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ABSTRACT

We have recently demonstrated that 1-methyl-3-phenylpyrrole analogues are
moderately potent competitive inhibitors of the enzyme monoamine oxidase B (MAO-
B). The most potent analogue was 1-methyl-(4-trifluoromethylphenyl)pyrrole with an
enzyme—inhibitor dissociation constant (K; value) of 1.30 uM. The least potent inhibitor
was 1-methyl-3-phenylpyrrole with a K; value of 118 pM. Since 1-methyl-3-
phenylpyrroles probably bind to the active site of MAO-B via hydrophobic interactions,
we speculated that modification of the structure to include hydrogen bond acceptors
may enhance binding affinity. An example of such a modified structure is N-methyl-2-
phenylmaleimide, which may interact with MAO-B via both hydrogen bonding and
hydrophobic burial, and hence may act as a more potent inhibitor. In this study we
have prepared N-methyl-2-phenylmaleimide and selected phenyl ring substituted
analogues. In order to test the merit of N-methyl-2-phenylmaleimides as potential
MAO-B inhibitors, the chosen structures were modeled within the active site of human
recombinant MAO-B. Results indicated that the carbonyl oxygens of the maleimide ring
is stabilized by hydrogen bonding with amino acid residues and water molecules in the
substrate cavity of the enzyme while the phenyl ring extends into the entrance cavity.
Since similar interactions are not possible with 1-methyl-3-phenylpyrroles, we conclude
that N-methyl-2-phenylmaleimides may inhibit MAO-B with enhanced potency
compared to the pyrroles.

For the purpose of this study, seven N-methyl-2-phenylmaleimides analogues were
synthesized and their enzyme—inhibitor dissociation constants (K; values) for reversible
interaction with MAO-B were determined. The most potent inhibitor among the
oxidation products considered was the unsubstituted N-methyl-2-phenylmaleimide with
a K; value of 3.49 uM. The least potent inhibitor was found to be N-methyl-2-(3-
trifluromethylphenyl)maleimide with a K; value of 10.99 uM. The unsubstituted
maleimide showed an approximately 30 fold increase in inhibition potency compared to
the corresponding 1-methyl-3-phenylpyrrole. This may be in part due to the ability of
the carbonyl oxygens of the maleimide ring to interact via hydrogen bonding with active

site residues, an interaction which is impossible for the pyrroles.




OPSOMMING

Ons het onlangs aangetoon dat die 1-metiel-3-fenielpirroolanalo& matige potensie toon .
as kompeterende inhibeerders van die ensiem, monoamienoksidase B (MAO-B). Die
mees potente van hierdie verbindings was 1-metiel-(4-triflucormetielfeniel)pirrool met
'n dissosiasiekonstante vir ensieminhibisie (K-waarde) van 1.30 uM. Die swakste
inhibeerder was 1-metiel-3-fenielpirrool met n K-waarde van 118 yuM. Aangesien 1-
metiel-3-fenielpirrole waarskynlik deur hidrofobiese interaksies aan die aktiewe setel
van MAO-B bind, het ons gespekuleer ons dat indien dié strukture so gewysig word
dat hulle waterstofbindingsakseptors bevat, bindingsaffiniteit mag verbeter. N-metiel-2-
fenielmaleienimied is 'n voorbeeld van so 'n gemodifiseerde struktuur wat met MAO-B
interaksie kan ondergaan deur waterstofbinding sowel as hidrofobiese insluiting en wat

dus sodoende sterker inhibisie mag vertoon.

In hierdie studie is 'n reeks N-metiel-2-fenielmaleienimied-analoé gesintetiseer met
geselekteerde substituente op die fenielring. Hierdie gekose strukture is in die aktiewe
setel van menslike rekombinante MAO-B gepas om vas te stel of die N-metiel-2-
fenielmaleienimiede belofte toon as MAO-B-inhibeerders. Die resultate het aangedui
dat die karbonielsuurstofatome van die maleienimiedring gestabiliseer word deur
waterstofbinding met aminosuurresidue en watermolekules in die substraatsetel van
die ensiem en dat die fenielring tot in die ingangsetel strek. Aangesien soortgelyke
interaksies nie met die 1-metiel-3-fenielpirrole moontlik is nie, het ons gepostuleer dat
die N-metiel-2-fenielmaleienimiede meer potente MAO-B-inhibeerders sal wees as die

pirrole.

Vir hierdie studie is sewe N-metiel-2-fenieimaleienimied-analoé gesintetiseer waarna
hul dissosiasiekonstantes vir ensieminhibisie (K-waardes) vir omkeerbare interaksie
met MAO-B bepaal is. Die mees potente inhibeerder onder die oksidasieprodukte wat
getoets is, was die ongesubstitueerde N-metiel-2-fenielmaleienimied wat 'n K-waarde
van 349 uM gehad het. Die swakste inhibeerder was N-metiel-2-(3-
trifluoormetielfeniel)maleienimied waarvan die Krwaarde 10.99 uM was. Die
ongesubstitueerde maleienimied was 30 maal meer potent as die ooreenstemmende
1-metiel-3-fenielpirrool. Dit mag gedeeltelik toegeskryf word aan die vermoé van die
karbonielkoolstofatome van die maleienimiedring tot waterstofbinding met die aktiewe

setels op die residue - 'n tipe interaksie wat nie by die pirrole moontlik is nie.
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CHAPTER 1.
INTRODUCTION AND OBJECTIVES

1.1 Parkinson’s disease

Parkinson’s disease is a neurodegenerative disorder characterized pathologically by a marked
loss of dopaminergic nigrostriatal neurons and clinically by disabling movement disorders (Jenner,
1998) and is currently the most common degenerative disorder of the ageing brain after
Alzheimer's dementia. Parkinson’s disease is one of the most widespread neurodegenerative
disorders and in North America alone, it affects about 1 million people. It is a multifactorial disorder
caused by genetic, various biological and environmental factors. Since it is not clear whether a
single entity causes the disease, it is also referred to as the “idiopathic parkinsonism” (Calne,
1989; Calne, 1994). Parkinson's disease is a gradual progressive central neurodegenerative
disorder that affects body movement (Ballard et al., 1985). There are four primary symptoms
characterizing the disease: tremor, rigidity, bradykinesia and postural instability (Ballard ef al.,
1985). The motor disabilities characterizing Parkinson’s disease are primarily due to the loss of
dopaminergic neurons in the substantia nigra, resulting in a dramatic decrease in the dopamine (1,
DA) levels in the brain (Jenner, 1998). Once dopaminergic neuronal cell death reaches the critical
level of 85-90%, the neurological symptoms of Parkinson’s disease appear (Reiderer et al., 2004).
This disorder has been found to generally affect older people above 50 years. Parkinson’s disease
is a chronic disease and also progressive (Reiderer ef al., 2004). The progressive nature of

Parkinson’s disease means that it may ultimately lead to severe disability.

The current treatment for Parkinson’s disease is the systematic administration of levodopa, a
precursor to DA which enters the brain via a carrier mediated transport system where it is
converted to DA by the enzyme, L-aromatic amino acid decarboxylase (L-AAAD) (Jenner, 1998;
Birkmayer et al., 1975). Since the discovery in the 1960’s, that striatal dopamine is deficient in
Parkinson’s disease and that its replacement with high dosages of levodopa could ameliorate the
symptoms of parkinsonism, research on Parkinson’s disease has increased dramatically. Although
this is still used to treat Parkinson’s disease, several problems usually develop during the chronic
use of levodopa (Jenner, 1998). With time and disease progression, however, dopamine
replacement becomes less efficacious and new adverse effects, including increased oxidative
load in the substantia nigra and involuntary movement appear (Reiderer & Youdim, 1986; Youdim
& Bakhle, 2006). In order to enhance the efficacy of levodopa treatment, this drug is frequently
combined with carbidopa, an L-aromatic amino acid decarboxylase inhibitor, and (R)-deprenyl (2),




a monoamine oxidase B (MAO-B) inhibitor. Carbidopa delays the peripheral conversion of
levodopa into dopamine until it reaches the brain (Jenner, 1998), while (R)-depreny! blocks the
central metabolism of dopamine (Youdim & Bahkle, 2006).

1.2 The role of MAO-B in Parkinson’s disease

Monoamine oxidase (MAO) is a flavin adenine dinucleotide (FAD)-containing enzyme attached to
the mitochondrial outer membrane of neuronal, glial, and other cells. Its roles include regulation of
the levels of biogenic and xenobiotic amines in the brain and the peripheral tissues by catalyzing
their oxidative deamination (Youdim & Bakhle, 2006). On the basis of their substrate and inhibitor
specificities, two types of MAO (A and B) have been described. MAO-A preferentially deaminates
serotonin and norepinephrine and is irreversibly inhibited by low concentrations of clorgyline (3).
MAO-B preferentially deaminates arylalkylamines such as benzylamine (4) and is irreversibly
inhibited by (R)-deprenyl (2) (Waldmeier, 1987). Both isoforms utilize dopamine as substrate
(Youdim & Bakhle, 2006). Due to their role in the metabolism of catecholamine neurotransmitters,
MAO-A and -B have long been of considerable pharmacological interest and reversible and
irreversible inhibitors of MAO-A and -B have been used clinically to treat neurological disorders
including depression and Parkinson’s disease (PD) (Youdim & Bakhle, 2006). MAO-B has also
been implicated in neurodegenerative processes resulting from exposure to xenobiotic amines.
For example, the first step of the bioactivation of the parkinsonian inducing pro-neurotoxin, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (5, MPTP) is catalyzed by MAO-B (Chiba et al., 1984).
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Figure 1.The structures of dopamine (1), (R)-deprenyl (2), clorgyline (3) and benzylamine (4).




MAO-A and -B are therefore important targets for the development of new drugs. We are
particularly interested in the therapeutic role of MAO-B inhibitors in Parkinson’s disease. Since the
MAOQO-B isoform appears to be predominantly responsible for dopamine metabolism in the basal
ganglia (Youdim et al., 1972), inhibition of this enzyme in the brain may conserve the depleted
supply of dopamine and inhibitors are frequently used in combination with levodopa as dopamine
replacement therapy in patients diagnosed with early Parkinson’s disease (Birkmayer et al., 1975).
For example, MAO-B inhibitors have been shown to elevate dopamine levels in the striatum of
primates treated with levodopa (Finberg et al., 1998). Furthermore, in the catalytic cycle of MAO,
one mole of dopaldehyde and H,O, is produced for each mole of dopamine oxidized. Both these
catabolic products may be neurotoxic, if not rapidly inactivated by centrally located aldehyde
dehydrogenase (ADH) (Gesi et al., 2001) and glutathione peroxidase (Flohe, 1978), respectively.
Thus inhibitors of MAO-B may also exert a neuroprotective effect by stoichiometrically decreasing
aldehyde and H,O, production in the brain. Inhibitors that have been demonstrated to be of clinical
value include the mechanism-based inactivators (R)-deprenyl (Ebadi et al., 2006) and rasagiline
(6) (Rabey et al., 2000) and reversible inhibitors such as lazabemide (Dingemanse et al., 1997)
and safinamide (Chazot, 2001).
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MPTP (5) Rasagiline (6)

Figure 2. The structures of MPTP (5) and rasagiline (6).

From a safety point of view, reversible inhibitors may be therapeutically more desirable than
inactivators since MAO-B activity can be regained relatively quickly following withdrawal of the
reversible inhibitor. In contrast, return of enzyme activity following treatment with inactivators
requires de novo synthesis of the MAO-B protein which may require several weeks (Thebault et
al., 2004). For this reason, several studies are currently underway to develop reversible inhibitors
of MAO-B (Gnerre et al., 2000). These inhibitors act in a competitive manner while retaining
selectivity towards MAO-B.




1.3  Hypothesis of this study

We have recently demonstrated that 1-methyl-3-phenylpyrrole analogues are moderately potent
competitive inhibitors of the enzyme monoamine oxidase B (MAO-B) (Ogunrombi et al., 2008).
The most potent analogue was 1-methyl-(4-trifluoromethylphenyl)pyrrole (7) with an enzyme—
inhibitor dissociation constant (K; value) of 1.30 uM. The least potent inhibitor was 1-methyl-3-
phenylpyrrole (8) with a K; value of 118 uM (Figure 3). Since 1-methyl-3-phenylpyrroles probably
bind to the active site of MAO-B via hydrophobic interactions, we speculate that modification of the
structure to include hydrogen bond acceptors may enhance binding affinity. An example of such a
modified structure is N-methyl-2-phenylmaleimide (9a), which may interact with MAO-B via both
hydrogen bonding and hydrophobic burial, and hence may act as a more potent inhibitor.

To test this hypothesis in this study, we prepared a series of selected N-methyl-2-
phenylmaleimides and evaluated them as inhibitors of MAQ-B. The results from this study may aid
in the identification of new reversible MAO-B inhibitors with exceptional potent action.
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Figure 3. The structures of 1-methyl-(4-trifluoromethylphenyl)pyrrole (7), 1-methyl-3-
phenylpyrrole (8) and N-methyl-2-phenylmaleimide (9a).

1.4 Objectives of this study

The objectives of this study can be summarized as follows:

a. A series of N-methyl-2-phenylmaleimide analogues will be synthesized according to procedures
described in the literature. In this study, the chosen structures differed from N-methyl-2-
phenylmaleimide only by substitution at C-3 of the phenyl ring. These structures (9a—g) are
illustrated in Figure 4.




b. The N-methyl-2-phenylmaleimide analogues (9a—g) were evaluated as inhibitors of MAO-B. For
this purpose we aimed to establish whether the mode of inhibition is reversible and competitive,

and determined the enzyme—inhibitor dissociation constants (K; values).

c. In an attempt to gain additional insight into the binding modes of the inhibitors to the active site
of MAO-B, molecular docking of selected N-methyl-2-phenylmaleimide analogues (9a—g) within
the active site of human MAO-B was performed. Results from these studies afforded information
about the spatial location, main interactions and highlighted the structural features of the N-
methyl-2-phenylmaleimide analogues that are important for MAO-B inhibition. This will assist in
the rational design of MAO-B reversible inhibitors with enhanced potency. For this, LigandFit

application of the molecular docking software, Discovery Studio 1.7 was employed.
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Figure 4. The structures of the N-methyl-2-phenylmaleimide analogues (9a-g) that were

investigated as potential MAO-B inhibitors in the current study.




CHAPTER 2.
LITERATURE OVERVIEW

2.1 Parkinson’s disease

Parkinson’s disease is a chronic, progressive movement disorder that results from degeneration of
the neurons of the substantia nigra in the midbrain. This causes the loss of dopamine (DA) from
the striatum (Jenner, 1998) and the disruption of the neural circulatory that controls movement
(Ballard et al., 1985). Molecularly, this condition results when the majority of dopaminergic nerve
cells in the substantia nigra die, or are impaired, automatically causing the levels of dopamine in
the brain to decrease (Reiderer & Youdim, 1986).

2.1.1 General background

Parkinson's disease is a widespread neurodegenerative, multifactorial disorder, believed to be
caused by ageing (Jenner & Olanow, 1996), genetic mutations (Lee et al., 2001) and various
biological and environmental factors such as exposure to herbicides and pesticides like rotenone
and paraquat (Talpade et al., 2000).

The four primary symptoms characterizing the disease are tremor, rigidity and postural instability
(Ballard et al., 1985). The profound deficit in brain dopamine levels, primarily attributed to the loss
of dopaminergic neurons of the nigrostriatal dopaminergic pathway (Bernheimer et al., 1973),
causes depigmented neurons (due to decreased number of neuromelanin-containing neurons
located in the midbrain substantia nigra pars compacta (SNpc) (Marsden,1983), gliosis and the
presence of Lewy bodies (figure 5) (Dauer & Przedborski, 2003). The degree of terminal loss in
the striatum was found to be more pronounced than SNpc dopaminergic neuron loss, which
showed that it was the primary target of the degenerative process and suggested that neuronal
death resulted from a “dying back” process (Bernheimer et al., 1973). For example, Wu et al.
(2003) showed that protecting the striatal terminals prevented loss of SNpc dopaminergic neurons
in MPTP treated mice.
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Figure 5. Neuropathology of Parkinson’s disease (A) showing a normal nigrostriatal pathway, (B)
a diseased nigrostriatal pathway with depigmentation of the SNpc as the the nigrostriatal pathway
degenerates and (C) immunohistochemical labelling of intraneuronal inclusions, termed Lewy

bodies, in a SNpc dopaminergic neuron (Daeur & Przedborski, 2003).

2.1.2 Treatment

At present there exists no cure for Parkinson’'s disease, however several therapeutic strategies
provide relief from symptoms. The current treatment for Parkinson's disease is the systematic
administration of levodopa (L-DOPA), a precursor to DA which enters the brain via a carrier-
mediated fransport system where it is converted to DA by the enzyme, L-aromatic amino acid
decarboxylase (L-AAAD) (Jenner, 1998, Birkmayer et a/,, 1975).

Levodopa is frequently combined with the L-aromatic amino acid decarboxyiase inhibitor,
carbidopa. Carbidopa blocks the metabolic conversion of levodopa to dopamine in the peripheral
tissues, resulting in enhanced amounts of levodopa available for uptake into the brain. The MAO-
B inhibitor, (R)-deprenyl is also frequently used as adjunct to levodopa therapy. (R)-Deprenyl
inhibits the central oxidative metabolism of dopamine and therefore may conserve the depleted
supply of dopamine. For example, MAO-B inhibitors have been shown to elevate dopamine levels
in the striatum of primates treated with levodopa (Finberg ef al/, 1988). Furthermore, in the
catalytic cycle of MAO, one mole of dopaldehyde and H.O, is produced for each mole of
dopamine oxidized. Both these catabolic products may be neurotoxic if not rapidly inactivated by




centrally located aldehyde dehydrogenase (ADH) (Gesi et al., 2001) and glutathione peroxidase
(Flohe, 1978), respectively. Thus inhibitors of MAO-B may also exert a neuroprotective effect by

stoichiometrically decreasing aldehyde and H,O, production in the brain.

Other treatments include gene therapy (Stacy & Jankovic, 1993), deep brain stimulation, often
used for non response to drugs, (Stacy & Jankovic, 1993) and restorative surgery (Hamani &
Lozano, 2003).

2.1.3 Neuroprotection

Agents that have neuroprotective or neuro-restorative activities aim to prevent disease
progression by targeting the mechanisms involved in the pathogenesis of the disease. Reversible
and irreversible inhibitors of MAO-B have been used clinically to treat neurological disorders,
including depression and Parkinson’s disease (Youdim & Bahkle, 2006) as they are reported to
possess neuroprotective properties.

As mentioned above, the MAO-B catalyzed oxidation of dopamine yields as secondary products
H,O;, as well as dopaldehyde (10) and inhibitors of MAO-B stoichiometrically decrease aldehyde
and H,O, production in the brain and thus offer neuroprotection. Another source of H,0,, however,
is the autoxidation of dopamine, which generally results in a one-step reduction of oxygen to the
superoxide radical and the formation of hydrogen peroxide (H,O,), (Jenner & Olanow, 1996).

HO - HO H

NH
HO HO

¢ (10)

Scheme 1. MAO catalyzed oxidation of DA (1) to 2-(3,4-dihydroxyphenyl)acetaldehyde (10) and
hydrogen peroxide.




2.2 Monoamine oxidase
The enzyme monoamine oxidase (MAO) is of crucial interest to scientists because of its unique
importance as a catalyst in major inactivation pathways of catecholamine neurotransmitters,

dopamine, adrenaline and noradrenaline (Youdim, 1988).

2.2.1 General background

Monoamine oxidase (MAQ) is a flavin adenine dinucleotide (FAD)—containing enzyme located on
the outer mitochondrial membrane of certain cells of mammals, birds, fish, and a variety of lower
animals and some fungi. Two isoforms, MAO-A and MAO-B, are found in humans and other
mammals (Youdim, 1988). Their primary role includes the regulation of biogenic and xenobiotic
amines in the brain and the peripheral tissues by catalyzing their oxidative deamination (Youdim et
al., 2006). MAO-A is composed of 5627 amino acids whilst MAO-B is composed of 520 amino
acids. The two isoforms have 70% sequence identity as deduced from their cDNA clones
(Kearney ef al., 1971) and for each, the FAD cofactor is covalently attached to a conserved
cysteinyl residue via an 8-R-S-thioether linkage. These two forms of the enzyme can be
distinguished by differences in substrate preference, inhibitor specificity, tissue distribution,
immunological properties, and amino acid sequences. The active forms of the enzymes are
homodimers with subunit molecular weights, determined from their cDNA structure, of 59,700 and
58,800, respectively. The genes for both MAO-A and MAO-B have very similar structures, with
both consisting of 15 exons and exhibit identical exon-intron organization, which has suggested
that MAO-A and MAO-B are derived from duplication of the same ancestral gene (Weyler et al.,
1990). On the basis of'their substrate and inhibitor specificities, MAO-A preferentially deaminates
serotonin and norephinephrine and it is irreversibly inhibited by low concentrations of clorgyline
(3). MAO-B deaminates arylalkyamines such as benzylamine (4) and B-phenylethylamine and is
irreversibly inhibited by (R)-deprenyl (2) (Waldmeier, 1987; Kalgutkar ef a/., 1995). Both forms
however utilize dopamine (1) as substrate (Youdim & Bahkle, 2006).

2.2.2 Biological function of MAO-A and -B

As mentioned above, MAO-A and MAO-B are located on the outer mitochondrial membrane of
various cell types including neuronal and glial ¢ells in the brain (Youdim, 1988). Their primary role
is the regulation of biogenic and xenobiotic amines in the brain and the peripheral tissues by
catalyzing their a-carbon oxidation (Youdim ef al, 2006). Among the MAQO substrates are
neurotransmitters such as serotonin, norephinephrine and dopamine (1). This suggests that MAO
plays a critical role in regulating the concentrations of these neurotransmitters in the central

nervous system and therefore in modulating neurotransmission.




Oxidation of monoamine neurotransmitters by MAO leads to the corresponding imines, with the
reduction of O, to hydrogen peroxide (H,O,). The dissociated imine product is then
nonenzymatically hydrolyzed to the corresponding aldehyde (Silverman, 1980; Edmonson et a/.,
2004). The primary product of MAO acting on a monoamine is therefore an aldehyde, which are
reactive toxic species, if not rapidly reduced either to an alcohol or further oxidized by aldehyde
dehydrogenase (ADH) to a carboxylic acid, the final excreted metabolite. This metabolic sequence
is illustrated using dopamine (Scheme 1). Dopamine (1) is oxidized either by MAO-A or MAO-B, to
the corresponding imine product which is rapidly hydrolyzed to dopaldehyde (10) (Olanow, 1990).
As illustrated, for each mole of dopamine oxidized, one mole of H,O, is produced by the reduction
of molecular oxygen (O,). Via the action of centrally located aldehyde dehydrogenase (ADH) (Gesi
et al.,, 2001), and glutathione peroxidase (Flohe et al., 1978), respectively, dopaldehyde is further
oxidized to 3,4-dihydroxyphenylacetic acid (DOPAC).

HO NH HO H
:@/\ 2+ HZO M—A\O> m{ + HO-OH + NH3
HO HO

N (10)
Scheme 1. The MAO catalyzed oxidation of DA.

2.2.3 The role of MAO-B in Parkinson’s disease

The MAO catalytic oxidation of biogenic amines, plays an important role in their biological
inactivation in vivo. Inhibition of MAO-A increased brain levels of the biogenic amines including
noradrenaline and serotonin, which are generally low in depression patients. Reversible MAO-A
inhibitors are therefore used in the treatment of depression. Selective inhibition of the B form
preferentially decreased the deamination of dopamine, thus conserving the depleted supply of
dopamine in the brain. Inhibitors of MAO-B are frequently used in combination with levodopa in
the treatment of Parkinson's disease (Birkmayer et a/., 1975) and has been reported to enhance
dopamine levels in the striatum of primates treated with levodopa compared to central dopamine
of animals treated with levodopa alone (Finberg et al., 1988).

The oxidation of primary amine substrates by MAO may, through its toxic metabolites,
dopaldehyde and H,O, lead to the promotion of neurodegenerative diseases such as Parkinson’s
disease. Indeed, enhanced MAO-B activity is associated with the ageing process and since
Parkinson’s disease is found in the elderly, MAO-B in particular has been suggested to play a role
in the neurotoxic processes associated with this disease (Youdim & Green, 1975). MAO-B
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inhibitors may therefore be indicated as neuroprotective agents for the treatment of Parkinson's
disease in addition to being adjuvant therapy to levodopa.

2.2.4 Irreversible inhibitors of MAO-B

Irreversible inhibitors (inactivators or poison enzymes) are compounds that produce irreversible
inhibition of the enzyme by forming stable covalent complexes. This blocks the access of the
substrate to the target amino acid residues of the active site (Rodwell, & Kennely, 2000). The
process is not readily reversed either by removing the remainder of the free inhibitor or by
increasing the substrate concentration and even dilution or dialysis of the solution does not
dissociate the enzyme inhibitor complex and restore enzyme activity (Rodwell, & Kennely, 2000).

An example of irreversible inhibitors is (R)-depreny! (2, selegiline) which is structurally related to
phenylethylamine (PEA), a MAO-B substrate. (R)-Depreny! is a highly potent and selective
irreversible inhibitor of MAO-B and has been shown to inhibit the oxidative deamination of
dopamine in vivo (Youdim & Green, 1975; Youdim & Bakle, 2006).

N

(R)-Deprenyi (2) Pargyline (11)

Figure 6. The structures of the irreversible MAQ inhibitors, (R)-deprenyl (2) and pargyline (11).

Pargyline {(11), another irreversible inhibitor of MAO-B (Binda et al., 2002), binds covalently with
the FAD cofactor within the active site (Figures 7 and 8).

Figure 7. The substrate binding site of human MAO-B, showing the stereo view of pargyline
inhibitor and residues lining the binding site at the re side of the flavin (Binda et al., 2002).
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Figure 8. Schematic representation of pargyline forming a covalent bond with the FAD cofactor of
MAQO-B (Binda ef al., 2002).

2.2.5 Reversible inhibitors of MAO-B

Reversible inhibitors interact with enzymes mainly via hydrophobic interactions and hydregen
bonding (Binda et al., 2003). This makes them therapeutically more desirable than inactivators
since enzyme activity can be regained relatively quickly, following withdrawal of the reversible
inhibitor. On the other hand, following inactivation of the enzyme, activity can only be regained via
de novo synthesis of the enzyme protein (Thebault ef al, 2004). Several research groups are
currently interested in discovering and characterizing new reversible inhibitors of MAO-B. Among

the well-known reversible inhibitors are:

a. Trans trans-farnesof (12}, a component of fobacco (Hubalek ef al., 2005) which has been found
to be a moderately potent competitive inhibitor of human MAQ-B with a K; value of 2.3 pM. X-Ray
crystal structures with human recombinant MAG-B in complex with frans trans-famesol have
indicated that trans,trans-farnesol exhibits a dual binding mode that involves traversing both the
entrance and substrate cavities of the enzyme (Hubalek et al, 2005). The polar OH moiety is
reported to be in close contact with the flavin, located in the substrate cavity where it is stabilized
via hydrogen bonding (Hubalek et al., 2005) while the aliphatic chain extends to the entrance
cavity. The gate separating the two cavities is the side chain of lie-199 which is shown to exhibit a
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different rotamer conformation that allows for the fusion of the two cavities in order to
accommodate trans,trans-farnesol (Binda et al, 2003). The potency of MAO-B inhibition by

trans, trans-farnesol may possibly be explained by dual mode of interaction.

b. 1,4-Diphenyl-2-butene (13), a contaminant of polystyrene bridges used in the MAC-B
crystallization process has been found to be a moderately potent competitive inhibitor of human
MAO-B with a K value of 0.7 uM {Hubalek et a/,, 2005). Based on X-Ray crystal structures 1,4-

diphenyl-2-butene is also shown to bind to both the substrate and entrance cavities of MAO-B.

¢. (E)-8-{3-Chlorostyryljcaffeine (14, CSC), an A, adenosine receptor antagonist (Chen et al.,
2001) has recently been found also to be an exceptionally potent MAO-B inhibitor with a K; value
of 0.128 uM for the inhibition of baboon liver MAO-B (Viok et al., 2006). Although the exact binding
mode of CSC to the active site of MAO-B is unknown, its relatively large planar structure suggests
that this inhibitor also traverses both the entrance and substrate cavities of the enzyme. This dual
mode of binding may explain the potent action of CSC as MAO-B inhibitor.

d. /satin (15) is a small molecule inhibitor which is reported to inhibit human MAO-B with a K; value
of 3 uM (Hubalek et al., 2005). X-Ray crystal structures with human recombinant MAO-B in
complex with isatin, have indicated that isatin binds within the substrate cavity and is stabilized via
hydrogen bonding. The 2—oxo group and the pyrrole NH are hydrogen bonded to ordered water
molecules present in the active site, whereas the 3-oxo group was not involved in any hydrogen
bonding (Binda ef al, 2003). For this binding mode, the side chain of lle-199 is rotated into its

normal position, separating the entrance from the substrate cavity.
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Figure 9. The structures of trans,trans-famesol (12), 1,4-diphenyi-2-butene (13), (E}-8-(3-
chlorostyrylycaffeine (14) and isatin (15).
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Figure 10. The structure of 1,4-diphenyl-2-butene complex with MAO-B. The inhibitor phenyl ring
in contact with Phe-103, 1le-199, and lie-316 occupies the entrance cavity space, whereas the
inhibitor ring in contact with Tyr-398 and Tyr-435 occupies the substrate cavity space (Binda et al,,
2002).

Figure 11. Stereoview of the isatin binding site in human recombinant MAO-B. Carbons are in
black, nitrogens in biue, oxygens in red, and sulfurs in yellow. H-bonds involving inhibitor atoms
are outlined by the dashed line (Binda et al., 2002).
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Of importance to this study was the recent discovery that a series of 1-methyl-3-phenylpyrrole
derivatives exhibited MAO-B inhibition activity (Ogunrombi et al., 2008). The most potent analogue
was 1-methyl-(4-trifluoromethylphenyl)pyrrole (7) with an enzyme—inhibitor dissociation constant
(K; value) of 1.30 uM (Figure 3). The least potent inhibitor was 1-methyl-3-phenylpyrrole (8) with a
K; value of 118 pM. As stated in Chapter 1, modeling studies suggest that 1-methyl-3-
phenylpyrroles binds to the active site of MAO-B via hydrophobic interactions. In this study we
speculate that modification of the structure to include hydrogen bond acceptors may enhance
binding affinity. An example of such a modified structure is N-methyl-2-phenylmaleimide (9a),
which may interact with MAO-B via hydrogen bonding between the maleimide carbonyl oxygens

and active site water and/or amino acid residues located in the substrate cavity.

2.2.6 Mechanism of action of MAO-B

Despite an extensive literature on these two enzymes, MAO-A and -B, the detailed mechanism by
which they catalyze amine oxidation is not well-defined, although several mechanisms have been
proposed. Studies into the structure and mechanism of both MAO-A (Miller & Edmonson, 1999)
and MAO-B (Walker & Edmonson, 1994) gave some insight into the mechanism of these

enzymes.

Enzymes have evolved to catalyse these reactions and these oxidoreductases can be grouped
into the flavoprotein and quinoprotein families. The mechanism of amine oxidation catalysed by
the quinoprotein amine oxidases is understood reasonably well and occurs through the formation
of enzyme-substrate covalent adducts with TPQ (topaquinone), TTQ (tryptophan
tryptophylquinone), CTQ (cysteine tryptophylquinone) and L.TQ (lysine tyrosyl quinone) redox
centres. However, the oxidation of amines by flavoenzymes is less well understood as the precise
mechanism of this biotransformation is still unclear and it has been described by two currently
debated pathways: (a) single electron transfer (SET) pathway and (b) nucleophilic (polar) pathway
(Miller & Edmonson, 1999; Walker & Edmonson, 1994).

2.2.6.1 The SET pathway

The generally accepted mechanism for the MAO catalyzed a-carbon oxidation of amines
according to Silverman (Silverman et al., 1980) proceeds via an initial single electron transfer step
(Scheme 2) from the nitrogen lone pair of the substrate (A) to the oxidized flavin FAD to generate
an aminyl radical cation (B) and the flavin semiquinone FAD. a-Carbon deprotonation of B yields
the a-amino radical (C). This a-amino radical transfers the second electron to the semiquinone to

give the reduced flavin FADH™ and the iminium ion (D).
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Scheme 2. The proposed SET oxidation pathways for MAO catalysis as illustrated with MPTP as
substrate (Silverman et al., 1980).

2.2.6.2 The polar nucleophilic pathway

An earlier proposal, based on flavin model reactions, suggested a polar nucleophilic mechanism
which involved attack of the deprotonated amine substrate at the flavin C-4a position to form a
substrate—flavin adduct (Scheme 3). This is followed by proton abstraction from the a-carbon of
the amine-flavin adduct that occurs by an active site base on the enzyme. Formation of the
protonated imine product results from its elimination from the reduced flavin. The reactivity at the
flavin C-4a atom is considered additional evidence for this catalytic mechanism. In lieu of active
site base, the highly basic N5 atom of the flavin, which is generated following nucleophilic attack of
the substrate, may also act as base for the deprotonation of the substrate a-carbon (Miller &
Edmondson, 1999).
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Scheme 3. The proposed polar nucleophilic mechanism for MAO catalysed oxidation of
benzylamine (Miller & Edmondson, 1999).

2.2.7 Three dimensional structure of MAO-B

The human MAOQO-B structure was recently characterized to 3 A resolution and the crystal structure
showed the enzyme to be dimeric but not covalently linked, and it contained about 520 amino
acids that folded into a compact structure (Binda et al., 2002). The enzyme appears to be linked to
the outer mitochondrial membrane via the C-terminal amino acids 461-515 which forms a
transmembrane helix. The active site of the enzyme consists of a substrate binding cavity as well
as an entrance cavity preceding it. Substrates and inhibitors must traverse the entrance cavity in
order to gain access to the substrate cavity where catalysis takes place (Figure 12). The entrance
cavity is lined with hydrophobic amino acids, Phe-103, Trp-119, Leu-164, Leu-167, Phe-168, lle-
316, creating a relatively lipophilic environment (Novaroli et al., 2006). In contrast, the substrate
cavity is relatively polar with the FAD cofactor forming the back wall of the cavity. In front of the
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FAD are two tyrosine residues, Tyr-398 and Tyr-435, which together with the FAD and Phe-343 at
the top of the cavity create an aromatic cage where catalysis takes place. The only hydrophobic
patch in the substrate cavity is the area defined by Tyr-60, Phe-343 and Tyr-398 (Binda et al,
2002, 2004). The substrate cavity has a volume of 420 A% while the entrance cavity has a volume
of 290 A®. The cavities are separated by Tyr-326, lle-199, Leu-171 and Phe-168.
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Figure 12. A model of the active site of human recombinant MAC-B. The residues Try 398, and
Try 435, forming the aromatic cage are in red, lle 199, the “gate™ of the cavity is in biue and the
FAD cofactor is in purple.

In order to gain access to the substrate cavity, an inhibitor of MAO-B must traverse the entrance
cavity. This is true for small molecule inhibitors such as isatin (15) (Figure 9) that has been shown
to bind within the substrate cavity of the enzyme (Binda et al., 2003, 2004). A larger inhibitor such
as the reversible inhibitor 1,4-diphenyl-2-butene (13) appears to exhibit a dual binding mode that
involves traversing both the entrance and substrate cavities (Binda et a/, 2003). Another inhibitor,
trans, trans-farnesol (12) is also reported to span both the entrance and substrate cavities with the
polar OH moiety in close contact with the flavin located in the substrate cavity (Hubalek et al.,
2005). The gate separating the two cavities is the side chain of {le-199 which is thought to exhibit
different rotamer conformations that aliows for the fusion of the two cavities in order to
accammodate these larger inhibitors (Binda et al., 2003). The potent action of many good MAQ-B
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inhibitors may possibly be explained by this binding that involves traversing both the entrance and
substrate cavities (Binda et af., 2003).
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Figure 13. The structures of trans,trans-famesol (12) 1,4-diphenyl-2-butene (13} and
isatin {15).

2.2.8 In vitro measurements of MAO-B activity

MAQ-B activity measurements are most frequently conducted by directly measuring either the
production of the enzyme catalyzed product or the consumption of the substrate amine or
molecular oxygen (O.). Occasionally the enzyme activity is measured indirectly which involves

converting the enzyme catalyzed product into a more readily measured species.

2.2.8.1 Direct measurements

Oxygen consumption by the MAO-B catalytic cycle can be measured polarographically, using an
oxygen sensitive electrode, This requires a well controlled assay environment and the method is
unsuitable for the rapid processing of very large nhumber of samples (Averill-Bates ef al., 1993). In
another less frequently used method (Cotzias & Dole, 1997), the rate of ammonia production from
the deamination of tryamine by MAO-B can also be measured. The detection of MAQO-B generated
hydrogen peroxide, by measuring its absorbance spectrophotometrically at 230 nm has also been
reported. However, the sensitivity at a wavelength of 230 nm is often lost due to interferences from

the absorbance of most biological and synthetic compounds (Stevanato et al., 1995).

Radiometric detection of the MAO-B catalyzed oxidation products from *H-tyramine is also used.
Usually radiometric methods are employed for small tissue samples and it involves the extraction
of labelled products into an organic solvent. This assay is time consuming and less accurate in

time dependent measurements, particularly with tritiated substrates.
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The detection of the fluorescence of the oxidized monoamine product is most frequently used to
measure MAQ-B activity. This method however, is limited to experiments with only one substrate.
The fluorescence product, 4-hydroxyquinoline, formed from the oxidation of kynuramine by MAO-
B is an example of this method. Zhou ef al. (1996) reported that kynuramine is slowly oxidatively
deaminated and intramolecularly cyclized to form 4-hydroquinoline (Figure 14). 4-Hydroquinoline

is fluorescent and can be easily quantified in the presence of non-fluorescence subsirate.

O 0 OH
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Kynuramine 4-hydroxyquinoline

Figure 14. The oxidation of kynuramine by MAO-B and subsequent cyclization to yield 4-
hydroxyquincline.

In our laboratory we measure the rate of the MAO-B catalyzed oxidation of 1-methyl-4-(1-
methylpyrrol-2-yl}-1,2,3,6-tetrahydropyridine {(MMTP) (16} to the corresponding dihydropyridinium
metabolite (MMDP*) (17) (Scheme 4) spectrophotometrically (Viok et al, 2008). MMDP*
production is measured at 420 nm, a wavelength at which the substrate does not absorb light.
Because of the favourable chromophoric characteristics and in vitro chemical stability of MMDP*

this assay is frequently used to measure activities of both MAO-A and -B.
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Scheme 4. The MAO catalyzed oxidation of MMTP (16) to the dihydropyridinium species,
MMDP* (17).
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We also utilize the selective MAO-B substrate benzylamine (4) (Figure 1) to measure MAC-B
activity. When using purified MAO-B as enzyme source, which is relatively free from background
interference, the concentration of the a-carbon oxidation product, benzaldehyde {18) (Ama = 250
nm), may be measured spectrophotometrically. In contrast, background absorption in the near-UV
wavelength range, when using the mitochondria as enzyme source, is too high to measure
benzaldehyde concentrations by spectrophotometry. Even protein precipitation and subsequent
centrifugation (the last two steps during a discontinuous assay) of the incubations do not solve this
problem. For this reason the extent of benzylamine oxidation is measured by an HPLC-UV assay
(Vlok et al., 2006).

NH; NH, O

MAO-B H,0 N
—_— —_— + N H4

benzylamine (4) benzaldehyde (18)

Scheme 5. The MAO-B catalyzed oxidation of benzylamine (4) to benzaldehyde (18).

2.2.8.2 Indirect measurements

Indirect measurements are based on the horseradish peroxidase (HRP) coupled reacticn system,
where MAG generated H,O, is measured. For example, a cne step fluorometric method for
monoamine oxidase activity measurement was developed using a highly sensitive and stable
H,O, probe, N-acetyt-3,7-dihydroxyphenoxazine (Amplex Red) (Zhou & Panchuk-Voloshina,
1997). This method detected MAO activity in either end point or kinetic measurements and can
screen for MAQO inhibitors from a large number of compounds. The spectral properties of the
oxidation product of Amplex Red, resorufin, makes it suitable for studies in crude preparations of
cell lysate and tissue homogenates. The method was found to be both selective and sensitive for

both MAO-A and —B and was able to measure concentrations as low as 200 ug protein.

Luminometric assay is based of measurement of the light produced from the peroxidase catalysed
chemiluminescent oxidation of luminol. This assay is however, dependent on the amount of H,O,
produced in the MAO reaction (O'Brien ef al, 1993) and is highly sensitive as it enables the

analysis of substances that are not readily detectable.




For in vivo measurements, monoamine oxidase (MAQ) assay kits have been developed and are
widely used. The monoamine oxidase (MAQ) assay kit is intended for determination of MAQO
activity in patient serum or plasma samples. The technique is based on colorimetry and one such
assay kit measures H,O, production at wavelength 556 nm. This MAO-B assay is based on the
enzymatic oxidation of the synthetic substrate benzylamine by MAQO, to generate benzaldehyde,
ammonia and H,O,. The latteris determined by a Trinder reaction coupled with a peroxidase and
4-aminoantipyrine. The reaction product, quinone dye, is monitored kinetically at 556 nm (Ono,
1975).

2.3 Enzyme kinetics

Enzymes are proteins that function as catalysts for biological reactions and the products of these
reactions are organic compounds which show very little tendency for reactions outside the cell
(Rodwell & Kennely, 2000). Enzymes are extremely efficient and display great catalytic power by
accelerating the rates of reactions. Enzymes achieve this by providing a new reaction pathway
with a lower energy of activation than the rate-determining step of the uncatalyzed reaction.
Enzymes often need coenzymes which are smaller organic molecules or metallic cations

possessing special chemical reactivities or structural properties {Rodwell & Kennely, 2000).

2.3.1 The FAD cofactor
Flavin coenzymes act as co-catalysts with enzymes in a large number of redox reactions, many of
which involve O,. Flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) are the

coenzymatically active forms of vitamin B2, rniboflavin (Figure 15).

| Riboflavin (Vitamin B,)|

“ FMN || AMP ”

FAD

Figure 15. Structures of the vitamin riboflavin and the derived flavin coenzymes.
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The catalytically functional portion of the coenzymes is the isoalloxazine ring, specifically the N-5
and C-4a positions, which is thought to be the immediate site of cataiytic action. The flavin
coenzymes exist in four spectrally distinguishable oxidation states that account in part for their
catalytic functions (Scheme 6). They are the yellow oxidized form, the red or blue one-electron
reduced form, and the colorless two-electron reduced form.

— ka=84
NH + NH H H pka =i
—H"-1e H +N
Hs ° 'i Y +H
O ’.”, -
FAD or FMN . s
FAD or FMN semiguinone
450 bl
nm (blue) 560 nm (yelow)
- +
1e + H
R
hc | N Il? H
O |
3 - +
”. NH
Ha N~ y A _NH
¢ H, N Y
= ;
H O
FAD or FMN_semiquinone FADH, or FMNH.
490 nm (red) (colouriess)

Scheme 6. The oxidation states of flavin coenzymes.

2.3.2 Michaelis-Menten kinetics

Enzymes have localized catalytic sites and the substrate (S) binds at the active site to form an
enzyme-substrate complex (ES). Subsequent steps transform the bound substrate into product
(P) and regenerate the free enzyme E, capable to interact with another molecule of S (Silverman,

1996).

Kq ko
E+S = ES = E+P
Ky K

Scheme 7. Enzyme-catalyzed reaction.

Unlike a first order reaction where the rate of reaction is directly proportional to the substrate

concentration, the rate of reaction for an enzyme catalyzed reaction initially increases with
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increase in substrate concentration and then achieves a steady state where the rate is no longer
dependent on increased substrate concentration and the overall speed of the reaction depends on
the concentration of ES. Based on the steady-state kinetics analysis assumption, shortly after the
enzyme and substrate are mixed, ES becomes approximately constant and remains so for a
period of time, that is the steady state. The rate (V) of the reaction in the steady state usually has
a hyperbolic dependence on the substrate concentration and is proportional to [S]. at low
concentrations, but approaches a maximum (Vn.) when the enzyme is fully occupied with
substrate (Figure16).

100
Vmax
> 50
O T T T T T T
o KM 400 200 300 400 500 600 700
[S]

Figure 16. A graph of rate, V versus substrate concentration, [S] illustrating the Michaelis-

Menten behaviour of enzymes.

This behaviour is described by the Michaelis-Menten equation:

V.. x[S]
g

_ ku x[E] [5]
V= K, +[s]

The maximum velocity (Vmax), is obtained when all the enzyme is in the form of the enzyme-
substrate complex. The Michaelis constant (K.,), is the substrate concentration at which the
velocity is half maximal. If ES is in equilibrium with the free enzyme E and substrate S, K, is equal
to the dissociation constant for the complex (Ks). More generally, K, depends on at least three

rate constants and is larger than K;. The turnover number (k..), represents the maximal catalytic
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activity of the enzyme and is the maximum number of molecules of substrate converted to product
per active site per unit time and it is Vs divided by the total enzyme concentration [E]. For the

Michealis—Menten reaction, under conditions of initial velocity measurements, then k; = Keat.

The specificity constant (k../Km), provides a measure of how rapidly an enzyme can work at
low substrate concentration [S]. It is useful for comparing the relative abilities of different
compounds to serve as substrates for the same enzyme. The larger this number, the better
the substrate.

2.3.3 Measurement of kinetic parameters

Kinetic parameters are determined by measuring the initial reaction velocity as a function of the
substrate concentration. The usual procedure for measuring the rate of an enzymatic reaction is to
mix enzyme with substrate and observe the formation of product or disappearance of substrate as
soon as possible after mixing, when the substrate concentration is still close to its initial value and
the product concentration is small. From the hyperbolic shape of V versus S plots, Vimax Can only
be determined by extrapolation of the asymptotic approach of V to limiting value of S as it
increases indefinitely and this determination is usually approximate. Instead, the Michealis—
Menten equation is transformed into a straight line equation which is similar to the equation for a
straight line graph with a plot of 1/V versus 1/[S]:

V=K, Ve ANSH+1/V .
giving the intercept as 1/ Vo and the slope as Ky/Vpax.

Such a plot is known as the Lineweaver—Burke double reciprocal plot and K, and V.x can readily
be obtained from a plot of 1/\/ versus 1/[S] (Figure 17).

Slope = Ky/Vimax
1iv

o 1V

T 0 18]

-1/Kp

Figure 17. The Lineweaver-Burke double-reciprocal plot.
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2.3.4 Competitive inhibition

Enzymes can be inhibited by agents that interfere with the binding of substrate or with conversion
of the ES complex into products. There are two kinds of inhibitors: reversible and irreversible
inhibitors (Silverman, 1996). Reversible inhibitor interacts with the enzyme through non covalent
association or dissociation reactions. Reversible inhibitors among others include competitive,
noncompetitive and uncompetitive inhibitors. A competitive inhibitor competes for the same
binding site on the enzyme (the active site) as the substrate. Consequently, a sufficiently high
concentration of substrate can eliminate the effect of a competitive inhibitor.

Kq ks
E+S —=ES —=E+P
K1 Ka
E+ | ks El
ks

Scheme 8. Formation of enzyme complexes where | binds reversibly to the enzyme at the same

site as the substrate.

Irreversible inhibitors (inactivators or poison enzymes) are compounds that produce irreversible
inhibition of the enzyme by forming stable covalent complexes that block the access of the
inhibitor to the target amino acid residues. These complexes can be characterized and they often
provide information on the active site of the enzyme. They generally affect the chemical
modification of the amino acid residues in the enzymes that play essential roles in catalysis. The
process is not readily reversed either by removing the remainder of the free inhibitor or by
increasing the substrate concentration. Diluiion or dialysis of the solution does not dissociate the
enzyme inhibitor complex and restore enzyme activity (Rodwell, & Kennely, 2000).

In this study we will however, focus on competitive inhibiton as the compounds under
investigation are expected to act in a reversible competitive manner. Competitive inhibition may be
represented graphically by the Lineweaver-Burke plot (Figure 18). A higher concentration of a
competitive inhibitor increases the slope of the straight line while the y-axis intercept remains
unaffected and the intercept on the x-axis increases becomes less negative. Therefore a
competitive inhibitor raises the apparent substrate K, value while V., remains unchanged. The

Michaelis-Menten equation describing competitive inhibition is:

Vxﬁ

max
m

IST, 1]
K K

m 1

1+
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The inverse of this equation describes the double reciprocal plot in the presence of a competitive
inhibitor:

izﬁ_[1+ﬂjx_1_+L
4 [S] Vaa

0.8 -
X 40 M
0.7 -
0.6 -
0.5 - . . 20nM
v
0.4+
10 1M
0.3+
0nM
0.2
0.1 1
002 -0.01 0 001 002 003 004 005  0.06

1/[8]

Figure 18. An example of a double reciprocal plot or Lineweaver-Burke plots in the presence. of

various concentrations of a competitive inhibitor.

The K; value of a competitive inhibitor is the enzyme-inhibitor dissociation constant. For a series of
competitive inhibitors, those with the lowest K; values will cause the greatest degree of inhibition at
a fixed concentration of inhibitor [I]. The K; value for an inhibitor can be determined from the
secondary plot in which the slope of each reciprocal plot is graphed vs. the corresponding inhibitor
concentration (Figure 19). The x-axis value is equal to —K.. In the presence of a concentration of
inhibitor [I] that is approximately equal to K;, the substrate concentration has to double to maintain
the same initial velocity as in the absence of the inhibitor.

Slope |
6
4 4
N
-20 -10 0 10 20 30 40 50

m

Figure 19. Graph of the slopes from the double reciprocal plot versus inhibitor concentration.
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2.4 Animal models of Parkinson’s disease

Since the majority of Parkinson’s disease patients have no identifiable genetic mutation, important
information regarding the pathophysiology of Parkinson’s disease has been learnt through the
study of animal models, by investigating the underlying mechanisms that lead to the development
of experimental Parkinson’s disease.

241 MPTP

2.4.1.1 General background

The 1-methyl-4-phenyi-1,2,3,6-tetrahydropyridine (5, MPTP) model of Parkinson’s disease is the
most frequently used experimental animal model employed by researchers (Salach ef al., 1984).
Although MPTP was first identified as a parkinsonian agent in humans, it has been demonstrated
to exert similar effects in a number of other primates (Jenner, 2003) as well as in cats, and in
several rodents. In rodents, it was shown that only specific strains of mice were susceptible to
MPTP neurotoxicity (Inoue et al., 1999). MPTP is a thermal breakdown product of a meperidine—
like narcotic analgesic that was used as a synthetic heroin. MPTP was shown to cause a
permanent form of parkinsonism that closely resembles Parkinson's disease in humans (Ballard ef
al., 1985) and also causes degeneration of the substantia nigra in monkeys (Przedborski & Vila,
2003).

The discovery of the toxic action of MPTP began when heroin addicts in California took an illicit
street drug contaminated with MPTP and subsequently developed severe parkinsonism
(Langston, 1985). This discovery of a toxic substance that damaged the brain and produced
parkinsonian symptoms caused a dramatic breakihrough in parkinson's research. MPTP was first
derived from 1-methyl-4-phenyl-4-propionoxypiperidine (19, MPPP), a meperidine (20) analogue
(Langston et al.,, 1983). In the synthesis of MPPP, higher reaction temperatures facilitate the
dehydration reaction to yield MPTP (Scheme 9). Improper isolation and crystallization procedures,
also appears to result in the elimination of propionic acid from MPPP (Scheme 9).

O O\ OC2H5

o CoHs AN

MPPP (19) meperidine (20) MPTP (5)

Figure 20. The structures of MPPP (19) meperidine (20) and MPTP (5).
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Scheme 9. The preparation of MPTP (5) from MPPP (19).

2.41.2 The mechanism of toxicity of MPTP

A considerable amount of work has been done towards elucidation of the mechanism of MPTP-
induced neurotoxicity. MPTP (5) is firstly oxidised by the enzyme MAO-B to 1-methyl-4-phenyl-
2,3-dihydropyridium (21, MPDP") ( Scheme 10) (Nicklas et al., 1985; Ramsay et al., 1991; Singer
et al., 1988; Singer & Ramsay, 1990). The MPDP" metabolite is unstable and undergoes a further
two electron-oxidation to form the corresponding toxic pyridinium species, MPP* (22) by a poorly
defined pathway (Singer et al., 1988). It was suggested the conversion of MPDP* to MPP* is
enzyme mediated or occurred by a simple disproportionation mechanism to yield the toxic 1-
methyl-4-phenylpyridinium ion (MPP*) (Langston et al., 1984; Castagnoli et al., 1985; Singer &
Ramsay, 1990).

The neurotoxicity of MPTP was found to be dependent on its conversion to the 1-methyl-4-
phenylpyridinium species MPP" (Salach, 1984) and was mediated by MAO-B (Chiba et al., 1984,
1985; Trevor et al., 1987). This MAO-dependent formation of MPP* appeared to be a necessary
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event in the neurotoxic process, as pretreatment of mice and monkeys with MAO-B inhibitors
prevented the MAO-B-catalyzed oxidation of MPTP and its subsequent MPTP-induced
neurotoxicity (Heikkila et al.; 1984; Langston et al., 1984).

MAO-B
— — >
X A A
+ 2 l + -
| | |
CH3 CH3 CH3
+
MPTP (5) MPDP " (21) MPP (22)

Scheme 10. The MAO catalyzed oxidation of MPTP (5) to the dihydropyridinium species, MPDP*
(21) and the pyridinium MPP* (22).

The oxidation of MPTP is believed to take place in the glial cells from where the metabolites,
MPDP* and MPP*, are released by an unknown mechanism into the extracellular space (Figure
21), (Singer et al., 1988).
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Figure 21. Schematic representation of the mechanism of MPTP-induced neurotoxicity
(Javitch et af., 1985).

MPP” is then concentrated into dopaminergic neurons via the dopamine transporter (DAT). Inside
the neuronal cell, MPP" is concentrated within the mitochondria (Ramsay & Singer, 1986) and
interrupts the transfer of electrons from complex | to ubiquinone (Figure 22). MPP" enters the
mitochondria by the diffusion through the mitochondrial inner membrane (Nicklas et al., 1985,
Vyas & Heikkila, 1986). This action triggers a series of events, involving the production of toxic
reactive oxygen species and decreased synthesis of cellular ATP leading to the eventual cell
death (Ramsay ef al., 1986).
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Although this appeared to be the major step in the blockade of mitochondrial function, studies
have shown that MPP* aiso directly inhibited complexes Il and IV of the electron transport chain
(Mizuno ef al., 1988). Based upon the finding that MPP' depletes cellular energy due to
interference with complex I-ll, and as such was related to the etiology of human Parkinson's

disease, the MPTP model has become the reference for most studies of toxin based models.

| M 7R ADPT
o Engymes N | .
N MPP ;’ MPP™ blocks electron

transport chain
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Figure 22. Schematic representation of the mechanism of MPP* (22) action inside dopaminergic
neurons.

Despite the fact that inhibition of complex | by MPP" reduces energy production within
dopaminergic neurons and causes loss of cellular energy with several deleterious consequences,
it has been shown that this is not the immediate cause of the neuronal death. The exact
mechanism leading to cell death is still not clear and it is thought to take place through a
complicated pathway (Langston, 1980). One possibility is the production of increased free radicals
due to complex | inhibition or via MPP*-induced dopamine leakage from synaptic vesicles to the
cytosol (Smeyne & Jackson-Lewis, 2005).

2.4.2 Hydroxydopamine {6-OHDA)

6-Hydroxydopamine (23, 6-OHDA), is a neurotoxin, that was used to study the first animal model
of Parkinson’s disease (Bove et al., 2005). Although 6-OHDA-induced pathology differs from PD, it
is still extensively used for both in vitro and in vive investigations. Its failure to cross the bicod-

brain barrier (BBB), means it must be administered by local stereotaxic injection into the
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substantia nigra or the striatum to target the nigrostriatal dopaminergic pathway. 6-OHDA-induced
toxicity is relatively selective for monoaminergic neurons (Ungerstedt, 1968), possibly since it
shares some structural similarities with dopamine and norepinephrine and exhibits a high affinity
for several catecholaminergic plasma membrane transporters such as the dopamine (DAT) and
norepinephrine transporters (NET) (Sauer & Oertel, 1994). Following accumulation in the cytosol,
6-OHDA generates hydrogen peroxide (H>O.) (Scheme 11) via the reduction of molecular oxygen.
One mole of 6-OHDA may produce several equivalents of O, by redox cycling chemistry (Dauer et
al., 2003; Przedborski & Ischiropoulos, 2005).

HO OH HO (@]
+ 0, 5 + Hy0,
NH, NH;
OH o}

6-OHDA

Scheme 11. The redox cycling of 6-OHDA (23) produces H,O, as a neurotoxin.

Unilateral 6-OHDA administration to experimental animals produces an asymmetric circling
behaviour, the magnitude of which depends on the degree of the nigrostriatal lesion (Ungerstedt et
al., 1970). Because the unilateral lesion can be quantitatively measured; this model offers a
notable advantage to assess the antiparkinsonian properties of new drugs and the benefit of
transplantation or gene therapy to repair the damaged pathways.

2.4.3 Rotenone

Rotenone (24) is the most potent member of the rotenoids, a family of natural cytotoxic
compounds extracted from tropical plants; widely used as an insecticide and pesticide (Figure 23)
(Talpade et a/., 2000).

H “\

o}

Rotenone (24)
Figure 23. The chemical structure of rotenone.
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Rotenone is highly lipophilic and readily gains access to all organs including the brain, freely
crosses all cellular membranes and can accumulate in subcellular organelles such as the
mitochondria. The accessibility of rotenone to freely enter all cells have linked rotenone, an
environmental toxin, with Parkinson’s disease as it binds at the same site as MPP”, the potent
Parkinson-inducing agent. Like MPP”, rotenone inhibits mitochondrial complex | (Betarbet ef al.;
2000) activity (Talpade et al.; 2000). Aside from its action on mitochondrial respiration, rotenone
also inhibits the formation of microtubules from tubulin (Brinkley et al, 1974). Selective
degeneration of nigrostriatal dopaminergic neurons (Alam & Schmidt, 2002) is observed in rats
when administered low doses of intravenous rotenone (Greene & Greenmayre, 1996; Ferrante et
al., 1997).

2.4.4 Paraquat

The herbicide paraquat (25, N,N'-dimethyl-4-4'-bipyridinium) also induces a parkinsonian
syndrome in animals. Paraquat is structurally similar to MPP* and is known to be present in the
environment, at very low levels. Exposure to paraquat has been linked to an increased risk for
Parkinson’s disease (Dauer & Przedborski, 2003). The toxicity of paraquat is thought to be
mediated by the formation of superoxide radicals (Scheme 12) (Day et al., 1999).

+// N+ o
e NC\>—</:>N_°H3 . NDPH —> N Y R—cts , NP
(24)

Paraquat Paraquat radical

+/ . .
nenN St Mi—cn, + o e wet N NM_cn, +0r

Paraquat radical Paraquat

Scheme 12. The redox cycling reaction of paraquat.

The systemic administration of paraquat to mice leads to dopaminergic neuron degeneration
(Manning-Bog et al, 2002). Despite the apparent structural similarity to MPP* (Dauer &
Przedborski, 2003), paraquat is neither a substrate nor an inhibitor of DAT and in vivo exposure to
MPTP and rotenone, but not paraquat, inhibits complex | in brain mitochondria. It therefore exerts

selective dopaminergic toxicity in a manner that is unique from rotenone and MPTP.
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2.5 Biological importance of Maleimides

Cyclic imides such as succinimides, maleimides, pthalimides and their derivatives contain an
imide ring and a general structure ~CO-N(R)-CO- that confers hydrophobicity and neutral
characteristics. These compounds are of scientific interest because they exhibit a diversity of
biological activities such as antibacterial, antifungal, antinociceptitive, anticonvulsant and antitumor
activities. However, in spite of these activities, much of their mechanisms of action at molecular

levels remain to be elucidated.

Lima et al. (1999) found prominent antimicrobial activity in imidic compounds which were effective
to inhibit the growth of Escherichia coli, Staphylococcus aureus, Candida albicans, Microsporum
canis and Penicillium. Dantas et al. (2000) evaluated the sensitivity of Candida species and
dermatophytes to maleimides, naftalimides and succinimides and noted that only maleimides
showed promising results as Candida inhibitors, while the inhibition of Microsporum and

Tricophyton was similar for the three assayed compounds.

(@]
(@]
Cl
ﬁN@ ﬁm_@
cl o ci
0]

3,4-dichloro-N-phenylmaleimi .
ichloro-N-phenyimaleimide 3,4~dichloro-N-phenyl-ethylmaleimide

0O ¢l 0
O O

N-phenyl-corborneno-succinimide N-phenyl-naphtalimide

Figure 24. Examples of the structures of maleimides, succinimides and naftalimides.

Cechinel Filho et al. (1994) studied the antibacterial activity of cyclic imides, including N-
phenylmaleimides and N-aryl-dichloromaleimides on S. aureus, Salmonella tiphymurium and E.
coli and reported that maleimide derivatives showed activities which were approximately 30 times
higher than the succinimides against Escherichia coli and Staphylococcus aureus. This suggests

that the structural feature of the unsaturated bond of the maleimide ring is important for its activity.
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N-aril-dichloromaleimide
Figure 25. Structure of N-aril-dichloromaleimide.

Antifungical action of 3,4-dichloro-N-substituted maleimides (Figure 26) was further investigated
by Pontes et al. (2007) who reported that T. asahii strains and T. inkin strains were largely
inhibited by 3,4-dichloro-N-substituted maleimides. These results were compatible with those
observed by (Dantas et al., 2000) which showed that 3,4 dichloro-N-benzylmaleimide and 3,4-
dichloro-N-phenylpropilmaleimide inhibited Candida albicans growth.

Gayoso et al. (2006) showed that maleimides inhibit the growth of onychomycosis, a fungal
infection in which the nails are affected. These findings and the emergent necessity of developing
new and efficient antifungical compounds could lead to a possible rational inclusion of these

compounds in pharmaceutical compositions used for the anti-onychomycosis therapy.

0
Cl Cl o
Cl Cl
e} e}
3,4-dichloro-N-phenylmaleimide 3,4-dichloro-N-benzylmaleimide

Figure 26. The structures of 3,4-dichloro-N-substituted maleimides.
The antimicrobial activity of maleimides may possibly be related to the double bond in the imidic

ring or with the nitrogen atom, which could lead to electronic interactions between maleimides and

microbial cells (Dantas et al., 2000). Moreover, increasing electronic density on the nitrogen atom
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of these compounds, suggests participation in the activation of redox cycles that play a major role

for development of biological activities (Andricopulo et al., 1998).

2.5.1 Metabolism of the maleimide derivative, Thalidomide

Maleimide derivatives such as thalidomide, are unstable in aqueous solutions and are believed to
undergo spontaneous hydrolysis, to produce metabolites that exhibit enantiomeric, species as well
as tissue specificity. Studies done on the hydrolysis of thélidomide show that hydrolysis can occur
both in the glutaramide ring and the aromatic ring depending on the pH (Schumacher et al.,
1965a). Above pH 7, both rings undergo hydrolysis while below pH 7, only the pthalimide amide
bond is hydroylsed. Metabolites of thalidomide present in urine, blood, plasma and tissue of

various species have been studied extensively (Schumacher et al., 1965b).
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Scheme 13. Spontaneous hydrolysis of Thalidomide.

2.6 Summary

Parkinson’s disease, a neurodegenerative disorder, is characterized mainly by a marked loss of
dopamine nigrostriatal neurons which results in a disabling movement disorder. There are various
therapeutic strategies available for the treatment of Parkinson’s disease. Most of these provide
relief from the symptoms of the disease while the underlying cause of neurodegeneration is left
untreated. Dopamine replacement therapy with the dopamine precursor levodopa, is currently
used as first line therapy. Levodopa is frequently combined with the MAO-B inhibitor (R)-deprenyl.
Inhibition of MAO-B in the brain may conserve the already depleted supply of dopamine and also
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stoichiometrically decreases the dopaldehyde and H,O, production associated with dopamine in
the brain. MAO-B inhibitors may therefore provide a neuroprotective effect in addition to
symptomatic relief for Parkinson’s disease patients.

Since maleimides are structurally related to thalidomide, they also may be unstable in aqueous
solutions and undergo spontaneous hydrolysis to the carboxylic acid. If such drugs are absorbed,
it is likely that they will spontaneously hydrolyse in the blood, into compounds that are more stable
than the parent drug. Any study into the pharmacological and biochemical properties of
maleimides must therefore take into account this instability.
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CHAPTER 3.
PREPARATION OF SYNTHETIC TARGETS

3.1 Synthesis of N-methyl-2-phenylmaleimides

In this chapter we propose a possible synthetic route for the preparation of N-methyl-2-
phenylmaleimide and selected phenyl ring substituted analogues (9a—g) (Figure 27). As is evident,
these N-methyl-2-phenylmaleimides are structural analogues of a series of 1-methyl-3-
phenylpyrroles (8a—g) (Figure 27), compounds that have been found recently to be moderately
potent competitive inhibitors of MAO-B (William & Lawson, 1999; Ogunrombi et al., 2008). In this
study the MAO-B inhibition potencies of 9a-g will be compared to that of 8a—g.

R R
/\ —

| 0= o)
CH, (|3H3
8a-g : 9a-g

a: R=H

b: R=Cl

c:. R=Br

d: R=F

e: R=CHj,

f R=OCH3

g: R=CF4

Figure 27. The structures of 1-methyl-3-phenylpyrroles (8a—g) and N-methyl-2-
phenylmaleimide (9a—g).
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Scheme 14. The synthetic pathway proposed for the synthesis of N-methyl-2-phenylmaleimides
(9a—g) (Mckenzie et al., 1984).

A convenient synthetic route for the preparation of N-methyl-2-phenylmaleimide (9a) had been
reported (Mckenzie ef al., 1984). This route is illustrated in Scheme 14. In the first step aniline (25)
is diazotized at —10 °C with sodium nitrite. The resulting diazonium salt (26) is added at —10 °C to
a stired solution of N-methylmaleimide (27) in acetone. The final target N-methyl-2-
phenylmaleimides (9a—g) may be obtained following dehydrohalogenation of the intermediate
chlorosuccinimide (28).

Of note however, is the work of Epstein and co-workers (Epstein et al., 1980), who reported the
formation of a Diels-Alder dimer from this synthesis of N-methyl-2-(4-methylphenyl)maleimide
(Scheme 15). This dimer possibly resulted from excessive heating during the 2,6-lutidine
dehydrohalogenation of the intermediate chlorosuccinimide. It was however found that this side
reaction could be suppressed by dilution of the lutidine with isopropyl alcohol and by reduction of

the heating time.
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Scheme 15. The formation of a Diels-Alder dimer during the synthesis of N-methyl-2-(4-
methylphenyl)maleimide (Epstein et al., 1980).

3.1.1 Materials and instrumentation

All starting materials, unless otherwise mentioned were obtained from Sigma-Aldrich and was
used without purification. Proton and carbon NMR was recorded on a Varian Gemini 300
spectrophotometer. Proton (*H) spectra was recorded in CDCl; at a frequency of 300 MHz and
carbon ("°C) spectra at 75 MHz. Chemical shifts is reported in parts per million (5) down field from
the signal of tetramethylsilane added to the deuterated solvent. Spin multiplicities are given as s
(singlet), d (doublet), t (triplet), g (quartet), dd (doublet of doublets) or m (multiplet) and the
coupling constants (J) is given in Hertz (Hz). Direct insertion electron impact ionization (EIMS) and
high resolution mass spectra (HRMS) was obtained on a VG 7070E mass spectrometer. Melting
points (mp) were determined on a Gallenkamp melting point apparatus. All the melting points are
uncorrected. Thin Layer Chromatography (TLC) was carried out using silica gel 60 (Machery-
Nagel) or neutral alumina (Merck), both containing UVzs4 fluorescent indicator.
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3.1.2 General synthetic procedure

Diazotization reaction. The appropriately C-3 substituted aniline derivative (20 mmol) was
dissolved in a mixture of 12 N hydrochloric acid (12 ml) and water (4 ml) and then cooled in an
ice—salt bath (=10 °C). Upon cooling, the aniline hydrochloric acid salt precipitated from solution.
To this, a solution of sodium nitrite (22 mmol; 1.52 g) in 3.14 ml water was added dropwise over a
period of 10 min while the mixture was being stirred vigorously. During this time, the reaction was
not allowed to reach temperatures above 0 °C. The aniline derivative was completely diazotized,

when the mixture completely dissolves, with the formation of the diazonium salt.

Meerwein reaction: N-methylmaleimide (20 mmol; 2.22 g) was dissolved in 15.69 mi of acetone
and then cooled on an ice—salt bath (<10 °C). To this, the diazotized aniline was added over a
period of 2 min. The pH of the reaction was adjusted to 3.0 with 12 g solid NaOAc and solid
CuCl,.2H,0 (0.49 g) was added as a single portion. The reaction was stirred for a period of 3
hours in the ice—salt bath while the pH was periodically adjusted to 2.9. The reaction was allowed
to heat to room temperature and was stirred for an additional 18 hours. If a precipitate forms, it
was collected by filtration (9b-9d, 9f, 9g) while for an oil, the crude product was extracted to
benzene (100 mL) (9a, 9e).

Dehydrohalogenation reaction: The crude product was combined with excess 2,6-lutidine (0.98 g)
and isopropanol (4.9 ml) and the resulting solution was heated for 15 min in an oil bath at 100 °C
to initiate dehydrohalogenation as more vigorous heating caused decomposition. For 9a and 9e,
the crude product was extracted to benzene (100 ml) and purified on a short column (35 X 80 mm)
by neutral aluminium oxide chromatography (Fluka 507C) to remove the substantial amounts of
“diazo resins” which contaminated the product. Compounds 9b-9d, 9f, 9g were directly applied to
the neutral alumina column. The brown material stayed at the top of the column, while the
fractions containing the pure product eluted as a clear yellow solution. Following removal of the
solvent under reduced pressure, the yellow solid obtained was recrystallized twice from boiling
ethanol to afford the target products (9a-g).

All reactions were monitored using neutral alumina or silica gel TLC (mobile phase of Petroleum

ether 80%: Ethylacetate 20%) and the plates were visualized with UV light (254 nm) and
fluorescence at 366 nm.

42 .




3.1.3 Physical characterization

The structures and purity of the compounds were verified by "H-NMR and '*C-NMR, as well as by
nominal and high resolution mass spectrometry. For those compounds previously reported, the
physical data and melting points were determined and compared to literature values. The UV-Vis
absorption spectral properties of the synthesized compounds were also recorded.

3.2 Results

N-Methyl-2-phenylmaleimide (9a) was prepared from aniline (25) and N-methylmaleimide (27) in a
yield of 39%: mp 146-148 °C (147-148 °C by capillary method); '"H NMR (CDCl;) & 3.05 (s, 3H),
6.70 (s, 1H), 7.41-7.44 (m, 3H), 7.88-7.91 (m, 2H); *C NMR (CDCl;) & 23.78, 123.87, 128.51,
128.74, 130.51, 143.91, 170.34, 170.67; EI-MS m/z; 187 (M™); HRMS calcd 187.063329, found
187.064037.

N-Methyl-2-(3-chlorophenyl)maleimide (9b) was prepared from appropriately substituted aniline
(25) and N-methylmaleimide (27) in a yield of 6%: mp 113-115 °C (from ethanol); '"H NMR (CDCl,)
5 3.07 (s, 3H), 6.74 (s, 1H), 7.35-7.44 (m, 2H), 7.78-7.81 (m,1H), 7.98-7.90 (m,1H); *C NMR
(CDCl5) 6 23.94, 125.02, 126.64, 128.48, 130.62 (d), 135.04, 142.60, 169.92, 170.26; EI-MS m/z,
221 (M™); HRMS calcd 221.024356, found 221.023664.

N-Methyl-2-(3-bromophenyl)maleimide (9¢) was prepared from appropriately substituted aniline
(25) and N-methylmaleimide (27) in a yield of 16%: mp 116-119 °C (from ethanol); 'H NMR
(CDCl3) & 3.05 (s, 3H), 6.73 (s, 1H), 7.55-7.58 (m, 1H), 7.82-7.85 (m, 1H), 8.03-8.04 (m, 1H); *C
NMR (CDCls) 6 23.91, 123.00, 125.00, 127.07, 130.84 (d), 133.92, 142.42, 169.85, 170.19; EI-MS
m/z; 264, 266 (M*); HRMS calcd 264.973840, found 264.974289.

N-Methyl-2-(3-fluorophenyl)maleimide (9d) was prepared from appropriately substituted aniline
(25) and N-methylmaleimide (27) in a yield of 31%: mp 155-158 °C (from ethanol); '"H NMR
(CDCl3) 5 3.05 (s, 3H), 6.73 (s), 7.11-7.14 (m, 1H), 7.36-7.44 (m, 1H), 7.63-7.69 (m, 2H); >C NMR
(CDCl;) & 23.87, 115.47 (d), 117.99 (d), 124.23 (d), 124.93, 130.50 (d), 142.61 (d), 161.12,
164.40, 169.93, 170.26; EI-MS m/z; 205 (M*); HRMS calcd 205.053907, found 205.05318.
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N-Methyl-2-(3-methylphenyl)maleimide (9e) was prepared from appropriately substituted aniline
(25) and N-methylmaleimide (27) in a yield of 4%: mp 91-93 °C (from ethanol); '"H NMR (CDCls) &
3.05 (s, 3H), 6.68 (s, 1H), 7.24-7.34 (m, 2H), 7.68-7.70 (m, 2H); *C NMR (CDCl;) & 21.37,23.78,
123.72, 125.71, 128.87, 131.88, 138.64, 144.14, 170.45, 170.76; EI-MS m/z; 201 (M™); HRMS
caicd 201.078979, found 201.078442.

N-Methyl-2-(3-methoxyphenyl)maleimide (9f) was prepared from appropriately substituted aniline
(25) and N-methylmaleimide (27) in a yield of 15%: mp 145-148 °C (146-148 °C by capillary
method); '"H NMR (CDCl;) & 3.04 (s, 3H), 3.82 (s, 3H), 6.69 (s, 1H), 6.96-6.99 (m, 1H), 7.35-7.45
(m, 1H), 7.46-7.47 (m, 2H); *C NMR (CDCls) & 23.78, 55.32, 113.05, 117.01, 120.95, 124.12,
129.10, 143.72, 159.78, 172.28, 170.61; EI-MS m/z; 217 (M™); HRMS calcd 217.073893, found
217.073177.

N-Methyl-2-(3-trifluoromethylphenyl)maleimide (9g) was prepared from appropriately substituted
aniline (25) and N-methylmaleimide (27) in a yield of 9%: mp 103-105 °C (from ethanol); '"H NMR
(CDCls) & 3.07 (s, 3H), 6.81 (s, 1H), 7.20 (m, 1H), 7.55-7.71 (m, 1H), 8.07-8.16 (m, 2H); *C NMR
(CDCl3) & 23.93, 121.82 (d), 125.28 (d), 125.41 (d), 127.50 (d), 129.48 (d), 130.91, 131.34,
131.78, 132.12 (q), 142.45, 160.75, 170.19; EI-MS m/z; 255 (M™); HRMS calcd 255.050713,
found 255.053127.




Table 1: Physical Properties of N-methyl-2-phenylmaleimides

Structure:
O T @)
Compound R Mp °C Yield % Appearance Formula

Light brown

9a H 146-148 °C 39 needle-like C11H9N02

Lit 147-148 °C crystals

Light brown

9b Cl 113-116 °C 6 needle-like C11HsCINO,
crystals
Dark brown

9c Br 116-119 °C 16 needle-like C11HsBrNO,
crystals
Light brown

9d F 155-158 °C 31 needle-like C11HsFNO,
crystals
Bright yellow

9e CHs 91-93 °C 4 needle—like C1,H11NO,
crystals
Light brown

of OCH; 103-105°C 15 needle-like C12H11NO,
crystals
Bright yellow

99 CF3 145-148 °C 9 needle—like C12HsF3NO,

Lit 146-148 °C crystals
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Table 2. The wavelengths of maximal light absorption (Amax) of N-methyl-2-phenylmaleimide
analogues (9a-g). The molar extinction coefficients (¢) at these wavelengths are also listed.

Concentration = 50 uyM

Compound (A may)® _(em
9a 269 9500
9b 266 10500
9¢c 269 10340
9d | 267 11540
9e 273 9820
of 275 13460
9g 263 12580

2All UVNVis spectral measurements were conducted in isopropanol.

3.3 Summary

In this chapter, a synthetic route to the desired N-methyl-2-phenyimaleimide derivatives (9a—-g) is
described. One possible complication that may arise is the formation of dimers due to Diels-Alder
reaction during one of the intermediary steps. This side reaction however, was suppressed by the
dilution of the lutidine with isopropyl alcohol and by reduction of the heating time. The compounds
(9a—g) were prepared using the method described, the yields were fairly low due to the double

recrystallization procedure that was employed, but yielded crystals that were of high purity (9a-g).
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CHAPTER 4.
ENZYMOLOGY

41 The MAO-B assay

This chapter will discuss the procedures for the determination of the enzyme-inhibitor dissociation
constants (Ki values) for the reversible interaction of MAO-B with the N-methyl-2-
phenylmaleimides.

411 General background

In our laboratory 1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine (16, MMTP) is used
as MAO-B substrate for the determination of enzyme-inhibitor dissociation constants (K; values).
The rate of the MAO-B catalyzed oxidation of MMTP to the corresponding dihydropyridinium
metabolite (17, MMDP") is measured spectrophotometrically at a wavelength of 420 nm. At this
wavelength neither the substrate nor the test inhibitors absorbs light, and therefore do not interfere
with the spectrophotometry.

N—CHa N—CHs a N—CHs

In vitro
_MAO-B N

MMTP (16 ) MMDP* (17)

Scheme 4. The MAO-B catalyzed oxidation of MMTP (16) to the corresponding dihydropyridinium
metabolite MMDP™ (17) which can be conveniently measured via spectrophotometry (420 nm).

In order to prevent any contribution towards the oxidation of MMTP by MAO-A, the source of the
MAO-B enzyme must either be devoid of any MAO-A activity or the oxidation of MMTP by MAO-A
must be prevented. This can be achieved by inactivating MAO-A with the selective mechanism-
based inactivator, clorgyline. The mitochondrial fraction obtained from baboon liver tissue was
used as enzyme source, which exhibits a high degree of MAQO-B catalytic activity while being
devoid of MAO-A activity (Inoue ef al., 1999). Therefore, for the purpose of the current study, the

assays were carried out in the absence of clorgyline pre-inactivation. The interaction of reversible
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inhibitors with MAO-B obtained from baboon liver tissue appears to be similar to that of the human
form of the enzyme since inhibitors are approximately equipotent with both enzyme sources
(Petzer et al., 2003). The MAO-B inhibitory properties of the compounds prepared was also
investigated in order to determine whether these test inhibitors act as time dependent inactivators

or as reversible inhibitors of the enzyme.

4.1.2 Materials and instrumentation

The oxalate salt of MMTP (Bissel et al., 2002), a generous gift from the laboratory of Neal
Castagnoli, Jr, was used. UV-Vis spectra were recorded on a Milton-Roy Spectronic 1201
spectrophotometer. Note that MMTP is a structural analogue of the nigrostriatal neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and should be handled with care, using
disposable gloves and protective eyewear. Procedures for the safe handling of MPTP have been
described (Pitts et al., 1986).

4.1.3 Experimental method for K; determination

Mitochondria were isolated from baboon liver tissue as described by Salach and Weyler (Salach &
Weyler, 1987) and stored at -70 °C in 300 pl aliquots. Following addition of an equal volume of
sodium phosphate buffer (100 mM, pH 7.4) containing glycerol (50% wi/v) to the aliquots, the
protein concentration was determined by the method of Bradford using bovine serum albumin as
reference standard (Bradford, 1976).

Since the mitochondrial fraction from baboon liver tissue is reported to be devoid of MAO-A
activity (Inoue et al., 1999), inactivation of this isoform was unnecessary. The MAO-A and MAO-
B mixed substrate MMTP (K, = 60.9 uM for baboon liver MAO-B) (Inoue et al., 1999) was used as
substrate for the inhibition studies. Incubations were carried out in sodium phosphate buffer (100
mM, pH 7.4) and contained MMTP (30-120 uM), the mitochondrial isolate (0.15 mg protein/mL)
and various concentrations of the test inhibitor. The stock solutions of the inhibitors were prepared
in DMSO and added to the incubation mixtures to yield a final DMSO concentration of 4% (v/v).
DMSO concentrations higher than 4% are reported to inhibit MAO-B (Gnerre et al., 2000).
Following incubation at 37 °C for 10 minutes, the enzyme reactions were terminated by the
addition of 10 pl perchloric acid (70%) and the samples centrifuged at 16 000g for 10 minutes. The
MAO-B catalyzed production of MMDP* was found to be linear for the first 10 minutes of the
reaction. (Inoue ef al., 1999). The supernatant fractions were removed and the concentrations of
the MAO-B generated product, MMDP* were measured spectrophotometrically at a wavelength of
420 nm (g = 25 000 M™) (Inoue et al., 1999).
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The initial rates of oxidation at four different substrate concentrations (30-120 puM) in the absence
and presence of three different concentrations of inhibitor was calculated and the Lineweaver-
Burke plots constructed. The slopes of the Lineweaver-Burke plots was plotted versus the inhibitor
concentration [I] (Figure 28) and the Ki value was determined from the x-axis intercept (intercept =
Ki). Linear regression analysis was performed using Sigma plot software package (Systat
Software Inc).

4.1.4 Experimental method for reversibility determination

In order to determine whether the test inhibitor (9a) acts as a time-dependent inactivator or a
reversible inhibitor of MAO-B, baboon liver mitochondrial fractions (0.3 mg of protein/ml) was
preincubated with the test inhibitor (14 pM) for periods of 0, 15, 30, and 60 minutes at 37 °C
(Inoue et al., 1999). The solvent for this incubation is 100 mM sodium phosphate buffer (pH 7.4).
The MAO-A and B mixed substrate, MMTP, at final concentration of 90 uM, was incubated at 37
°C for 15 minutes with 0.15 mg protein/mi of the preincubated mitochondria. The final volumes of
these were 500 pl and final concentration of the test inhibitor 7 pM. Following termination of the
reactions by the addition of 10 ul perchloric acid (70%), the concentrations of MMDP" were
measured as outlined above. These experiments were done in triplicate.

If there is no decrease of MAO-B activity with increased preincubation time of the inhibitor with the
enzyme, it can be concluded that the inhibitor interacts reversibly with the active site of the
enzyme, MAO-B, otherwise, the inhibitor acts in a time dependent manner and is therefore an
irreversible inactivator. A plot of the rate of inhibitor activity versus incubation time (Figure 30) was
used to determine whether these compounds are reversible inhibitors of MAO-B or time
dependent inactivators.

4.1.5 Experimental method for IC5, determination

Incubations were carried out in sodium phosphate buffer (100 mM, pH 7.4) and contained MMTP
(60 pM), the mitochondrial isolate (0.15 mg protein/ml) and various concentrations of the test
inhibitors (0.003-30 uM). The stock solutions of the inhibitors were prepared in DMSO and added
to the incubation mixtures to yield a final DMSO concentration of 4% (v/v). Following incubations
at 37 °C for 10 minutes, the enzyme reactions were terminated by the addition of 10 pl perchloric
acid (70%) and the samples were centrifuged at 16000g for 10 minutes. The concentrations of
MMDP" were measured as outlined above and these experiments were carried out in duplicate.
The ICsy values were determined by plotting the initial rates of oxidation versus the logarithm of
the inhibitor concentrations to obtain a sigmoidal dose-response curve (Figure 29). This kinetic

data were fitted to the one site competition model incorporated into the Prism software package
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(GraphPad Software Inc.). The ICs, values were determined in duplicate and are expressed as

mean * standard error of the mean (S.E.M).

4.1.6 Calculations

The initial velocity (Vi) for MAO-B catalytic oxidation of MMTP was calculated using the equation
below. For the spectrophotometric determination of MAO-B activity, the equation is substituted
with the measured absorbance (Abs) of the dihydropyridinium metabolite MMDP®, the reported
molar absorptivity (&) for MMDP* (25 000 M™) and the protein concentration of the mitochondrial
preparation used [E] (0.15 mg protein/ml), with the incubation time (Time) of 10 min. The
dimension of V; in this equation is mol/[mg protein.min] of the dihydropyridinium (MMDP") formed.

4.1.7 Results and Discussion

All of the N-methyl-2-phenylmaleimide analogues (9a-g) tested were found to be inhibitors of
MAO-B. As demonstrated by example with N-methyl-2-(3-chlorophenyl)maleimide (9b) (Figure
28), the lines of the Lineweaver-Burke plots intersected at the y-axis, indicating the mode of

inhibition to be competitive.

Slope
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Figure 28. Lineweaver—Burke plots of the oxidation of MMTP by baboon liver MAO-B in the
absence (filled circles) and presence of various concentrations of 9b (open circles, 4 uM; filled
triangles, 8 uM; open triangles, 16 uM). The concentration of the baboon liver mitochondrial
isolate was 0.15 mg/mL and the rates are expressed as nmoles/min.mg protein of MMDP" formed.

The inset is the replot of the slopes versus the inhibitor concentrations.
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Figure 29. A plot of Log, inhibitor concentration [I] versus product concentration [MMDP*], uM.
The inhibitor used was N-methyl-2-(3-chlorophenyl)maleimide (9b) with the ICs, value of 6.66
pM.

The ICs, values and the enzyme-inhibitor dissociation constants (K; values) for the inhibition of
MAO-B by the test compounds are presented in Table 3. In this study, we have determined both
the 1Cso and K; values for the compounds under investigation as potential MAO-B inhibitors. The
reason for this being that it is convenient to firstly determine ICs, values using a wide range of
inhibitor concentrations. The ICs, value so obtained can then be used as an approximation of the
Ki value, and a much narrower range of inhibitor concentrations can then be selected for the
experimental determination of K. The most potent inhibitor among the N-methyl-2-
phenylmaleimide analogues was found to be the unsubstituted N-methyl-2-phenylmaleimide (9a)
with a K; value of 3.49 uM (Table 3), approximately a 30 fold increase in potency compared to the
unsubstituted N-methyl-3-phenylpyrrole which has a reported K; value for the inhibition of baboon
liver MAO-B of 118 uM (Ogunrombi et al., 2008). The second most potent inhibitor evaluated in
this study was N-methyl-2-(3-chlorophenyl)maleimide (9b), with a K;value of 6.66 uM, also more

potent than the lead pyrrole compound.
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9a-g 8a-g
Table 3. The IC5, and K; values for the inhibition of MAO-B by N-methyl-2-phenylmaleimide

analogues (9a-g) compared with the K;values for the 1-methyl-3-phenylpyrrolyl derivatives
(8a-g).

Ki (uM)
Compound R ICs, values® (R? values)® Ki (M) ©
(9a-g) (9a-g) (8a-g)
3.49
9a H 7.01+1.77 (R? = 0.994) 118
6.66
9b Cl 12.87 + 0.65 (R? = 0.995) 20.9
6.99
9c Br 6.870 + 0.41 (R? = 0.991) 14.3
5.73
9d F 6.726 £ 1.53 (R? = 0.988) 38.9
8.60
9e CHs 11.72 + 0.095 (R2=0.995) 56.0
10.99
of CF, 17.41 £ 1.87 (R?= 0.995) 6.55
8.56
9g OCH;, 9.52 £ 1.05 (R? =0.996) 417

‘The concentration of MMTP used was 50 uM and the enzyme concentration was 0.15 mg
mitochondrial protein /ml.

®The R? values shown here are those of the replot of the Lineweaver-Burke plots used to
determine the K; values.

“Values taken from (Ogunrombi ef al., 2008).

The MAO-B inhibitory properties of (9a-g) were investigated in order to determine whether the test
inhibitors act as time—dependent inactivators or as reversible inhibitors of the enzyme. For this
study, 9a was selected as a representative test inhibitor. When baboon liver mitochondrial

fractions were preincubated with 9a (7 pM) for periods of 0, 15, 30 and 60 minutes, the rate of
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MAO-B catalyzed oxidation of MMTP (90 uM) to MMDP* slightly increased. The slight increase in
MAO-B catalytic activity with time, seen from the plot of rate versus incubation time (Figure 30), is
probably due to the fact that maleimides, like thalidomide generally undergo hydrolysis in aqueous

solutions, depénding on the pH, to give carboxylic acids which are more stable.

Rate

0 15

Incubation time (min)

Figure 30. Time dependent inhibition of baboon liver MAO-B by N-methyl-2-phenylmaleimide
(9a). Baboon liver mitochondria (0.3 mg/mL) were preincubated with the inhibitor (14 uM) at
preincubation times of 0, 15, 30 and 60 minutes. The enzyme was added to the substrate to
yield final [E] of 0.15 mg/mL, [I] of 7.0 uM and a final [S] of 90 uM. Incubations were carried out
for 15 min at 37 °C.

4.2 WMolecular docking studies

In this section we describe the modeling of N-methyl-2-phenylmaleimide (9a) within the active site
of human recombinant MAO-B. The specific interactions between the ligand and the enzyme
active site were identified. 1-Methyl-3-phenylpyrrole (8a) was also docked into MAO-B in order to
compare the binding mode to that of 9a.

4.2.1 General background

Docking is the procedure of fitting one molecule into another. In this study, it involves the fitting of
a small molecule ligand into the active site of the MAO-B protein. Docking is a useful tool to
determine the possibility of the ligand to bind to the enzyme active site before actually
synthesizing the ligand. Of the many interactions that may occur between a ligand and the

receptor molecule, we focused on hydrogen bonding interactions since the structures under
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investigation (9a—g) differ mainly from the lead compound (8a) in their ability to interact with
protein molecules via hydrogen bonding. Other interactions that may occur between a ligand and
a receptor are: hydrophobic interactions, electrostatic interactions, charge transfer interactions and
dipole interactions.

4.2.2 Method

Among the crystallographic structures of MAO-B deposited in the Brookhaven Protein Data Bank,
the structure with trans,trans-farnesol bound to the enzyme (2BK3.pdb) (Hubalek et al., 2005) was
selected for the docking studies. The choice of this complex was based on the high resolution of
the crystallographic structure and the observation that frans,trans-farnesol spans both the
entrance and substrate cavities of the enzyme active site. As a result, the side chain of lle-199,
which acts as a “gate” separating the two cavities, is rotated out of its normal conformation to allow
for the fusion of the two cavities and the accommodation of larger structures (Binda ef al., 2003).

All the computational studies were carried out in the Windows-based Discovery Studio 1.7
modeling and simulation environment (Accelrys Software Inc.). The ligands to be docked were
constructed within DS Visualizer Pro and then prepared for the docking simulations using the
Prepare Ligands application of Discovery Studio. The crystallographic structure of trans,trans-
farnesol in complex with human MAO-B (2BK3.pdb) (Hubalek et al., 2005) was retrieved from
the Brookhaven Protein Data Bank (www.rcsb.org/pdb) and the co-crystallized inhibitor was
manually deleted. Following typing of the receptor model with the CHARMm forcefield, the
binding site was identified by the Ligandfit flood-filling algorithm. Automated docking was then
carried out with the LigandFit application of Discovery Studio. This docking protocol employed
total ligand flexibility whereby the final ligand conformations were determined by the Monte
Carlo conformation search method set to a variable number of trial runs. The docked ligands
were further refined using in situ ligand minimization with the Smart Minimizer algorithm. All
the application modules within Discovery Studio were set to their default values and 10
docking solutions were allowed for each ligand.

4.2.3 Results and discussion

In order to test the merit of N-methyl-2-phenylmaleimides as potential MAO-B inhibitors, N-methyl-
2-phenylmaleimide analogue (9a) was modeled within the active site of human recombinant MAO-
B. As indicated in figure 31, the inhibitor (9a) traverse both the entrance and substrate cavity, with
the C-5 carbonyl oxygen of the maleimide ring stabilized by hydrogen bonding with amino acid
residues and water molecules in the substrate cavity of the enzyme, while the phenyl ring extends

into the entrance cavity.
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This orientation is highly favoured as it allows the C-5 carbonyl oxygen of the maleimide ring to
interact with both Try—435 and Wat-60 molecules in the substrate cavity, forming specific H-
bonds. This mode of binding is in complete reversal to that observed by the N-methyl-3-
phenylpyrroles (Ogunrombi ef al., 2008) in which the pyrrolyl ring extends beyond the boundary of
the entrance and substrate cavity, while the phenyl ring binds within the substrate cavity (Figure
32).

For 1-methy!-3-phenylpyrrole (8a), hydrogen bond interaction with the enzyme is not possible
(Figure 32). This may be the reason why the pyrrole inhibitors are in general less potent than the
corresponding maleimide analogues. The only exception is pyrrole 8f (3-CF;) which is slightly
more potent than the comesponding maleimide 9f. A possible explanation may be that the CF; of
8f is involved in hydrogen bond interaction within the substrate cavity (Ogunrombi et al., 2008),
while the CF; of the maleimide is located in the entrance cavity which is largely hydrophobic, with
no possibility of hydrogen bond formation. Since hydrogen bond interactions are not possibie with
1-methyl-3-phenylpyrrole (8a), we conclude that hydrogen bonding is responsible for N-methyl-2-
phenylmaleimide (8a) being a more potent inhibitor of MAO-B compared to the pyrroles.
Interestingly, the observation that C-3 phenyl substitution of the N-methyl-2-phenylmaleimides
does not enhance the MAO-B inhibition potency, may be explained by the deep protrusion of the
inhibitor into the substrate cavity, which does not allow for stabilizing hydrophobic interactions
between the phenyl substituents and the lipophilic environment of the entrance cavity.
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Figure 31. The binding mode of N-methyl-2-phenylmateimide (9a) to the active site of MAO-B.
Hydrogen bonding is indicated by the dotied lines.
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Figure 32. The binding mode of 1-methyl-3-phenylpyrrole (8a) to the active site of MAO-B.

43 Summary

In this chapter we have shown that all the N-methyl-2-phenyimaleimide analogues (9a—g) tested
were found to be reversible competitive inhibitors of MAO-B, with the most potent inhibitor being
the unsubstituted N-methyl-2-phenylmaleimide with a K; value of 3.49 uM, approximatety a 30 fold
increase in potency compared to the unsubstituted N-methyl-3-phenylpyrrole which has a reported
K; value for the inhibition of baboon liver MAO-B of 118 pM.

N-methyl-2-phenylmaleimide (8a) and 1-methyl-3-phenylpyrrole (8a) were docked into the active
site of recombinant human MAQO-B. The results show that the carbonyl oxygens of the maleimide
ring is stabilized by hydrogen bonding with Wat-60 and Tyr-435 in the substrate cavity of the
enzyme while the phenyl ring extends into the entrance cavity. Similar interactions are not
possible with 1-methyl-3-phenyipyrrole.

We therefore conclude that in general, N-methyl-2-phenylmaleimides inhibit MAO-B with

enhanced potency compared to the pyrroles and H-bonding appears to be a major contributing
factor towards ligand stabilization and inhibition potency.
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CHAPTER 5.
CONCLUSION

The enzyme MAO-B is a well known target for the treatment of degenerative disorders. Inhibitors
of MAO-B are used for the symptomatic treatment of Parkinson’s disease and are also under
investigation as potential neuroprotective agents. Also, MAO-B is the catalyst responsible for the
oxidation of the pro-neurotoxin MPTP to its ultimately neurotoxic product MPP®. Therefore,
inhibitors of MAO-B have been found to prevent the neurotoxic action of MPTP.

The primary aim of this study was to test the hypothesis that N-methyl-2-phenylmaleimide
anlaogues, which are structural analogues of known MAQO-B inhibitors 1-methyl-3-phenylpyrroles,
could act as more potent inhibitors of MAO-B due to the presence of carbonyl oxygen atoms that
could act as hydrogen bond acceptors. Maleimides have long been known for their
pharmaceutical value, as they have been found to act as antibacterial, antifungal, antinoceptive,
anticonvulsant and antitumor agents. The possibility that N-methyl-2-phenylmaleimide analogues
may act as potent inhibitors of MAO-B, could possibly lead to the discovery of new lead
compounds for the treatment of Parkinson’s disease.

To achieve this aim, a series of N-methyl-2-phenylmaleimide analogues (9a-g) were successfully
synthesized and the structure and purity of the compounds were confirmed by 'H and "°C NMR.
The series of N-methyl-2-phenylmaleimide analogues (9a-g) prepared were found to be reversible
competitive inhibitors of MAO-B. The MAO-B assay results revealed that the unsubstituted N-
methyl-2-phenylmaleimide was the most potent inhibitor, with an enzyme—inhibitor dissociation
constant (K; value) of 3.49 uM. This is 30 fold more potent than the 1-methyl-3-phenylpyrrole, the
lead pyrrole compound for this study. The least potent inhibitor was found to be N-methyl-2-(3-

trifluoromethylphenylymaleimide with a K; value of 10.99 uM.

Reversibility studies showed that N-methyl-2-phenylmaleimide (9a) was not a time dependent
inactivator but acted reversibly with the enzyme MAO-B. This makes the maleimides examined
here more desirable than irreversible inhibitors. Since inhibitors of MAO B are currently in use, and
still being investigated for the treatment of neurodegenerative disorders, the results of this study
contributes to the identification of new reversible inhibitors.

Another goal of this research was to investigate the binding mode of N-methyl-2-phenylmaleimide
within the active site of the MAO-B enzyme and compare it with the 1-methyl-3-phenypyrroles.
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Molecular docking revealed that N-methyl-2-phenylmaleimide analogues traverse both cavities of
the enzyme and bind in a manner opposite to that of the pyrroles, in which the maleimide ring is
bound in the substrate cavity of the enzyme while the phenyl ring is located in the entrance cavity.
Hydrogen bonds were formed between the carbonyl oxygens of the maleimide ring and the amino

acid residues within the susbstrate cavity, an interaction not possible with the pyrroles.

Thus, modifying the structure of the pyrroles to include hydrogen bond acceptors greatly improved
binding affinity within the active site of the enzyme. Hydrogen bonding was an additional
interaction to the hydrophobic interactions shown by the N-methyl-2-phenylmaleimide analogues,
enhancing ligand stabilization, thus making them more potent inhibitors of MAO-B than the 1-
methyl-3-phenylpyrroles.
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ANNEXURE
Spectral Data
'H NMR, *C NMR
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