The synthesis and evaluation of (E)-styrylisatin analogues

as inhibitors of monoamine oxidase B

Elizna M. Van der Walt
B. Pharm.

Dissertation submitted in partial fulfilment of the requirements for the degree
Magister Scientiae in Pharmaceutical Chemistry at the North-West University,
Potchefstroom Campus

Supervisor: Dr. J.P. Petzer

Co-supervisor: Prof. J.J. Bergh

Assistant supervisor: Prof. S.F. Malan
2008

Potchefstroom



UITTREKSEL

Monoamienoksidase B- (MAO-B-) inhibeerders word tans klinies gebruik vir die
simptomatiese behandeling van Parkinson se siekte (PD) en mag moontlik ook
neurobeskermende aktiwiteit besit. Die onomkeerbare MAO-B-inhibeerder, (R)-deprenyl,
word algemeen gebruik in PD-terapie, gewoonlik in kombinasie met levodopa tydens
dopamienvervangingsterapie. In  teensteling met omkeerbare inhibisie, behels
ensiemherstel na onomkeerbare inhibisie de novo sintese. Relatief vinnige herstel van
ensiemaktiwiteit veroorsaak dat potente omkeerbare MAO-B-inhibeerders veiliger en meer

wenslik is.

Beide isatien en kaffeien is klein molekules wat in staat is om MAQO-B te inhibeer. Isatien is
‘n relatief goeie endogene inhibeerder (K; = 3 pM) maar kaffeien is ‘n swak inhibeerder (K; =
650 pM). Daar is gevind dat die inhiberings potensie van kaffeien verbeter kan word deur
substitusie van ‘n stirielsyketting op C-8 van die kaffefenring. Addisie van n
elektronontrekkende substituent op die C-3 posisie van die fenieisyketting het strukture
gelewer wat MAO besonder kragtig geinhibeer het, byvoorbeeld, (E)-8-(3-
chiorostiriel)kaffeien (CSC) (K; = 0.1 uM). Tydens hierdie studie is ondersoek ingestel of
stirielsubstitusie van die leidraadverbinding, isatien, op C-5 en C-8 soortgelyke verhoging in

isatien se vermoé& om MAO te inhibeer sal veroorsaak.

Rekenaarmodeliering van die voorgestelde (E)-5-stirielisatien- en (E)-6-stirielisatienanalog,
asook isatien, in die aktiewe setel van rekombinante MAO-B het die hipotese van verbeterde
MAOQO-B-inhiberings aktiwiteit vir hierdie stirielanalo& ondersteun. Modellering het aangetoon
dat die stirielsyketting gestabiliseer word in die ingangsholte van die ensiem tydens binding,
terwyl die isatiengedeelte in die substraat-bindingsholte gele& is en met waterstofbinding
gestabiliseer word. Hierdie tweeledige bindingsmetode is soortgelyk aan die voorgestelde
bindingsmetode vir die stirielkaffeiene en dit blyk dat dit die vermoé van die stirielkaffeiene

om MAO-B te inhibeer, fasiliteer.

Na suksesvolle sintese van die (E)-5-stirielisatien- en (E)-6-stirielisatienanalog, wat slegs
verskil ten opsigte van die substituent op die C-3 posisie van die fenielring, is die verbindings
in vitro geévalueer as omkeerbare inhibeerders van bobbejaan-lewer MAO-B.
Inhiberingsaktiwiteit van die stirielisatienanaloé& is bepaal met ‘n spektrofotometriese metode.
Die inhibeerderpotensie vir al die stririelisatien analo& is uitgedruk in terme van die
konsentrasie van die verbinding nodig vir 50% inhibisie van die ensiem in vifro (ICs, waarde).

Die omkeerbaarheid van die inhibisie is bevestig deur 'n tyds-afhanklike inhibisiestudie uit te



voer waartydens daar aagetoon is dat die MAO-B-inhibisie deur die stiriclisatienanalo&

onafhanklik is van die tydperk waarmee dit saam met die ensiem geinkubeer word.

Die resultate toon dat substitusie met ‘n stirielsyketting op C-5 van die isatienring
omkeerbare inhibeerders van MAO-B lewer wat uitsonderlik potent is. (E)-5-(3-
Chlorostiriel)isatien (ICsp = 20.7 nM) is ongeveer 430 keer meer potent as die
leidraadverbinding isatien (ICsq = 8.6 pM). (E)-5-stirielisatien is ook ‘n baie goeie inhibeerder
van MAO-B met ‘'n ICsqg waarde van 41.7 nM, ongeveer 210 keer meer potent as die van
isatien. Die (E)-6-stirielisatienanaloé het matige, omkeerbare MAO-B-inhibisie getoon. (E)-
B-Stirielisatien het ‘n 1Cso waarde van 436.8 nM gehad. Die stirielsyketting sowel as
elektroniese en lipofiliese eienskappe blyk belangrik te wees vir potente inhibisie van MAO-B

deur hierdie verbindings.

In  hierdie studie het die gesintetiseerde (E)-5-stirielisatienanalog, veral (E)-5-
(chlorostiriel)isatien, goeie potensiaal getoon as nuwe omkeerbare MAO-B-inhibeerders.
Sintese en evaluering van ‘n meer uitgebreide stirielisatienreeks sal ‘n Hansch-tipe
struktuuraktiwiteitsverwantskapstudie (SAV) moontlik maak wat die optimale fisieschemiese

elenskappe vir die verbindings sal kan identifiseer.



ABSTRACT

Monoamine oxidase B (MAO-B) inhibitors are currently clinically used in the symptomatic
treatment of Parkinson’s disease (PD) and may also possess neuroprotective activity. The
irreversible MAO-B inhibitor, (R)-deprenyl, is commonly used in PD treatment, usually in
combination with levodopa during dopamine replacement therapy. In contrast with
reversible inhibition, enzyme recovery after irreversible inhibition involves de novo synthesis.
The relatively qu.iok return of enzyme activity makes potent reversible MAO-B inhibitors safer

and more desirable.

Both isatin and caffeine are small molecules that have been reported to inhibit MAO-B.
Isatin is a relatively good endogenous inhibitor (K; = 3 uM) whereas caffeine is a weak
inhibitor (Ki = 650 pm). The inhibitory potency of caffeine have been improved by
substitution at C-8 of the caffeine ring with a styryl side-chain. Addition of an electron
withdrawing substituent at C-3 of the phenyl nng produced structures with exceptional
reversible MAO-B inhibitory potency, for example (E£)-8-(3-chlorostyryl)caffeine (CSC) (K; =
01 uM). In this study we investigated whether styry! substitution of the lead compound,
isatin, at C-5 and C-8 will similarly enhance isatin’'s MAO-B inhibitory potency.

Preliminary computer modelling of the proposed (E)-S-styrylisatin and (E)-6-styrylisatin
analogues, as well as isatin, into the active site of recombinant MAO-B supported the
hypothesis of increased MAO-B inhibitory activity for these styryl analogues. The styryl side-
chain seems to be stabilised in the entrance cavity of the enzyme during binding, while the
isatin moiety is located in the substrate-binding cavity where it is involved in hydrogen
bonding. This duel binding mode is similar to that proposed for the styryicaffeines and is
thought to facilitate the potent MAO-B inhibition of styrylcaffeines.

After successful synthesis of the (E)-5-styrylisatin and (E)-B-styrylisatin analogues, the
compounds were evaluated in vitro as reversible inhibitors of baboon liver MAO-B. Inhibitory
activity of the styrylisatin analogues were determined with a spectrophotometric method.
The inhibitory potencies for all the styrylisatin analogues were expressed in terms of the
concentration of the compound necessary for 50% inhibition of the enzyme in vitro (ICso
value). Reversibility of inhibition was confirmed with a time-dependent inhibition study that
showed that the potencies of inhibition of MAO-B by the (E)-styrylisatin analogues were

independent of the time period for which the analogue was incubated with the enzyme.

The results confirmed that substitution with a styryl side-chain on C-5 of the isatin ring
resulted in reversible inhibitors of MAO-B that are exceptionally potent. For example, (E)-5-
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(3-chlorostyrylisatin (ICso = 20.7 nM) was found fo be 430 times more potent than the lead
compound isatin (ICsp = 8.6 pM). Also, (E)-5-styrylisatin was found fo have a ICs, value of
41.7 nM, which is approximately 210 times more potent as a MAQO-B inhibitor than isatin.
The (E)-6-styrylisatin analogues showed moderate, reversible MAO-B inhibition. For
example, (E)-6-styrylisatin has an I1Csp value of 436.8 nM. The styryl side-chain as well as
electronic and lipophilic properties seem to be important for potent inhibition of MAO-B by

these compounds.

In this study, the synthesised (E)-5-styrylisatin analogues, in particular (E)-5-(3-
chlorostyryl)isatin, showed potential as novel reversible MAO-B inhibitors. Synthesis and
evaluatin of a more extensive series of styrylisatin analogues would enable a Hansch-type
structure-activity relationship study that could identify the optimal physicochemical properties

for the compounds.
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Chapter 1

INTRODUCTION

1.1 Study aim

Parkinson’s disease (PD) is the second most prevalent progressive neurodegenerative disorder after
Alzheimer's disease, but treatment options available still provide only symptomatic relief. Treatment
with monoamine oxidase B (MOA-B) inhibitors may not only provide symptomatic relief by restoring
striatal dopamine activity (Bonuccelli & Del Dotto, 2006), but may also provide neuroprotection by
reducing oxidative stress (Hubalek et al.,, 2005). In order to further develop reversible MAO-B
inhibitors, it is the aim of this study to firstly synthesise (E)-5-styrylisatin (8a—c; Fig. 1) and (E)-6-
styrylisatin (9a—b; Fig. 1) analogues and secondly to evaluate these analogues as reversible

competitive inhibitors of MAO-B.

1.2 Study hypothesis

The small endogenous molecule, isatin, is known to be a good inhibitor of MAO-B (Medvedev et al.,
1996), whereas caffeine, another small molecule, is a weak competitive inhibitor of MAO-B. The
relatively larger (E)-8-styrylcaffeinyl analogues have been reported by our group to be moderate to very
potent competitive MAO-B inhibitors (Petzer et al., 2003; Viok ef al., 2006; Van den Berg et al., 2007).
It was proposed that the relatively more potent inhibition observed with (E)-8-styrylcaffeines is
dependent upon the styryl side-chain that is thought to bind in the entrance cavity of the enzyme while
the caffeine ring binds within the substrate-binding cavity. This dual mode of binding is proposed fo be
responsible for the potent MAO-B inhibition observed with (E)-8-styrylcaffeines. It was further observed
that C-3 substitution of the styryl ring with electron withdrawing substituents enhance inhibition potency
to a great extent. In this study isatin, already a relatively good MAO-B inhibitor, will be substituted with
a styryl side-chain at C-5 and C-6 of the isatin ring, respectively. The structures of the (E)-5-styrylisatin
and (E)-6-styrylisatin analogues that will be investigated in this study is illustrated in Fig. 1. Preliminary
modelling studies suggested that the (E)-5-styrylisatin and (E)-6-styrylisatin analogues will bind with the
isatin ring in the substrate-binding cavity while the styryl side-chain is expected to project into the
entrance cavity. This dual binding mode, as for (E)-8-styrylcaffeine, is expected to enhance the MAO-B
inhibition potency of isatin to a large extent. The inclusion of analogues functionalised with electron

withdrawing substituents at C-3 of the styryl ring may lead to compounds that are especially active.
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o A
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A: (E)-5-styrylisatin analogues B: (E)-6-styrylisatin analogues
8a: X=H 9a: X =H
8b: X=ClI 9b: X=Cl

8c: X=F

Figure 1: Structures of compounds investigated in this study.




Chapter 2

LITERATURE OVERVIEW

2.1 Parkinson's disease

The physical characteristics of Parkinson's disease (PD) were first described by Dr. James Parkinson in
1817. Today, PD is the second most prevalent progressive neurodegenerative disorder after
Alzheimer's disease. It affects about 1 % of the population over 60 years of age and 0.3% of the entire
population of industrialized countries (de Lau & Breteler, 2006). Dorsey et al. (2007) estimated the
number of affected individuals in 10 of the world's most populous nations to be between 4.1 and 4.6
million in 2005 and predicted that this number would double by 2030. The risk of developing PD
increases with increasing age (McDonald et al., 2003), and as the average lifespan of individuals
increases, the number of people affected by PD is also likely to increase (Smeyne & Jackson-Lewis,

2005).

Lateral ventricle

Midbrain

Figure 2: A coronal section of the brain showing dopaminergic
neurons in the substantia nigra projecting to the striatum (caudate &
putamen). Striatal neurons project to the globus pallidus. GABAergic
pallidal neurons send inhibitory projections to the cerebral cortex and
stimulatory glutamatergic projections project back to the striatum and down

through the corticospinal tract (Young, 1999).



Clinical characteristics of PD include tremors at rest, slowness of movement, increased muscle tone,
and postural instability (Blum ef al., 2001). The neuropathological and neurochemical characteristics of
PD are well defined (Blum ef al., 2001). These arév a decrease in neuromelanin containing
dopaminergic neurons, specifically in the substantia nigré pars compacta (SNpc) region of the brain
(Fig. 2), with an associated loss of striatal dopamine (DA) (Fig. 3) (Blum ef al., 2001). The cell bodies
of these nigrostriatal neurons are located in the SNpc and project out primarily to the putamen (Dauer &
Przedborski, 2003). Cell loss in SNpc is concentrated in the ventrolateral and caudal portions whereas
the dorsomedial aspects are affected in normal aging (Dauer & Przedborski, 2003). PD symptoms start
to manifest when about 80% of putamen and 60% of SNpc dopaminergic neurons have died off. Itis
thought that striatal dopaminergic nerve terminals are the primary target for initiation of
neurodegeneration, and that neuronal death is a result of the “dying back®™ process (Dauer &
Przedborski, 2003).

HO NH, HO. NH,

HO HO COOH

(A) (B)

Figure 3: The structure of dopamine (A) and levodopa (B).

Eosinophilic intraneuronal inclusions, called Lewy bodies (LB), are histologically characteristic of the
dopaminergic cell loss that are seen in, but that are not specific to PD (Dauer & Przedborski, 2003).
Neurodegeneration and LB formation in other brain areas such as the noradrenergic locus coeruelus,
serotonergic raphe, cholinergic Meynert basalis nucleus, cerebral cortex, olfactory bulb and autonomic
nervous system are usually seen in more severe or late stages of PD (Dauer & Przedborski, 2003) and

may be implicated in the non-motor symptomé of PD such as depression (Chaudhuri ef al., 20086).

The etiology of idiopathic PD is unknown. Several environmental and/or genetic factors have been
suggested to contribute to PD pathogenesis (Blum ef al., 2001), yet no specific toxin has been proven
to be a cause of PD. Environmental exposure or inherited differences may cause distorted metabolism
leading to endogenous toxins (Dauer & Przedborski, 2003). Very few (56 to 10%) of PD cases are
familial forms (Blum ef al., 2001) and older onset and sporadic cases of PD are not explained by
genetic mutations (Jenner, 1999). Genetic mutations may cause misfolded proteins which can be
neurotoxic and lead to activation of programmed cell death. Mutations may render celiular machinery,
such as parkin, unable fo detect and degrade misfolded proteins, causing accumulation and
aggregation of these misfolded proteins, cell dysfunction and eventually cell death (Dauer &
Przedborski, 2003). The first gene mutation (for the cytosolic protein a-synclein) to be associated with

a familial form of PD were discovered in 1997 (Polymeropoulos & Lavendan, 1997). a-Synclein is
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present in Lewy bodies which are characteristically seen in PD. More PD genes, such as for parkin and
ubiguitin C-terminal hydrolase’s L1 (UCH-L1), have since been identified (Dauer & Przedborski, 2003).
The pathogenesis of PD may thus be seen as multifactorial cascade of deleterious factors (Bové ef al.,
2005) that include the misfolding and aggregation of proteins and/or mitochondrial dysfunction with

associated increased oxidative stress and toxic oxidised DA species (Dauer & Przedborski, 2003).

Current treatment options available for PD provide only symptomatic relief, and not a cure. Although
neuroprotective strategies are believed fo be possible (Blum ef al., 2001), none of the available
treatments have yet conclusively proven to halt or retard PD progression (Dauer & Przedborski, 2003).
The DA precursor drug, levodopa (3,4-dihydroxy-L-phenyialanine), is to date the main and most
powerful symptomatic treatment option available (Fig. 3). The usefulness of levodopa is limited to 5 —
10 years because of comp'lioations such as diskinesia, motor fluctuations, and psychosis. DA agonists
and monoamine oxidase inhibitors are other available symptomatic treatment options that may offer
moderate improvement of levodopa associated complications (Lees, 2005). Drugs being researched
for neuroprotective activity have properties such as MAO inhibition, mitochondrial enhancement
(coenzyme Q10, creatine), anti-apoptotic activity, anti-inflammatory activity, protein aggregation
inhibition, and neurotrophic activity. Some novel strategies for the effective control or reversal of motor
complications include NMDA and AMPA antagonists or drugs acting on serotonin (5-HT) subtype 24,

ar-adrenergic and adenosine A, receptors (Bonucelli & Del Dotto, 2006).

New therapeutic approaches, which offer not only better symptomatic relief without complications, but
also neuroprotection are important for overcoming the present shortcomings in the treatment of PD
(Bonucelli & Del Dotto, 2006). Since a cascade of molecular events, involving several neurotransmitter
systems, may lead to the complex etiology of PD involving multiple pathways, multifunctional drugs that
act on multiple targets may be a better approach to the freatment of PD (Van der Schyf et al., 2006).
Among the multifunctional approaches suggested for the treatment of PD and other neuropsychiatric
disorders are iron chelators with selective MAO inhibitory activity and adenosine antagonists with MAO
inhibitory activity (Van der Schyf et al., 2006).

2.2 The role of MAO-B in Parkinsons’s disease

The first successful use for MAO inhibitors was in depressive iliness (Youdim et al., 2006). Because of
serious side effects such as the potentially fatal “cheese reaction”, research efforts on MAO-A inhibitors
for depressive iliness ceased (Youdim & Bakhle, 2006). The “cheese reaction occurs when irreversible
MAOQO inhibitors inhibit the usual “first past” metabolism of tyramine and other indirect acting
sympathomimetic amines (common in certain cheeses), in the gut wall and liver. Tyramine and other
indirect acting sympathomimetic amines are thus able to enter the systemic circulation and cause the

release of noradrenaline from peripheral adrenergic neurons, leading fo a severe and sometimes fatal




hypertensive response (Youdim & Bakhle, 2006). Research continued on an irreversible MAO-B
inhibitor, (R)-deprenyl (also known as selegiline) (Fig. 4) (Knoll & Magyar, 1972). This compound,
derived from propargylamine, inhibited oxidative deamination of dopamine, phenyiethylamine, and
benzylamine at low doses. Although devoided of the “cheese reaction”, it did not show promising
antidepressant effects. Further studies on this compound eventually led to the successful use of (R)-
deprenyl in PD (Birkmeyer et al., 1985; Youdim & Bakhle, 2006). (R)-deprenyl was found to delay the
need for levodopa therapy with early PD, suggesting neuroprotective properties for (R)-deprenyl (Koller
et al., 1993; Shoulson, 1998). The value of longterm treatment with (R)-deprenyl, and whether it
reduces mortality, remains uncertain (Birkmayer ef al., 1985; Youdim & Bakhle, 2006; Shoulson, 1998).

Figure 4: The structure of (R)-deprenyl.

There are a few theories about the etiology of PD. It shares some pathological features with other
neurodegenerative disorders such as oxidative stress, iron accumulation, excitotoxicity, inflammatory
processes, and the misfolding of toxic proteins that cannot be degraded after ubiquitination (Youdim ef
al., 2006). An age-related increase in MAO-B has been seen in postmortem brains, and ontogenetic
studies demonstrated a non-linear increase in MAO-B after the 60" life year. Since glial cells consist
mainly of MAO-B, giial cell proliferation has been implicated in neuronal loss (Novaroli et al., 20086).
Increased MAO-B causes an increase in oxidative stress. Hydrogen peroxide, a normal product of
MAOQ oxidation of substrates such as dopamine, is inactivated by glutathione peroxidase in the brain
with glutathione (GSH) as the cofactor. An increase in MAO activity and insufficient brain levels of
GSH can thus lead to the accumulation of hydrogen peroxide. This increases the availibility of
hydrogen peroxide for usage in the Fenton reaction (Fig. 5) in which a ferrous ion (Fe*") generates a
highly active hydroxyl free radical (Youdim & Bakhle, 2006). By damaging nucleic acids, proteins, and
membrane lipids, these radicals may eventually cause neuronal degeneration. lron levels are known
to have an influence on the activity of MAO in both humans and animals and iron accumulation is seen
at the same sites of neural death in degenerative diseases such as PD (Zecca ef al., 2004). Because
brain MAQO (Oreland & Gottfries, 1968), as well as iron (Youdim & Bakhle, 2006), increases with age,

the risk of this reaction thus also increases with age.




RCH:NR,R;

Fe'
H2Q2 OH* Reacts with lipids
FAD nxy S* proteins and DMA
H,0 Increases oxidative
stress
RCHO + NHR1R2 Toxic levels

ADH |

1 Neuronal death
RC(DOH

Figure 5: Proposed mechanisms of neurotoxicity via the Fenton reaction (represented in red) and via increased levels of
aldehydes and ammonia (represented in blue). ADH is aldehyde dehydrogenase.

Other products of monoamine oxidative deamination are ammonia (as a primary amine product) or a
substituted amine (as a secondary amine product) (Youdim er al., 2006). It is known that ammonia can
be neurotoxic at high levels (Yang et al., 2004; Youdim et al., 2006) and that the aldehyde derived from
dopamine metabolism is cytotoxic, but does not seem to accumulate (Lamensdorf et al.,, 2000).
Midbrain dopaminergic neuronal lesions have however been discovered as a result of such aldehyde
products. In PD, where levels of aldehyde dehydrogenase in the substantia nigra are greatly reduced
(Gaiter et al.,, 2003), the accumulation of aldehydes (Fig. 5) may become toxic, yielding compounds

such as tetrahydropapaveroline (Shin et al., 2004).

MAO inhibitors may be useful in PD in more than one way. By selectively inactivating the MAO-B
enzyme, such inhibitors can increase the concentrations of both endogenous and exogeneously
administered dopamine, restoring striatal dopamine activity (Bonuccelli & Del Dotto, 2006). By reducing
MAO-B activity and consequently oxidative stress, the production of other reactive oxygen species and
toxic products can also be avoided, thus providing neuroprotection. The further development of
reversible MAO-B inhibitors will be clinically useful, not only for symptomatic treatment, but also as

neuroprotection in PD (Hubalek et al., 2005).

2.3 The neurotoxin MPTP

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (Fig. 7) is a proneurotoxin that is metabolically
activated by MAO-B. MPTP was discovered as a contaminant in the synthesis of the illegal narcotic
mepehdine analogue, MPPP (Fig. 6) (Langston et al., 1983). It's neurotoxic properties came to light in
the early 1980's when it caused parkinsonian symptoms in addicts (Dauer & Przedborski, 2003). These

symptoms were irreversible and responsive to levodopa therapy. Post-mortem brain examinations of
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these patients revealed substantia nigra lesions (Davis ef al, 1979; Blum et al, 2001). MPTP
administration also causes nigral degen.eration in animal speCies such as the mouse and monkey.
MPTP toxicity may not be restricted to' DA-neurons (Blum et al., 2001).

O

—_

Figure 6: The structure of MPPP.

Important information about disease pathophysiology can be obtained from experimental animals
treated with neurotoxins (Smeyne & Jackson-Lewis, 2005). MPTP animal models are able to induce
oxidative stress, mitochondrial inhibition, and histological lesions which_ are also some of the main
defects seen in PD (Blum ef al., 2001). Other aspects of PD, such as the precise anatomical lesions,
the time-course of the disease, and long-term compensatory mechanisms are unfortunately not seen
with MPTP animal models. The effects of MPTP on animal models depend on parameters such as

administration mode, dosage, and animal age (Blum ef al., 2001).

A single administration of MPTP is thought to be able to start a self-sustained cascade of cellular and
molecular events that have long-lasting detrimental effects (Bové ef al.,, 2005). The abolishment of
oxidative phoshorylation have been suggested as a cause of MPTP-induced nigrostriafal cell death
(Nioklas et al., 1985; Blum ef al., 2001). Oxidative phosphorylation is dependent on a normal NADH
oxidation pathway as well as coupled ATP synthesis (Singer ef al., 1988).

After intravenous administration, MPTP is peripherally (mainly in the liver) converted to MPP* which is
unable to cross the blood-brain barrier for entry into the brain (Smeyne & Jackson-Lewis, 2005). Highly
lipophilic MPTP does cross the blood-brain barrier (Dauer & Przedborski, 2003) before undergoing
MAO-B catalysed 2-electron oxidation of the ring a-carbon to yield MPDP™ (1-methyl-4-phenyl-2,3-
dihydropyridinium) in astrocytes (Fig. 7). MPDP™ spontaneously undergoes a second 2-electron
oxidation to the corresponding active form, MPP* (Fig. 7). Pretreatment with non-selective MAO
inhibitors pargyline, nialamide, and franylcypromine, as well as the MAO-B selective inhibitor (R)-
deprenyl, protects mice against MPTP-induced neurotoxicity by preventing MAO-B metabolism to the
active neurotoxin, MPP™ (Heikkila et al., 1984).




Auto-oxidation of MPDP™ may result in superoxide radical formation (Zang & Misra, 1992; Blum et al.,
2001) that may lead to protein damage (Smeyne & Jackson-Lewis, 2005). MPP™ may cause the up-
regulation of inducible nitric oxide synthase (iNOS) which produces nitric oxide (NO) that diffuses over
membranes and react with a superoxide radical to form peroxynitrite (OONO ), which is one of the
most destructive oxidising molecules (Smeyne & Jackson-Lewis, 2005; Ischirapoulos & al-Mehdi,
1995). A potential target of OONO nitration is the rate limiting enzyme of catecholamine synthesis,
tyrosine hydroxylase (TH) that is found in the SNpc (Smeyne & Jackson-Lewis, 2005). Brains of PD
patients have shown deficits in TH enzyme and its activity (Jan et al., 2000).

MAO-B
—_— —_—
X ~ X
‘ﬁ/ ‘ | 42
(MPTP) (MPDP*) (MPP*

Figure 7: The MAQO-B catalyzed oxidation of MPTP.

The mechanism by which MPP™ is released from glial cells, where it is produced, is unknown (Smeyne
& Jackson-Lewis, 2005), but after its extracellular release, MPP™ accumulates in dopaminergic neuronal
cells by means of dopamine transporters (DAT) (Smeyne & Jackson-lLewis, 2005) (Fig. 8). A
hydrophobic and positively charged residue is required by the transporter, which explains why some
more potent mitochondrial toxins, such as rotenone or MPTP, are not taken up by the transporter
(Dauer & Przedborski, 2003, Heikkila ef al., 1984). Mice with null mutations of DAT were found to be
protected against MPTP toxicity (Bezard ef al.,, 1999; Gainetdinov ef al., 1997; Smeyne & Jackson-
Lewis, 2005). Intracytoplasmic accumulation has been suggested to be assisted by neuromelanin in
neuronal cell bodies that form a complex with MPP™ (D’Amato et al., 1986). MPP* may also be confined
to synaptic vesicles in DA neurons by means of vesicular monoamine transporters (VMAT2) (Takahashi
et al., 1997; Staal & Sonsalla, 2000), giving protection against MPP™ toxicity (Staal & Sonsalla, 2000).
Therefore, the ratio of DAT to VMATZ2 expression may predict susceptibility towards neuronal
degeneration in MPTP toxicity and even PD (Dauer & Przedborski, 2003).
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Figure 8: Proposed mechanisms of MPTP-induced neurotoxicity.

Free cytoplasmic MPP* is actively diffused across the mitochondrial membrane by a membrane
electrical gradient (Smeyne & Jackson-Lewis, 2005). In the mitochondria, high concentrations of MPP*
inhibit complex | (electron transport enzyme NADH:ubiquinone oxidoreductase), leading to downstream

events such as the reduction of cellular ATP production (Nicklas et al., 1985), oxidative stress and
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eventually nigrostriatal dopaminergic neuron. degeneration (Singer ef al., 1988). Although other
pyridine derivatives have similar actions on NADH dehydrogenase, they are not concentrated by the
MPP* transporter and are thus not acutely toxic. MPP*-induced inhibition of NADH dehydrogenase is
reversible but, because nigrostriatal cells do not regenerate, the damage done is permanent (Singer ef
al., 1988). MPP™ inhibition of complex Il (uniquinol:ferrocytochrome ¢ oxidoreductase) and complex IV
(ferrocytochrome c:oxygen oxidoreductase) have also been suggested (Cardoso ef al., 1999). The
reduction in cellular energy (ATP) leads to the generation of superoxide radicals, hydrogen peroxide,
and hydroxyl radicals that can oxidise and nitrate proteins, leading to neurotoxicity (Smeyne & Jackson-
Lewis, 2005).

Accumulation and nitration of a-synclein was also observed in mouse midbrain and striatum 4 hours
after MPTP administration (Smeyne & Jackson-Lewis, 2005). a-Synclein may promote apoptosis (Xu et
al., 2002; Dauer & Przedborski, 2003}, that is believed to be under control of p53 protein, Bcl-2 family
genes, and caspase activity (Blum et al., 2001). Bax (a member of the Bcl-2 family) is upregulated in
SNpc dopaminergic neurons of mice after prolonged administration of low to moderate doses of MPTP
(Vila et al., 2001; Dauer & Przedborski, 2003). Together with Bax upregulation and its translocation to
the mitochondria, cytochrome c is released from mitochondria and caspase 9 and 3 are activated
(Viswanath ef af., 2001; Dauer & Przedborski, 2003). DNA damage may be involved in Bax induction
via p53 activation (Dauer & Przedborski, 2003). Activation of the JNK (cjun N-terminal kinase)
pathway is seen after MPTP administration (Saporito et al., 2000; Xia et al., 2001; Dauer & Przedborski,

2003) and is required for Bax mitochondrial translocation (Dauer & Przedborski, 2003).

Studies of MPTP toxicity may help to better understand PD and may lead to novel targets for

therapeutic interventions (Smeyne & Jackson-Lewis, 2005).

2.4 Known inhibitors of MAO-B

There are many known inhibitors of MAO-B (Youdim & Bakhle, 2006) of which only a few will be
discussed. MAO-B inhibitors can be classified as irreversible or reversible inhibitors, and as selective
or non selective inhibitors (Riederer ef al., 2004; Petzer ef a/., 2003). Some MAO-B inhibitors are used
as monotherapy or adjunctive therapy when motor fluctuations occur with levodopa treatment. Other
MAO-B inhibitors are under investigation as alternatives to (R)-deprenyl therapy and for neuroprotection

(Vlok et al., 2006; Lees, 2005).

2.41 Irreversible MAO-B inhibitors

Irreversible inhibitors act as substrates for the target enzyme and cause the irreversible inactivation of
the enzyme (Gerlach ef al., 1992). The return of enzyme activity after irreversible inhibition requires de
novo synthesis of the MAO-B protein (Vlok et al.,, 2006) which may last for weeks (Thebault et al.,
2004). Depending on the individual catalytic mechanism of inhibition, different irreversible inhibitors will
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form either N(5) or C(4a) flavin adducts with MAO-B. The twisted conformation of the flavin ring is
conserved with both.C(4a) and N(5) flavin adducts (Binda ef a/., 2003; Edmondson ef al., 2004)

Nonselective irreversible MAO inhibitors, such as tranylcypromine (A, Fig. 9), inhibit both MAO-A and
B. Tranylcypromjhe (trans-2-phenyicyclopropylamine) binds covalently to the flavin ring of MAO-B to
form a C(4a) flavin adduct (Binda ef al., 2003). Nonselective inhibition can lead to the “cheese reaction”
and to potentially fatal hypertensive crises. Tranylcypromine is registered in South Africa for use in
atypical depression, depression not responding to other therapies, and phobic or panic disorders
(Gibbon, 2003). Pargyline (B), a propargylamine (D) derivative, is another nonselective irreversible
MAO inhibitor but it forms a covalent N(5) adduct with the flavin. Ladostigil (C), a propargylamine
derivative with combined cholinesterase and nonselective irreversible MAO inhibitory properties, is in
phase Il clinical studies for diffuse Lewy body disease and PD among others (Sagi et al., 2005; Youdim
et al., 2006).

NH;

N

o | NH,
b %

(C) (B)

Figure 9: The structures of tranylcypromine (A), pargyline (B), ladostigil (C) and propargylamine (D).

The propargylamines (D) are an important class of compounds used for the symptomatic treatment of
PD and is suspected of having neuroprotective properties. The propargylamine derivative, (R)-deprenyl
(Fig. 4), was one of the first selective irreversible inhibitors of MAO-B (Casero & Woster, 2001).
During MAO-B inhibition, (R)-depreny! first forms a noncovalent complex with the enzyme, followed by
reduction of the enzyme-bound FAD (flavin adenine dinucleotide) and concomitant oxidation of (R)-
deprenyl. Oxidised (R)-deprenyl is then able to react covalently with the N(5) position of the flavin

moiety, forming an irreversible adduct (Gerlach ef al., 1992). The long term safety of (R)-deprenyl has
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been studied (Marras ef a/., 2005), and it is registered in South Africa as adjunétive management of
early and late phase PD, and for the control of some forms of response fluctuations (Gibbon, 2003), but
can also be used as monotherapy (Lees, 2005). (R)-Deprenyl also seems to slow disease progression
during the first years of treatment (Riederer ef a/., 2004). Questions remain over the contribution of I-
amphetamine, an (R)-deprenyl metabolite, towards the beneficial effects on PD symptoms (Youdim ef

al., 2008).

Rasagiline (Fig. 10) is another selective irreversible MAO-B inhibitor and is more potent than (R)-
deprenyl. It is the R(+)-enantiomer of a N-demethylated aminoidan propargylamine derivative,
originallly developed as an anti-hypertensive (Finberg ef al.,, 1981; Youdim & Bakhle, 20086). Clinical
use has shown rasagiline to be efficient as monotherapy in early PD (Parkinson study group, 2004), or
as adjunct to levodopa therapy in the advanced disease (Parkinson study group, 2005; Rascol ef al.,
2005; Lees, 2005), or where motor fluctuations, as a result of levodopa therapy, exists (Parkinson study
group, 2003; Lees, 2005). Rasagiline also showed neuroprotective and anti-apoptotic properties in
animal models (Am ef al., 2004; Maruyama et al., 2002; Lees, 2005) and its use is already approved in
some countries (Youdim & Bakhle, 2006). N-(2-Heptyl)-N-methylpropargylamine is another irreversible
selective MAO-B inhibitor that has been studied (Youdim ef al., 20086).

/
//
N

H

Figure 10: The structure of rasagiline.

Other non-propargylamine derivates which are under investigation as irreversible selective MAO-B
inhibitors, are CGP3466, that is currently undergoing clinical trials (Sagot ef al., 2000; Youdim ef a/,
2006), and N-(2-aminoethyl)-p-chlorobenzamide (Fig. 11). N-(2-Aminoethyl)-p-chiorobenzamide has

been shown to form an N(5) adduct with the flavin co-factor (Binda et al., 2003; Edmondson et al,,

2004).

N/\/NH2
l
H

Cl

Figure 11: The structure of N-(2-aminoethy!)-p-

chlorobenzamide.
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2.4.2 Reversible MAO-B inhibitors

Because irreversible selective inhibitors, such as (R)-deprenyl, will also inhibit MAO-A at high levels,
the best way to avoid the potentially fatal “cheese reaction” is by using reversible inhibitors. Réversible
inhibitors compete for the binding to the active site of the MAO enzyme (Youdim & Bakhie, 2006).

The lead compound of this study, isatin (Fig. 12), was first identified as the selective MAQO-B inhibitory
component of tribulir, found in human urine (Glover ef al., 1998). It has been found in mammalian brain
and peripheral tissues (Medvedev ef al., 1996, 2005) and in high concentrations in the human striatum
(Hamaue ef al., 1999). Levels of this inhibitor have been found to increase following physiological
stress in animal models (Igosheva et al., 2004; Tozawa et al., 1998) and also to increase in urinary
excretion in patients with PD according to the severity of the disease (Li et al., 2004; Hamaue ef al,,
1999, 2000). It has therefore been suggested as an endogenous diagnostic marker in PD (Hamaue et
al.,, 1999). A range of biological activities (Hamaue et al., 1999; Medvedev et al., 1996, 2005), but only
a few targets (MAO, natriuretic peptide receptor type A and soluble NO-stimulated guanylate cyclase)
have been identified for isatin (Glover et al., 1998; Buneeva ef al., 2003, Medvedev ef al., 20086). Isatin
binds reversibly in the substate-binding cavity of MAO-B, as shown by the crystal structure of isatin
bound MAO-B (Edmondson et al., 2004; Hubalek et al., 2004; 2005). The potential pharmacological
actions of isatin itself and its analogues, have led to the use of the isatin moiety in diverse compounds
which act for example as antineoplastic, antihypotensive, analgesic, anti-inflammatory, anticonvulsant,

antiviral, anti-bacterial and anti-fungal drugs (Varma & Kahn, 1978; Medvedev ef a/., 2005).

0O

Figure 12: The structure of
isatin (indole-2,3-dione).

The reversible styrylxanthinyl and styrylbenzimidazole derived MAO-B inhibitors have been investigated
by our group (Petzer et al., 2003; Vlok et al., 2008; Van den Berg et al., 2007). The nonselective A4/Aza
antagonist, caffeine (A in Fig. 13) (Chen ef al., 2001) and the potent selective Az4 antagonist, CSC [(E)-
8-(3-chlorostyryl)caffeine] (B) (Petzer et al., 2003; Jacobson et al., 1993) were also studied as possible
MAO-B inhibitors after neuroprotective properties were observed with certain A, antagonists. While
caffeine was found to be a very weak MAO-B inhibitor, CSC proved to be an exceptionally potent
selective reversible MAO-B inhibitor (Chen et al., 2002). Subsequently other (E)-8-styrylxanthinyl (C)

and (E)-2-styrylbenzimidazolyl (D) analogues of CSC were also found to be reversible competitive
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inhibitors of MAO-B with moderate to potent activities (Petzer et al., 2003; Viok et al., 2006; Van den
Berg, 2007). The (E)-8-styrylcaffeinyl analogue, KW-6002 [(E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-
methylxanthine] (E), is currently in clinical trial as a possible therapeutic agent (Youdim & Riederer,
2004; Viok et al., 2006). The anti-parkinsonian action of KW-6002 appears to rely upon its antagonism
of the Aqareceptor rather than inhibition of MAO-B since this compbund inhibited MAO-B with moderate
potency (Petzer et al., 2003). ’
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Figure 13: The structures of caffeine (A), (£)-8-(3-chlorostyryl)caffeine (CSC) (B), the (£)-8-styrylxanthinyl
analogues (C), the (E)-2-styrylbenzimidazoie analogues (D) and (£)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-
methyixanthine (KW-6002) (E).

CSC and analogues thereof, is believed to extend into both the entrance and substrate-binding cavities
of MAO-B when bound. Rotation of the lle199 side-chain may facilitate fusion of the two cavities in
order to accomodate these large inhibitors. It is expected that the pheny! ring of these compounds
projects into the entrance cavity, while the polar functional groups of the caffeine ring are in close

proximity to the flavin in the substrate-binding cavity (Viok et al., 2006). It seems that the extention and
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binding of the styryl moiety into the entrance cavity may be responsible for the potent inhibition of these
targe MAO-B inhibitors (Petzer et al., 2003; Viok et al., 2006; Van den Berg, 2007).

Ooms et al. (2003) developed and then used a general MAO-B pharmacophore model to design potent,
5H-indeno[1,2-c]pyridazin-5-one derived, reversible selective MAO-B inhibitors (A in Fig. 14). This led
to the design of an exceptionally potent and selective MAO-B inhibitor, 3-methyl-8-(4,4,4 -
trifluorobutoxy)indeno[1,2-c]pyridazin-5-one (B). The study confirmed the importance of specific
hydrogen bonds in the substrate cavity as well as hydrophobic interactions for potent and selective

MAQO-B inhibition (Ooms et al., 2003).
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Figure 14: The structures of the 5H-indeno[1,2-c]pyridazin-5-one derivatives (A) and 3-methyl-8-(4,4,4,-
trifiluorobutoxy)indeno{1,2-c]pyridazin-5-one (B).

Other reversible selective MAO-B inhibitors that have been reported include: 1,4-diphenyl-2-butene (A
in Fig. 15), trans,trans-farnesol (B), lazabemide (C), and safinamide (D) (Youdim ef al., 2006) and its

coumarin analogues (Binda et al., 2007).
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Figure 15: The structures of 1,4-diphenyl-2-butene (&), trans,trans-famesol (B), lazabemide (C) and safinamide (D).
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2.5 Copper containing amine oxidases

Amine oxidases can be divided info fwo main groups according to their attached cofactor (Fig. 16).
MAO and polyamine oxidases fall into one group because of their shared FAD cofactor, whereas
diamine oxidases, lysyl oxidases, plasma membrane and soluble MAOs fall into another group, the
semicarbazide-sensitive amine oxidases (SSAOs). SSAOs all have a topaquinone (TPQ) cofactor.
Three human SSAOs have been identified by the sequencing of the human genome and are known as
kidney diamine oxidase, retinal amine oxidase, and human placental amine oxidase (Jalkanen & Saimi,
2001).

Amine oxidases

[ |

FAD cofactor TPQ cofactor
« MAO Semicarbazide-
« Polyamine oxidases sensitive amino
oxidase:

« Diamine oxidase

¢ Lysyl oxidase

* Plasma membrane MAO
* Soluble MAO

Figure 16: Diagrammatic classification of amine oxidases.

There are wide species and tissue differences in the activities of SSAOs (Tipton etf al., 2004). SSAQ is
widely expressed in mammals (Lyles, 1996), but is restricted to microvessels in the human brain
(Jalkanen & Salmi, 2001), where it may contribute to the function of the blood-brain barrier (Tipton et
al., 2004). Except for diamine oxidase, SSAOs are extra cellular enzymes that are mainly found on
outer membranes of vascular smooth muscle and endothelia, but are also found in soluble form (Yu,
2001; Jalkanen & Salmi, 2001). The plasma SSAOs may arise from proteolytic cleavage of membrane-
bound SSAO (Tipton ef al.,, 2004). They are mostly dimeric glycoproteins with molecular masses
ranging from 140 to 200 kDA (Jalkanen & Salmi, 2001; Lyles, 1996). Each dimer contains a TPQ
cofactor and a copper atom that isialways coordinated with three histidine residues (Jalkanen & Salmi,
2001) (Fig. 17).

The SSAOs catalyze the oxidative deamination of primary amines such as benzylamine (Jalkanen &
Salmi, 2001), and there is evidence for its oxidative deamination of secondary arylamines (Lee ef al,,
2002). Some of the physiological substrates believed to be metabolized by SSAO and not by MAO
include aminoacetone and methylamine (Tipton ef a/., 2004). The deamination reaction of SSAOs

consists of two half reactions (Fig. 18). The substrate first reduces the enzyme by forming a transient
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covalent schiff base and an aldehyde is concomitantly released. An oxygen molecule then re-oxidizes

the enzyme and hydrogen peroxide and ammonia are released (Jalkanen & Salmi, 2001).

Figure 17: Representation of the SSAO active site. TPQ cofactor (in red) is involved in hydrogen bonds with a
water molecule (WAT90) (in blue) and the Asp389 (carbon atoms in grey and oxygens in red) residue. The copper
atom (in yellow) is coordinated via Van der Waals interactions with three histidines (HIS684, HIS520 and HIS522) (in
black).

Unlike MAO, SSAO is inhibited by semicarbazides (hence the name semicarbazide-sensitive amine
oxidase) (Tipton et a/., 2004). SSAOs are either insensitive or weakly sensitive to the classical MAO
inhibitors [clogyiine and (R)-deprenyl]. They are very sensitive to hydroxylamine inhibition and non-
specifically sensitive to propargylamine, aminoguanidine, carbidopa, and procarbazine inhibition

(Jalkanen & Salmi, 2001).

The physiological function of SSAO is not clear, although a few functions have been suggested. It is
reported to be involved in the catabolism of xenobiotic and biogenic amines, histamine degradation,
leukocyte adhesion and up-regulation during inflammation, glucose uptake and formation of

extracellular matrix (Jalkanen & Salmi, 2001; Yu, 2001).

The products of SSAO mediated biogenic amine metabolism, such as formaldehyde and hydrogen
peroxide, are known to be toxic. Formaldehyde forms cross-linked complexes with proteins and single
stranded DNA (Heck et a/.,, 1990; Yu, 2001) and has an inflammatory effect (Wilmot et a/., 2004),

whereas hydrogen peroxide leads to oxidative stress (Wilmot et a/., 2004).
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Figure 18: A possible catalytic reaction of SSAO. The reductive half-reaction starts with the reaction of a primary
amine with the TPQ of the enzyme. A proton is removed by the active-site base, aspartate (Asp), and a schiff base
is fomed. The product aldehyde is released after hydrolysis and the reduced cofactor is left attached to the
anzyme. In the oxidative half-reaction the reduced enzyme is recycled with accompanied release of hydrogen

peroxide and ammonia.
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2.6 Enzymology i
2.6.1 General background of MAO-B

The mammalian monoamine oxidase enzyme is classified by the Enzyme Commission (2007) as EC
1.4.3.4 and named amine oxidase (flavin-containing). Alternative names for this enzyme are adrenaline

oxidase, tyraminease, and tyramine oxidase.

MAO enzymes exist as two isoforms, MAO-A and MAO-B. The proteins of these isoforms are encoded
by different genes on the X chromosome but have about 70% similarity (Youdim et al., 2006). MAO-A
consists of 527 amino acids whereas MAO-B consists of 520 amino acids (Shih et al., 1999). Both
isoforms are situated on the outer mitochondnal membrane of cells, such as neurons and glia, and
contain a FAD molecule as cofactor (Ooms et al., 2003). A small portion of MAO is associated with the

microsomal fraction (Youdim et al., 2006).

MAQO is responsible for the regulation of neurotransmitter levels as well as for protection against
xenobiotic amines by catalysing its oxidative deamination (Holt et al., 1997) and has been shown to be
important in brain development and function (Youdim et al,, 2006). These enzymes metabolise
primary, secondary, and tertiary amines to the corresponding aldehydes. The resulting aldehydes are

subsequently metabolised by aldehyde dehydrogenase to acid metabolites (Youdim & Bakhle, 2006).

The two MAO isoforms have differences in substrates and inhibitor selectivities that can be used to
distinguish between them. MAO-A shows a preference for serotonin (5-HT) as substrate and its activity
is inhibited by clorgyline whereas MAO-B shows a preference for benzylamine and 2-phenylethylamine
as substrates and is inhibited by (R)-deprenyl (Youdim & Bakhle, 2006). Both isoforms metabolise
tyramine and dopamine (Youdim ef al., 2005; Youdim & Bakhle, 2006).

Both MAO isoforms can be found in most mammalian tissues in different amounts (Shih et al., 1999;
Tipton et al., 2004). Peripheral MAO is found in tissue such as the intestine, liver, lungs and placenta,
where it may prevent amines from entering circulation. MAO-B in blood microvessels and the blood-
brain barrier also seems to have a protective function (Youdim ef al., 2006). The highest brain activity
level for MAO-B is in the basal ganglia where amines are oxidised extraneural in glial cells (Youdim et
al., 2008). Immunohistochemical studies showed that serotonergic neurons (for example in the dorsal
raphe nucleus) mainly contain MAO-B, whereas catecholaminergic neurons (for example in the
substantia nigra, locus coeruleus and periventricular region of hypothalamus) contain mainly MAO-A
(Westlund et al., 1985).

The primary source of purified MAO-B for use in studies has been the bovine liver mitochondrial fraction
because of its availability and absence in MAO-A activity (Hubalek ef al., 2005; Newton-Vison et al.,
2000). Bovine MAO-B however, is farger than human MAO-B (Salach & Weyler, 1987) and has different
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kinetic properties (Inoue et al., 1999). Baboon liver mitochondrial MAO-B seems to be a better source
because of its inhibitory specificities being similar to that of human liver MAO-B, and since it is devoid of
MAO-A activity (Viok ef al., 2006; Inoue et al., 1999). Inoue et al. (1999) found a greater similarity in
MAO activity profile between humans and rodents (particularly rats) than between humans and
subhuman primates, but rat liver preparations have high MAO-A abtivity. Brain tissue and blood
platelets can also be used as sources to screen MAO-B inhibitors. Human blood platelets contain
prevalently the MAO-B isoform but may be difficult to obtain because of practical and ethical reasons
(Novaroli et al., 2006).  Several species-dependent differences in substrate and inhibitor specificities
for MAO have been reported (Novaroli ef al., 2006; Inoue ef al., 1999; Hubalek et al., 2005) and

extrapolating conclusions to the human should thus be done with caution.

Recombinant MAO-B has been validated as a convenient enzyme source (Novaroli et al., 2005) that
enables thé direct determination of the kinetic and inhibitory properties of MAO-B, with a variety of
substrates and inhibitors, without interference of MAO-A. The availability of large quantities of the
enzyme permit detailed rapid reaction kinetic studies as well as detailed potential and redox studies on
wild-type and mutated forms of the enzyme (Newton-Vinson ef al, 2000). High-levels of human
recombinant MAO-B have been obtained from the methylotrophic yeast Pichia pastoris (Newton-Vinson
ef al., 2000; Hubalek et al., 2005) and from a Baculovirus (Novaroli et al., 2005). Improvements in mass
spectrometric techniques have also aided in the characterisation of recombinant MAO (Newton-Vinson
et al., 2000).

2.6.2 The three-dimensional structure of MAO-B

The 3 A crystal structure of human flavin-dependent MAO-B was first determined by Binda et al. (2001).
MAO-B is a dimer (Fig. 19), with each monomer composed out of 520 amino acids. A C-terminal
transmembrane helix, formed by amino acids 461-520, connects each MAO-B monomer to the outer
mitochondrial membrane. The helixes protrude from the basal face of the dimer, approximately parallel
to the molecular two-fold axis. Other protein regions, such as apolar loops, may also be involved in
membrane binding of MAO-B (Binda ef al., 2001).

The enzyme monomeric unit is divided into two domains: the substrate domain and the FAD-binding
domain (Fig. 20). An anionic enzyme membrane surface facilitates the entry of a positively charged
amine into the entrance cavity (Binda et al., 2002). The outside of the protein is connected to the
entrance cavity via a small pocket (Fig. 21) that is surrounded by polar residues and amino acids that
are available for hydrogen bonding (Navaroli ef al., 2006). The entrance cavity has a volume of 290 A®
and is lined with hydrophobic residues; Phe103, Pro104, Trp119, Leu164, Leu167, Phe168, Leu171,
lle199, lle316 and Tyr326, creating a highly lipophilic enviroment (Binda et al., 2001). Movement of a
substrate through the entrance cavity into the substrate-binding cavity involves negotiating a protein
loop (Binda ef al., 2002). The two cavities are separated by the residues, Tyr326, lle199, Leu171 and
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Phel68. A momentary movement of.these residues are necessary to allow substrates to enter the
substrate-binding cavity. 11e199 is described as a "gate" for entrance into the substrate-binding cavity
(Fig. 21) (Binda et al., 2001). The cavities can be separated or fused as one large cavity depending on
the position of 11e199. This 1le199 chain is found in all known MAO-B enzymes, except for bovine (and
possibly sheep), where it is substituted with Phe199. This Phel99 substitution is also found in human
MAO-A (Hubalek et al., 2005). The substrate-binding cavity is a flat space with a volume of 420 A3
(Binda et al., 2001). The character of the substrate cavity is mostly hydrophilic for recognition and
directionality of the amine, with a hydrophobic patch near the flavin ring (Tyr60, Phe343 and Tyr398) to
fasilitate the tight binding of apolar substrates and inhibitors (Novaroli et al., 2006; Binda et al., 2003).

N-terminals

/ \

Figure 19: A ribbon representation of the MAO-B dimer. Monomer A is in red and
monomer B in blue. The membrane-binding C-terminal helixes of each monomer is in
yellow. The N-terminals of both monomers are shown.

The substrate-binding cavity is directly in front of the flavin adenine dinucleotide (FAD) cofactor (Binda
et al., 2002) that is covalently bound to the protein via an 8a-thioether linkage to a cysteinyl residue
(Cys397) (Kearney et al., 1971 in Edmondson et al., 2004). The FAD coenzyme is stretched out at full
length (Edmondson et al., 2004) with the aromatic isoalloxazine ring of the flavin (Fig. 22) bent
aproximately 30° about the N(5)-N(10) axis into a twisted nonplanar conformation (Binda et al., 2002;
Binda et al., 2003). This twisted conformation is retained when N(5) and C(4a) adducts are formed
(Binda et al., 2003). The ribityl side of the flavin ring that includes the N(5) and C(4a) reactive centres,
is pointed towards the substrate binding site (Edmondson et al., 2004). An ordered water molecule,
hydrogen-bonded to the N(5) of the flavin, together with the e-amino group of Lys296, forms a triad
[Lys-H(2)-flavin N(5)], that participates in catalysis (Binda et al., 2002). Other water molecules, that
may participate in hydrogen bonds, are also present in the substrate-binding cavity (Binda et al., 2003).
The flavin, together with the aromatic side chains of Tyr398 and Tyr435, forms an aromatic cage (Fig.

21) for amine recognition (Binda et al., 2001; Binda et al, 2002). The aromatic side chains are about 8 A
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apart, face each other, and are perpendicular to the flavin re-side (Binda et al., 2002). . The broad
substrate specificity of MAO-B may be because an aromatic ring is allowed to bind at many positions,

farther or closer to the flavin in the substrate-binding cavity (Binda et al., 2001).

21 x>

Figure 20: The three-dimensional structure of the human MAO-B monomeric unit with three functionally distinct
domains. The substrate domain is in green and contains the two fused cavities in gray semitransparent surface. The
FAD-binding domain is in blue with the FAD molecule in black. The helical C-terminal region which anchors the
protein to the outer mitochondrial membrane is in yellow.

Figure 21: Representation of the entrance cavity and substrate-binding cavity (in grey) of MAO-B that are seperated by
11e199 (in black). The FAD molecule (in red), together with Tyr398 and Tyr435 (in blue) form the aromatic cage at the
end of the substrate-binding cavity. The small pocket preceding the entrance cavity is also shown.
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MAO-B inhibitors, such as the irreversible inhibitor pargyline, have been used to model the binding of
substrates in the active site (Binda et a/., 2001), and the crystal structures of these inhibitor-MAO-B
complexes have helped our understanding of the mode of binding and inhibition of reversible and
irreversible inhibitors. Irreversible inhibitors bind covalently to the flavin ring whereas reversible

inhibitors bind noncovalently in the substrate cavity (Binda et al., 2003).

Figure 22: The structure of 8a-S-cysteinyl flavin-adenine dinucleotide (FAD). The 8a-S-cysteinyl
linkage is represented in blue, the aromatic isoalloxazine ring of the flavin in red and the rest of the FAD

molecule in black.

The dioxoindole ring of the reversible inhibitor, isatin (Fig. 12), is perpendicular to the flavin ring with the
oxo groups on the pyrrole ring pointing toward the flavin. The 2-oxo group and the pyrrole NH are
involved in hydrogen bonds with water molecules in the active site. Many van der Waals contacts are
also found between the isatin ring and amino acid residues in the hydrophobic substrate-binding cavity.
The 11€199 side chain separates the two cavities when isatin is bound. Another reversible inhibitor, 1,4-
diphenyl-2-butene (A in Fig. 15), has a phenyl ring in the substrate-binding cavity in the same position
as seen with isatin, but in contrast with isatin it also has a phenyl ring extending into the entrance cavity
(Binda et al., 2003). Other large reversible selective MAO-B inhibitors, such as trans,trans-fameso\ (B
in Fig. 15), also span both cavities of the MAO when bound. The 1le199 side chain is in the 'open’
position when these large inhibitors are bound (Hubalek et al., 2005) and is in a position that enables
the two cavities to fuse together into one larger cavity (Binda et al.,, 2003). The ability of isatin and the
inability of the above selective reversible MAO-B inhibitors to bind to the human mutant MAO-B 1199F,
that has a bulky Phel99 side-chain, show that the 11e199 'gate’ is a determinant for MAO-B specificity
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(Hubalek et al., 2005). New reversible MAO-B inhibitors can be developed to use both cavities as

potential binding targets (Binda et al., 2003).

The Irreversible inhibitors, pargyline (B in Fig. 9) and N-(2-aminoethyl)-p-chlorobenzamide (Fig. 11)
bind covalently to the re-side of the flavin to form N(5) adducts (Binda ef al., 2001; Binda et al., 2003).
N-(2-Aminoethyl)-p-chiorobenzamide has an aromatic ring in the same orientation and position in the
substrate-binding cavity as isatin (Binda et al., 2003), and its p-chloro substituent on the benzamide ring
necessitates the 1le199 side chain to be in the “open” position. Trans-2-phenylcyclopropargylamine
(Tranylcypromine) (A in Fig. 9) also inhibits MAO-B covalently but binds to a different area on the flavin
ring than N-(2-aminoethyl)-p-chiorobenzamide, to form a C(4a) adduct. The frans-2-
phenylcyclopropargylamine adduct is parallel to the flavin ring whereas N-(2-aminoethyl)-p-
chlorobenzamide is perpendicular. Because the phenyl ring of frans-2-phenylcyclopropargylamine
does not extend far enough into the entrance cavity, the 1le199 side chain is in the “closed” position as
seen with isatin (Binda ef al., 2003).

2.6.3 The catalytic cycle of MAO-B

As described previously, the catalytic area of MAO-B is situated in the substrate binding cavity and
contains an FAD molecule that acts as cofactor (Kearney ef al., 1971). Upon entering this catalytic

area, amine substrates are believed to be deprotonated to the free base (Binda et al., 2002).

Several mechanisms have been proposed for the chemical events involved in flavin-dependent amino
oxidation (Binda et al, 2002). A popular description is the single electron transfer mechanism
(Silverman et al., 1995; Ottoboni ef al., 1990) where the flavin serves as a one-electron oxidant of the
amine, leading to the formation of the aminium cation radical which is the initial reversible step in
catalysis. This would render the a-proton sufficiently acidic to allow a basic amino acid residue at the
active site to abstract the proton, thus leading to radical recombination to form the imine product and
reduced flavin. Current structural data on MAO-B doesn’t show an amino acid residue at the catalytic

site which could function as an active site base (Binda ef al., 2002).

There is evidence for a-CH bond cleavage by an initial proton abstraction. In this suggested conceried
reaction the amine functionality adds to the C(4a)-position of the flavin in a nucieophiiic manner (Fig.
23). This addition activates the N(5)-position, which then functions as a strong active site base, leading
to the reduction of the flavin and the formation of imine (Binda ef al., 2002). The Lys296 residue of
MAOQO-B is bridged to the N(5)-atom of the flavin through a water molecule and seems fo participate in
catalysis by compensating for the change in the flavin protonation state during cofactor reduction (Binda
ef al., 2001; Binda ef al., 2002). The imine product is hydrolysed to the corresponding aldehyde and

ammonia (or amine if the substrate is a secondary or tertiary amine). Molecular oxygen subsequently
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acts as an electron acceptor, oxidising the reduced flavin, and forming hydrogen peroxide. The

catalytic cycle is thereby completed (Binda ef al., 2002).
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Figure 23: Proposed conceried covalent catalysis mechanism for MAO catalysis.

2.6.4 The measurement of MAO-B catalytic activity in vitro

The MAO-B catalysed oxidation of amines can be described by the following (Holt et al., 1997):
RCH2NR4Rz + HoO + Oy — RCHO + NHR 1R, + Hy0,.

There are a variety of approaches to assaying MAO-B activity. These are based on the disappearance
of substrates (Zhou et al., 1996), oxygen consumption (Meyerson ef al., 1978), aldehyde formation
(Holt et al.,1997), ammonia formation (Meyerson et al., 1978; Zhou et al., 1996; Holt et al., 1997),
hydrogen peroxide formation (Holt et al., 1997) and acid formation following oxidation of the amine to
the aldehyde (Southgate & Collins, 1969; Meyerson et al., 1978). These assay protocols can be either
continuous or discontinuous (Holt et al., 1997), but since discontinuous procedures are prone to errors,

continuous systems are usually preferred.
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Some of the techniques used for measuring MAO-B activity include spectrophotometry, radiometry,
fluorometry, luminometry (Zhou et al., 1996), colorimetry (Udenfriend et al., 1954; Meyerson ef al.,
1978), chromatography (Viok ef al., 2006) and the use of an oxygen electrode (Tipton, 1971; Weetman
& Sweetman, 1971; Meyerson et al., 1978). In general, MAO-B activity is measured by adding a
substrate to MAO-B and measuring the concentration of the product formed after a specified time (Viok
et al., 2006).

The disappearence of a MAO-B substrate, such as (E)-2,5-dimethoxycinnamylamine (Zhou et al.,
1996), can be determined by measuring its fluorescence where the corresponding product does not
fluoresce. A fluorometric analysis is more sensitive than normal spectrophotometric methods (Zhou et
al., 1996; Guilbault, 1968), but sample manipulations are necessary and are subject to error (Meyerson
et al., 1978). MMTP [1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine] (Fig. 24) is known to
be an excelient substrate for MAO-B (low K,) (Inoue ef al., 1999). lts corresponding MAO-B catalyzed
product (MMDP™) is stable, soluble in an agueous buffer solution, and is a good chromophore. It
absorbs radiation at 420 nm whereas MMTP only absorbs at much lower wavelengths. This enables
one to spectrophotometrically measure the rate of the MAO-B catalysed oxidation of MMTP to MMDP*
[1-methyl-4-(1-methylpyrrol-2-yl)-2,3-dihydropyridinium] (Viok et al., 2006). In assays where
benzylamine is used as substrate, the corresponding benzaldehyde product may be measured by
HPLC analysis (Vlok ef al., 2006). Another frequently reported MAO-B activity assay is measuring the
MAO-B catalysed disappearance of the MAO-B substrate, kynuramine, or the formation of its

fluorescent product (Weissbach et al.,1960).

NV X N
MAO-B In vitro
R —X—>
S A S
g B
|
MMTP MMDP* MMP*+

Figure 24: MAO-B catalyzed oxidation of MMTP [1-methyl-4-(1-methylpyrrol-2-y1)-1,2,3,6-
tetrahydropyridine].

Oxygen consumption by MAO-B can be measured with a polarographic oxygen electrode, but this

method is reported to lack sensitivity and specificity (Meyerson et al., 1978).

By using labelled amine MAO-B substrates, a radiochemical assay method can be used to detect
radiolabelled aldehydes formed during the incubation (Lyles & Callingham, 1982; Holt ef a/.,1997). The

deaminated metabolites of the radioactive substrates, *H-tyramine or *C-serotonin, may be measured
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by means of liquid scintiliation counting (Fuller ef al., 1970). Nonspecific binding of these radioactive
metabolites can be problematic and the availability of labeled compounds, as well as safety hazards,
may limit the use of radiometry (Meyerson ef al., 1978). Radiometric MAO-B assays are frequently
used to measure MAO-B activity when aldehydes are difficult to detect by spectrophotometry (Tabor et
al., 1954; Holt et al., 1997). Light absomption by proteins and other material in the ultraviolet spectral
range during spectrophotometric methods often make the spectrophotometric quantification of aldehyde

products difficult (Meyerson et al., 1978).

The amount of ammonia formed during oxidative deamination of amine substrates is equal to substrate
consumed (Meyerson ef al., 1978). Assays for measuring ammonia are not very sensitive (Zhou et al.,
1996) and can not be used for secondary monoamine substrates since alkylamine and not ammonia is
produced during oxidative deamination (Meyerson ef al., 1978). Ammonia production can be measured
with a continuous coupled colorimetric assay (Holt et al., 1997) or potentiometrically with the use of an

ammonia-selective electrode (Meyerson et al., 1978).

Hydrogen peroxide (H2O,) is the only product of MAO oxidation that remains constant, independent of
the substrate used (Holt ef al., 1997) and can be detected by a discontinuous coupled fluorometric
assay (Yu, 1986; Holt et al., 1997). Although fluorometnic assays involving the measurement of H,O,
with a coupled fluorogenic reaction are continuous, the method is not direct since a second enzyme is
still required (Zhou et al., 1996). A peroxidase-linked spectrophotometric assay (Holt ef al., 1997), and

a peroxidase-linked colorimetric assay, have been reported (Yamada ef al., 1979; Holt et al., 1997).

2.6.5 Enzyme kinetics
2.6.5.1 General background

In the field of enzyme kinetics, enzyme-catalyzed reaction rates are quantitatively measured and effects
(such as the presence of inhibitors) on these rates are systematically studied (Rodwell & Kennelly,

2003).

The direction of a chemical reaction, as well as the concentrations of reactants and products present at
equilibrium, are determined by the changes in free energy as described by the Gibbs free energy
change (AG). The term AG is equal to the sum of the free energies of formation of the products (AG)
minus the sum of the free energies of the formation of substrates (AGs). A negative sign for AG® shows
that the energy of the products is lower than that of the substrates and the reaction proceeds
spontaneously from substrates to products, leading to a greater concentration of the products at
equilibrium. Both the sign and the magnitude of free energy change thus give information concerning
the direction and equilibrium state of a reaction, but not of the rate of reaction. Equation 1 can be used
to determine AG®, where K is the equilibrium constant, R is the gas constant (1.98 cal/K.mol or 8.31

JIK.mol) and T is the absolute temperature in degrees Kelvin (Rodwell & Kennelly, 2003).
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AG®°=—RTIn Keg Equation 1

Transition states are an important concept in understanding catalysis, and imply a situation whére
neither the free substrate nor the product exists. During such a state, “partial bonds” exist that are
undergoing formation and rupture with characteristic changes in free energy. If the sum of these
energy changes is positive, energy barriers need to be surmounted. Such energy is often termed the
activation energy (E.qt) and is inversely related to the rate of reaction (Equation 2) (Rodwell & Kennelly,
2003).

._.End

RT
oc
Rate € Equation 2

Enzymes help to accelerate reaction rates by providing transition states with lowered activation energy.
Such transition states can be stabilised by the suitable positioning of acid-base groups to transfer
protons between transition state intermediates, by the suitable positioning of charged groups or metal
ions to stabilise the developing charges, or by imposing steric strain on substrates to insure that their
geometry approaches that of the transition state. A unique catalysis mechanism occurs when the
transition state intermediate forms a covalent bond with the enzyme. Enzymes have no effect on AG®
for the overall reaction or on Kgq, and emerge unchanged at the completion of the reaction (Rodwell &
Kennelly, 2003).

2.6.5.2 Michaelis-Menten kinetics

In an enzyme-catalyzed reaction assay the initial velocity (V;) can be seen as the rate of the forward
reaction. Under the conditions of large molar excess (10%-107) of substrate over enzyme, initial velocity
is proportional to the concentration of enzyme. As the substrate concentration increases, initial velocity
usually increases to a maximum value (Vnay) where the enzyme is “saturated™ with substrate and a
further increase in substrate concentration does not increase initial velocity. The Michaelis-Menten
equation (Equation 3) is used to illustrate the relationship between the initial velocity and the
concentration of the substrate in a hyperbolic curve (Fig. 25). The Michaelis constant (K,) is the
concentration of substrate at which halif of the maximal velocity (Vna/2) is attainable at a particular
enzyme concentration (Rodwell & Kennelly, 2003; Shargel & Yu, 1999). When the concentration of the
substrate is much less than K, the initial velocity is directly proportional to the concentration of the
substrate. When the concentration of the substrate is much greater than K, initial velocity is maximal
(Vmax) @nd unaffected by further increases in the concentration of the substrate (Rodwell & Kennelly,

2003).
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Figure 25: A hyperbolic curve demonstrating the effect of
substrate concentration on the initial velocity of an enzyme-
catalysed reaction.

As seen in the above equation, K, can be determined by direct measurement of V2x and may require

impractically high concentrations of substrate. In order to avoid this, the linear form of Michaelis-

Menten (Equation 4) is used to determine K, and V.. A plot using this equation is called a double
reciprocal or Lineweaver-Burk plot (Fig. 26). By setting y (1/V;) equal to zero, K, can be calculated
from the x intercept (-1/K,) (Rodwell & Kennelly, 2003; Shargel & Yu, 1999).

1 (K, )1 1
— - _l__
Vi (Vmax ] [S] Vmax Equation 4

Figure 26: Double reciprocal plot.
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2.6.6.3 Competitive inhibition of enzyme function

The structure of a competitive enzyme inhibitor is similar to the substrate (S in Fig. 27) or product (P) of
the target enzyme. Such an inhibitor (I) binds to the substrate-binding site of the enzyme to form a
complex (EI) with the enzyme (E), blocking the binding and catalytic conversion of substrates. Blocking
of the active site of an enzyme by a competitive inhibitor can be overcome by raising the concentration
of the substrate (Silverman, 2004; Shargel & Yu, 1999). The formation and dissociation of the enzyme-
inhibitor complex is a dynamic process with equilibrium constant (K;) (Equation 5). The amount by
which the concentration of substrate needs to be increased in order to overcome inhibition depends on

the concentration of the inhibitor, the K; value and K, (Rodwell & Kennelly, 2003).

Kon
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Double reciprocal plots are used to evaluate K; as well as to determine the mode of inhibition. The
initial velocity is determined at different concentrations of substrate, in both the presence and absence
of an inhibitor, using Equation 6. For competitive inhibitors, the Lineweaver-Burk plots are constructed
(Fig. 28) from the experimental data. The lines of the Lineweaver-Burk plots meet at the y-axis,
showing that when 1/[S] approaches 0, the initial velocity is independent of the presence of an inhibitor.
A competitive inhibitor has no effect on V. but raises K, (the apparent K, for the substrate) as seen
with the varying intercepts on the x-axis at different inhibitor concentrations (Rodwell & Kennelly, 2003;
Shargel & Yu, 1999). K;values of different inhibitors of the same enzyme can be calculated from the x-
axis intercept as shown in Equation 7. K;values may also be calculated from a plot of the slopes of
Lineweaver-Burk plots (constructed in the absence and presence of various inhibitor concentrations)
versus inhibitor concentration (Fig. 29). The most effective inhibitor has the lowest K; (Rodwell &
Kennelly, 2003).
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31




-1, I
X =— 1+[—]—
Km Ki Equation 7
1
Vv
4
K -
g
s )
l T Vix

Figure 28: A double reciprocal plot is used to evaluate the potencies of competitive
inhibitors. Filled circles indicate the absence of an inhibitor. Open circies, filled triangles

and open triangles indicate inhibitor present at increasing concentrations.

Figure 29: Plot of the slopes of Lineweaver-Burk
plots versus inhibitor concentrations is used to

calculate K, values.

2.7 Hansch-type structure-activity relationship study

A sfructure-activity relationship study can be used to identify compounds with optimal physiochemical
properties. A Hansch-type structure-activity relationship study is based on physical organic chemistry
concepts and was initiated by L.P. Hammett (Hansch & Leo, 1995). Parameters are used to
determine the effect on biological activity for a series of compounds with different substituents at the
meta or para position of a phenyl ring. These parameters are experimentally determined and derived

from models. The main effects of different substituents are electronic, steric, and lipophilic in nature
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(Hansch & Leo, 1995). Because the effect of a substituent is usually the result of a combination of
factors (Carey & Sundberg, 2000), more than one parameter is usually used to describe each
substituent. The classical Hammet constant (6, and op) and Swain-Lupton constant (F) are used as
electronic parameters (Swain ef al., 1968; Vlok et al., 2006), the van der Waals volume (V) (Van de
Waterbeemb & Testa, 1987) and the Taft steric parameter (E;) (Hansch & Leo, 1995) as steric
parameters and the Hansch constant (11) as a parameter of lipophilicity (Fujita et al., 1964; Vliok ef a/,
2006). All the above physicochemical parameters for substituents can be found in published standard
compilations (Hansch & Leo, 1995; Van de Waterbeemb & Testa, 1987).

The Hammet constant (o, and o,) takes into account both the resonance and inductive effects (Fig. 30
and 31) caused by a substituent on the meta or para position of a phenyl ring. The resonance effect
occurs when electrons are donated or withdrawn through overlapping orbitals of neighbouring 1 bonds,
whereas the inductive effect is the withdrawing of electrons through ¢ bonds (McMurry, 2000). When G
is positive, the substituent is electron-withdrawing and when ¢ is negative, the substituent is electron-
donating (Carey & Sundberg, 2000). A substituent that is more electronegative (electron-withdrawing)
than aromatic carbons, will induce a net positive charge on an aromatic carbon atom, whereas a
substituent that is more electropositive (electron-donating) will induce a net negative charge. The
Swain-Lupton constant (F) takes only the inductive effect into account. The higher the value of F is, the

greater the electronegative inductive effect of the substituent.

OCH3 ' @OCH;

Figure 30: An example of the resonance effect.

555~ 565"

Figure 31: The inductive effect.
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The van der Waals volume (Vy,) as well as the Taft steric parameter (E;) describes the volume or size of
a substituent. The higher the value of V,, for a substituent, the bigger the size of the subtituent. Higher

negative Eg values indicate bigger substituents.

Lipophitic changes are modeled with the octane-water partition coefficients (11 or logP) (Hansch & Leo,
1995). The higher the value of T, the greater the lipophilicity of the substituent (Viok ef al., 2006).

Regression analysis can be used to establish the relationship between two or more variables (Fuller et
. al., 1968). The regression analysis of logK; can be carried out with one substituent parameter using the
equation y = axq + ¢, where y equals logK;, a equals the slope, x4 equals the substituent parameter and
c equals the y-intercept. It can also be carried out with multiple substituent parameters (multiple linear
regressions) using the equation y = axq + bx, + c. Here x4 equals one substituent parameter and x,
eguals another substituent parameter (Viok ef al., 2006). The quality of regression models can be
judged by statistical tests, such as the F-test and the correlation coefficient (R?) (Fuller et al., 1968). A
large F value means a great significance can be attached to the correlation achieved. A perfect
correlation is achieved when R?= 1. Correlation may improve when multiple parameters are used (Viok
et al., 2008).

2.8 Summary

From literature it is clear that MAO-B Is an attractive target for the development of antiparkinson drugs.
Novel MAO-B inhibitors may provide improved symptomatic treatment without complications as well as
neuroprotection. The relatively quick return of enzyme activity after inhibition, make potent, reversible
MAO-B inhibitors more safe and desirable. The recently reported potent styrylcaffeine analogues
(Petzer ef al., 2003; Viok et al., 2006; Van den Berg, 2007) has prompted us to prepare and evaluate
styrylisatin analogues as MAO-B inhibitors. This study is thus part of the effort to develop potent
reversible MAO-B inhibitors.
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Chapter 3

MOLECULAR MODELLING

3.1 Introduction

Molecular modelling increases the efficiency of identifying and screening drug candidates and includes
a wide range of molecular graphics and computational chemistry techniques used to build, display,
manipulate, simulate and analyse molecular structures and to calculate properties of these structures
(Viok et al., 2008). A molecular modeling study was carried out with a variety of (E)-5-styrylisatin and
(E)-6-styrylisatin analogues, prior to synthesis, in order to test the hypothesis of increased MAO-B
inhibitory activity. These structures, docked into the active site of a recently pubiished human MAO-B
crystal structure (Binda et al., 2003), gave insight into specific interactions between the analogues and
the active site of MAO-B. The resulting binding modes and affinities were compared in order to predict
the potential of these styrylisatin analogues as lead candidates and to determine structural properties
necessary for potent MAO-B inhibition. The docking scores for the successfully synthesised (E)-5-
styrylisatin and (E)-6-styrylisatin analogues were compared with the calculated 1Cs, values for these

analogues (Tables 2-5).

3.2 Method

The molecular docking study was carried out in Windows-based Discovery Studio (DS) 1.7 modelling
and simulation environment (Accelrys Software inc.). All the ligands used were first constructed and
optimised in DS Visualizer Pro and then prepared with the Prepare Ligands application within DS
before docking simulations. The Brookhaven Protein Data Bank (www.rcsb.org/pdb) was used to
retrieve the crystallographic structures of farnesol in complex with MAO-B (2BK3.pdb) (Hubalek ef al.,
2005). The cocrystallised farmesol was manually deleted, leaving only the crystallographic structure of
MAO-B. The MAO-B receptor model was typed with the CHARMmMm forcefield, whereafter the binding
site was identified by means of the Ligandfit floodfilling algorithm. All the prepared ligands were then
docked into the A subunit of the enzyme, using the LigandFit module in DS that employs total ligand
flexibility, and whereby the final ligand conformations are determined by the Monte Carlo conformation
search method set to a variable number of trial runs. All applications in DS were set to their default
values. In situ ligand minimisation with the Smart Minimizer algorithm were used to refine the docked
ligands. Docking solutions were scored, using Dock_Score, and compared. The docking procedure

efficiency was evaluated by redocking of the cocrystallised ligand.
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3.3 Results and discussion

A variety of (E)-5-styrylisatin (8a—g in Table 2) and (E)-6-styrylisatin analogues (3a—b in Table 3), as
well as isatin (10 in Table 1), were successfully docked in the MAO-B active site and the docking
modes were compared. None .of the (E)-5-styrylisatin or (E)-8-styrylisatin analogues are co-planar
molecules when docked and all extended through both the entrance and substrate-binding cavities. The
styryl side-chain extends into the entrance cavity where it is stabilized by hydrophobic interaction with
entrance cavity residues such as Leu164 and Leu167. The styryl moiety of all the styrylisatin analogues
force the side-chain of 1le199 into the “open” position (Fig. 33—41), whereas the Ile199 side-chain is in a
“closed” position when the smalier molecule, isatin, is bound in only the substrate-binding cavity
(Fig.32). The dioxoindole rings of compounds 8a—g are perpendicular to the flavin ring in the substrate-
binding cavity, with the carbonyl oxygens directed toward the flavin, similar to the binding mode of isatin
described by Binda ef al. (2003). The dioxoindole rings of compounds 8f and 8g differ somewhat from
the other (E)-5-styrylisatin analogues in their position relative fo the flavin ring (Fig. 38-39). The isatin
moiety of compounds 8a and 8b is also perpendicular to the flavin nng but the carbonyl oxygens are
turned further away from the flavin (Fig. 40—41).

The amine proton of isatin is involved in a hydrogen bond with the oxygen of water 318 (Fig. 32) that
stabilises isatin in the substrate-binding cavity. A carbonyl oxygen of compounds 8a—e are also
involved in hydrogen bonding with a proton of water 166 (Fig. 33—37). Compounds 8f and 8g are
docked deeper into the substrate-binding cavity (Fig.38—39). Steric interactions between the methoxy
and trifluoromethyl functional groups of compounds 8f and 8g and the entrance cavity amino acid
residues may be responsible for these binding modes. The carbonyl groups of compound 8f are
orientated in such a way as to prevent hydrogen bonding in the substrate-binding cavity (Fig. 38).
Compound 8g is stabilised by two hydrogen bonds, between the 2-oxo group of the compound and the
phenolic proton of Tyr398 and between the amine proton of the isatin ring and the phenolic oxygen of
Tyr435 (Fig. 39). The isatin ring of compound 8g is thus stabilised in the aromatic cage (Tyr435,
Tyr398 and the flavin ring) of the substrate-binding cavity. The carbonyl oxygen of compound 8a is
involved in hydrogen bonding with a water (103) molecule (Fig. 40) in a different area than seen with
the (E)-5-styrylisatin analogues (Fig. 33-37). Compound 8b does not show stabilisation by means of
hydrogen bonding (Fig. 41).

Several scoring functions can be used to find the best binding modes for compounds docked into a
receptor model. All compounds were scored according to the available scoring functions and the
consensus score according to Dock_Score were used for comparison of the compounds. The docking
score for each compound is presented in Tables 1 to 3. The docking scores of both the (E)-5-
styrylisatin and (E)-6-styrylisatin analogues are considerably higher than that of isatin (10) (Table 1).

Compound 8b has the highest docking score. The docking score of compound 8d, slightly lower than
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that;of compound 8b, indicated that their affinities for the MAO-B active site may be equal. The lowest

scores for the (E)-5-styrylisatin analogues were obtained with compounds 8a, 8f and 8g.

The halogenated (E)-5-styrylisatin analogues 8b—c thus showed higher docking scores than that of the
unsubstituted (E)-5-styrylisatin analogue 8a. Similarly, compound 9a, the unsubstituted (F)-6-
styrylisatin analogue, has the lowest docking score of the 6-series. The low scores of the (E)-6-
styrylisatin analogues 8a—b may be explained by the different orientation of their dioxoindole rings
towards the flavin ring that leads to less favourable hydrogen bond formation as seen with compound
8a or a lack of hydrogen bond formation as seen with compound 9b. Comparison of docking scores
with 1Csp values for the synthesised styrylisatin analogues (Tables 4-6) showed that there is a

correlation between higher docking score values and the potency of MAQ-B inhibition.

Table 1: Docking score of isatin.

o)
ges
)
H
Compound Compound Name Dock_Score
10 Isatin 27.33

Table 2: Docking scores of the (E)-5-styrylisatin analogues.

Compound Compound Name R= Dock_Score
8a (E)-5-Styrylisatin H 59.15
8b (E)-5-(3-Chliorostyryl)isatin Cl 62.56
8c (E)-5-(3-Fluorostyryl)isatin F 60.30
8d (E)-5~(3-Bromostyryl)isatin Br 62.39
8e (E)-5-(3-Methylstyryl)isatin CHs 60.87
8f (E)-5-(3-Methoxystyryl)isatin OCHs 57.89
8g (E)-5-(3-Trifluoromethylstyryl)isatin CFs 54.49
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Table 3: Docking scores of the (E)-6-styrylisatin analogues.

Compound Compound Name
%9a (E)-6-Styrylisatin
9b (E)-6-(3-Chlorostyryl)isatin

Figure 32: Isatin (10) (carbons are yellow, hydrogens
white, oxygens red and nitrogen blue) docked in MAO-
B. The lle199 side chain is orange, Tyr60 green.
Phe343 light blue, Tyr398 purple, Tyr435 brown, water
blue, FAD red and hydrogen bonds black dotted lines.

Figure 34: (£)-5-(3-Chlorostyryl)isatin (8b) (carbons are
yellow, hydrogens white, oxygens red, chlorine green
and nitrogen blue) docked in MAO-B. Colour
representations of other structures are the same as for
Fig. 32.

Figure 36: (£)-5-(3-Bromostyryl)isatin (8d) (carbons
are yellow, hydrogens white, oxygens red, bromine
brown and nitrogen blue) docked in MAO-B. Colour
representations of other structures are the same as for
Fig. 32.

R Dock Score
H 50.24
Cl 54.63

Figure 33: (£)-5-Styrylisatin (8a) (carbons are yellow,
hydrogens white, oxygens red and nitrogen blue) docked
in MAO-B. Colour representations of other structures are
the same as for Fig. 32.

Figure 35: (E)-5-(3-Fluorostyryl)isatin (8c) (carbons are
yellow, hydrogens white, oxygens red, fluorine light blue
and nitrogen blue) docked in MAO-B. Colour
representations of other structures are the same as for
Fig. 32.

Figure 37: (£)-5-(3-Methylstyryl)isatin (8e) (carbons are
yellow, hydrogens white, oxygens red and nitrogen blue)
docked in MAO-B. Colour representations of other
structures are the same as for Fig. 32.
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Figure 38: (£)-5-(3-Methoxystyryl)isatin (8f) (carbons Figure 39: (E)-5-(3-Triflouromethylstyryl)isatin ~ (8g)

are yellow, hydrogens white, oxygens red and nitrogen (carbons are yellow, hydrogens white, oxygens red,
blue) docked in MAO-B. Colour representations of fluorine light blue and nitrogen blue) docked in MAO-B.
other structures are the same as for Fig. 32. Colour representations of other structures are the same
as for Fig. 32.
Figure 40: (£)-6-Styrylisatin (9a) (carbons are yellow, Figure 41: (£)-6-(3-Chlorostyryl)isatin (9b) (carbons
hydrogens white, oxygens red and nitrogen blue) docked in are yellow, hydrogens white, oxygens red, chlorine
MAO-B. Colour representations of other structures are the green and nitrogen blue) docked in MAO-B. Colour
same as for Fig. 32. representations of other structures are the same as for
Fig. 32.

3.4 Summary

Molecular docking of both the (£)-5-styrylisatin (8a-g) and (£)-6-stryrylisatin (9a-b) analogues
suggests improved affinity over isatin, for the MAO-B enzyme. This modelling study supported the
hypothesis of increased reversible MAO-B inhibitory activity for the styrylisatin analogues compared to

isatin.

Hydrogen bonding of the isatin moiety in the substrate-binding cavity and properties, such as
lipophilicity and size of the extended styryl moiety in the entrance cavity, seem to be important factors
that affect the binding affinity of these compounds. The estimated docking scores proved to be

relatively accurate in predicting the trend of affinity for these series of analogues (See chapter 5).
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Chapter 4 :

SYNTHESIS

4.1 Overview

Three (B)-5-styrylisatin analogues 8a—c (Fig. 42), as well as two (E)-6-styrylisatin analogues $a—b were
successfully synthesised in this study. Insolubility problems for the rest of the proposed (E)-5-
styrylisatin analogues (8d—g in Table 2) prevented purification of the final products and led to the
exclusion of these compounds from biological evaluation. The synthesis of all analogues followed the
same four step synthetic pathway (Fig. 42). Diethyl(4-nitrobenzyl) (3a) and diethyl(3-
nitrobenzyl)phosphonate (3b), prepared from 4-nitrobenzy! (1a) and 3-nitrobenzy! bromide (1b)
respectively and triethyl phosphite (2) (Kuo et al, 2002), were used in a modified Wittig reaction with
appropriately substituted benzaldehydes (4) to produce the required 4-nitrostilbbenes (5a—¢) and 3-
nitrostilbenes (5d—e). Subsequent reduction of these nitrostilbenes produced the corresponding 4-

aminostilbenes (6a—¢) and 3-aminostilbenes (6d—e) (Hanna et a/., 1980).

(1a): C(3) = H; C(4) = NO, (3a): C(3)= H; C(4) = NO,

(1e): C(3) = NOz C4) =H . (3b): G(3) = NO; C4) = H
NO 5 NO,
. N0 3 ) 2 CHO .
4
r : OFt i
Y omo—bom EtO—P—OEt R
o N g @ (5a) 1 R=H; C(3) =H; G(4) = NO,

{5b) : R = Cl; C(3) = H; C(4) = NO,

{56): R =F; G(3) = H; G(4) = NO,
R {5d):R=H; C{8)=NOy; C(4) =H

(5)  (5ekR=Cl; C(38)=NOz; C{4) =H

1 (2) @) i

(63) : R = H; C(3) =H; C(4) = NH,
{6b): R = Cl; G(3) = H; G(4) = NH,
{6¢): R=F; C(3) = H; C(4) = NH,
{6d) : R=H; G(3) = NHy; C(4) = H
o R (B)  (6ex R=Cl C(3)=NHy; C4)=H

(8a): R=H
R (8b):R=Cl
(8) {8c):R=F

(ga):R=H
(9) (eb):R=cCl

Figure 42: Synthetic pathway to (E)-5-styrylisatin (8a—c) and (E)-6-styrylisatin (3a—b) analogues. () 130 °C, 3 hrs. (i) NaOEt (ii)
SnCl/CHsCOOH, HCVH,O (iv) CHzCOOH, Oa.
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Various methods were considered for the synthesis of the isatin moiety. A good overview of methods
available is given in a review by da Silva et al. (2001). The Sandmeyer method seems to be the most
frequently used method for the synthesis of isatin from anilines (da Silva ef al., 2001; Bramson et al.,
2001; DeMarinis ef al., 1986; Baker ef al., 1951; Marvel & Hiers, 1941). It involves the reaction of
aniline [a in Fig. 43] with chloral hydrate and hydroxylamine hydrochioride in order to form an
isonitrosoacetanilide intermediate (b) which is cyclised to isatin (¢) in concentrated sulfuric acid.
Insolubility problems with the 4- and 3-aminostilbene analogues prevented the use of this method. A
modification of the Sandmeyer method, that involved the incorporation of ethanol (da Silva et al., 2001;

Garden et al., 1997), was subsequently fried but the same insclubility problems were encountered.

1) H,SO, o
ClsCCH(OH), 2) Hyo
> >
@ NH,OH.HCI NOH O
NH, Na,SO, 'l“
H

(@) (b) (c)
Figure 43: The Sandmeyer isatin synthesis

Another frequently used alternative for the synthesis of isatin from aniline is the Stolle method (da Silva
et al., 2001; Fukuda ef al., 1994; Lopes & da Silva, 1993; Welstead ef al., 1979). It involves the
reaction of anilines [a in Fig. 44] with oxalyl chioride to produce a chloro-oxalylanilide intermediate (b)
which is cyclised to isatin (¢) with the use of a Lewis acid. This method was tried, using SnCl, as the

L.ewis acid, but failed to produce the desired styrylisatin analogues.

(COCI)2 Lewis Acid

NH,

(a) (b) (c)
Figure 44: The Stolle isatin synthesis

The Martinet isatin synthesis (da Silva ef al., 2001), in accordance with the rﬁethod of Langenbeck et al.
(1956), finally produced the desired (E)-5-styrylisatin as well as (E)-6-styrylisatin analogues. This
method involves the reaction of an aromatic amine [a in Fig. 45] with mesoxalic acid diethyl ester [7 in
Fig. 42] in the presence of an acid to yield a 3-(3-hydroxy-2-oxindole)carboxylic acid intermediate (b)
which yielded the isatin product after oxidative decarboxylation (c) (da Silva et al., 2001).
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OC,H;5

O ?\ .
O O
O 0, ’
e (] > O
Acid
N N
| \
H H

NH,

(a) (b) (c)
Figure 45: The Martinet isatin synthesis

4.2 Materials and instrumentation

All starting materials not prepared and described elsewhere were obtained form Sigma-Aldrich and
used without further purification. Proton and carbon NMR spectra were récorded on a Varian Gemini
300 spectrometer. Proton ('H) spectra were recorded in DMSO and CDCl; at a frequency of 300 MHz
and carbon spectra at 75 MHz. Chemical shifts are reported in parts per million (&) downfield from the
signal of tetramethylsilane added to the deuterated solvent. Spin multiplicities are given as s (singlet), d
(doublet), t (triplet), q (quartet) or m (multiplet) and the coupling constants (J) are given in hertz (Hz).
Direct insertion impact ionization (EIMS) and high resolution mass spectra (HRMS) were obtained on a
VG 7070E mass spectrometer. Melting points (mp) were determined on a Stuart SMP1 melting point

apparatus and are uncorrected.

4.3 General procedures
4.3.1 Diethyl (4-nitrobenzyl)phosphonate (3a)

The synthesis of compound 3a was based on the procedure described by Kuo et al. (2002). Triethyl
phosphite (69.4 mmol) (2) was combined with 4-nitrobenzyl bromide (1a) (43.6 mmo!) and the resulting
yellow/orange solution was refluxed (130 °C) for 4 hours, which resulted in the formation of a dark
orange solution. Excess triethyl phosphite was removed under reduced pressure while stirring, first at 0
°C for an hour and then at 100 °C for another hour. The resulting product was an oily orange-brown

solution that was used subsequently without further purification.

4.3.2 Diethyl (3-nitrobenzyl)phosphonate (3b)

The synthesis of compound 3b was based on the procedure described by Kuo et al. (2002). Triethyl
phosphite (35.8 mmol) (2) was combined with 3-nitrobenzyl bromide (1b) (22.5 mmol) and the resulting
yellow/orange orange solution was refluxed (130 °C) for 4 hours, which resulted in the formation of a
brown solution. Excess triethyl phosphite was removed under reduced pressure while stirring, first at 0
°C for an hour and then at 100 °C for another hour. The resulting product was an oily orange-browri

solution that was used subsequently without further purification.
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4.3.3 (E)-4-Nitrostilbene analogues (5a—)

Compounds 5a-c were synthesised using the procedure described by Kuo ef al. (1996). A sodium
ethoxide solution was prepared by dissolving sodium (99.3 mmol) in ethanol (104 ml). This solution was
added dropwise to a solution of previously prepared diethyl (4-nitrobenzyl)phosphonate (3a) (94.9
mmol) and the appropriate benzaldehyde (94.9 mmol) in ethanol (150 ml) (Kuo ef al., 1996). The
mixture changed form a red solution to a yellow-orange suspension that was stirred for 13 hours. The
resulting suspension was filtered and washed with cold petroleum ether. The yellow precipitate

obtained as residue was dried in vacuo and the product was used without further purification.

4.3.4 (E)-3-Nitrostilbene analogues (5d—e)

Compounds 5d—e were synthesised using the procedure described by Kuo ef al. (1996). A sodium
ethoxide solution was prepared by dissolving sodium (35.9 mmol) in ethanol (38 ml). This solution was
added dropwise to a solution of previously prepared diethyl (3-nitrobenzy!)phosphonate (3b) (34.3
mmol) and the appropriate benzaldehyde (34.3 mmol) in ethanol (57 ml) (Kuo ef al., 1996). The
mixture changed form an orange solution to a dark orange suspension that was stirred for 13 hours.
The resulting orange suspension was filtered and washed with cold petroleum ether. The yellow
precipitate obtained as residue was dried in vacuo and the product was used without further

purification.

4.3.5 (E)-4-Aminostilbene (6a—c)

Compounds 6a—c were synthesised using the procedure described by Hanna et al. (1980). A solution
of hydrochloric acid (70 ml) and SnCl, (0.3 mol) was prepared and added to the refluxing yellow-orange
solution of a previously prepared (E)-4-nitrostilbene (5a—¢) (35.0 mmol) in glacial acetic acid (220 ml)
and tetrahydrofuran (100 ml). After 4 hours of refluxing in an argon atmosphere, the tetrahydrofuran
was removed from the yellow suspension with a rotary evaporator. The resulting suspension was
cooled to room temperature and basified to pH 10 using a 40% aqueous sodium hydroxide solution.
Extraction with CHCIs (2 x 200 ml) followed. The combined organic phases were filtered several times
in order to obtain a clear yellow solution. A yellow solid was isolated from the final filtrates after rotary

evaporation. Recrystallisation of the solid with ethanol yielded a yeliow crystalline product.

4.3.6 (E)-3-Aminostilbene analogues (6d—e)

Compounds 6d—e were synthesised using the procedure described by Hanna ef al. (1980). A solution
of hydrochloric acid (35 ml) and SnCl, (0.15 mol) was prepared and added to the refluxing yellow-
orange solution of a previously prepared (E)-3-nitrostilbene analogue (5d—e) (18.0 mmol) in glacial
acetic acid (113 ml). and tetrahydrofuran (50 ml). After 4 hours of refluxing in argon atmosphere, the
tetrahydrofuran was removed from the yellow suspension with a rotary evaporator. The resulting

suspension was cooled to room temperature and basified to pH 10 using a 30% agueous sodium
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hydroxide solution. Extraction with CHCl; (2 x 200 ml) followed. The combined organic phases were
filtered several times in order to obtain a clear yellow solution. A yellow solid was isolated from the final
filtrates after rotary evaporation. Recrystaliisation of the solid from ethanol yielded a yellow crystaliine

product.

4.3.7 (E)-5-styrylisatin analogues (8a—c)

Compounds 8a—c were synthesised using the procedure described by Langenbeck et al. {1956). A
mixture of a previously prepared (E)-4-aminostilbene analogue (a—c) (5.1 mmol), mesoxalic acid
diethyl ester hydrate (7) (5.1 mmol) and glacial acetic acid (8 ml) was heated (120 °C) and stirred under
reflux for 4 hours, resulting in a dark yellow-green suspension. Excess acetic acid and ethylacetate
was removed from the mixture by means of steam distillation before basifying the mixture (pH 11) with
a 10% KOH solution to form a yellow suspension. Oxidation was achieved by passing air through the
refluxing (120 °C) basic mixture for 4 hours, whereafter the cooled mixture was filtered in order to obtain
a yellow solution as filtrate. A red precipitate was produced by acidifying (pH 2) the filtrate with a 32%
HCI solution. This precipitate was washed with distilled water and isolated by filtration before being

dried. A brick-red solid was obtained as product.

4.3.8 (E)-6-styrylisatin (9a—b) analogues

Compounds 9a—b were synthesised using the procedure described by Langenbeck ef al. (1956). A
mixture of a previously prepared (E£)-3-aminostilbene ’analogue (6d—e) (5.1 mmol), mesoxalic acid
diethyl ester hydrate (7) (5.1 mmol) and glacial acetic acid (8 ml) were heated (120°C) and stirred under
reflux for 4 hours, resulting in a dark brown suspension. Excess acetic acid and ethylacetate was
removed from the mixture by means of steam distillation before basifying the mixture (pH 11) with a
10% KOH solution to form a yellow suspension. Oxidation was achieved by passing air through the
refluxing (120 °C) basic mixture for 4 hours, whereafter the cooled mixture was filtered in order to obtain
a yellow solution as filtrate. A red precipitate was produced by acidifying (pH 2) the filtrate with a 32%
HCI solution. This precipitate was washed with distilled water and isolated by filtration before being
dried. Recrystallisation of the brick-red solid product from ethanol yielded a brick-red crystalline

product.

4.4 Synthesis of compounds
4.4.1 (E)-4-Nitrostilbene
Compound 5a was synthesised from diethyl (4-nitrobenzyl)phosphonate (3a) and benzaldehyde in a

yield of 90%: mp 157-158 °C (capiliary method); literature mp 157 °C (Bergman & Schapiro, 1947). TH-
NMR (DMSO-d6) & 7.15 (m, 1H), 7.27 (m, 1H), 7.47 (m, 1H), 7.56 (m, 4H); BC-NMR (DMSO-d6) &




124.07, 126.24, 126.80, 126.98, 128.79, 128.85, 133.27, 136.16, 143.80, 146.75; EIMS m/z 225 (M'™);
HR-EIMS m/z calc. 225.078979, found 225.078564.

4.4.2 (E)-3’-Chloro-4-nitrostilbene

Compound 5b was synthesised from diethyl (4-nitrobenzyl)phosphonate. (3a) and 3-
chiorobenzaldehyde in a yield of 77%: mp 120121 °C (capillary method). "H-NMR (CDCl3) 5 7.13 (m,
2H), 7.32 (m, 2H), 7.52 (m, 1H), 7.58 (s, 1H), 7.61 (m,2H), 8.19 (m, 2H); "*C-NMR (CDCls) & 124.09,
12411, 125.22, 126.72, 127.00, 127.66, 128.63, 130.05, 131.67, 134.86, 138.03, 143.20, 147.04; EIMS
m/z 259 (M. '

4.4 .3 (F)-3’-Fluoro-4-nitrostilbene

Compound 8¢ was synthesised from diethyl (4-nitrobenzy{)phosphonate (3a) and 3-fluorobenzaldehyde
in a yield of 79%: mp 133—135 °C (capillary method). "H-NMR (CDCls) 8 7.01 (m, 1H), 7.08 (s, 1H),
7.15(d, 1H, J =12.2 Hz), 7.29 (m, 3H), 7.61 (m, 2H), 8.21 (m, 2H); *C-NMR (CDCl3) 5 122.99, 124.13,
127.12, 127.59, 130.35, 131.96, 138.46, 138.56, 143.26, 147.04, 161.53, 164.79; EIMS m/z 243 (M"™);
HR-EIMS m/z calc. 243.069557, found 243.069610.

4.4 4 (E)-3-Nitrostilbene

Compound 5d was synthesised from diethy! (3-nitrobenzyl)phospheonate (3b) and benzaldehyde in a
yield of 53%: 112 °C (capillary method); literature mp 112 °C (Bergman & Schapiro, 1947). "H-NMR
(DMSO-d6) & 7.32 (m, 1H), 7.41 (m, 2H), 7.47 (s, 1H), 7.50 (s, 1H), 7.66 (t, 2H, J = 8.1 Hz), 8.06 (d,
1H, J = 7.7 Hz), 8.10 (m, 1H); *C-NMR (DMSO-d6) & 121.99, 123.17, 127.49, 128.25, 129.57, 130.05,
131.42, 132.65, 133.82, 137.74, 140.39, 149.76; EIMS m/z 225 (M'™"); HR-EIMS m/z calc. 225.078979,
found 225.077501.

4.4.5 (E)-3’-Chloro-3-nitrostilbene

Compound 5e was synthesised from diethyl (3-nitrobenzyl)phosphonate (3b) and 3-
chlorobenzaldehyde in a yield of 78%; mp 152 °C (capillary method). "H-NMR (DMSO-d6) 5 7.35 (d,
1H, J=8.0Hz), 7.43 (t, 1H, J = 7.7 Hz), 7.50 (d, 2H, J = 3.3 Hz), 7.69 (m, 1H), 7.67 (t, 1H, J = 7.9 Hz),
7.74 (s, 1H), 8.04—8.13 (dd, 2H, J = 8.0), 8.43 (s, 1H); "*C-NMR (DMSO-d6) & 122.17, 123.55, 126.84,
127.50, 129.15, 131.01, 131.50, 131.87, 134.00, 134.91, 139.96, 140.08, 149.69; EIMS m/z 259 (M'");
HR-EIMS m/z calc. 259.040006, found 259.040260.
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4.4.6 (E)-4-Aminostilbene |

Compound 6a was synthesised from (E)-4-nitrostilbene (53) in a yield of 67%: mp 150-151 °C (capillary
method); literature mp 151 °C (Bergman & Schapiro, 1947). 'H-NMR (CDCls) 5 6.67 (m, 2H), 6.81-7.08
(a, 2H, J = 16.21, 34.72 Hz), 7.23 (m, 1H), 7.35 (m, 2H), 7.49 (m, 1H); *C-NMR (CDCls) 5 115.14,
125.05, 126.05, 126.83, 127.70, 127.95, 128.54, 128.67, 137.92, 146.12; EIMS m/z 195 (M"); HR-
EIMS m/z calc. 195.104799, found 195.104154.

4.4.7 (E)-4-Amino-~3’-chlorostiibene

Compound 6b was synthesised from (E)-3’-chloro-4-nitrostilbene (5b) in a yield of 66%: mp 140-141 °C
(capillary method). "H-NMR (CDCls) & 6.66 (m, 2H), 6.80~7.04 (g, 2H, J = 16.3, 56.0 Hz), 7.24 (m, 4H),
7.45 (m, 1H); ®C-NMR (CDCls) 8 115.13, 123.50, 124.27, 125.83, 126.65, 127.41, 127.92, 129.72,
130.11, 134.49, 139.91, 146.51; EIMS m/z 229 (M™). HR-EIMS m/z calc. 229.065827, found
229.064762.

4.4.8 (E)-4-Amino-3’fluorostilbene

Compound 8¢ was synthesised from (E)-3'-fluoro-4-nitrostilbene (5¢) in a yield of 63%. '"H-NMR
(CDCl3) & 6.66 (m, 2H), 6.88 (m, 2H), 7.01 (d, 1H, J = 16.4 Hz), 7.17 (m, 1H), 7.26 (m, 1H), 7.32 (m,
2H) *C-NMR (CDCl3) 8 121.97, 123.77, 123.81, 127.42, 127.91, 129.85, 129.96, 130.01, 140.42,
146.49, 161.57, 164.82 ; EIMS m/z 213 (M"™).

4.4.9 (E)-3-Aminostilbene

Compound 6d was synthesised from (E)-3-nitrostilbene (5d) in a yleld of 57%: mp 119-120 °C
(capillary method); literature mp 120 °C (Bergman & Schapiro, 1947). "H-NMR (DMSO0-d8) 5 6.51 (m,
1H), 6.78 (m, 2H), 7.03 (m, 1H), 7.10 (m, 1H), 7.25 (m, 1H), 7.36 (t, 2H, J = 7.6 Hz), 7.57 (m, 2H) °C-
NMR (DMSO-d6) & 112.85, 114.98, 115.83, 127.61, 128.55, 128.68, 129.96, 130.42, 130.57, 138.49,
138.75, 150.27; EIMS m/z 195 (M'"); HR-EIMS m/z calc. 195.104799, found 195.104799.

4.4.10 (E)}-3-Amino-3’-chlorostilbene

Compound 6e was synthesised from (E)-3-chloro-3-nitrostilbene (5e) in a yield of 40%: mp 62-64 °C
(capillary method): "H-NMR (DMSO-d6) & 7.12 (s, 1H), 7.24 (m, 1H), 7.38 (m, 3H), 7.53 (d, 1H, J=7.8
Hz), 7.61 (dd, 2H, J = 3.4, 7.7 Hz), 7.74 (m, 1H), 7.79 (s, 1H), 11.20 (s, 1H); ®C-NMR (DMSO-d6) &
110.79, 114.12, 116.30, 127.47, 127.84, 128.90, 129.54, 130.13, 130.60, 139.98, 140.39, 152.67; EIMS
m/z (M™); HR-EIMS m/z calc. 229.065827, found 229.064762.
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4.4.11 (E)-5-Styrylisatin |

Compound 8a was synthesised from (E)-4-aminostilbene (6a) and mesoxalic acid diethy! ester in a
yield of 77%: mp 254-255 °C (capillary method); literature mp 264-266 °C (Langenbeck et al., 1956):
"H-NMR (DMSO-d6) & 6.90-6.96 (dd, 1H, J = 11.7, 19.9 Hz), 7.20 (m, 3H), 7.35 (m, 2H), 7.57 (m, 2H),
7.78 (m, 1H), 7.80-7.82 (dd, 1H, J = 1.8, 8.1 Hz), 11.2 (s, 1H); "*C-NMR (DMSO-d6) 5112.38, 118.22,
122.03, 126.34, 126.96, 127.51, 127.75, 128.61, 132.12, 136.16, 136.90, 149.69, 159.49, 184.35; EIMS
m/z 249 (M"*); HR-EIMS m/z calc. 249.078979, found 249.080332.

4.4.12 (E)-5-(3-Chlorostyryi)isatin

Compound 8b was synthesised from (E£)-4-Amino-3-chlorostilbene (6b) and mesoxalic acid diethy! ester
in a yield of 28%: mp 252 °C (capillary method). "H-NMR (DMSO-d6) 5 6.94 (d, 1H, J = 8.1 Hz), 7.22
(m, 1H), 7.30 (m, 2H), 7.34 (s, 1H), 7.39 (, 1H, J= 7.9 Hz), 7.52 (d, 1H, J = 7.8 Hz), 7.65 (s, 1H), 7.78
(m, 1H), 7.80 (dd, 1H, J = 1.7, 8.2 Hz); "*C-NMR (DMSO0-d6) & 113.83, 119.41, 123.46, 126.35, 127.05,
127.46, 128.19, 130.03, 131.77, 132.87, 134.88, 137.78, 140.91, 151.28, 161.18, 185.92; EIMS m/z
283 (M'*); HR-EIMS m/z calc. 283.040001, found 283.03829.

4.4.13 (E)-5-(3-Fluorostyryl)isatin

Compound 8c was synthesised from (E£)-4-Amino-3'-flucrostilbene (6¢) and mesoxalic acid diethyl ester
(9) in a yield of 5%: mp 230-235 °C (capillary method). "H-NMR (DMSO-d6) 5 6.94 (d, 1H, J = 8.1 Hz),
7.09 (m, 1H), 7.23-7.33 (q, 2H, J = 16.5, 42.7 Hz), 7.41 (m, 3H), 7.77 (m, 1H), 7.80 (dd, 1H, J =8.2, 1.7
Hz); *C-NMR (DMSO0-d6) & 113.58, 115.35, 119.54, 123.44, 124.06, 127,.79, 129.91, 131.85, 133.05,
137.75, 141.07, 151.39, 161.04, 163.28, 164.90, 185.99; EIMS m/z 267 (M'"); HR-EIMS m/z calc.
267.069557, found 267.069991.

4.4.14 (E)-6-Styrylisatin

Compound 8a was synthesised from (£)-3-aminostilbene (6d) and mesoxalic acid diethyl ester in a
yield of 66%: mp 257-258 °C (capillary method); literature mp 261-265 °C (Langenbecket al., 1956). -
NMR (DMSO-d6) & 7.08 (m, 1H), 7.36 (m, 5H), 7.50 (m, 1H), 7.60 (m, 1H), 11.10 (s, 1H); *C-NMR
(DMSO-dB) d 109.34, 116.77, 121.03, 125.14, 127.15, 127.61, 128.66, 128.74, 133.05, 136.22, 147.05,
151.19, 159.95, 183.20; EIMS m/z 249 (M'*); HR-EIMS m/z calc. 248.078979, found 249.082581.

4.4.15 (E)-6-(3-Chioro)styrylisatin

Compound 8b was synthesised from (£)-3-Amino-3’-chlorostilbene (6e) and mesoxalic acid diethyl
ester in a yield of 61%: mp 167-170 °C (capiliary method). 1H—NMR_(DMSO—dES) 5 6.56 (m, 1H), 6.81 (d,
2H, J + 6.8 Hz), 7.06 (m, 2H), 7.20 (d, 1H, J =16.4 Hz), 7.30 (d, 1H, J =7.9 Hz), 7.38 (t, 1H, J = 7.8
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Hz), 7.53 (d, 1H, J = 7.8 Hz), 7.67 (s, 1H); *C-NMR (DMSO-d6) & 63.96, 113.49, 115.68, 116.45,
126.29, 127.10, 127.19, 128.28, 130.47, 131.71, 132.27, 134.88, 138.49, 140.91, 149.58, 171.89; EIMS
miz 283 (M*); HR-EIMS m/z calc. 283.0400086, found 283.040436.

4.5 Summary

vThree (E)-5-styrylisatin  (8a—c) and two (E)-6-styrylisatin analogues (Sa—b) were synthesised
successfully according to literature as described above and the identity and purity of these compounds
were verified by mass spectrometry, 'H-NMR and BC-NMR. It was decided to exclude some of the
proposed (E)-5-styrylisatin analogues (8d—g in Table 2) from biological evaluation because of

insolubility, which prevented purification.
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Chapter 5

BIOLOGICAL EVALUATION

5.1 Introduction

A discontinuous spectrophotometric assay was used for the determination of MAO-B catalytic activity.
The ICs values (Tables 4 & 5) for the styrylisatin analogues (8a— and Sa-h) and the K; vaiue for
compound 8b were estimated by measuring the extent to which different concentrations of the
analogues slowed the rate of the MAO-B catalyzed oxidation of the substrate, MMTP [1-methyl-4-(1-
methylpyrrol-2-yl)-1,2,3,6-tetrahydropyridine] (Inoue ef al., 1999). MMTP (K, = 60.9 uM) is oxidised to
the product, MMDP™ [1-methyl-4-(1-methylpyrrol-2-yl)-2,3-dihydropyridinium] (Fig. 24). MMDP* does
not undergo further in vitro oxidation to MMP™ [1-methyl-4-(1-methylpyrrol-2-y|)pyridinium] (Petzer et al.,
2003).

MMTP was chosen as substrate for several reasons. It is a good substrate (low K, value) and is
oxidised to a stable product (MMDP"). Both MMTP and its product are soluble in an aqueous buffer
solution. MMDP" is a good chromophore that absorbs radiation at 420 nm, a wavelength where MMTP
does not absorb radiation. The lack of interference in light absorption from other components of the
assay makes it ideal for spectrophotometry (Inoue ef al., 1999; Viok et al., 2008). Since MMTP is a
structural analogue of the nigrostriatal neurotoxin MPTP and should be used with caution, disposable
gloves and protective eyewear were worn and safe handling procedures were followed (Pitts et al,,
1986; Vlok et al., 2008).

MMTP is a substrate for both MAO-A and B. In order to exclude oxidation of MMTP by MAQO-A, baboon
liver mitochondrial fractions, which are devoid of MAO-A activity, were used as enzyme source.

Another benefit of baboon liver MAO-B is its similarity to human MAO-B in inhibitory specificities.

5.2 Material and instrumentation

Prof. Neal Castagnoli Jr., Virginia Tech, Blacksburg, USA, generously supplied us with the oxalate salt
of MMTP. UV-Vis spectra were recorded on a Shimadzu 2100 UV-visible spectrophotometer.

5.3 Binding affinity assay

We have measured the K; value (inhibition constant) for only one inhibitor, (£)-5-(3-chlorostyryl)isatin
(8b in Fig. 42), in order to determine whether the mode of inhibition is competative. A set of

Lineweaver-Burk plots that intersects at the y-axis will be indicative of competative inhibition.
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Mitochondrial fractions isolated from baboon liver tissue according to the methods of Salach and
Weyler (1987) and stored at -70 °C were used. These fractions were suspended in sodium phosphate
buffer (100 mM, pH 7.4, containing 50% glycerol, w/v) before determining the protein concentration
according to the method of Bradford (1976). Incubations (500 ul) contained ’Ehe mitochondrial fractions
[8 mg/ml] suspended in sodium phosphate buffer (100 mM sodium phosphéte buffer, pH 7.4), MMTP
(30 — 120 uM), the mitochondrial isolate (0.15 mg protein/ml), and various concentrations of the test
inhibitor. Final mixtures were incubated at 37 °C for 10 minutes in order to ensure that the initial
velocity in the linear phase of metabolite production is measured (Viok et al., 2006; Inoue et al., 1999).
The reactions were terminated by adding 10 pl of 70% perchloric acid. The supernatant fractions were
removed from the centrifuged (16,000 g for 10 minutes) samples and the concentrations of the product,
MMDP, in these fractions were measured spectrophotometrically at a wavelength of 420 nm. The
initial velocity [V; in mol/(mg protein.min) of the dihydropyridinium formed] of MAO-B catalytic oxidation
was calculated using equation 8 as given by Viok et al. (2006). In eguation 8, Abs is the measured
absorbance of the dihydropyridinium metabolite MMDP”, & is the reported molecular absorptivity for
MMDP* (24,000 M™), [E] is the enzyme concentration (0.15 mg protein/ml) and Time is the incubation

time (10 minutes).

Abs 1 1
Vi==—/X=X=— Equations
" & [E] Time FUaO"
0.59
0.4
— 0.34
=
= 0.24
0.1+
¥ ) L] L
-0.02 -0.01 0.00 0.01 0.02 003 004
111S]

Figure 46: Lineweaver-Burke plots of the oxidation MMTP by
baboon liver MAO-B in the absence (open diamond) and
presence of various concentrations of 8b (filied triangle, 10
nM; open square, 20 nM;). The concentration of the baboon
liver mitochondrial preparation was 0.15 mg/ml and the rates
are expressed as nmoles.mg protein 1 min' of MMDP*
formed.
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For each inhibitor concentration, a Lineweaver-Burk piot was constructed by plotting the inverse of the
measured initial rates of oxidation (expressed as nmoles of MMDP™ formed per mg mitochondrial
protein per minute) as a function of the inverse of the substrate concentration (Viok ef al., 2006) (Fig.
46). The slope of each Lineweaver-Burk plot wés plotted as a function of the inhibitor concentration

(Fig. 47) and th_e K; value was determined from ’thé abscissa intercept (Vlok ef al., 20086).
15

104

Slope

/
] L] L] )

— T
-25 -15 £ 5 15 25

[(£)-5-(3-Chlorostyryl)isatin]

Figure 47 : Plot of slopes of Lineweaver-Burk plots
versus (E)-5-(3-chlorostyryl)isatin (8b) concentration.
The K; value was calculated from the x-axis intercept
(y=0) which is equal to —K;

5.4 Time-dependent inhibition assay

A time-dependent inhibition assay was performed for the representative (E)-5-(3-chiorostyrylisatin
analogue (8b) in order to test reversibility of inhibition. Mitochondrial fractions isolated from baboon
liver tissue according to the methods of Salach and Weyler (1987) and stored at -70 °C were used. The
fractions [0.3 mg/mi] were incubated at 37 °C with test inhibitor (40 nM) and these incubation mixtures
were added to the substrate MMTP (80 pM) after 0, 15, 30 and 60 minutes respectively to yield an
enzyme concentration of 0.15 mg/ml. The resulting incubation mixtures were incubated for a further 15
minutes at 37 °C before terminating the reactions by adding 10 pi of 70% perchloric acid. The
supernatant fractions were removed from the centrifuged (16,000 g for 10 minutes) samples and the
concentrations of the product, MMDP™, in these fractions were measured spectrophotometrically at a
wavelength of 420 nm. Reversibility was determined by plotting a histogram (Fig. 48) of the measured
initial rates of oxidation (Eq. 8) (nmoles of MMDP" formed per mg mitochondrial protein per minute) at

different pre-incubation times (min) with the inhibitor (£)-5-(3-chlorostyryl)isatin (8b).
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Figure 48 : Histogram of initial rates of oxidation
(nmol/min.mg) against different preincubation times
(min) with the inhibitor (£)-5-(3-chlorostyryl)isatin (8b).

5.5 Functional inhibition assay

To compare the MAO-B inhibition potency of the styrylisatin analogues investigated here, ICs, values
were determined for all. An ICsp value represents the concentration of a drug that is required for 50%
inhibition in vitro of an enzyme or antagonism of a receptor (Silverman, 2004) and describes the
functional strength of the inhibitor (Jozwaik ef al., 2005). 1Cs, values were determined in duplicate for
all styrylisatin analogues (8a—c, 8a—b) as well as for isatin (10). Mitochondrial fractions were isolated
from baboon liver tissue according to the methods of Salach and Weyler (1987) and were stored at -70
°C. These fractions were suspended in sodium phosphate buffer (100 mM, pH 7.4, containing 50%
glycerol, w/v) before determining the protein concentration according to the method of Bradford (1976).
A typical incubation (500 ul final volume in 100 mM sodium phosphate buffer, pH 7.4) contained MMTP
(50 uM) as substrate, the mitochondrial isolate (0.15 mg protein/mi), and various concentrations of the
test inhibitors in DMSO. Final mixtures. were incubated at 37 © C for 10 minutes in order to ensure that
the initial velocity in the linear phase of metabolite production is measured (Viok et al., 2006; Inoue et
al., 1999). The reactions were terminated by adding 10 pl of 70% perchloric acid. The supernatant
fractions were removed from the centrifuged (16,000 g for 10 minutes) samples and the concentrations
of the product, MMDP”, in these fractions were measured spectrophotometrically at a wavelength of
420 nm. As demonstrated in Fig. 49-54, the initial velocity (V;) of MAO-B catalytic oxidation was
calculated using equation 8, and plotted as a function of the test inhibitor concentration in order to
determine the 1Csp value. Nonlinear regression analysis was carried out with the Prism software

package (GraphPad Software Inc.).
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Figure 49: Plot of rate (nmol/min.mg) versus log of
(E)-5-styrylisatin (8a) concentrations. All measurements

were in duplicate
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Figure 51: Plot of rate (nmol/min.mg) versus log of
(E)-5-(3-flourostyryl)isatin (8c) concentrations. All
measurements were in duplicate.

5
i
4 X
] .

o 31
g

24

14

G ] ¥ ] R

0 1 2 3 4

Log[(E)-6-(3-Clorostyryl)isatin]

Figure 53: Plot of rate (nmol/min.mg) versus fog of
(B)-6-(3-chlorostyryl)isatin (9b) concentrations. All
measurements were in duplicate.
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Figure 50: Plot of rate (nmol/min.mg) versus log of
(E)-5-(3-chiorostyryl)isatin (8b) concentrations. All

measurements were in duplicate.
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Figure 52: Plot of rate (nmol/min.mg) versus {og of
(E)-6-styrylisatin (9a) concentrations. All

measurements were in duplicate.

Rate
g

) ] ¥ ] 1

-2 -1 0 1 2 3
Logl[lsatin]

Figure 54: Plot of rate (nmol/min.mg) versus fog of
isatin (10) concentrations. All measurements were

in duplicate.
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5.6 Results and discussion

The K; value obtained for the selected representative compound, (E)-5-(3-chlorostyryl)isatin (8b), was
calculated as 18.8 nM. Compound 8b is therefore approximately 160 times more potent as a MAO-B
inhibitor than the lead compound isatin (K; = 3 pM) (Hubalek et al., 2005). As demonstrated in Fig. 46,
the lines of the Lineweaver-Burke plots for 8b intersected, indicating that the mode of inhibition was

competitive (Rodwell & Kennelly, 2003).

Reversibility of inhibition for the chosen representative compound, (£)-5-(3-chlorostyryl)isatin (8b), was
confirmed in the time-dependent inihibition study. As seen in Figure 48, the measured initial rates of
oxidation were not affected by preincubation of the enzyme with the test inhibitor for different time
periods. This is in contrast to irreversible inhibition that would have led to a reduction in rate of

oxidation with increased pre-incubation time.

Table 4: |1C5 values for the (E)-5-styrylisatin analogues tested.

Compound X [Csp value (nM)
8a H 417+ 1.86
8b Cl 20.7 £ 0.63
8c F 30.1+£4.63

The MAO-B inhibitory potency of all the styrylisatin analogues synthesised were confirmed with 1Csq
values in the low nM range (Table 4) for the (E£)-5-styrylisatin analogues (8a—c) and in the low pM range
(Table 5) for the (E)-6-styrylisatin analogues (3a—b). The most potent inhibitor was found to be (E)-5-
(3-chiorostyryhisatin (8b) with an I1Cs value of 20.7 nM. Compound 8b is approximately twice more
potent than the unsubstituted (E)-5-styrylisatin analogue (8a) and approximately 415 times that of the
lead compound, isatin (Table 6). The second most potent inhibitor was (£)-5-(3’-fluorostyryl)isatin (8¢)
with an ICsp value of 30.1 nM. The series of (E)-8-styrylisatin analogues (3a—b) were found to be about
ten times less potent than the (E)-5-styrylisatin analogue series (8a—c), with (£)-6-(3’-chlorostyryl)isatin
(3b) having the lowest IC5 value (313.2 nM) for the series.
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Qualitative inspection of the results in Tables 4 to 6 show that substitution with a styryl side-chain at C-5
and C-6 of the isatin ring produced inhibitors of MAO-B that are more potent than the lead compound,
isatin. The potency of MAO-B inhibition may be further enhanced by substitution of the styryl phenyl
ring with halogens at C-3 of the styryl ring. For example both 8b an(i 8c, bearing chiorine and fluorine
respectively at C-3 of the styryl ring were found to be more gbtent MAOQO-B inhibitors than the

corresponding unsubstituted 8a.

Table 5: ICg values for the (E)-6-styrylisatin analogues tested.

Compound X 1Csp value (nM)
Sa H 436.8 £4.85
9b Cl 313.2 £56.20

Table 6: ICsy value for isatin.

0
ee
NH
Compound ICsp value (UM)
10 8.6 £0.52

5.7 Summary

The K; value was determined for one chosen representative compound, (E)-5-(3-chlorostyryl)isatin (8b).
The results confirmed competitive inhibition of MAO-B. Reversibility of inhibition was confirmed for the
representative compound (8b) with a time-dependent inhibition assay. The [Cs, values for the inhibition
of MAO-B by the (E)-styrylisatin analogues (8a—c, 8a—b) and isatin (10) were determined. The results
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indicated that substitution with a styryl side-chain at C-5 of the isatin ring produced inhibitors of MAO-B

that are considerably more potent than the lead compound, isatin.
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! Chapter 6
CONCLUSION

Monoamine oxidase B (MAO-B) inhibitors are currently clinically used in the symptomatic treatment of
Parkinson’s disease (PD) and may also protect against further neurodegeneration. The irreversible
MAO-B inhibitor, (R)-deprenyl, is most often used in PD freatment, usually in combination with levodopa
as part of dopamine replacement therapy. In contrast with reversible inhibition, enzyme recovery after
irreversible inhibition involves de novo synthesis of the enzyme, which may require several weeks. This

makes reversible MAO-B inhibitors safer and more desirable.

. s i S

Caffeine {E)-8-(3-Chlorostyryl)caffeine

Figure 55. The structures of the compounds discussed in the text.

Both isatin (10) and caffeine (Fig. 55) are small molecules that have been reported to inhibit MAO-B.
Isatin is a relatively good endogenous inhibitor (Ki = 3 uM) whereas caffeine is a weak inhibitor (K; =
650 uM). The inhibitory potency of caffeine has reportedly been improved by substitution at C-8 of the
caffeine ring with a styryl side-chain (Petzer et al, 2003). Addition of an electron withdrawing
substituent at C-3 of the phenyl ring produced structures with exceptional reversible MAO-B inhibitory

potency, for example (£)-8-(3-chiorostyryl)caffeine (K; = 0.1 uM). In this study we investigated whether
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styryl substitution of the lead compound, isatin, at C-5 and C-6 will similarly enhance isatin’s MAO-B

inhibitory potency.

Molecular docking of the proposed (E)-5-styrylisatin (8a—¢) and (E)-6-styrylisatin (3a—~b) analogues into
the active site of recombinant human MAO-B supported the hypothesis of increased MAO-B inhibitory
activity compared to isatin. The styryl side-chain seems to be stabilised in the entrance cavity of the
enzyme, while the isatin moiety is involved in hydrogen bonding in the substrate-binding cavity. This
dual binding mode is similar to that proposed for the styrylcaffeines and is thought to facilitate the
potent MAQO-B inhibition of styrylcaffeines.

Two (E)-86-Styrylisatin (9a—b) as well as three (E)-5-styrylisatin (8a—c) analogues were synthesized from
the appropriately substituted aminostilbene derivatives and diethyl ketomalonate (Langenbeck et al.,
1956). The compounds were evaluated in vifro as inhibitors of baboon liver MAO-B. The inhibitory
activity of the styrylisatin analogues were determined with a spectrophotometric method wherein the
extent by which different concentrations of the analogues slowed the rate of oxidation of a MAO-B
substrate was measured. The inhibitory potencies for all the styrylisatin analogues were expressed in
terms of the concentration of the compound necessary for 50% inhibition of the enzyme (/Cs value).
The inhibitory potency was also expressed as the enzyme-inhibitor dissociation constant (K; value) for
one chosen representative compound, (E)-5-(3-chlorostyryl)isatin (8b). Reversibility of inhibition was
confirmed with a time-dependent inhibition study that documented that the potencies of inhibition of
MAO-B by the (E)-styrylisatin analogues are independent of the time period for which the analogues

were incubated with the enzyme.

The results showed that substitution with a styryl side-chain at C-5 of the isatin ring resulted in
exceptionally potent reversible inhibitors of MAO-B. For example, (E)-5-(3-chlorostyryl)isatin (8b) was
found to be 415 times more potent (/Csq = 20.7 nM) than the lead compound isatin (/{Cso = 8566 nM).
Also, (E)-5-styrylisatin (8a) was found to have an /Cs value of 41.69 nM, which is approximately 206
times more potent than the lead compound, isatin. (E)-6-Styrylisatin (8a) was found to be a moderately
potent, reversible inhibitor of MAO-B with an /Cs, value of 851 nM.

In this study (E)-5-styrylisatin analogues have been identified as promising new reversible inhibitors of
MAO-B. This study provides evidence that potent MAO-B inhibitors may be obtained by designing

structures that bind to both the entrance and substrate cavities of the enzyme.
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APPENDIX B

Concept article

The synthesis and evaluation of (E}-styrylisatin analogues as
inhibitors of MAO-B

Elizna M. van der Walt*, Sarel F. Malan, Jacobus J. Bergh and Jacobus P. Petzer

Pharmacatical Chemisiry, School of Pharnucy, North-Went University, Potchefrrocm, 2520, Soah A frica.

Abstract— Thwre (E)-3-styrylisatin and two [E)}-G-styrylisatin englogues were prepared and evaluabed s reversible inhibitocs
of moncamin: midess B (MAQ-B). All the sompounds were found to possess cnbanoed MAQ-B inhibitery astivity compared
to igatin. The most astive compound was (E)-5-(3-chlorostyryliisetin with en ICS0 velue of 20,7 nhi .

Monoamine oxidass B (MAOQO-B) inhibitars are
curremtly clinically used in the symptomatic treatment
of Parlinson’s diszasz (PD) and may also possess
neuroprotective activity. Thz imeversible MAO-B
intdbitor, (R)-deprenyl, is most often used in PD
treatrnznt, usually in combinaton with levodopa as part
of doparnine replacement therapy. In comtrast with
reversible inhibition, enzyme mcovery after irreversible
inhibifon imvolves de nowo srnthesis of the emzyma,
which may require saweral weaks, This males reversible
MA0-B imhibitars safer and more desirable.

Both isatin {A) and caffeine (B) are smmall moelkcules
that have besn reported to inhibit M4AO-B. Isafin is a
relatively good endogemous inhibitor (K = 3 uM)
whereas caffeine is aweak inhihitar (K; = &0 phiy, The
inhibitery potency of caffeins has repartedly bean
improved by mbstmmom at C-8 of tha caffeins ring with
a styryl side-chain' Addifion of an elscon
withdrawing substituent at C-3 of the phenyl ning
produced structures with exceptional reversible MAO-B
intdbitory  potency, for exampls (E-8-(3-
chlorostyryDeaffeine (C) (X5= 0.1 pM). In this study we
Invesdgated whether styryl substitution of the lead
compound, isatin, at C5 and C-6 will similarly enhance
isatin’s MAQO-B inhibitory potency.

» (4]
\NJI.!
0 A
H [

IS B c
Figwre 1. The structures of th: compounds discusssd in the text.

vRa)

Two (ER6-Styrylisatin (Pa-b) as well as three (E)-3-
styrylisatin = (Ba—) anzlogues ‘were synthesized

according to the same four step syntbetic pathway
(Scheme 1), Diethyl (4-nitrobemzyl)phosphonate and
diethyl (3-nitrobenzyDphosphonate (3), were prepared
from’ commmercially available 4- or 3-nitrobenzyl
bromide (1) and triethyl phosphite @t The
intermediate 3 were used In a Wittlg condensation
reaction with a commercially available berzaldzhyds
(4) to produce the required 4- or 3-nitrostilbene (S) 2
Snbsaquent reduction of thzse nitrostilbenes with
bydrochloric acid and tn powdsr, produced the
carresponding 3- or 4-aminostilbenas (6).° Eallowing
crystallization from a snitable solvent the resulting
aminostilbenes were macted with nizsoxalic acid dietiyl
ester In the presence of an acid and underwemt Ting
closwre after oxidative decarboxyladon to yisld the
Isatin product.

The ICg walues of the compounds were estimated by
spe ctrophotometrically mzasuring the extent by which
different concentrations of the analoguss slowed the rate
of the MAO-B catslyzed oxidation of the substrae
MWTP [1-m= r]—’l—(l—n?thylpwml—'hyn 12.3,6-
tetrahydropyriding].f  Baboom “Tiver mitochondrial
fractions, which are devoid of MAO-A activity, were
used as eIZyme source. t

The imhibitory potencizs for all the spTylsatn
mnalogues were expressed In terms of the concentration
of the compound necassary for S0% inhibition of the
enzyme ([Cs valuz), Reversihility of imhibition was
confirmed with 4 time-dependent inhibition study that
documentad that the potencies of inhibition of MAO-B
by the (E)-styrylisatin analogues are Imdzpendent of the
time pedod for which the analogues were incubated
with the enzyme.
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{2 Gy H; Ofa) = NO=
(4b): G2} = HOL: Gty - H

, NIz

EW—P—OF
m ) a

¢3al: Cfa) = H; Cf4) = HO;
(30): G = MO Cf4) = H

e Y

NI

(32 : R = H; Gz} «H; Cf4) = 12
=3 15k : R =Gl; G(ap - H; Cf4) = W
lj £50): R F; (8] - H; Citde N,
(i R~ H; Clg) = N3z G4 = H
5) {5l A= Gl C(E) - HOL G4y = H

e
:gﬁ]gg-g % 1 ~—
(8} {bq:R-F 6, ,;}"“
J’—/J
~
E——-‘."/ \t‘\a
et
S} 1 2= H
{g) ng)]:H-Ci

E2 {6n) < A= H; Cfg) ~H; G14) - NHz
[ 46b) : A = CI; Cfa) = H; {4} = HHa
g {6dl : A= F; Cigj~ H; Gld) = NH,
\L d) ¢ A= H: G(ed = NH; Ot4) = 1

16} {ea): A~ Cf; Ct) = WHL; G4y = H

Hlage 2 S)m*tbatr puthwuy o (ExF-stynvlisatin- (Ba—c) and {Ey-E-apyrylisatin (9a-h) analnopss (1) 130 °C 3 hra tily RaOBY (il SnC{CH.COCH,

HCYH-O (ivy CHCOOH, O,

The results of these assays mre presented in Teblz 1.
The (E)}>-styrylisatin amalogues were found to be
exceptionally potent inhibitors of MAQ-B with ICS0
values ranging from 20-42 oM., In comparison, the
IC30 vatue for the lead compound isarin was found te
bz 8366 nhd, approximately 400 times weaker than the
most potent (B)-3-styrylisatin inhibitor axamined here.

In comclusion, the (E}3-styrjlisatin apalogues have
been identifizd as promising new reversible inhibitors of
MAQ-B. This study provides evidence that poatent
MAO-B inhibitors may b obtained by designing
strucnres that bind to both the entrance and substrate
cavities of the enzyme,

Tutile 1.
ICe valuas for 2ll comprads esbd
Compound ICs nl*
Teatim (A} BIE5.6 £ (L2
(-3 Styrylisatin (Say 417=1.85
(B & 3-Chbrostyryl Yisatn (Bby) 207 £ 055
() 3-Plomostyrylisatin (Bc) 501463
(ByGatyry Lisatin (9e) 4368 £4.85
( Er-6-{3-Chlarpstvrvl sisatin (9hy 3132 1 §6.20
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