch)
1830.10 (C=C stretch), 942.41(S=0 stretch)'H
NMR (400MHz, CDCls, TMS = 0) 2.33 (3H, s),
2.51 (3H, s), 3.15 (4H, bd), 3.24 (4H, bd), 6.84
(3H, m), 7.18-7.20 (2H, m), 7.24 (1H, s),
7.72(1H, s).23C NMR (100 MHz, CDCls, TMS =
0) &: 150.80, 139.39, 137.05, 134.39, 133.58,
133.23, 132.73, 129.41, 121.03, 117.08, 49.51,
45.39, 20.34, 19.72. Mass spectrometry:m/z:
364

stretch),

VS-5
C20H26N202S

IR (KBr cm): 1242(CN stretch), 3069(CH
stretch), 946.58(S=0 stretch), 1166.39 (CC
stretch),  1919.17(C=C  stretch)!H NMR
(400MHz, CDClz, and TMS = 0) 1.33 (9H, s),
3.22 (4H, t, J= 8 Hz), 3.24 (4H, t, J= 8 Hz), 6.87
(3H, m), 7.24 (2H, m), 7.53 (2H, d, J= 8 Hz),
7.69 (2H, d, J= 8 Hz). 3C NMR (100 MHz,
CDCls, and TMS = 0) &: 156.93, 150.79, 132.19,
129.40, 127.92, 126.23, 121.02, 117.04, 49.34,
46.21, 35.34, and 31.22. Mass
spectrometry:m/z: 358

VS-6
CieH1sN2

Y

-/

-

'H NMR (400MHz, CDCIl3, and TMS = 0)
3.37(8H, s), 6.91 (2H, m), 7.01 (4H, m), 7.26
(4H, m) 13C NMR (100 MHz, CDCls, and TMS =
0) &: 129.38, 116.63, 49.58, and 31.11 Mass
spectrometry:m/z: 238.
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VS-7
C19H19N3

IH NMR (400MHz, CDCls, and TMS = 0) 2.61 -
2.77 (4H, m), 3.36 — 3.38 (4H, m), 3.47(4H, t, J=
8 Hz), 7.26 (3H, m), 7.35 (1H, d, J= 4 Hz), 7.46
(4H, m), 7.48 (1H, d, J= 4 Hz), 7.98(1H, d, J=8
Hz), 8.79 (1H, bd) 3C NMR (100 MHz, CDCls,
and TMS = 0) 5:145 11, 143.01, 128.99, 127.14,
126.76, 126.70, 117.76, 54.83, 49.06,. Mass

spectrometry:m/z: 289.

VS-8
C1sH20N20

/

IR (KBr cm): 3329 (NH stretch), 2212 (CN
stretch), 1683 (C=0 stretch), 1034.68 (CC
stretch). 'H NMR (400MHz, CDCl3, TMS = 0)
2.31 (3H, s), 3.08 — 3.15 (4H, bd), 3.56 — 3.85
(4H, bd), 6.82 — 6.87 (3H, m), 7.15 (2H, d, J=8
Hz), 7.18 — 7.23 (2H, m), 7.27 (2H, d, J= 8
Hz)13C NMR (100 MHz, CDCIz, TMS = 0) &:
170.74, 151.08, 140.18, 132.69, 129.39, 129.26,
127.37, 120.77, 116.88, 50.05, 47.84, 42.28,
21.55. Mass spectrometry:m/z: 280.

VS-9
C20H20N2

2y

/

5

IR (KBr cm™): 1116.36(CN stretch), 2944(CH
stretch), 1030.98 (CC stretch) 1830.10 (C=C
stretch))H NMR (400MHz, CDClz, TMS = 0)
3.34(4H, s), 3.52 (4H, s), 6.97 (1H, bd), 7.16
(1H, d, J= 4 Hz), 7.26 (2H, m), 7.35 (2H, m),
7.43 - 7.46 (1H, m), 7.49 (2H, m), 7.59 (1H, d, 8
Hz), 7.84 (1H, d, 8 Hz), 8.23 (1H, d, J= 8 Hz)
13C NMR(100 MHz, CDCIs, and TMS = 0) &:
134.87, 129.51, 128.63, 126.06, 126.01, 125.68,
124.04, 123.46, 115.01, 114.98, 52.90, 50.0.

Mass spectrometry:m/z: 288.
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VS-10

Mass spectrometry:m/z: 338. NMR spectra
was not clear. It may be possible that the
product was degraded during transportation for
NMR. TLC showed single spot

Table 5.2: Chemical Analysis data of the synthesized compounds

Code Molecular Color Yield (%)
weight
VS-1(25) 266.34 Apricot 62
VS-2(26) 296.36 Apricot 56
VS-3(27) 347.39 Off white 82
VS-4(28) 364.89 light orange 76
VS-5(29) 358.50 Off white 85
VS-6(19) 238.33 Brown 42
VS-7(20) 289.37 Dark brown 68
VS-8(37) 280.36 Off white 87
VS-9(30) 288.39 Chocolate 43
VS-10(31) 338.44 Yellow 41
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CHAPTER- 6

BIOLOGICAL STUDIES



6.1 Chemicals and Reagents

1. RPMI 1640 and DMEM, Penicillin/ Streptomycin antibiotic solution, phosphate

buffer saline (PBS) and fetal bovine serum (FBS) media were used for culture of

the neuronal cell lines and were purchased from HiMedia.
2. DMSO, extrapure AR was purchased from SRL/ HiMedia.

3. Amplex red monoamine oxidase kit was purchased from Molecular probes

(Invitrogen) Life technologies, India.

4. MTT dye used for MTT assay was purchased from HiMedia

6.2 Instruments

Table 6.1List of Instruments used in Biological Studies.

Instruments Used

Company

Purpose

COz2 Incubator

Galaxy, New Brunswick

Incubation

Centrifuge 5430 R

Eppendorf, Germany

Centrifugation

Laminar air flow

Klen Airflow

For aseptic condition

Microplate Reader

Biotek

Absorption studies and
Fluorescence studies

Inverted microscope

Magnus, Olympus

Visualization of the

cells
6.3 Cell lines used for biological studies
Table 6.2: Cell Lines under Study
Properties SH-SY5Y IMR-32
Organism Homo sapiens, human Homo sapiens, human

Adherent or

Non-adherent

Adherent

Adherent
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Disease Neuroblastoma Neuroblastoma

Storage Liquid nitrogen vapor Liquid nitrogen vapor

conditions phase phase

Culture Atmosphere: air, 95%; Atmosphere: air, 95%;
" carbon dioxide (CO2), 5% | carbon dioxide (CO2),

conditions 504

Temperature: 37°C
Temperature: 37°C

6.4 Routine Assay performed in Cell Culture Laboratory
A. Culturing of the cell lines

Human neuroblastoma cells were grown in the appropriate medium (DMEM). Trypsin is
added to detach the cells (trypsinization). Subsequently, trypsin was inactivated by the
addition of media containing serum (1mL). Centrifugation was done on 1200 rpm at 4°C
for 5-10 min for harvesting the cells. Further, supernatant was disposed and
resuspension of the cell pellet was done using 2 mL of the complete media. The cell

number was counted using haemocytometer or automated cell counter (Invitrogen).
B. Maintenance and sub-culturing of cell lines

The maintenance of cultured cell lines (SH-SY5Y & IMR-32) was done in 25 cm? or 75
cm? flasks containing DMEM medium supplemented with 10% FBS, 1X Penicillin and
Streptomycin antibiotic solution and afterward incubated at 37°C in a humidified

atmosphere containing 5% CO2 and 95% humidity.

The cells were sub cultured in 25 cm? flasks and maintained until they attained 70-80%
confluency. The reagents necessary for the procedure were placed in water bath
maintained at 37°C for 10-15 min earlier to the sub-culturing. During sub-culturing,
trypsin was added. After 5 min, 1 mL of media containing serum was added for ceasing
the action of trypsin. Cells were then transferred to 15 mL centrifuge tubes and
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centrifuged for 10 min at 1200 rpm. The supernatant was cast aside and the pellet was
again resuspended in complete media. The cell lines were transferred to fresh media

every three days.
6.5 MAO inhibitory assay

The phenylpiperazine derivatives (1-10) that were synthesized in the previous chapter,
were investigated as inhibitors of MAO-A & B. Compounds acting as inhibitors may be
considered as potential lead compounds for the development of drugs for the treatment
of Neurological disorders. These studies should establish if the goal of this study was
achieved, namely the design of new potent, reversible and competitive inhibitors
of the MAOSs. As outlined in the Introduction, the objectives of this chapter were as
follows: The phenylpiperazine analogues (VS-1to VS-10) that were synthesized in
the previous chapter, will be evaluated as inhibitors of MAO-A and MAO-B. The
inhibition potencies will be expressed as the ICso values for the inhibition of the MAO's.
For this purpose, the recombinant human enzyme (isolated through mitochondrial
lysate) was employed. A fluorometric assay was used to measure the enzyme activities.
The MAO activity measurements were based on measuring the amount of H202 that is
produced in the oxidation process. The H20:2 reacts with amplex Red in the presence of
peroxidase form “resorufin”. The quantity of resorufinin the reactions is proportional to
the amount of H202 produced by the enzyme and was subsequently be determined by
measuring the fluorescence of the supernatant at an excitation wavelength of 560
nm and an emission wavelength of 590 nm (Zhou & Panchuk-Voloshina, 1997) and as

per the manufacturer’s protocol (Life technologies).

HO 0 OH H,0, O, HO o o
L0 - Ly

~

N N

peroxidase
,C—CH3
0]

Resorufin

Amplex red

Fig.6.1 Reaction scheme for the formation of resorufin, the fluorescent product from
amplex Red.
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Stepl.Isolation of mitochondria

Prepared 50ml lysis buffer containing 75mM NaCl, 8mM Na,HPO,4, 1mM
NaH,PQO4, 25mM Sucrose, 0.5mM PMSF and 0.25% Tween (20)

l

Neuronal cells incubated in ice-cold lysis buffer for 15 min ,
vortexed in between after 5 min interval

Neuronal cells were centrifuged at 800 g (rcf) for 10 min at 4 OC

I

Supernatant S1 saved, pellet (P-1) resuspended in lysis buffer

I

Centrifuged at 800 g (rcf) for 10 min at 40C

Pellet (P-2) saved and supernatant S2 saved and S1 and S2 were mixed

1

Centrifuged at 20,000 for 15 min at 40C

1

Pellet (P-3) containing mitochondria was saved, supernatant containing
lysate (cytosolic) saved stored at-80 oC

Fig. 6.2 Schematic representation of mitochondrial isolation protocol.

Step2. Preparation of mitochondrial lysate

15 min on ice

To the mitochondrial pellet ——— add 300mL lysis buffer

centrifuged 3000 x g (rcf) for 10 min at 4°C ~ ——— lysate of mitochondria obtained

stored at -20 oC J

Fig. 6.3 Schematic representation of mitochondrial lysate preparation protocol.

Step 3. Determination of protein concentration using Bradford assay

The Bradford protein assay is a spectroscopic analytical procedure used to measure
the concentration of protein in a solution. The protein concentration in mitochondrial

lysate isolated from SH-SY5Y cells was estimated using Bradford method (Zor &
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Selinger, 1996). This method involves binding of Coomassie Brilliant Blue with protein
causing shift in absorption maximum at 595nm. The color reagent was prepared by
dissolving 0.050g of CBB G-50 in 25% ethanol and 42.5% orthophosphoric acid and
volume was made up to 100ml with distilled H20.The standard curve was prepared
using various concentration of 1mg/ml BSA stock. The 20ul of coloring reagent was
added to each tube and absorbance was measured after 10 minutes at 595 nm on
spectrophotometer in multiplate reader (Biotek).

Step 4. Determination of MAO-A and MAO-B activities

Amine oxidase containing samples was dissolved in 1x Rxn buffer. A volume of 100 mL was used for
each reaction. one of the MAO inhibitor was included ( at conc. of 10mM), added equiv. of 0.2 mL of 0.5
mM inhibitor stock solution to each 100 mL volume of diluted sample & preincubated the sample for 30
min at room temperature

Prepared positive control by diluting the 20mM H,O, working solution to 10 mM in 1X reaction buffer and
used 1X buffer without H202 as negative control

Prepared 100 mL of diluted amine oxidase samples & controls into separate wells of a microplate

Prepared a working solution of 400 mM Amplex red reagent stock solution , 100 mL of HRP stock
solution and 200 mL of substrate stock solution to 9.5 ml 1X reaction buffer

|

Reaction begins by adding the 100 mL of Amplex red reagent / HRP/ substrate working solution to each
microplate well conatining the amine oxidase samples and controls

Incubated the reaction for 30 min at room temperature, protected from light. flourescence in

fluorescence microplate reader was determined using excitation in the range of 530-560 nm and
emission detection at ~590 nm

Fig. 6.4 Protocol for MAO inhibitory assay

Recent reports were shown that cytotoxicity is the critical issues for the success of the
new therapeutic agent. Therefore now a days it is becoming indispensable to evaluate

the cytotoxicity profile of the new chemical entity in the preliminary clinical studies.
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Hence we performed MTT assay for the validation of our newly synthetics for the

cytotoxicity.
6.6 MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) Assay:

MTT assay is a colorimetric assay(Mirzayans et al., 2007)which is a cell proliferation or
cell viability assay. MTT, a yellow tetrazole, is 3-(4, 5-dimethylthiazole-2-yl)-2, 5-
diphenyl tetrazolium salt of bromine which is reduced to purple formazan in living cells.
Mitochondrial reductase (succinate dehydrogenase) has the ability to reduce the MTT to
a purple colored formazan product. This conversion is achieved only in the metabolically
active cells and not otherwise. The underlying principle of MTT assay involves the
tetrazole dye entering the cells. If the cells are metabolically active then they are
reduced by succinate dehydrogenase to the formazan product as shown below. This
formazan is not easily solubilized; thus either dimethylsulfoxide, an acidified ethanol
solution or a solution of 51 detergent SDS in dilute HCl is added. The absorbance of

the colored product is read spectrophotometrically at wavelength between 500-600nm.

N O Reductases NH
N N~

Fig. 6.5 Reduction of MTT by reductases

Material: MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide), PBS,
DMSO

Procedure: The number of cells from the SH-SY5Y and IMR-32 cell lines were counted
on the automated cell counter. About 8,000-10,000 cells were seeded in each well of
the 96 well plate. The plate was incubated at 37 °C with 5% CO2 for 24 hr. At the end of
the 24 hr, treatment was given to the cells in triplicate concentrations of 5 uM, 25 uM
and 50 puM. The cells were further incubated for 48 hr. The media was removed from
each well and MTT solution (5 mg/10mL) was added. This was incubated in the dark for

4 h. At the end of 4 hr, the MTT solution was disposed from each well and the
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intracellular precipitate was dissolved in DMSO solution and the absorbance of the
violet colour formed as consequence of DMSO addition is read spectrometrically at 570

nm.

Seed Cells

COy Incubator
Culture plate : 96 well plate

37°C

Density
Volume

MTT reagent added

: 100 mL of culture

24hr

CO, Incubator

Cells cultured

Treatment with compounds at conc. of

(100 mL) 37°C TmM, 5 mM, 15mM, 25 mM and 50 mM
24hr
incubated in the
dark for 4hr
Violet colour Absorbance taken
DMSO added at 570 nm

Fig.6.6 Schematic Representation of MTT Assay Protocol
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CHAPTER-7

RESULTS AND DISCUSSION



7.1 Molecular docking studies

From review of literature it is clear that the cavity of MAO-A enzyme is hydrophobic and
slightly impinged with hydrophilic amino acid which suggest that the molecules designed
for the MAO-A activity should be lipophilic in nature having slight polarity. Docking
studies of compounds VS1 to VS-16 were performed on four different software’s
including Schrodinger, AutoDock, MOE and AutoDock Vina. All the compounds were
docked with both MAO-A and MAO-B enzyme using PDB ID 275X for MAO-A; and
2BK3 for MAO-B. From the docking studies of compounds with MAO-A, the binding
energy score suggested that the molecule with polar substitution show better binding
inside the active cavity. From interaction patterns of proposed compounds it reveals that
the compounds are surrounded by the active site amino acid residues hence completely
fits into the active site. Compounds having heterocyclic nucleus along with
phenylpiperazine moiety (VS-7) shows good binding energy. As the fused heterocyclic
nucleus is replaced with single aromatic ring having carbonyl group with sulphoxide
(VS-4) results in a slight increase in binding energy. Thus, it is clear that the compound
with electron donating group showed higher binding affinity as compared to electron
withdrawing groups. Electron donating group increases the electron cloud inside the

ring which favors the 7 -7 interactions with different amino acids of the active site

cavity and fix the position of the molecule into the active site. So the compound with
polar substitution such as VS-4 shows better binding affinity than the compounds with
non-polar substitution or less polar compounds. On the other hand, the active site of
MAO-B contain lipophilic pocket which preferably interacts with the bulky and lipophilic
ligands. CompoundsVS-3 and VS-8 were found to be the best fitted compounds into the
active site and showed good interactions with the active site amino acids of the MAO-
B.There is an additional interaction with binding sites which suggested that the
compound utilizes the conserved water molecule as in case of VS-3 (Fig 4.4) and other
hydrophilic amino acids for additional binding and better pharmacological action. The
docking study of the compounds suggested that the molecule having bulky groups such
as anthracene moiety shows better binding affinity in comparison to others ligands. The

molecule with electron withdrawing group shows almost equal effect as that of electron
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donating group as there is only slight variation in their binding energy. Infact the
molecule having no substitution or branching (VS-6) also shows good binding affinity
with the receptor. As in case of MAO-B the polar substitutions decreases the binding
affinity towards receptor, so the molecules which have nonpolar substitution are better
molecule for MAO-B. The MAO-B cavity is mostly surrounded by hydrophobic amino
acids, some hydrophilic amino acids are also present but they confine mainly at the
periphery of cavity and they are not involve in the any interactions with ligands. So the
proposed compounds such as anthracene substituted, and others shows better binding

affinity than the compounds with polar substitution.
7.2 Synthesis

Research over the years has led to the development and introduction of several
synthetic routes for the efficient synthesis of C-N bond formation. For the synthesis of
the target compound, proposed Scheme 1 (Zhang et al.,, 2005) & scheme 2 was

followed.

Scheme 1 (VS 1-5 & VS-8)
R= substituted benzoyl or
sulphonyl chloride, K,CO4

N N
[ ] DCM, stirring at room temp. [ ]
N N

H

R
© Scheme 2 (VS 6, VS-7, VS-9 & VS-10) ©
Arylhalide (RX), Cul, CsCOg, L-Proline
N

_ N

[ ] DMSO, reflux, 900C [ ]
N
R

N
H

Fig. 7.1 Reaction schemes for synthesizing compounds (VS-1 to VS-10)

During the synthetic process, it was observed that the time taken for the

completion of the reaction varied from compound to compound. The reaction time
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was less in case of compounds prepared through scheme 1 and yields were high as
compared to the scheme 2 compounds, where the product loss occurs due to the
presence of DMSO. For the synthesis of compounds VS-1 to VS-5 and VS-8,the
mixture of phenylpiperazine and substituted benzoyl or sulphonyl chloride was stirred in
DCM as a solvent and K2COs at room temperature for 4 to 5hr and the progress of the
reaction was monitored by TLC. In all the synthesized compounds, benzoyl chloride, 4-
Methoxy benzoyl chloride, 2-Nitrobenzene sulfonyl chloride, 4-Chloro-2, 5-
dimethylbenzene sulphonyl chloride, 4-tert-butylbenzene sulfonyl chloride, 4- Methyl
benzoyl chloride used for the synthesis of VS-2, VS-3, VS-4,VS-5 ad VS-8 respectively
whereas for the synthesis of compounds VS-6, VS-7, VS-9 and VS-10 the mixture of
phenylpiperazine and aryl halide was refluxed in DMSO as solvent and Cul and L-
proline were used as catalysts. The reaction was refluxed at 90°C for 24 hr (Scheme 2).
The progress of the reaction was monitored by TLC. Aryl halides for the compounds
synthesized from scheme 2 includes Bromobenzene, 3-Bromoquinoline, and 1-
Bromonapthalene. In all the cases, the completion of the reaction was
ascertained primarily by TLC. The compounds were characterized by their FT-IR,

Mass spectrometry and NMR Spectra.

IR spectra showed the peaks for aromatic amines in the range of 1242-1239 cm which
were lower than the normal value of 1335-1250 cm.This lower than the expected value
believed to be due to conjugation. The carbonyl groups in the range of 1690-1683
cm?, which were near to the normal value of 1710 cm™. Spectrum also represented
other peaks at 1050-946 cm%(S=0) in case of sulfonyl, 1310 cm™*(C-O stretch) in case
of methoxy, 1653-1585 cm(C=C aromatic), 1529 cm* (N-O asymmetric stretch).

The 'H spectrum of representative compounds showed that the a -hydrogen to
substituted nitrogen of phenyl piperazine is more deshielded than the normal range of
2.2-2.9 ppm and it comes in the range of 3.32-3.40 ppm. This is due to attachment of
electron deficient substituents in various synthesized compounds which decreases the
electron density around a — hydrogen and results in deshielding of NMR values. Another
indication of product formation is the absence of direct coupling *J between nitrogen

and attached hydrogen, having coupling constant in the range of 50 Hz. Product
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formation is further confirmed by 3C spectra in which, normally the unsubstituted
aromatic carbon comes around 122 but N-C (aromatic carbon) peaks comes around
150 indicates that there is deshielding due to the presence of nitrogen, thus indicating
the C-N bond formation. This is due to attachment of nitrogen of phenylpiperazine,
directly to aromatic carbon. The deshielding effect is more pronounced in carbon

spectra than proton spectra because of two atom effect than one i.e. H-C-X.

7.3 Biological evaluation of synthesized compounds

(a)Total MAO activity

A fluorescence based total MAO (A & B) activity was determined with Tyramine as
substrate was performed. The known MAO-A and MAO-B inhibitors namely Clorgyline
and Pargyline respectively showed significant inhibition in MAO-A activity by 36% and
MAO-B activity by 52% respectively as compared to the vehicle control (total MAO-A +
B) activity.

Table 7.1 Total MAO activity determined in the mitochondrial extracts of SH-SY5Y cells
against known inhibitors and synthesized compounds designed as potential MAO

inhibitors.

S.No. Sample Total MAO %
Activity(%) Inhibition

1 Control 100+0
2 Clorgyline (MAO-A 64+2 36

Inhibitor)
3 Pargyline (MAO-B 48+3 52
Inhibitor)

4 VS-1 | 1uM 58+10 42
5uM 54+7 46

10uM 49+3 51

50uM 46+3 54

5 VS-2 | 1uM 44+3 56
5uM 4514 55

10uM 45+3 55

50uM 51+4 49

6 VS-3 | 1uM 49+3 51
5uM 54+3 46

10uM 55+4 45

50uM 9045 10

7 VS-4 | 1uM 4613 54
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5pM 48+3 52
10pM 53+4 47
50uM 573 43
8 VS5 | 1pM 55+4 45
5pM 535 47
10pM 575 43
50uM 52+4 48
9 VS-6 | 1pM 51+4 49
5pM 5215 48
10pM 5315 47
50uM 60+4 40
10 VS7 | 1pM 57+4 43
5UM 586 42
10pM 574 43
50uM 615 39
11 VS8 | 1uM 544 46
5pM 54+4 46
10pM 55+4 45
50uM 58+4 42
12 VS99 | 1pM 544 46
5pM 523 48
10pM 52+3 48
50uM 52+3 48
13 VS-10 | 1pM 51+2 49
5pM 513 49
10pM 53+3 47
50uM 59+4 41
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Clorgyline (MAD A Inhibitor)
Pargyline (MADEB Inhibitor)

Fig. 7.2 Total MAO (A & B) activity in mitochondria lysates made from SH-SY5Y cells in
the presence or absence of known and synthesized compounds designed as potential
inhibitors for MAO.

The synthesized compound VS-1containing simple substituted benzoyl ring showed 42
% to 54 % inhibition in total MAO activity as compared to the control. VS-5 containing a
tert-butyl group and having substituted sulfonyl group, due to the presence of tert-butyl
group lipophilicity of the compound increases and thus it displayed a moderate dose
dependent inhibition in total MAO activity. Whereas, VS-2, VS-3, VS-4, VS-6 and VS-10
compounds also displayed slight inhibitory response. The VS-3 compound displayed an
interaction with the water molecule (MD simulation studies) and showed binding
affinity towards MAO-B. Due to its hydrophilic nature VS-3 was found out to be less
inhibitory. Additionally, VS-3 contains nitro group which makes the compound polar
indicating that the presence of nitro group decreases the total MAO activity measured.
Other compounds like VS-7, VS-8 and VS-9 displayed constant inhibitory response at
all concentrations as compared to the control. These results indicate that the

synthesized compounds possesses moderate inhibitory effect on total MAO (A & B)
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activity. Further studies are required to evaluate specificity of these compounds by

using MAO-B substrate benzylamine to establish specific nature of their inhibition.

With an aim to test the cytotoxicity of the synthesized compounds (VS-1to VS-
10), MTT assay was carried out with human neuroblastomaSH-SY5Y and IMR-32
cell lines. Approximately 8,000-10,000 cells were seeded per well of 96 well plate,
overnight grown and treated as indicated in the experimental design. Cells were
grown with synthesized compounds at various concentrations (1uM, 5uM, 15uM, 25uM
and 50uM) for 24 hr and 48 hr in humidified CO2 incubator, maintained at 37 °C with 5%

CO2 under serum free condition.

After the treatment and incubation, cell viability assay was performed. Test compounds
containing media was removed and 100uL of MTT (0.5 mg/ml) dissolved in 1x PBS. The
94 well plate was incubated for another 3 hr, which indicated purple colour crystals
formation, which were subsequently dissolved in acidified DMSO. Dissolved purple

colour crystals were read out at 570 nM in microplate reader (Biotek).
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Fig. 7.3 Cell viability of SH-SY5Y cells in response to the treatment of synthesized
compounds at various concentrations (1uM, 5uM, 15 uM, 25 uM, and 50 uM) for a time
duration of 24 hr.
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Table 7.2 Cell viability (%) of SH-SY5Y cells at different concentrations of synthesized

compounds after 24 hr.

S.No. Sample Cell viability (%)
1. Control 124+4
2. Vehicle Control 100+2
3. VS-1 1uM 9815

5uM 90+7
15uM 94+0
25 uM 8715
50uM 93+4
4, VS-2 1uM 110+£10
5uM 98+16
15uM 90+6
25 uM 8515
50uM 8614
5. VS-3 | 1uM 9745
5uM 8518
15uM 84+2
25 uM 74+£10
50uM 80+3
6. VS-4 1uM 9317
5uM 88+2
15uM 92+4
25 uM 8214
50uM 86+8
7. VS5 | 1uM 8646
5uM 8815
15uM 86+4
25 uM 7745
S0uM 72+4
8. VS-6 1uM 100+22
SpM 9617
15uM 92+8
25 uM 87+2
50uM 8612
9. VS-7 1uM 109+20
SUM 101+11
10puM 9343
25 uM 8545
50uM 102+13

10. VS-8 1uM 99+7

5uM 9145
15uM 9615
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Fig. 7.4 Cell viability of SH-SY5Y cells in response to the treatment of synthesized
compounds at various concentrations(1uM, 5uM, 15 uM, 25 uM, and 50 uM) for a time
duration of 48 hr.
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Table 7.3 Cell viability (%) of SH-SY5Y cells at different concentrations of synthesized
compounds after 48 hr of treatment.

S.No. Sample Cell viability (%0)
1. Control 11419
2 Vehicle Control 10047

VS-1 1uM 10530
5pM 97+14
15uM 108+14
25 UM 114411
50uM 12216

4, VS-2 1uM 102+4
5uM 7616
15pM 72+13
25 uM 7643
50uM 8746
5. VS-3 | 1pM 76114
SpM 90413
15pM 79+10
25 pM 83+11
S0uM 81+12
6. VsS4 | 1pM 115417
5pM 117415
15pM 109+7
25 pM 102+13
50uM 104+18
7. VS-5 | 1uM 91+7
SpUM 8446
15pM 77+3
25 M 66+8
50uM 72+4
8. VS-6 | 1pM 11342
5pM 87+3
15uM 90+11
25 UM 82+4
50uM 7710
9. VS-7 | 1uM 94+10
5uM 7015
10pM 66+10
25 uM 6616
50uM 6416
10. VS-8 1uM 10119
5uM 91+18
15uM 75+15
25 UM 75%2
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Fig. 7.5Cell viability of IMR-32 in response to the treatment of synthesized compounds
at various concentrations (1uM, 5uM, 15 uM, 25 uM, and 50 pM) for a time duration of

24 hr.
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Table 7.4 Cell viability (%) of IMR-32 at different concentrations of various synthesized

compounds after 24 hr of treatment.

S.No. Sample Cell viability (%0)
1. Control 108+7
2. Vehicle Control 10046
3. VS-1 | 1uM 88+3

5uM 84+14
15pM 8619
25 uM 90+8
50uM 1163
4, VS-2 | 1uM 96+1
5uM 84+16
15uM 10549
25 yM 1166
50uM 138+12
5. VS-3 | 1uM 9946
5uM 83+14
15uM 11147
25 UM 11447
50uM 127+5
6. VS-4 | 1uM 100+15
5uM 9248
15uM 1139
25 uM 12040
50uM 123+10
7. VS5 | 1pM 80+16
5uM 9543
15uM 67+8
25 uM 6913
50uM 85+4
8. VS-6 | 1uM 107412
SpM 77+14
15pM 126+3
25 yM 734
50uM 10743
9. VS-7 | 1pM 90+3
SpM 102+11
10pM 73+3
25 uM 8145
50uM 102+11
10. VS8 | 1uM 102+13
SpM 90+7
15pM 7248
25 uM 78+6
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50uM 11246
11. VS9 | 1pM 103+8
5uM 10548
10pM 1035
25 uM 11045
50uM 162+9
12. VS-10 | 1pM 103+6
5UM 9243
10pM 9245
25 uM 91+3
50uM 88+7
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Fig.7.6 Cell viability of IMR-32 cells in response to the treatment of synthesized

compounds at concentrations (1uM, 5uM, 15 pM, 25 pM, and 50 pM) for a time duration

of 48 hr.
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Table 7.5 Cell viability (%) of IMR-32 cells at different concentrations of various
synthesized compounds after 48 hr of treatment.

S.No. Sample Cell viability (%)
Control 83.7613
Vehicle Control 100+16
Vsl | 1uM 82+7
5uM 84+1
15uM 9245
25 uM 86+5
50uM 11345
4, VS-2 | 1uM 90+6
5pM 82+1
15uM 10049
25 pM 10548
50uM 11145
5. VS-3 | 1pM 94+10
5pM 10240
15uM 108+11
25 pM 100+11
50uM 107+4
6. VS-4 1uM 9316
5pM 90+11
15uM 126+11
25 pM 101+4
S0pM 10948
7. VS5 | 1pM 80+8
5uM 11246
15uM 91+16
25 pM 86+9
50uM 95+2
8. VS-6 1uM 1054
SpM 81+4
15pM 12040
25 uM 7747
50uM 98+1
9. VS-7 | 1uMm 84+4
5uM 8418
10pM 78+13
25 UM 75%9
50uM 8415
10. VS-8 1uM 75110
5uM 81+1
15uM 80+10




25 UM 83+4
S0uM 9946

11. VS-9 | 1pM 1063
5uM 102412
10pM 9619
25 uM 1044
50uM 149412

12. VS-10 | 1uM 97+4
5uM 100+15
10pM 1015
25 uM 10417
50uM 9745
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CHAPTER- 8

SUMMARY AND CONCLUSIONS



MAO inhibitors were the first drugs indicated for the treatment of depression. Though,
they were used extensively from the 1950’s and followed for the next two decades but
their use declined because of the reported side effects in addition to their significant
food and drug interactions i.e. Cheese effect. A large number of compounds are known
which owe their MAO inhibitory potential to the heterocyclic ring present in the core
structure. Taking evidence from such compounds, we also made an effort to
synthesize 10 compounds having phenylpiperazine ring as the core structure. The
progression and the subsequent completion of the reaction for each of 10
phenylpiperazine derivatives were confirmed by TLC. The purity of all the compounds
were ascertained by column chromatography and characterized by IR spectroscopy,
Mass spectrometry and NMR (*H-NMR and '3C-NMR) spectroscopy. The docking
studies were also performed on both the isoforms of MAO enzyme using PDB ID (2Z5X)
for MAO-A and (2BK3) for MAO-B. The docking studies revealed that the compounds
fits well to the active site of enzyme with good binding energy and showing good
interactions (including pi-pi interactions and H-bond interactions). The compound VS-4
and VS-7 was found to be more selective for MAO-A, whereas compounds VS-3 and
VS-8 showed good binding affinity towards MAO-B. From the results it is clear that the
compounds with electron donating group showed higher binding affinity towards MAO-A
as compared to electron withdrawing groups. Electron donating group increases the

electron cloud inside the ring which favors the 7 -7z interactions with different amino

acids of the active site cavity and fix the position of the molecule into the active site
whereas, the molecule having bulky groups such as anthracene moiety shows better
binding affinity towards MAO-B.

An attempt was made to evaluate the compounds for their MAO inhibitory activity. The
MAO inhibition studies reveal that the known MAO-A and MAO-B inhibitors, Clorgyline
and Pargyline respectively showed inhibition in MAO-A activity by 36 % and in MAO-B
activity by 52 % respectively as compared to the control (total MAO) activity. The
benzoyl and sulphonyl containing compounds having electron donating groups showed
significant and promising MAO inhibitory nature. Thus concluded that the compounds

having less polar substituents and low dipole moment possesses MAO inhibitory
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potential as compared to the compounds having polar groups like nitro, which displayed
less inhibitory effect. Further studies are required to evaluate specificity of these
compounds by using MAO-B substrate benzylamine to establish specific nature of their
inhibition. The cytotoxic nature of the synthesized compounds were assessed using two
human neuroblastoma SH-SY5Y and IMR-32 cell lines. The synthesized compounds
did not show cytotoxic response in both SH-SY5Y and IMR-32 indicating that these
compounds are safe to be used.
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phenyl(4-phenylpiperazin-1-yl)methanone VS-1
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((4-methoxyphenyl)(4-phenylpiperazin-1-yl)methanone) VS-2
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(1-((2-nitrophenyl)sulfonyl)-4-phenylpiperazine) VS-3
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(1-((4-chloro-2,5-dimethylphenyl)sulfonyl)-4-phenylpiperazine) VS-4
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(1-((4-(tert-butyl)phenyl)sulfonyl)-4-phenylpiperazine) VS-5
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(1,4-diphenylpiperazine) VS-6
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((4-phenylpiperazin-1-yl)(p-tolyl)methanone) VS-8
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(1-(naphthalen-1-yl)-4-phenylpiperazine) VS-9
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(1-(anthracen-9-yl)-4-phenylpiperazine) VS-10
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Ficus indoensis AN
AF501805 Ficus benjamina
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Fig. 26: Molecular phylogenetic analysis of Ficus using trnL by Maximum Likelihood
method based on the Tamura 3-parameter model (LnL=-910.7407). The percentage
of trees in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the MCL approach, and then selecting the topology with superior
log likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 13 nucleotide sequences. All
positions with less than 95% site coverage were eliminated. That is, fewer than 5%
alignment gaps, missing data, and ambiguous bases were allowed at any position.

There were a total of 387 positions in the final dataset.

83



Ficus indoensis AN
o Ficus benghalensis-GR
62| | AB445495 Ficus microcarpa
ABA445502 Ficus vanegata
66 AB445499 Ficus benguetensis

Conosycea

I Neomorphe

AB445497 Ficus irisana Ficus
AB445504 Ficus samentosa var. thunbergu
B‘a‘l{\BMSSOZS Ficus pumila
76 - AB178599 Ficus thunbergn
Ficus religiosa RPS (Abohar) Urostigma
AB445496 Ficus ampelas SYCldlum
_4A8445494 Ficus caulocarpa — Oreosycea
67 | AB445493 Ficus superba var. japonica
3| HQBIDT78 Ficus stenophylla Adenosperma
HQB90772 Ficus vaccinioides
HQB90775 Ficus tannoensis f. rhombifolia
9| | AB445506 Ficus erecta
HQ890774 Ficus formosana f. shimadae
AB445507 Ficus boninsimae
HQ890776 Ficus pedunculosa var. meamsii
AB445500 Ficus septica Sycocarpus
98 [_ EF687684 Ficus cordata Urostigma
_{AB"‘-"-"W e I Pharmacosycea
AB445510 Ficus tonduzii
E- AB445498 Ficus virgata Syc|d|um
L. JN040298 Ficus tikoua Sycocarpus
JN040286 Cannabis satna

0.01

Fig. 27: Molecular phylogenetic analysis of Ficus using RPS16-intron by Maximum

Likelihood method based on the Tamura 3-parameter (LnL=-1415.0850). The

percentage of trees in which the associated taxa clustered together is shown next

to the branches. Initial tree(s) for the heuristic search were obtained automatically

by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the MCL approach, and then selecting the topology with superior
log likelihood value. The tree is drawn to scale, with branch lengths measured in the

number of substitutions per site. The analysis involved 27 nucleotide sequences. All

positions with less than 95% site coverage were eliminated. That is, fewer than 5%

alignment gaps, missing data, and ambiguous bases were allowed at any position.

There were a total of 661 positions in the final dataset.
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Fig. 28: Molecular phylogenetic analysis of Ficus using COX1 gene by Maximum
Likelihood method based on the Hasegawa-Kishino-Yano model (LnL=-1462.4365).
The percentage of trees in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the MCL approach, and then selecting the
topology with superior log likelihood value. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The analysis involved 6
nucleotide sequences. All positions with less than 95% site coverage were
eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous
bases were allowed at any position. There were a total of 940 positions in the final

dataset.

4.6. Morphological study of F. indoensis Sp. Nov. leaves and fruits: Different
morphological characteristics was observed (Figure 29) in leaves of F. indoensis
Sp. Nov. when morphological comparison was done in case of both species, than
unique characters like leaf shape, apical tail length and texture of leaf was noticeably
remarkable (Figure 29). Accuminate leaf shape, rough leaf texture, short axial tail
was noticed in newly identified species, whereas, truncate leaf shape, shiny leaf
texture and long axial end tail was found in F. religiosa (Figure 29). Fruits (commonly
called as figs) of this novel species was compared with F. religiosa fruits (Figure 30).
There was not more difference in both fruits but noticeable character was its colour.
Figs of F. religiosa are of green colour and changes to red/purple with maturity but

in case of F. indoensis Sp. Nov. figs are of green colour throughout its life.
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Fig. 29: Picture of leaf, A- F. religiosa from city campus of Central University of Punjab, B- F. indoensis Sp. Nov. from Nicobar Island
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Fig. 30: Picture of fruits, A- F. religiosa from city campus of Central University of Punjab, B- F. indoensis Sp. Nov. from Nicobar Island
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CHAPTER 5
DISCUSSION

The main aim of this study was to investigate sequence-based
phylogeography of F. benghalensis and F. religiosa in Indian subcontinent. This
study generated sequence information of F. religiosa and F. benghalensis at ITS,
trnL, RPS16-intron and COX loci. Out of these, the RPS16-intron and COX spacer
were sequenced for these species for the first time in the world. This is for the first
time that DNA Barcoding was used to assess these species from India. Total of 22
sequences were generated each for ITS, trnL, RPS16-intron loci for F.
benghalensis. Similarly, 33 sequences each were generated for ITS, trnL, RPS16-
intron loci for F. religiosa. New specific primer was designed for amplifying COX
gene specific to genus Ficus. Amplicons were used in multilocal molecular

assessment study.

Multilocal phylogenetic analyses were congruent to reveal very low rate of
evolution of F. benghalensis in Indian subcontinent. In phylograms of F.
benghalensis (Figure 13-16) no consistent clade was formed at three loci. This
inconsistency can be attributed to low genetic diversity of this species in Indian
subcontinent. In 2006, a cyclone destroyed original trunk of the “big banyan” tree at
Adyar, Chennai, Tamil Nadu, however, in a matter of years the tree have resurrected
from the surrounding prop roots. Phylogenetic analysis using samples collected
from the colony of Adyar big banyan tree confirmed that these were indeed clonal
colonies with 100% similarity in sequences.

Most significant conclusion of the present dissertation is the existence of
cryptic speciation within F. religiosa (Peepal). Samples collected from throughout its
range in the subcontinent clustered within two strongly supported clades in all of the
phylogenetic analyses at three loci (ITS, trnL and RPS16, Figure 17-20). These
results were congruent with present study morphometric investigations, which
revealed distinct leaf axil shape, leaf texture and seed color for the newly revealed
cryptic species. Cryptic diversity is believed to be a potentially important factor
influencing future conservation decisions. The proportion of cryptic species is almost
evenly distributed among major metazoan taxa and biogeographical regions-a

conclusion of potentially profound impact on biodiversity assessment and
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conservation. The consistent novel clade reveals its possibility to be a novel species
and the name Ficus indoensis Sp. Nov. is proposed. Furthermore, molecular
phylogeny study of Ficus genus using dense taxon sampling (N=312) to identify
evolutionary affinities of F. indoensis Sp. Nov. also revealed the possibility of F.
indoensis Sp. Nov. as a novel species. Present study morphometric analyses also
revealed distinct synapomorphic characters. Seeds of F. religiosa are of green
colour and changes to red/purple with maturity (Figure 30) but in case of F. indoensis
Sp. Nov., seeds changes its colour from green to brown towards maturity. Among
other distinct, unique characteristics of Ficus indoensis Sp. Nov. are accuminate axil

shape (Figure 29), rough leaf texture and truncate leaf shape (Table 15).

Ficus genus have been subjected to molecular phylogenetic assessment
only once previously (Ronsted et. al. 2005) but that had several short comings. First,
the study was based only on nuclear ITS1 sequences. The study included only 146
species of Ficus, thereby obscuring fine phylogenetic structures within this plant
genus. However, the present study included 312 taxa (Figure 25) at ITS dataset.
The present study also included trnL (Figure 26), RPS16-intron (Figure 27) and COX
(Figure 28) datasets of Ficus which represents by far the most comprehensive
phylogenetic assessment of Ficus till date. In the phylogenetic tree generated by
Ronsted et al. subgenus Sycomorus was not monophyletic. In this study, section
Urostigma and Conosycea showed polyphyly. The molecular phylogeny revealed
that the novel species F. indoensis was showing affinity with section Conosycea to
which F. benghalensis belongs rather than showing affinity to section Urostigma to
which F. religiosa belongs, which evidently supports F. indoensis Sp. Nov. as a
novel species. This clade include samples from Nicobar Island, Gujrat, Assam and
Havelock Island, Andaman.
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SUMMARY

Principal conclusion of the present dissertation is revelation of the existence
of cryptic speciation within Ficus religiosa populations in the Indian subcontinent,
with a novel clade "indoensis" showing affinity with section Conosycea to which F.
benghalensis belongs. Phylograms of all three independent loci, as well as the
concatenated “supermatrix”, strongly supported this clade. In addition, at least three
synapomorphic characters of this clade was also revealed in this morphometric
analyses, including leaf shape and texture, and seed color. Phylogenetic and
morphological analyses were congruent to an extant to describe the novel clade as
a novel species, for which the binomen Ficus indoensis Sp. Nov. is proposed. F.
religiosa sensu Linnaeus was part of section Urostigma, while newly discovered
cryptic species was part of the section Conosycea. Analyses did not reveal any
phylogeographic structures, either for F. benghalensis or for F. religiosa, in Indian
subcontinent. Ficus benghalensis populations in the subcontinent showed very low
genetic diversity at all 4 genetic loci examined. Most of the previous studies on
molecular phylogeny of figs was done in relation with investigations to reveal its co-
evolution with fig wasps. There is only one study till date that included
comprehensive molecular systematics of this genus (Ronsted et. al. 2005). That
study included 146 Ficus species, while this included 312 Ficus species, at ITS
dataset. While the earlier study was based only on one locus, (ITS), this study is
based on four loci (ITS, COX, RPS16 and trnL), making this the most
comprehensive molecular systematic assessment of genus Ficus till date. In
addition, this study generated 330 DNA Barcodes of isolates from India overall
(none existed prior to this study). This study generated sequence information of F.
religiosa and F. benghalensis at RPS16-intron and COX1-2 spacer for first time in
the world. It is hoped that results revealed in this dissertation will be useful to future

research endeavours in this important tree genus.
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APPENDIX A

Pairwise distances calculated using MEGA

Table 21: Pairwise distances between F. benghalensis using ITS datasets

Andhra Pradesh (Mahbubnagar)
Jammu (Bantalab)

Punjab (Abohar)

Maharashtra (Viman Nagar)
Rajasthan (NRC)

Tamil Nadu (Murugunagar)
Assam (Bokajan)

Tamil Nadu (Adyar Gate Extreme Left)
Andhra Pradesh (Hydrabad)
Bihar (Sheikhpura)

Tamil Nadu (Adyar Gate Left)
Guijarat (Chandkheda)

Jharkand (Palamu)

Tamil Nadu (Adyar Gate Right)
Himachal Pradesh (Gandhi Nagar)
Madhya Pradesh (Bina Junction)
Punjab (CUPB)

Kerala (Pyannur)

Haryana (Palri)

Rajasthan (Jhunjhunu)

Delhi

0.000 0.000 0.000 0.004 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.004 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.004 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.004 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.004 0.009 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.006 0.004 0.004
0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.011 0.008 0.008
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.000 0.007 0.000 0.000
0.000 0.000 0.007 0.000 0.000
0.000 0.007 0.000 0.000
0.007 0.000 0.000
0.007 0.007
0.000

0.000
0.000 0.000
0.000 0.000 0.000
0.004 0.004 0.004 0.004
0.000 0.000 0.000 0.000 0.004
0.014 0.014 0.014 0.014 0.019 0.014
0.000 0.000 0.000 0.000 0.004 0.000 0.014
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.013 0.013 0.013 0.013 0.009 0.013 0.029 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013
0.000 0.000 0.000 0.000 0.004 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013
0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.000
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Table 22: Pairwise distances between F. benghalensis using trnL datasets.

Assam (Bokajan)

Jharkand (Palamu)

Rajasthan (Jhunjhunu)

F. benjamina

Punjab (CUPB)

Karnataka (Mysore)

Tamil Nadu (Adyar Gate Left)
Andhra Pradesh (Mahbubnagar)
Punjab (Abohar)

Kerala (Pyannur)

Madhya Pradesh (Bina Junction)
Gujarat (Chandkheda)

Rajasthan (NRC)

Maharashtra (Viman Nagar)
Haryana (Palri)

Bihar (Sheikhpura)

Delhi

Tamil Nadu (Murugunagar)
Himachal Pradesh (Gandhi Nagar)
Tamil Nadu (Adyar Gate Extreme Left)
Jammu (Bantalab)

Andhra Pradesh (Hydrabad)
Tamil Nadu (Adyar Gate Right)

0.004 0.000 0.003 0.005 0.003 0.000 0.003 0.005 0.003 0.000 0.003 0.000 0.003 0.005 0.005 0.000 0.003 0.003 0.003 0.003 0.003 0.000
0.004 0.002 0.002 0.002 0.002 0.004 0.002 0.003 0.002 0.003 0.002 0.003 0.002 0.002 0.003 0.005 0.002 0.002 0.002 0.002 0.002 0.002
0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.002 0.003 0.004 0.000 0.002 0.000 0.000 0.000 0.000
0.003 0.005 0.000 0.001 0.000 0.003 0.000 0.003 0.000 0.001 0.000 0.002 0.000 0.001 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.000
0.007 0.003 0.002 0.001 0.001 0.003 0.001 0.002 0.001 0.002 0.001 0.003 0.002 0.000 0.002 0.005 0.001 0.000 0.001 0.001 0.001 0.001
0.003 0.005 0.000 0.000 0.001 0.003 0.000 0.003 0.000 0.001 0.000 0.002 0.000 0.001 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.000
0.000 0.008 0.000 0.004 0.006 0.004 0.003 0.004 0.003 0.003 0.003 0.003 0.000 0.003 0.004 0.005 0.003 0.003 0.003 0.003 0.003 0.003
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.003 0.000 0.001 0.000 0.002 0.000 0.001 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.000
0.007 0.010 0.002 0.007 0.006 0.007 0.012 0.007 0.003 0.003 0.003 0.004 0.002 0.002 0.003 0.005 0.003 0.002 0.003 0.003 0.003 0.003
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.001 0.000 0.002 0.000 0.001 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.000
0.000 0.003 0.002 0.002 0.003 0.002 0.006 0.002 0.009 0.002 0.001 0.003 0.002 0.002 0.003 0.004 0.001 0.002 0.001 0.001 0.001 0.001
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.002 0.000 0.001 0.003 0.004 0.000 0.001 0.000 0.000 0.000 0.000
0.000 0.005 0.000 0.003 0.005 0.003 0.005 0.003 0.011 0.003 0.005 0.003 0.000 0.003 0.003 0.006 0.002 0.003 0.002 0.002 0.002 0.002
0.003 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.000 0.002 0.002 0.004 0.000 0.002 0.000 0.000 0.000 0.000
0.007 0.003 0.002 0.001 0.000 0.001 0.006 0.001 0.006 0.001 0.003 0.001 0.005 0.002 0.002 0.005 0.001 0.000 0.001 0.001 0.001 0.001
0.007 0.008 0.004 0.006 0.004 0.006 0.010 0.006 0.010 0.006 0.008 0.006 0.006 0.002 0.004 0.006 0.003 0.002 0.003 0.003 0.003 0.003
0.000 0.010 0.006 0.008 0.010 0.008 0.014 0.008 0.014 0.008 0.008 0.008 0.014 0.006 0.010 0.018 0.004 0.005 0.004 0.004 0.004 0.004
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.000 0.003 0.000 0.001 0.006 0.008 0.001 0.000 0.000 0.000 0.000
0.003 0.003 0.002 0.001 0.000 0.001 0.006 0.001 0.006 0.001 0.003 0.001 0.005 0.002 0.000 0.004 0.010 0.001 0.001 0.001 0.001 0.001
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.000 0.003 0.000 0.001 0.006 0.008 0.000 0.001 0.000 0.000 0.000
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.000 0.003 0.000 0.001 0.006 0.008 0.000 0.001 0.000 0.000 0.000
0.003 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.000 0.003 0.000 0.001 0.006 0.008 0.000 0.001 0.000 0.000 0.000
0.000 0.005 0.000 0.000 0.001 0.000 0.004 0.000 0.007 0.000 0.002 0.000 0.003 0.000 0.001 0.006 0.008 0.000 0.001 0.000 0.000 0.000
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Table 23: Pairwise distances between F. benghalensis using RPS16 datasets.

Delhi
Haryana (Palri)
Gujarat (Chandkheda)

Tamil Nadu (Adyar Gate Extreme Left)

Andhra Pradesh (Hyderabad)
Tamil Nadu (Adyar Gate Right)
Bihar (Sheikhpura)

Jharkand (Palamu)

Tamil Nadu (Adyar Gate Left)
Punjab (CUPB)

Jammu (Bantalab)

Maharashtra (Viman Nagar)
Himachal Pradesh (Gandhi Nagar)
Rajasthan (NRC)

Tamil Nadu (Adyar)

Kerala (Pyannur)

Andhra Pradesh (Mahbubnagar)
Punjab (Abohar)

Assam (Bokajan)

Tamil Nadu (Murugunagar)
Karnataka (Mysore)

Rajasthan (Jhunjhunu)

0.006 0.005 0.005 0.005 0.006 0.007 0.005 0.005 0.005 0.003 0.005 0.005 0.006 0.005 0.005 0.005 0.006 0.005 0.005 0.013 0.011
0.023 0.004 0.004 0.004 0.004 0.003 0.004 0.004 0.005 0.003 0.004 0.004 0.004 0.004 0.006 0.004 0.005 0.005 0.004 0.015 0.012
0.022 0.017 0.005 0.005 0.005 0.003 0.005 0.005 0.005 0.002 0.005 0.005 0.005 0.005 0.006 0.005 0.007 0.005 0.005 0.013 0.011
0.021 0.014 0.028 0.000 0.000 0.003 0.004 0.003 0.003 0.002 0.004 0.004 0.004 0.004 0.005 0.004 0.006 0.004 0.004 0.013 0.010
0.024 0.015 0.035 0.000 0.000 0.003 0.004 0.003 0.004 0.002 0.004 0.004 0.004 0.004 0.005 0.004 0.007 0.004 0.004 0.013 0.010
0.022 0.014 0.031 0.000 0.000 0.003 0.004 0.003 0.003 0.002 0.004 0.004 0.004 0.004 0.005 0.004 0.006 0.004 0.004 0.013 0.010
0.012 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.006 0.005 0.029 0.032
0.024 0.015 0.033 0.011 0.016 0.014 0.004 0.003 0.001 0.000 0.002 0.002 0.003 0.002 0.003 0.002 0.006 0.004 0.002 0.012 0.010
0.020 0.015 0.029 0.005 0.009 0.006 0.004 0.011 0.003 0.000 0.003 0.003 0.004 0.004 0.004 0.004 0.006 0.005 0.004 0.012 0.010
0.028 0.017 0.035 0.013 0.016 0.014 0.007 0.003 0.014 0.001 0.002 0.002 0.003 0.002 0.003 0.002 0.006 0.004 0.002 0.012 0.010
0.007 0.005 0.003 0.003 0.003 0.003 0.004 0.000 0.000 0.002 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.003 0.002 0.015 0.012
0.025 0.015 0.031 0.014 0.018 0.015 0.004 0.004 0.013 0.005 0.000 0.000 0.002 0.001 0.002 0.001 0.005 0.003 0.002 0.012 0.009
0.024 0.015 0.031 0.014 0.018 0.015 0.004 0.003 0.013 0.005 0.000 0.000 0.002 0.001 0.002 0.001 0.005 0.003 0.002 0.012 0.009
0.029 0.015 0.038 0.011 0.014 0.013 0.004 0.006 0.016 0.008 0.000 0.004 0.004 0.002 0.003 0.002 0.006 0.003 0.003 0.012 0.009
0.021 0.014 0.030 0.013 0.016 0.014 0.004 0.004 0.014 0.006 0.003 0.001 0.001 0.005 0.003 0.000 0.005 0.003 0.001 0.012 0.009
0.029 0.021 0.035 0.018 0.021 0.019 0.004 0.006 0.016 0.009 0.003 0.004 0.004 0.008 0.005 0.003 0.005 0.004 0.003 0.012 0.010
0.021 0.014 0.030 0.013 0.016 0.014 0.004 0.004 0.014 0.006 0.003 0.001 0.001 0.005 0.000 0.005 0.005 0.003 0.001 0.012 0.009
0.034 0.021 0.047 0.033 0.037 0.034 0.004 0.023 0.033 0.027 0.003 0.020 0.020 0.025 0.019 0.021 0.019 0.006 0.005 0.013 0.012
0.028 0.021 0.036 0.017 0.020 0.018 0.015 0.013 0.023 0.014 0.008 0.010 0.010 0.009 0.009 0.014 0.009 0.027 0.003 0.013 0.010
0.023 0.015 0.033 0.013 0.018 0.015 0.007 0.005 0.015 0.006 0.003 0.003 0.003 0.006 0.001 0.005 0.001 0.020 0.011 0.012 0.009
0.160 0.181 0.173 0.151 0.155 0.153 0.404 0.147 0.156 0.147 0.181 0.145 0.143 0.141 0.140 0.147 0.140 0.160 0.137 0.143 0.011
0.091 0.101 0.103 0.082 0.086 0.083 0.262 0.077 0.089 0.079 0.093 0.075 0.075 0.073 0.073 0.079 0.073 0.093 0.071 0.075 0.092
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Table 24: Pairwise distances between F. religiosa using ITS datasets.

Tamil Nadu (Villupuram)

Tamil Nadu (Nilgiri)

Haryana (Palri)

Uttar Pradesh (Noida)

Punjab (CUPB)

Tamil Nadu (Dharampuri)

Tamil Nadu (Murugunagar)

Punjab (Abohar)

Orissa (keonjhar)

Rajasthan (Jhunjhunu)

Delhi

Jammu (Miran Sahib)

Tamil Nadu (Kanyakumari)

Rajasthan (NRC)

Kerala (Payannur)

Maharashtra (Viman Nagar)
Chandigarh-17

Tamil Nadu (Thiruvannamalai)

Madhya Pradesh (Bina Junction)
Andaman and Nicobar Island (Port Blair)
Jharkand (Palamu)

Tamil Nadu (Namakkal)

Karnataka (Mysore)

Punjab (CUPB-Waw)

Bihar (Sheikhpura)

Uttar Pradesh (Bulandshahr)

Andhra Pradesh (Mahbubnagar)
Assam

Andaman and Nicobar Island (Nicobar)
Andaman and Ncobar Island (Havelock)

0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.000 0.000 0.003 0.000 0.000 0.000 0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.011 0.010
0.000 0.003 0.000 0.000 0.000 0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.011 0.010
0.003 0.000 0.000 0.000 0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.003 0.003 0.003 0.004 0.002 0.002 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.010 0.011 0.010
0.000 0.000 0.002 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.004 0.000 0.010 0.010 0.010
0.000 0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.003 0.002 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.004 0.000 0.011 0.011 0.010
0.004 0.005 0.005 0.004 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.004 0.004 0.004 0.003 0.003 0.005 0.004 0.011 0.011 0.010
0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.010 0.010 0.010
0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.004 0.011 0.011 0.010
0.004 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.003 0.004 0.011 0.011 0.010
0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.003 0.003 0.003 0.002 0.002 0.004 0.003 0.011 0.011 0.010
0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.003 0.000 0.010 0.010 0.010
0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.010 0.011 0.010
0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.010 0.010 0.010
0.000 0.000 0.002 0.002 0.002 0.002 0.010 0.011 0.010
0.000 0.002 0.002 0.002 0.002 0.010 0.011 0.010
0.002 0.002 0.002 0.002 0.010 0.011 0.010
0.000 0.003 0.000 0.010 0.010 0.010
0.003 0.000 0.010 0.010 0.010
0.003 0.010 0.011 0.010
0.011 0.011 0.010
0.003 0.002
0.003

0.000
0.000 0.000
0.000 0.000 0.000
0.004 0.004 0.004 0.004
0.000 0.000 0.000 0.000 0.004
0.000 0.000 0.000 0.000 0.004 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.007 0.007 0.007 0.007 0.011 0.002 0.007 0.008
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009
0.006 0.006 0.006 0.006 0.002 0.006 0.006 0.006 0.013 0.004
0.009 0.009 0.009 0.009 0.006 0.010 0.009 0.010 0.017 0.007 0.004
0.004 0.004 0.004 0.004 0.007 0.004 0.004 0.004 0.011 0.006 0.009 0.013
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000 0.000 0.000 0.000
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009 0.000 0.004 0.007 0.006 0.002 0.002 0.002 0.002 0.002
0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.007 0.000 0.004 0.007 0.004 0.000 0.000 0.000 0.000 0.000 0.000
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009 0.000 0.004 0.007 0.006 0.002 0.002 0.002 0.002 0.002 0.000 0.000
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009 0.000 0.004 0.007 0.006 0.002 0.002 0.002 0.002 0.002 0.000 0.000 0.000
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009 0.000 0.004 0.007 0.006 0.002 0.002 0.002 0.002 0.002 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.006 0.009 0.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000
0.006 0.006 0.006 0.006 0.002 0.006 0.006 0.006 0.013 0.004 0.002 0.006 0.009 0.006 0.006 0.006 0.006 0.006 0.004 0.004 0.004 0.004 0.004 0.006 0.006
0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.007 0.002 0.007 0.011 0.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.002 0.002 0.002 0.000 0.000 0.004
0.065 0.065 0.063 0.065 0.068 0.060 0.065 0.067 0.068 0.065 0.070 0.074 0.068 0.065 0.065 0.065 0.065 0.065 0.066 0.065 0.067 0.066 0.066 0.065 0.065 0.067 0.057
0.061 0.062 0.059 0.061 0.065 0.057 0.061 0.063 0.065 0.061 0.067 0.070 0.065 0.061 0.061 0.061 0.061 0.061 0.063 0.061 0.063 0.063 0.063 0.061 0.061 0.063 0.057 0.004
0.063 0.063 0.061 0.063 0.066 0.058 0.063 0.065 0.067 0.063 0.068 0.072 0.066 0.063 0.063 0.063 0.063 0.063 0.065 0.063 0.065 0.065 0.065 0.063 0.063 0.065 0.055 0.002 0.006
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Table 25: Pairwise distances between F. religiosa using trnL datasets.

Guijrat (Chandkheda)

Andaman and Nicobar Island (Nicobar)
Kerala (Payannur)

Tamil Nadu (Villupuram)

Delhi

Orissa (keonjhar)

Assam (Bokajan)

Karnataka (Mysore)

Bihar (Sheikhpura)

Himachal Pradesh (Gandhi Nagar)
Jammu (Miran Sahib)

Haryana (Palri)

Rajasthan (NRC)

Andaman and Nicobar Island (Port Blair)
Maharashtra (Viman Nagar)
Chandigarh-17

Punjab (Abohar)

Tamil Nadu (Kanyakumari)

Tamil Nadu (Nilgiri)

Tamil Nadu (Nammakkal)

Uttar Pradesh (Bulandshahr)

Uttar Pradesh (Noida)

Jharkhand (Palamu)

Andaman and Nicobar Island (Havelock)
Tamil Nadu (Thiruvannamalai)

Punjab (CUPB)

0.000 0.004 0.004 0.004 0.004 0.000 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.004 0.004 0.004 0.000 0.004 0.004
0.004 0.004 0.004 0.004 0.000 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.004 0.004 0.004 0.000 0.004 0.004
0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.004 0.004 0.004 0.000 0.004 0.004
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.000 0.0030.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.003 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.003 0.003 0.003 0.003 0.005 0.003 0.003
0.003 0.003 0.003 0.003 0.005 0.003 0.003
0.000 0.000 0.000 0.004 0.000 0.000
0.000 0.000 0.004 0.000 0.000
0.000 0.004 0.000 0.000
0.004 0.000 0.000
0.004 0.004
0.000

0.000
0.010 0.010
0.009 0.009 0.000
0.009 0.009 0.000 0.000
0.009 0.009 0.000 0.000 0.000
0.000 0.000 0.011 0.010 0.010 0.010
0.009 0.009 0.000 0.000 0.000 0.000 0.010
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.011 0.011 0.003 0.003 0.003 0.003 0.013 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
0.011 0.011 0.003 0.003 0.003 0.003 0.013 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000
0.000 0.000 0.010 0.009 0.009 0.009 0.000 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.011 0.011 0.009 0.009 0.009 0.009
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.009
0.009 0.009 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.009 0.000
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Table 26: Pairwise distances between F. religiosa using RPS16 datasets.

Funjab (Wavy CUFB)

Chandigarh-17

Kamataka (Mysore)

Orissa (Keonjhar)

Tamil Nadu (Villupuram)

Assam (Bokajan)

Jammu (Bantalab)

Bihar (Sheikhpura)

Andaman and Nicobar Island (Havelock)
Andaman and Nicobar Island (Port Blair)
Rajasthan (Jhunjhunu)

Gujrat (Chandkheda)

Haryana (Palri)

Tamil Nadu (Nammakkal)

Delhi

Madhya Pradesh (Bina Junction)

Uttar Pradesh (Bulandshahr)

Andaman and Nicobar Island (Nicobar))
Rajasthan (NRC)

Tamil Nadu (Murugunagar)

Himachal Pradesh (Gandhi Nagar)
Maharashtra (Viman Nagar)

Tamil Nadu (Nilgiri)

Uttar Pradesh (Noida)

Punjab (Abohar)

Tamil Nadu (Dharampuri)

Jharkand (Palamu)

0.000 0.000 0000 0.000 0.002 0.000 0.000 0002 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0000 0.002 0.000 0.000 0.002 0000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0002 0.000 0.000 0.002 0.000 0000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000
0.000 0.000 0.000 0.0000.002 0.000 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.002 0.000 0000 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.000 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002
0.000 0.000 0-000 0.000 0.000 0.003 0.000 0.002 0000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.002 0.000 0000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0000 0.000 0.000 0.000 0.000 0000 0.000
0.003 0.003 0003 0.003 0.003 0.000 0.003 0.003 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.002 0000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0000 0.000 0.003 0.000 0.002 0.000 0000 0.000 0.000 0.000 0.002 0000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.003 0.003 0.003 0.003 0.003 0.000 0.003 0.003 0.000 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0.003 0.000 0.000 0000 0.000 0.002 0.000 0.000 0000 0.000 0.000 0.000 0.000 0000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0-000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.003 0.003 0003 0.003 0.003 0.000 0.003 0.003 0.000 0.003 0.003 0.000 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0002 0.002 0.002 0.002 0.002 0.002 0.002
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.003 0000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0-000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0000 0.000 0.000 0000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0000 0.003 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000
0.000 0.000 0-000 0.000 0.000 0.003 0.000 0000 0.003 0.000 0.000 0003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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AB485917 Ficus boninsimae

- JQ773883_Ficus_gasparriniana

HQ890708 Ficus_tannoensis
HQ890727 Ficus_erecta
EU091640_Ficus_stenophylla
JQ773960_Ficus_pyriformis
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HQ890731_Ficus_iidana
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EU091649 Ficus_pantoniana
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AY730127_Ficus_hirta
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J

N117650_Ficus_tsiangii
AY730135_Ficus_sinuata
JQ773896_ Ficus_heteropleura

AY063583 Ficus_parietalis
EU091676_Ficus_obscura

AF165413_Ficus_tinctoria

AB485892 Ficus virgata

EU091677_Ficus_subulata

AF165382_Ficus_copiosa
AF165418 Ficus wassa

AF165381_Ficus_conocephalifolia
AF165401_Ficus_phaeosyce

— AY730131_Ficus_coronata
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EU091671_Ficus_politoria

EF520712_Ficus_asperifolia

EU091665_ Ficus_exasperata

JN117633_Ficus_henryi
JQ773998 Ficus_subincisa

EU091670_Ficus_opposita
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EU091674_Ficus_trachypison

- JQ773858_Ficus_cyrtophylla
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AY730134_Ficus_pygmaea
EU091669 Ficus_melinocarpa

[ JQ773907_Ficus_irisana

AF165375_ Ficus_albipila
EF092318_Ficus_variifolia
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AY063586_Ficus_salicifolia

{ AB485813 Ficus superba
JQ774002_Ficus_subpisocarpa

AY730062_Ficus_lacor

[ AY730061_Ficus_ingens
KF850595 Ficus_cordata

Ficus_religiosa ITS KL

W[ JQ773848_ Ficus_cardiophylla
JQ773857_Ficus_virens

— AY063581_Ficus_prolixa

- JN117626_Ficus_concinna
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{ EU091573_Ficus_caulocarpa
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LAY7301 19_Ficus_pachystemon
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— JQ773887_Ficus_vasculosa
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EU091613_Ficus_semicordata
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EU091625_Ficus_megaleia
AY063576_Ficus_uncinulata
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AF165404_Ficus_pungens
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EU091631_Ficus_satterthwaitei
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DQ367662_ Ficus_aurantiacafolia
EU091624 Ficus_iodotricha
DQ367659_Ficus_morobensis
EU091622_Ficus_calopilina
EU091632_Ficus_saurauioides
AY730136_Ficus_congesta
EU091628_Ficus_pachyrrhachis
AF165378_Ficus_bernaysii
AF165388_Ficus_hispidioides

DQ367656 Ficus adelpha
r EU091563_Ficus_adhatodifolia

_
=T ———

—=

E

—

J

J
GU

J

J
H

[

1T

i

|

d
[

[

|
|

JX137114_Ficus_maxima
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AY730140_Ficus_tonduzii
EU091564 Ficus_lapathifolia
HQ890678 Ficus_yoponensis
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l EF545658 Ficus_macrophylla
EF545661_ Ficus_pleurocarpa
— AY063569_Ficus_rubiginosa
EF545659 Ficus_obliqua
AY730114_Ficus_leucotricha
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AY730112_Ficus_crassipes
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