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ABSTRACT 

 

KEYWORDS 
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BACKGROUND AND RATIONALE 

Parkinson’s disease (PD) is a progressive neurodegenerative disease that is caused 

by the death of dopaminergic neurons in the substantia nigra resulting in a loss of 

dopamine in the striatum. Neurodegeneration in PD is typified by symptoms such as 

rigidity, tremor at rest, slowness (bradykinesia) and impairment of postural balance.   

Currently, there is no cure for PD and current therapies only provide symptomatic 

relief. In spite of several side effects, levodopa is still used in most cases, while 

several enzymes and receptors serve as drug targets. One of these targets is the 

monoamine oxidase (MAO) enzyme, in particular the MAO-B isoform. The MAO 

enzymes are responsible for the metabolism of amine neurotransmitters, such as 

dopamine. The inhibition of MAO-B has proven to be an effective strategy to 

increase dopamine levels in the brain.  

Since MAO-A is responsible for the breakdown of noradrenalin, adrenalin, serotonin 

and tyramine, non-selective and selective MAO-A inhibitors have therapeutic 

applications in other neurological and psychiatric disorders such as depression. 

MAO-A inhibitors, particularly irreversible inhibitors, are also notable from a 

toxicological point of view. Irreversible MAO-A inhibitors may lead to potentially 

dangerous effects when combined with serotonergic drugs and certain foods 

containing tyramine, such as cheeses and processed meats. Selective MAO-B 

inhibitors and reversible MAO-A inhibitors appear to be free of these interactions. 

The catechol-O-methyltransferase (COMT) enzyme is another enzymatic target. The 

inhibition of COMT results in a decrease of the clearance of L-dopa and dopamine, 

thus leading to a maintained level of dopamine in the brain and increased L-dopa 

efficacy. Currently used COMT inhibitors include tolcapone and entacapone. 
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However, due to the side effects, which may include severe dopaminergic, gastro-

intestinal and other adverse reactions, their use is rather limited. 

Based on the considerations above, this study aimed to identify compounds with 

COMT inhibitory activity by virtual screening. The secondary aim of this study was to 

screen the same set of compounds for MAO inhibitory activity as the identification of 

a dual targeted compound would be an added advantage.   

 

METHODS: 

The following methods were used: Virtual screening: Firstly, three pharmacophore 

models were constructed using a crystal structure (PDB: 3BWM) of COMT. The 

Discovery Studio® software package (Accelrys) was used for this purpose. A virtual 

library of drugs approved by the United States Food and Drug Administration (FDA) 

were then screened.  Secondly, in order to maximise the potential hits in this study, 

several other methods for identifying hits were used. These included the use of 

ligand fingerprinting, the use of molecular docking, the identification of catechol bio-

isosteres and compounds structurally related to known inhibitors such as 

kaempferol.  

In vitro screening: COMT inhibition was determined using a fluorometric assay and 

norepinephrine as substrate, while MAO inhibition was determined using a 

fluorometric assay and kynuramine as substrate. 

 

RESULTS 

COMT inhibition studies: A list of twenty-six compounds were selected based on 

results from the pharmacophore mapping, screening of a library by fingerprinting, 

molecular docking, the bio-isostere approach, chemical similarity, cost and 

availability. These compounds were to be subjected to in vitro bio-assays (using 

porcine COMT) in order to determine their potencies (IC50 values) as inhibitors of 

COMT. Unfortunately, the Department of Fishery and Forestry placed a moratorium 

on the import of porcine products, which meant that the porcine COMT enzyme 

could no longer be obtained. The possibility of using the human enzyme was also 

investigated, but due to cost contraints its use was deemed unfeasible.  Only eleven 



v 
 

of the test compounds were thus evaluated as in vitro inhibitors of COMT. Among 

the compounds that were tested, only kaempferol (IC50 = 2.799 µM) exhibited 

inhibitory activity towards the COMT enzyme, most likely due to its structural 

similarity to quercetin.  

MAO inhibition studies: The IC50 values and selectivity index (SI) of eighteen 

compounds from the original COMT hit-list were also determined to investigate the 

inhibitory activity of these compounds towards an alternative target. Three of the 

eighteen test compounds exhibited promising IC50 values, and may thus be 

considered as MAO-A and MAO-B inhibitors. Kaempferol was the most potent MAO-

A inhibitor with an IC50 value of 0.589 µM and oxybenzone was the most potent 

MAO-B inhibitor with IC50 values of 24.967 µM and 2.872 µM for MAO-A and MAO-

B, respectively. Nitrendipine (16.353 µM) and (-)-riboflavin (13.119 µM) also showed 

some inhibition activity towards MAO-B.  

Docking studies: To complete this study and rationalise the results of the MAO 

inhibition studies, molecular modelling was carried out and the eighteen compounds 

screened for MAO-inhibitory activity were docked into the active sites of MAO-A and 

MAO-B by using the CDOCKER module of Discovery Studio®. Some insights were 

obtained regarding the binding of kaempferol, oxybenzone, nitrendipine and (-)-

riboflavin. Both kaempferol and oxybenzone had hydrogen bond interactions with 

Cys 323, present in the active site of MAO-A. Thus, it may be concluded that a 

hydrogen bond interaction with Cys 323 may be an important feature for MAO-A 

inhibitory activity since clorgyline (a known MAO-A inhibitor) also undergoes this 

interaction. Furthermore, oxybenzone, the most potent MAO-B test inhibitor, 

successfully docked into the active site of MAO-B, although it did not illustrate 

hydrogen bond interactions with any of the nearby amino acid residues. Thus, it may 

be postulated that the binding of oxybenzone to the active site may be due to Van 

der Waals interactions with the amino acid residues. Furthermore, oxybenzone also 

share structural similarities with chalcones which has MAO inhibitory activity. The 

docking results for MAO-B also showed that most of the test compounds interacted 

with Tyr 326 or Tyr 398, while interactions with Cys 172, Gln 206, Ile 199 and Tyr 

435 also occurred. 

Reversibility studies: To determine the reversibility of binding to MAO-B, the recovery 

of enzymatic activity after dialysis of enzyme-inhibitor complexes were determined 
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for oxybenzone. The results indicated that the most potent MAO-B inhibitor, 

oxybenzone, had a reversible mode of binding to the MAO-B isoform, since the 

enzyme activity was completely recovered by dialysis.  

Mode of inhibition: To determine the mode of inhibition of oxybenzone, Lineweaver-

Burk plots were constructed for the inhibition of MAO-B. The lines of the Lineweaver-

Burk plots intersected at a single point at the y-axis, indicating that oxybenzone had 

a competitive mode of binding to the MAO-B isoform. 

The results of this study showed that virtual screening may be useful in identifying 

existing compounds with potential dual COMT and MAO inhibitory effects. In this 

study, for example, the dual inhibitory of both COMT and MAO by kaempferol was 

illustrated for the first time. Such an approach may also be more cost effective than 

the de novo design of COMT and MAO inhibitors. 
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UITTREKSEL 

 

SLEUTELWOORDE 

Parkinson se siekte, katesjol-O-metieltransferase, monoamienoksidase, virtuele 

sifting, ensiem-inhibisie. 

 

AGTERGROND EN RASIONAAL 

Parkinson se siekte (PD) is 'n progressiewe, neurodegeneratiewe siekte wat 

patologies gekenmerk word deur die afsterwing van neurone in die substantia nigra 

pars compacta (SNpc) en lei tot ‘n tekort aan dopamien in die striatum. Die 

simptome sluit rigiditeit, tremor tydens rus, bradikinesie en posturale onstabiliteit in. 

Parkinson se siekte is ‘n ongeneeslike siekte en huidige behandeling is slegs 

simptomaties van aard. Ten spyte van verskeie newe-effekte, word levodopa steeds 

in die meeste gevalle gebruik, terwyl ‘n verskeidenheid van ensieme en reseptore as 

geneesmiddelteikens dien. Een van hierdie teikens is die monoamienoksidase 

ensiem (MAO), veral die MAO-B-isoform. MAO ensieme is verantwoordelik vir die 

regulering en metabolisme van monoamien neuro-oordragstowwe, soos dopamien. 

Die inhibisie van MAO-B is ŉ effektiewe strategie om die dopamienvlakke in die brein 

te verhoog. 

Aangesien MAO-A verantwoordelik is vir die afbraak van noradrenalien, adrenalien, 

serotonien en tiramien, speel beide nie-selektiewe en selektiewe MAO-A-

inhibeerders 'n terapeutiese rol in ander neurologiese en sielkundige afwykings soos 

depressie. Onomkeerbare MAO-A-inhibeerders is ook belangrik vanuit ŉ 

toksikologiese oogpunt. Hierdie MAO-A-inhibeerders kan gevaarlike interaksies hê 

indien dit met serotonergiese geneesmiddels en kossoorte wat tiramien bevat, soos 

kase en verwerkte vleis, gekombineer word. Selektiewe MAO-B-inhibeerders en 

omkeerbare MAO-A-inhibeerders toon nie hierdie interaksies nie. 

Die katesjol-O-metieltransferse (KOMT) ensiem is nog 'n ensiematiese teiken. Die 

inhibisie van KOMT veroorsaak 'n afname in die opruiming van L-dopa en dopamien, 

en sodoende word optimale vlakke van dopamien in die brein gehandhaaf wat 

gevolglik die geneesmiddeleffektiwiteit van L-dopa verhoog. KOMT inhibeerders wat 
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tans gebruik word sluit tolkapoon en entakapoon in, maar as gevolg van newe-

effekte wat ernstige dopaminergiese, gastro-intestinale en ander ongunstige 

reaksies insluit, is die gebruik van KOMT inhibeerders redelik beperk. 

In die lig van die bogenoemde, is daar met hierdie studie gepoog om, deur gebruik te 

maak van virtuele sifiting, verbindings met KOMT inhiberende aktiwiteit te 

identifiseer. ‘n Sekondêre doelwit van die studie was om dieselfde stel verbindings 

vir MAO inhiberende aktiwiteit te toets, aangesien die identifikasie van ‘n 

dubbelteikengeneesmiddel ‘n addisionele voordeel sou wees.  

 

METODES: 

Die volgende metodes is tydens die studie gebruik: Virtuele sifting: Eerstens is drie 

farmakofoormodelle geskep deur gebruik te maak van ‘n kristalstruktuur (PDB: 

3BWM) van KOMT. Die Discovery Studio® sagtewarepakket van Accelrys is vir 

hierdie doel gebruik. Vir hierdie studie is die virtuele biblioteek van geneesmiddels 

geregistreer deur die Verenigde State van Amerika se Voedsel en Geneesmiddel 

Administrasie (FDA) gesif met die farmakofoormodelle. Tweedens, om die potensiaal 

vir sukses in hierdie studie te verhoog, is verskeie ander metodes gebruik. Hierdie 

metodes het die gebruik van ligand “vingerafdrukke”, molekulêre modellering, die 

identifisering van katesjol bio-isostere en verbindings wat struktureel verwant is aan 

reeds bestaande inhibeerders soos kaempferol, ingesluit.  

In vitro sifting: Inhibisie van beide KOMT en MAO is bepaal deur gebruik te maak 

van fluorometriese toetse. Norepinefrien is as substraat gebruik tydens KOMT 

studies en kinuramien het as substraat gedien tydens MAO toetse. 

 

RESULTATE: 

KOMT inhibisie studies: 'n Lys van ses-en-twintig verbindings is geselekteer op 

grond van die resultate wat verkry is uit die farmakofoor kartering, sifting van 'n 

biblioteek deur “vingerafdrukke”, molekulêre modellering, die bio-isosteer 

benadering, chemiese verwantskap, koste and beskikbaarheid. Hierdie verbindings 

was veronderstel om in vitro toetse te ondergaan (deur vark KOMT te gebruik) om 

hulle potensie (IC50 waardes) as inhibeerders van KOMT te bepaal. Ongelukkig het 
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die Departement van Visserye en Bosbou 'n moratorium op die invoer van 

varkprodukte geplaas wat beteken het dat die vark KOMT ensiem toe onverkrygbaar 

was. Die moontlikheid om die menslike ensiem te gebruik is ook ondersoek, maar as 

gevolg van kostebeperkings was hierdie opsie ook nie haalbaar nie. Slegs elf van die 

toetsverbindings is dus geëvalueer as in vitro inhibeerders van KOMT. Onder die 

verbindings wat geëvalueer is, het slegs kaempferol (IC50 = 2.799 µM) inhiberende 

aktiwiteit teenoor die KOMT ensiem getoon. Hierdie inhiberende aktiwiteit is heel 

waarskynlik as gevolg van die strukturele verwantskappe met kwersetien. 

MAO inhibisie studies: Die IC50 waardes en die selektiwiteitsindeks (SI) van agtien 

van die oorspronklike verbindings geselekteer vir KOMT sifting, is ondersoek vir 

inhiberende aktiwiteit teenoor 'n alternatiewe teiken, die MAO ensiem. Drie van die 

agtien toetsverbindings het belowende IC50 waardes getoon en kan dus oorweeg 

word as MAO-A- en MAO-B-inhibeerders. Kaempferol was die mees potente MAO-

A-inhibeerder met 'n IC50 waarde van 0.589 µM en oksibensoon was die mees 

potente MAO-B-inhibeerder met IC50 waardes van 24.967 µM en 2.872 µM vir MAO-

A en MAO-B, onderskeidelik. Nitrendipien (16.353 µM) en (-)-riboflavien (13.119 µM) 

het ook inhibisie aktiwiteit teenoor MAO-B getoon. 

Molekulêre modelleringstudies: Om die resultate van die MAO-inhibisiestudies te 

rasionaliseer, is molekulệre modellering gedoen en die agtien verbindings waarop 

die in vitro studies gedoen is, is gepas in die aktiewe setels van MAO-A en MAO-B 

deur gebruik te maak van die CDOCKER-module van Discovery Studio®. Kennis 

rakende die binding van kaempferol, oksibensoon, nitrendipine en (-)-riboflavin was 

verkry. Beide kaempferol en oksibensoon het 'n waterstofbindingsinteraksie 

ondergaan met Cys 323 wat teenwoordig is in die aktiewe setel van MAO-A. Daar 

kan dus afgelei word dat 'n waterstofbindingsinteraksie met Cys 323 waarskynlik 'n 

belangrike vereiste mag wees vir MAO-A inhiberende aktiwiteit aangesien klorgilien 

('n bestaande MAO-A-inhibeerder) ook hierdie interaksie toon. Oksibensoon, die 

mees potente MAO-B-inhibeerder, is suksesvol gepas in die aktiewe setel van MAO-

B, alhoewel geen waterstofbindingsinteraksies met enige naasliggende 

aminosuurresidue geïdentifiseer is nie. Daar word dus gepostuleer dat oksibensoon 

bind deur  van der Waals interaksies met die aminosure in die aktiewe setel te 

ondergaan. Verder is daar strukturele verwantskappe tussen oksibensoon en 

chalkone wat MAO inhiberende aktiwiteit toon. Die modelleringsresultate van MAO-B 
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het ook getoon dat die meeste van die toetsverbindings interaksies ondergaan met 

Tyr 326 of Tyr 398, terwyl interaksies met Cys 172, Gln 206, Ille 199 en Tyr 435 ook 

waargeneem is. 

Omkeerbaarheidstudies: Om te bepaal of MAO-binding omkeerbaar was, is die 

herstel van ensiematiese aktiwiteit na dialise van die ensiem-inhibeerder-komplekse 

bepaal vir oksibensoon. Die resultate het aangedui dat die mees potente MAO-B-

inhibeerder, oksibensoon, omkeerbaar bind aan die MAO-B-isoform en die 

ensiemaktiwiteit het dus heeltemal herstel na dialise.  

Meganisme van inhibisie: Om die meganisme van inhibisie van oksibensoon te 

bepaal, is Lineweaver-Burk grafieke opgestel vir die inhibisie van MAO-B.  Die lyne 

van die Lineweaver-Burk grafieke het gekruis by ‘n enkele punt op die y-as, wat 

aandui dat oksibensoon kompeterend aan die MAO-B-isoform bind. 

Die resultate van die studie het gewys dat virtuele sifting nuttig mag wees vir die 

identifisering van reeds bestaande verbindings met potensiaal as beide KOMT en 

MAO inhibeerders. In hierdie studie, byvoorbeeld, is daar vir die eerste keer gewys 

dat kaempferol as 'n inhibeerder vir beide KOMT en MAO optree. Hierdie benadering 

kan meer koste-effektief wees as die de novo ontwerp van KOMT en MAO 

inhibeerders. 
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CHAPTER 1 

INTRODUCTION: 

  

1.1  GENERAL BACKGROUND AND JUSTIFICATION 

1.1.1   PARKINSON’S DISEASE 

Parkinson’s disease (PD) is the second most common age-related 

neurodegenerative disease after Alzheimer’s disease (Müller, 2015). PD occurs 

globally in all ethnic groups and affects both sexes approximately equally with a 

slightly higher incidence in men (Dauer & Przedborski, 2003; Kakkar & Dahiya, 

2015). The classic triad of major signs of PD is made up of tremor at rest, rigidity and 

bradykinesia (Müller, 2015). Currently there is uncertainty about the etiology and 

pathogenesis of PD, but it has been suggested that a complex interaction between 

aging, environmental factors and genetic mutations may result in the development of 

the disease (Dorsey et al., 2007). 

The central pathophysiological event in PD is the progressive damage to the 

dopaminergic neurons located in the substantia nigra pars compacta (SNpc) which 

leads to a loss of dopamine in the striatum (Hunn et al., 2014). Several theories exist 

regarding the pathogenesis of PD. One theory proposes that the misfolding and 

aggregation of proteins are instrumental in the death of SNpc dopaminergic neurons 

(Hsieh & Chiang, 2014). Another theory suggests that the dysfunction of the 

mitochondria and oxidative stress caused by reactive oxygen species (ROS) 

contribute to neuronal death (Segura-Aguilar et al., 2010). However, 

neurodegeneration can also be the result of neuroinflammation (Hirsch et al., 2012), 

apoptosis (Koppenhöfer et al., 2014) and excitotoxicity (Doble, 1999). 

Drugs currently used to provide symptomatic relief include levodopa, dopamine 

agonists, MAO inhibitors and COMT inhibitors (Müller, 2015). The introduction of 

levodopa (L-dopa) heralded a therapeutic breakthrough, and it is still the most 

efficacious drug for the treatment of PD. However, due to its short plasma half-life, 

high doses of L-dopa can lead to fluctuations in movement control - the so-called 

“on-off”-effect. “Off”-phenomena describe the reappearance of a reduced motor 

performance after an “on”-interval of good response to adequate dopaminergic 
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neurotransmission. Prolonged levodopa use is also associated with other side 

effects, such as dyskinesia (Müller, 2015), which is involuntary movements that 

mostly result from an over-stimulation of the dopaminergic system (Aminoff, 2009; 

Müller, 2015). Dyskinesia can occur during both “on” and “off”-periods. As the 

disease progresses, patients may develop dyskinesia throughout the whole “on”-

time, spreading over the whole body. Generally, PD patients better tolerate and 

accept mild dyskinesia than “off”-periods (Müller, 2015). Although L-dopa is 

responsible for many motor adverse effects, it is still the most potent drug currently 

available (Lipski et al., 2011).  

Dopamine receptor agonists serve as a good alternative for levodopa since no 

enzyme activation is required and the duration of action is longer. Unlike L-dopa 

these drugs offer receptor selectivity, limiting the adverse effects (Kakkar & Dahiya, 

2015). These drugs delay the need for L-dopa therapy, thus lowering the incidence 

of motor fluctuations and dyskinesia associated with L-dopa use (Aminoff, 2009; 

Müller, 2015). 

None of the drugs currently in use are registered as neuroprotective or disease 

modifying, and present research is aimed in particular at the reversal of 

neurodegeneration or the prevention of further dopaminergic neuron degeneration 

(Dauer & Przedborski, 2003). It is thus clear that current therapies suffer from 

limitations with regards to both symptomatic and neuroprotective qualities, validating 

research in this area (Dauer & Przedborski, 2003). 

 

1.1.2   MONOAMINE OXIDASE INHIBITORS 

The monoamine oxidase (MAO) enzyme exists as two isoforms, namely MAO-A and 

MAO-B. MAO-B is the isoform which is predominantly responsible for the breakdown 

of dopamine and its selective inhibition reduces the symptoms of PD, while also 

being potentially neuroprotective (Youdim & Bakhle, 2006). 

Currently there are two selective MAO-B inhibitors available: selegiline (Figure 1.1 

A) and rasagiline (Figure 1.1 B). Selegiline, which is a propargyl amphetamine 

derivative undergoes hepatic metabolism to amphetamine-like metabolites. The 
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adverse effects associated with these metabolites may include neurotoxicity, 

cardiovascular and psychiatric effects (Fernandez & Chen, 2007). 

Conversely, rasagiline, a second-generation MAO-B inhibitor, is a non-amphetamine 

derivative that undergoes first-pass metabolism resulting in an inactive aminoindan 

metabolite. Rasagiline can be administered as monotherapy or as an adjunct to L-

dopa (Fernandez & Chen, 2007). 

 

       

N

CH3

CH
CH3

            

NH

 

        Selegiline (A)                    Rasagiline (B) 

Figure 1.1: Structures of selective MAO-B inhibitors used as treatment in PD. 

 

1.1.3  CATECHOL-O-METHYLTRANSFERASE AND ITS INHIBITORS 

The catechol-O-methyltransferase (COMT) enzyme also exists as two isoforms. The 

soluble (S-COMT) isoform is present at high levels in the majority of tissues while the 

membrane-bound (MB-COMT) isoform is prevalent in the brain (Jatana et al., 2013).  

The enzyme can be defined as a major catabolic regulator of synaptic catecholamine 

neurotransmitters such as dopamine, norepinephrine and epinephrine (Ma et al., 

2013; Männistö & Kaakkola, 1999; Williams et al., 2007). Inhibition of COMT results 

in a decrease of the clearance of L-dopa and dopamine (Männistö & Kaakkola, 

1999), thus leading to a maintained level of dopamine in the brain and increased L-

dopa efficacy (Ma et al., 2013; Männistö & Kaakkola, 1990).  
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      Tolcapone (A)                      Entacapone (B) 

Figure 1.2: Structures of nitrocatechols used in the treatment of PD. 

 

Currently, tolcapone (Figure 1.2 A) and entacapone (Figure 1.2 B) are the only 

available COMT inhibitors used clinically as treatment for PD. However, the side 

effects of these drugs, which may include severe dopaminergic, gastro-intestinal and 

other adverse reactions are of concern (Jatana et al., 2013). The use of tolcapone is 

further limited due to its association with hepatotoxicity (Korlipara et al., 2004). 

 

1.1.4  THE ROLE OF QUERCETIN AND KAEMPFEROL IN    

  NEURODEGENERATIVE DISORDERS 

Naturally occurring flavonoids have attracted attention over the years as potential 

drugs and a broad range of effects have been reported for these ubiquitous 

compounds (Lee et al., 2001). These effects include, antioxidant activity (La Casa et 

al., 2000), anti-HIV activity (De Clercq, 2000), antibacterial activity (Alcaraz et al., 

2000), and tumor cell growth inhibitory activity (Ito et al., 2000, Rafi et al., 2000). 

These flavonoids may also potentially prove to have a preventative effect on 

neurodegeneration (Lee et al., 2001). 

The most abundant of all the flavonoids is quercetin, (Figure 1.3 A) a flavonol 

(Lakhanpal & Rai, 2007). Reported biological effects of quercetin include the 

protection of brain cells against oxidative stress (Heo et al., 2004), a tissue 

damaging process associated with neurodegenerative disorders (Lakhanpal & Rai, 

2007). 
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Quercetin (A)    Kaempferol (B) 

Figure 1.3: The structure of flavonoids, quercetin and kaempferol. 

 

COMT and MAO inhibiting properties have also been reported for this compound 

and it could possibly serve as an effective adjunct to L-dopa therapy in Parkinson’s 

disease (Lakhanpal & Rai, 2007; Singh & Pattipati, 2003). 

Kaempferol (Figure 1.3 B), just like quercetin, can also be classified as a member of 

the flavonol subclass of flavonoids and has been reported to have strong antioxidant, 

anti-inflammatory and neuroprotective properties (Lakhanpal & Rai, 2007, Li & Pu, 

2011, Schroeter et al., 2000, Schroeter et al., 2001, Ishige et al., 2001). Of particular 

interest is the fact that a strong and prolonged protective effect against rotenone 

toxicity, a classical toxin used to induce parkinsonism, has been demonstrated 

(Filomeni et al., 2010, Li & Pu, 2011). 

 

1.1.5  MOLECULAR MODELLING IN DRUG DESIGN 

During the last few years a considerable body of work, investigating the performance 

of three dimensional (3D) virtual screening and computational approaches in drug 

design, has been published. Assessments of protein-ligand docking and 

pharmacophore modelling in particular have created interest in the scientific 

community (Kirchmair et al., 2008). Different molecular modelling approaches exist 

for the identification of novel ligands for biological protein targets. These include 

docking studies and pharmacophore modelling. Both docking and pharmacophore-

based in silico screening allow for the screening of a large number of compounds for 

possible interaction with the binding site of biological targets, and identifies possible 
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non-covalent interactions between a protein and its ligand (Lee et al., 2007). The 

advantages of these in silico approaches include a reduction in cost and time spent 

in screening, and allow for the identification of a set of chemically diverse 

compounds (Langer & Wolber, 2004; Wolber & Langer, 2005). 

The use of a library consisting of FDA approved drugs that have already been 

approved for administration in human subjects is practical, since concerns such as 

safety and bioavailability has already been adequately addressed in humans. Clinical 

efficacy is the only factor that needs to be proven since preclinical and clinical 

development is not required. Furthermore, this approach provides the opportunity for 

the discovery of agents with a multi-targeted directed mode of action. This would 

provide several advantages over multiple-medication therapy, since the possibility of 

drug-drug interactions can be reduced and the adverse effect profile and 

pharmacokinetic considerations of the therapy can be decreased (Lee et al., 2007). 

 

1.2  RESEARCH PROBLEM 

As previously mentioned, there is no cure for PD. Furthermore, the drugs currently 

used to treat the disease, such as levodopa, MAO and COMT inhibitors, suffer from 

several limitations, as discussed above. Although COMT has been identified as a 

promising target for the treatment of PD, the variety of scaffolds of known COMT 

inhibitors are rather limited. These include the nitrocatechols (Figure 1.2), flavonoids 

such as quercetin (Figure 1.3 A), and the pyridones (Figure 1.4).  

 

N

N

N
HN

F
O

OH

      

Figure 1.4: Structure of a pyridone with COMT inhibitory activity. 

 

The nitrocatechols e.g. tolcapone and entacapone, are the only group of compounds 

used clinically as COMT inhibitors to treat PD. (Jatana et al., 2013). Lastly, none of 
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the drugs currently on the market adequately address the multifactorial nature of PD 

(Müller, 2015).  

 

1.3  HYPOTHESIS 

Since virtual, in silico approaches provide a way of identifying novel scaffolds for 

known targets, it is postulated that active, non-nitrocatechol COMT inhibitors will be 

identified among a library of FDA approved drugs using a computational approach, 

which will include the use of pharmacophores, screening a library by fingerprinting 

and molecular docking. Bio-isosteric replacement is also a valuable tool for the 

design of highly selective enzyme inhibitors (Hübner et al., 2000) and may therefore 

be used to identify COMT inhibitors. Furthermore, since the flavonoid quercetin 

shows promise as both COMT and MAO inhibitor (Lakhanpal & Rai, 2007), it is 

hypothesised that structurally related compounds may exhibit similar multi-targeted, 

biological activities.  

 

1.4  AIMS AND OBJECTIVES 

The main aim of this study is to identify non-nitrocatechol COMT inhibitors through 

virtual screening. Additionally, the MAO inhibitory activities of potential hits will be 

assessed in the hope of identifying dual-acting compounds.  

The objectives of this study may therefore be summarized as follows: 

The following approach will be used in the identification of potential COMT inhibitors 

in order to maximize potential hits:  

 Discovery Studio® 3.1 modelling software will be used to construct structure-

based pharmacophore models for COMT using a crystal structure of human 

COMT. In silico screening of a library of FDA approved drugs will then be 

performed to identify possible inhibitors.   

 Secondly, selected compounds from the FDA approved drug library will also 

be docked into the active site of COMT. This approach will also provide 

information regarding possible binding orientations and establish if the 

inhibitor fits within the active site cavity. 
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 The FDA approved drug library will also be screened using a ligand fingerprint 

approach where the structures of known inhibitors will serve as reference 

library in order to identify chemically similar species.  

 A literature survey will be performed to identify bio-isosteres of both phenol 

and catechol. After the identification of these bio-isosteres, the Sigma-Aldrich 

database will be searched and molecules containing these moieties identified. 

 Compounds will then be selected considering the results of above mentioned 

methods. Since kaempferol is visually structurally similar to quercetin, it will be 

added to the selection. Commercial availability, price and molecular weight 

will also be taken into account before purchase of compounds to obtain the 

final hit-list.  

 COMT inhibitory activity will be determined by a fluorescent assay based on 

the literature protocol as described by Aoyama and co-workers (2005). This 

assay is based on the fact that the test inhibitors would decrease the 

formation of normetanephrine from the COMT substrate, norepinephrine   

 The MAO inhibitory activities of hits will be determined using the fluorometric 

method as described by Strydom et al. (2011). The assay is based on the 

measurement of the extent by which an inhibitor reduces the MAO-catalysed 

oxidation of kynuramine to the fluorescent product, 4-hydroxyquinoline. 

 To determine possible binding orientations in the MAO-A and MAO-B active 

sites, screened compounds will also be docked into the active sites of both 

MAO-A and MAO-B using the Discovery Studio® 3.1 modelling software. 

Possible reasons for high or low inhibitory activity will be assessed. 

 Where suitable hits are identified, the mode of inhibition (competitive or non-

competitive) and type of binding (reversible or irreversible) will also be 

assessed for MAO.  
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CHAPTER 2 

LITERATURE STUDY: 

 

2.1  PARKINSON’S DISEASE 

2.1.1  CLINICAL CHARACTERISTICS AND INCIDENCE 

Parkinson’s disease (PD) is an incurable, chronic neurodegenerative disorder that 

mainly affects movement (Müller, 2015). The disease is typified by symptoms such 

as rigidity, tremor at rest, slowness (bradykinesia) and impairment of postural 

balance (Müller, 2015).   

Although PD is mainly considered as a movement disorder, non-motor symptoms 

may also occur. These symptoms include autonomic disturbances such as loss of 

smell, orthostatic hypotension, sensory mutations, depression, sleep disturbances, 

cognitive impairment and dementia (Kakkar & Dahiya, 2015).  

PD is the second most common age related neurodegenerative disorder after 

Alzheimer’s disease and occurs globally in all ethnic groups (Dauer & Przedborski, 

2003). The mean age of onset is 60 years and the median duration (from diagnosis 

to death) of the disease is 15 years. PD affects both sexes, but men are 1.5 times 

more likely to develop PD compared to women. However, this may vary between 

different populations and countries (Lees et al., 2009). In 2009 approximately 5 

million PD cases were reported across the globe (Dorsey et al., 2007; Kakkar & 

Dahiya, 2015) and it is predicted that the prevalence of PD will double by 2030 in the 

aging world population (Dorsey et al., 2007). Therefore, improvements in anti-

parkinsonian treatments are required to maintain quality of life and reduce the socio-

economic burden of the disease (Dorsey et al., 2007).  

 

2.1.2  ETIOLOGY 

Although the cause of PD is still unknown (Müller, 2015), it is believed to be the 

result of a complex interaction between aging and environmental and genetic factors 

(Dorsey et al., 2007). 
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PD commonly occurs in late middle age individuals and the elderly, which indicate 

that aging plays an important role in the etiology of this disease (Dorsey et al., 2007). 

During normal aging, a dopaminergic neuronal loss in the substantia nigra and the 

striatum occurs (Dauer & Przedborski, 2003; Dorsey et al., 2007). However, although 

normal aging can be associated with both degeneration of dopamine and 

dopaminergic loss, the rate of degeneration in individuals with PD is faster 

(Winogrodzka et al., 2001). The exact role of aging in the pathogenesis of PD is still 

unknown, but it is clear that an increase in age is a risk factor for PD (Dorsey et al., 

2007). 

High risk environmental factors may include head injuries, acute and chronic 

exposure to pesticides such as rotenone (Figure 2.1 A) or paraquat (Figure 2.1 B), 

certain occupations and foods (Dorsey et al., 2007). 

Studies have shown that the agricultural pesticide rotenone can activate a 

parkinsonian condition in rodents (rats). However, constant parenteral treatment is 

needed. Rural environments and drinking water derived from wells are also risk 

factors of PD as they are indirectly linked to exposure to pesticides (Betarbet et al., 

2002; Sherer et al., 2002). 
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Rotenone (A)            Paraquat (B) 

Figure 2.1: Structures of agricultural pesticides rotenone and paraquat. 

 

http://en.wikipedia.org/wiki/Rotenone
http://en.wikipedia.org/wiki/Paraquat
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The environmental toxin hypothesis gained credibility with the observation that the 

administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Figure 2.2), 

a toxin that kills dopaminergic neurons in the brain, results in a parkinsonian 

syndrome strikingly similar to the idiopathic disorder in humans. (Betarbet et al., 

2002; Sherer et al., 2002; Yu et al., 2015). 

 

N

 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

Figure 2.2: Example of a toxin used to produce animal models of PD. 

 

Other environmental circumstances that may contribute to disease development 

include family difficulties, such as conflict in the household, social isolation, loss of 

employment, retirement at an early age and financial problems (Dorsey et al., 2007). 

Studies suggest that genetic defects or mutations could play a potential role in the 

etiology of PD. Mutations in α-synuclein, a presynaptical nerve protein, are unlikely 

to cause sporadic and familial PD, but it may account for those with early stage PD 

(Polymeropolous et al., 1997). Evidence suggests that the most common cause of 

monogenic PD is due to mutations in the leucine-rich repeat kinase 2 (LRRK2) gene 

(Healy et al., 2004). Six pathogenic mutations in LRRK-2 have been reported, the 

most common of these, the Gly2019Ser mutation, has a worldwide frequency of 1% 

in sporadic cases and 4% in patients with hereditary parkinsonism (Healy et al., 

2004; Paisán-Ruίz et al., 2004). A person inheriting the Gly2019Ser mutation has a 

28% risk of developing parkinsonism (if the person is younger than 60 years of age), 

and 74% at 79 years of age (Healy et al., 2004). Other genetic factors may include 

mutation of the genes, DJ-1 and Parkin (Dauer & Przedborski, 2003).  

The main etiology of PD remains a mystery at this stage, but as more information is 

acquired, an improved understanding of the underlying causes resulting in the 

symptoms of PD will be gained (Srivatsal et al., 2015). 
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2.1.3  PATHOGENESIS 

The main pathophysiological event of PD is the progressive damage to the 

dopaminergic neurons located in the substantia nigra. This leads to the degeneration 

of dopaminergic neurons and a loss of dopamine in the striatum. The disease is 

further typified by the presence of Lewy bodies which are mainly composed of the α-

synuclein presynaptical protein (Dorsey et al., 2007; Hunn et al., 2014). 

 

 

Figure 2.3: Neuropathology of PD. (A) Schematic representation of the normal 

dopaminergic neurons of the nigrostriatal pathway (in red) and a photograph of the 

normal pigmentation of the SNpc due to neuromelanin. (B) The dopaminergic 

neurons of the diseased nigrostriatal pathway. The dashed line indicates a marked 

loss and the thin red solid line indicates a more modest loss and a photograph of the 

depigmentation of the SNpc. (C) Immunohistochemical labelling of Lewy bodies in a 

SNpc dopaminergic neuron. Immunostaining with an antibody against α-synuclein 

reveals a Lewy body (black arrow) with an intensely immunoreactive central zone 

surrounded by a faintly immunoreactive peripheral zone (left photograph). 

Conversely, immunostaining with an antibody against ubiquitin yields more diffuse 

immunoreactivity within the Lewy body (right photograph) (Dauer & Przedborski, 

2003). 
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Several theories exist regarding the molecular mechanisms which are responsible 

for the degeneration of dopaminergic neurons in patients who suffer from PD. For 

example, it has been suggested that the dysfunction of the mitochondria and 

oxidative stress caused by reactive oxygen species (ROS) can contribute to the 

pathogenesis of PD (Belluzzi et al., 2012). This hypothesis is based on the fact that 

molecular oxygen is consumed during mitochondrial respiration leading to the 

formation of byproducts. These byproducts include hydrogen peroxide and 

superoxide radicals that can cause cellular damage via several reactions, particularly 

in individuals with mitochondrial dysfunction (Belluzzi et al., 2012). 

Several neurodegenerative disorders, including PD, is said to be a result of abnormal 

deposition of proteins in brain tissue. However, it is still unclear whether the 

abnormal proteins directly cause toxicity or if they damage cells during the formation 

of intercellular inclusions (such as Lewy bodies).  

Inflammation of the nervous tissue (neuroinflammation) can lead to 

neurodegeneration as observed in PD (Hirsch et al., 2012). The concentration of 

interleukins (IL-1β and IL-6), tumor necrosis factor-alpha gene (TNF-α) and 

interferon gamma (INF-ƴ), are high in the cerebrospinal fluid (CSF) as well as in the 

basal ganglia in patients with PD (Mogi et al., 1994a, Mogi et al., 1994b). Oxidative 

and nitrated forms of α-synuclein can lead to a microglial response directly and 

release cytotoxic factors (Hirsch et al., 2012). 
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Figure 2.4: Mechanisms of neurodegeneration (Dauer & Przedborski, 2003). 

 

Apoptosis can be described as a form of programmed cell death in which a 

sequence of events leads to the elimination of cells without releasing toxic 

substances into the target area. Evidence suggests the presence of apoptosis in 

neurodegenerative disorders. This is exemplified by conditions associated with 

increased oxidative stress (Hampton & Orrenius, 1997), e.g. hypoxic ischemic brain 

injuries (Li et al., 2015), epilepsy (Leonard & Schapira, 2000) and Alzheimer’s 

disease. The presence of apoptotic-like events in individuals with PD has also been 

suggested (Koppenhöfer et al., 2014). 

Excitotoxicity describes the process by which nerve cells are injured or killed by 

extreme stimulation by excitatory neurotransmitters such as glutamate in the brain 

(Doble, 1999). Although glutamate is required for regular brain function, excessive 

amounts can lead to severe excitotoxicity and even cell death. This increase in 

neurotransmitter stimulation can lead to the damage of cells in neurodegenerative 

diseases such as Alzheimer’s and Huntington’s diseases (Hynd et al., 2004), but its 

contribution to the pathology of PD is still unknown (Van Laar et al., 2015). 
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Neurotrophic factors are responsible for the support and survival of dopaminergic 

neurite outgrowth. It is has been hypothesised that a decrease in the expression of 

one or a combination of these factors could potentiate the degeneration of 

dopaminergic neurons. This is supported by the finding that brain-derived 

neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF) and nerve 

growth factor (NGF) are decreased in the SNpc of patients with PD (Gill et al., 2003; 

Lang & Lozano, 1998). Furthermore, in animals, GDNF and neurturin are protective 

against neurodegeneration (Eslamboli et al., 2005). Presently, neurturin is being 

examined in phase II trials (Yacoubian & Standaert, 2009), while GDNF has been 

evaluated in human trials as antiparkinsonian agents (Lang et al., 2007). 

Current research aim to find the sequence in which these pathological events take 

place and to determine whether these events are the key to solving the pathogenesis 

of PD (Dauer & Przedborski, 2003)  

 

2.2  SYMPTOMATIC TREATMENT OF PARKINSON’S DISEASE 

Since the main characteristic of PD is reduced levels of dopamine (DA) (Figure 2.5) 

in the striatum, treatment is based on either increasing DA levels or effect (by 

administrating the DA precursor amino acid, L-dopa or by inhibiting metabolising 

enzymes such as the monoamine oxidase (MAO) or catechol-O-methyltransferase 

(COMT) enzymes (Brunton et al., 2011). 

 

2.2.1  DOPAMINE 

 

HO

HO

NH2

 

Figure 2.5: Structure of DA. 

 

According to Eidelberg & Pourfar (2011) DA synthesis (Figure 2.6) begins with L-

tyrosine. It is taken up by dopaminergic neurons where it is converted by tyrosine 
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hydroxylase to 3,4-dihydroxyphenylalanine (L-dopa). Dopa decarboxylase (also 

known as aromatic L-amino acid decarboxylase) converts L-dopa to DA in this 

synthetic pathway. DA is actively pumped back (by reuptake) into the nerve terminal, 

after release and interaction with the receptors. COMT and MAO metabolise DA 

resulting in the regulation of its levels in nerve terminals. DA is also a substrate for 

the biosynthesis of norepinephrine and epinephrine (Aminoff, 2009; Eidelberg & 

Pourfar, 2011). 

 

 

Figure 2.6: Schematic illustration of the metabolism and active transport of 

dopamine (Aminoff, 2009; Youdim et al., 2006). 

 

Dopaminergic receptors are classified as D1-D5. The dopamine receptors that are 

particularly important to movement are the D1 and D2 receptors. D1 receptors are 

located in the SNpc and presynaptically on striatal axons projecting from cortical 

neurons and from dopaminergic cells in the SNpc (Aminoff, 2009). D2 receptors on 

the other hand, control the extrapyramidal system (Eidelberg & Pourfar, 2011) and 

are located postsynaptically on striatal neurons and presynaptically on axons in the 

SNpc which belong to neurons in the basal ganglia. Dopaminergic antiparkinsonian 

therapy mainly benefit through D2 receptor stimulation, however D1 stimulation may 

be required for maximum benefit. Drugs which block D2 receptors can induce PD 

(Aminoff, 2009). Unfortunately, dopamine does not have a therapeutic effect in 

patients with PD, since it cannot cross the blood brain barrier (BBB). 
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2.2.2  L-DOPA 

L-dopa or 3,4-dihydroxyphenylalanine (Figure 2.7) is the immediate precursor of DA. 

Whereas dopamine is unable to cross the BBB, L-dopa can be taken up by large 

neutral amino acid (LNAA) transporters and is converted to DA by the enzyme 

aromatic L-amino acid decarboxylase once inside the brain (Aminoff, 2009; Müller, 

2015). 
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Figure 2.7: The structure of L-dopa used as treatment in PD. 

 

L-dopa is administered in high doses when used alone, since only 1-3% enters the 

brain unaltered. The rest of the drug is metabolised extra-cerebrally, mainly by 

decarboxylation to DA, by the enzyme aromatic L-amino acid decarboxylase. 

However, high doses of L-dopa result in unpleasant side effects such as nausea, 

vomiting and even cardiovascular effects and L-dopa is therefore seldom used as 

monotherapy. Combination with decarboxylase inhibitors to minimise the adverse 

effects of high doses is therefore preferred (Aminoff, 2009; Müller, 2015). 

Long-term use of L-dopa is also associated with severe side effects such as the 

development of the “on-off”-effect (fluctuation in movement). The “off”-effect is 

characterised by impaired motor functions. This reappears after the “on”-effect where 

patients show good response with sufficient dopaminergic neurotransmission. 

Dyskinesia (involuntary movements) can be present during the “on” and the “off” 

period (Aminoff, 2009; Müller, 2015). Administration of L-dopa with carbidopa, a 

decarboxylase inhibitor, has the additional benefit of reducing peak plasma levels 

and increasing trough plasma levels of L-dopa. As a result, the peak-trough 

fluctuations are diminished and the “on-off” effect is reduced (Aminoff, 2009). 
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2.2.3  DECARBOXYLASE INHIBITORS 
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  Carbidopa (A)         Benserazide (B) 

Figure 2.8: Structures of decarboxylase inhibitors used as treatment in PD. 

 

Carbidopa (Figure 2.8 A) and benserazide (Figure 2.8 B) can be classified as 

peripheral decarboxylase inhibitors (PDI’s). Carbidopa is administered with L-dopa to 

reduce the peripheral metabolism of L-dopa, thus resulting in an increase in L-dopa 

plasma levels, a longer plasma half-life, and an increase in available L-dopa. The 

daily requirements of L-dopa can thus be reduced if it is taken with a peripheral 

decarboxylase inhibitor leading to a reduction in the side effects associated with the 

use of high doses of L-dopa (Gershanik, 2015). 

 

2.2.4  DOPAMINE AGONISTS 

Dopamine receptor agonists serve as a good alternative for L-dopa since no 

activation by enzymes is required and the duration of action is longer. Unlike L-dopa, 

these drugs offer receptor selectivity, limiting the adverse effects (Kakkar & Dahiya, 

2015). These drugs delay the need for L-dopa therapy, thus lowering the incidence 

of motor fluctuations and dyskinesia associated with L-dopa therapy. They can also 

be used as add-on therapy to L-dopa, especially in patients who developed motor 

complications. As a result the L-dopa dose may be reduced limiting the adverse 

effects of high doses of L-dopa (Aminoff, 2009; Müller, 2015). 

Ergot derived dopaminergic agonists, such as bromocriptine (Figure 2.9 A) and 

pergolide (Figure 2.9 B), used in the treatment of PD, have been replaced with non-

ergoline dopamineric agonists, such as ropinirole (Figure 2.10 A) and pramipexole 

(Figure 2.10 B). Both of these drugs have activity at D2-receptors and little or no 
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activity at D1 receptors, but only pramipexole has affinity for D3-receptors (Aminoff, 

2009; Müller, 2015). 
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Bromocriptine (A)      Pergolide (B) 

Figure 2.9: Structures of ergoline dopaminergic agonists used as treatment in PD. 
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    Ropinirole (A)            Pramipexole (B) 

Figure 2.10: Structures of non-ergoline dopaminergic agonists used as treatment in 

PD. 

 

Adverse effects of DA agonists include hallucinations, confusion, nausea, postural 

hypotension, somnolence and an increase in the incidence of impulse control 

disorders such as pathological gambling, shopping, eating and hypersexuality 

(Kakkar & Dahiya, 2015). However, evidence suggests that only the use of ergolinic 
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DA agonists is associated with the high risk of developing cardiac valve fibrosis, 

therefore non-ergoline DA agonists are better tolerated (Kakkar & Dahiya, 2015). 

Apomorphine (Figure 2.11) can be classified as a non-selective dopamine receptor 

agonist and has a high affinity for all five DA receptors. Apomorphine has a greater 

affinity for D1 receptors and resembles the profile of dopamine better when 

compared to other DA agonists. It also has binding affinities for adrenoreceptors 

(α1D, α2B and α2C) and histamine receptors where it acts as an antagonist (Boyle & 

Ondo, 2015). 
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Figure 2.11: Structure of apomorphine, a non-selective dopamine receptor agonist 

used as treatment in PD. 

 

Apomorphine is used as an effective treatment for the symptoms of PD. Its highly 

lipophilic structure allows it to cross cell membranes rapidly, thus leading to the rapid 

onset of action for “on-off” symptoms of PD (Boyle & Ondo, 2015; Kakkar & Dahiya, 

2015). Due to peripheral side effects the use of apomorphine was limited in the past, 

but with improved delivery systems and medications to control side effects, 

apomorphine is better tolerated (Boyle & Ondo, 2015). 
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2.2.5  AMANTADINE 

 

NH2
 

Amantadine 

Figure 2.12: Structure of amantadine, a NMDA glutamate receptor antagonist used 

as treatment in PD. 

 

Amantadine (Figure 2.12), a N-methyl-D-aspartate (NMDA) glutamate receptor 

antagonist, is used as treatment for L-dopa induced dyskinesia (LID) in PD. 

Amantadine also possesses anticholinergic properties and alters DA release in the 

striatum (Brunton et al., 2011). 

 

2.2.6  ANTICHOLINERGIC DRUGS 

Before L-dopa was discovered, muscarinic acetylcholine receptor antagonists were 

used as treatment in PD. Although the therapeutic effects and the mechanism of 

action of these drugs are not completely clear at this stage, it has been suggested   

that not only do these drugs block the muscarinic receptors in the striatum, but that 

they also inhibit the presynaptic carrier-mediated DA transport mechanism (Brunton 

et al., 2011). 

The anticholinergic drugs, trihexyphenidyl (Figure 2.13 A), benztropine (Figure 2.13 

B) and diphenhydramine (Figure 2.13 C) are most often use as treatment for PD. 

These drugs have shown antagonistic activity at the NMDA receptor, resulting in the 

reversal of akinesia and the potentiation of L-dopa effectivity in animal models of PD. 

Therefore these drugs are used as treatment in early stage PD or as an adjunct to L-

dopa (Brunton et al., 2011).  
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Figure 2.13: Structures of anticholinergic drugs used as treatment in PD. 

 

Other anticholinergic options include biperiden (Figure 2.14 A) and orphenadrine 

(Figure 2.14 B). Biperiden is used in the management of drug-induced acute 

dystonic reactions, since it has anticholinergic activity both centrally and peripherally 

(Brown & Laiken, 2011). Orphenadrine has non-competitive NMDA receptor 

antagonistic properties at the PCP binding site. It also possesses atropine-like 

effects, which contribute to its therapeutic properties (Brunton et al., 2011). 
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Figure 2.14: Structures of alternative anticholinergic drugs used as treatment in PD. 
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2.3.  MONOAMINE OXIDASE (MAO) INHIBITORS  

Since monoamine oxidase (MAO) inhibition is particularly relevant to this study, this 

enzyme, its function and inhibitors will be discussed in detail in the following 

sections.  

 

2.3.1   INTRODUCTION 

 MAO is an enzyme responsible for the metabolism of amines such as DA, 

adrenaline and serotonin. The selective inhibition of the monoamine oxidase B 

(MAO-B) enzyme can reduce the symptoms of PD, and since several studies have 

shown that MAO inhibitors have neuroprotective properties, these agents may have 

additional advantages as antiparkinsonian agents. 

 

2.3.2  GENERAL BACKGROUND 

Mary Hare-Bernheim described the enzyme, tyramine oxidase, which catalysed the 

oxidative deamination of tyramine. A few years later Hugh Blaschko realized that 

tyramine oxidase, noradrenaline oxidase and aliphatic amine oxidase were all the 

same enzyme. This enzyme is capable of metabolising primary, secondary and 

tertiary amines, but does not metabolise diamines such as histamines. Zeller named 

this enzyme mitochondrial MAO (Youdim & Bakhle, 2006; Youdim & Buccafusco, 

2005).   

In 1960 it was discovered that the MAO enzyme consists of two isoforms, namely 

MAO-A and MAO-B. Although MAO-A and MAO-B are two separate enzymes, they 

share a 70% sequence similarity and both enzymes have the same flavin adenine 

dinucleotide (FAD) cofactor (Edmondson et al., 2004). These isoforms further have 

different pH optima and sensitivity to heat inactivation. They also differ in their 

substrate and inhibitor specificities. MAO-B is the isoform which is predominantly 

responsible for the breakdown of dopamine into 3,4-dihydroxyphenylacetic acid, 

homovanillic acid, and also deaminates β-phenylethylamine. The selective inhibition 

of the MAO-B isoform reduces the symptoms of PD, and may even possess 
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neuroprotective qualities (Youdim & Bakhle, 2006). MAO-A inhibition on the other 

hand, results in anti-depressive activity. 

 

2.3.3  THE THREE-DIMENSIONAL STRUCTURE OF MAO 

2.3.3.1 THE CRYSTAL STRUCTURE OF MAO-B 

 

 

Figure 2.15: The structure of MAO-B. (A) The MAO-B monomer: Adjacent to the 

active site cavity (coloured in cyan) is the entrance cavity (coloured in blue). 

Residues 4-460 are coloured red, the C terminal tail, residues 461-500, is coloured 

green. The FAD cofactor is coloured in yellow. The pargyline inhibitor is shown in 

black. (B) Shows a ribbon diagram of the MAO-B dimer, indicating the two 

monomers. (C) Shows a close up view of the membrane binding region in the human 

MAO-B structure. The C-terminal tail is in green (Binda et al., 2002). 

 

The crystal structure of MAO-B (Figure 2.15 A, B) has shown that the enzyme 

crystallises as a dimer. Each monomeric unit contains a membrane binding domain, 
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a flavin-binding domain, and a substrate binding domain (Figure 2.15 A, B) 

(Edmondson et al., 2004). The MAO-B active site consists of two cavities that 

connect the opening to the active site and the site where the flavin binds (Figure 

2.15 A). The cavities, better known as the entrance cavity, with a volume of 290 Å3, 

and a larger hydrophobic substrate cavity, with a volume of 420 Å3, result in a total 

volume of 710 Å3 (Binda et al., 2002). The substrate cavity possesses a flat, 

elongated disc shape with the longer axis orientated perpendicular to the flavin ring. 

The amino acids lining the substrate cavity are mostly aromatic and aliphatic. They 

provide a hydrophobic environment for competitive inhibitors or bound substrates 

and it is assumed that the entry point of the substrate occurs at the surface of the 

outer mitochondrial membrane. A flexible loop, consisting of residues 99 -112, has to 

move for substrates to enter the entrance cavity (Binda et al., 2002).   

The negatively charged membrane surface electrostatically facilitates the attraction 

of the positively charged amine substrates to MAO-B. However, for binding and 

catalysis to occur, the amine must be deprotonated (McEwen et al., 1969; Miller & 

Edmondson, 1999). The hMAO-B active site is narrower than the hMAO-A active 

site. The two cavities, present in the MAO-B active site, are separated by Ile 199 and 

Tyr 326 (Ramsay, 2013) (Figure 2.15 B). Crystallographic data of MAO-B in 

complex with reversible and irreversible inhibitors have shown that, depending on 

the chemical nature and size of the bound inhibitor, the entrance and substrate 

cavity separation is altered (Binda et al., 2002). The conformation of the side chain of 

Ile 199, that can exist in either an “open” or “closed” conformation, controls this 

separation. Thus, residue Ile 199 serves as a “gate” between the two cavities 

(Edmondson et al., 2004; Edmondson et al., 2007). Furthermore, for larger flexible 

inhibitors, Ile 199 would be in an “open position, the cavities would become one, and 

the inhibitor would bind to both the substrate and entrance cavities of the MAO-B 

isoform (Ramsay, 2013). For a small inhibitor, Ile 199 would remain in the “closed” 

position, the cavities would exist as two separate cavities, thus allowing the inhibitor 

to bind to only one cavity.   

Modelling software can be used to visualise the crystal structures of MAO and is 

used to understand the binding of inhibitors to the active sites of these enzymes 

(Ramsay, 2013). Thus, different compounds can be evaluated in advance as 
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potential MAO inhibitors, making it easier to select the most promising compounds 

for further research.  

 

2.3.3.2 THE CRYSTAL STRUCTURE OF MAO-A 

The inhibitor selectivity between MAO-A and MAO-B is due to structural differences, 

including differences in the size and shape of the substrate/inhibitor cavities. For 

example, the hMAO-A cavity is restricted by Ile 335 and Phe 208, where as the 

cavities of hMAO-B is restricted by Tyr 326 and Ile 199.   

 

 

Figure 2.16: The structure of human MAO-A as well as a binding model of MAO-A to 

the mitochondrial outer membrane. (A) The MAO-A structure can be divided into two 

domains, the extra-membrane domain (yellow and red), and the membrane binding 

domain (blue). The FAD binding region (yellow), and the substrate/inhibitor binding 

region (red). The FAD cofactor (black) and harmine (green) are also shown (Son et 

al., 2008). (B) Shows the positively charged residues Arg 129, His 148, Lys 151, Lys 

163, Arg 493, Lys 503, Lys 520, and Lys 522. It is presumed that these residues 

interact with the phospholipid hydrophilic head group at the membrane surface, 

shown in the blue transparent areas. The upper area represents the cytosolic side 

(Son et al., 2008). 

 

In contrast to hMAO-B, hMAO-A crystalises as a single monomer, and the active site 

only consists of a single cavity, the substrate cavity. The substrate cavity of hMAO-A 
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has a volume of 550 Å3 and is wider than the cavity of hMAO-B (Edmondson et al., 

2007; Ramsay, 2013). The active site cavity of hMAO-B would thus be able to 

accommodate larger inhibitors than that of hMAO-A.  

According to Son and co-workers (2008), mutation of Gln 110 of loop 108-118, may 

cause a reduction in the activity of the MAO-A enzyme, unless the enzyme is 

anchored to the membrane. Furthermore, it has been suggested that the flexibility of 

loop 108-118 is very important to allow the substrate access into the hMAO-A active 

site (Edmondson et al. 2007; Son et al., 2008). The C-terminal anchoring the 

enzyme is an important feature that is required for its biological functions (Figure 

2.16 A, B).  

 

2.3.4  BIOLOGICAL FUNCTION AND IN VITRO MEASUREMENTS OF  

  MAO ACTIVITY 

MAO-A and MAO-B are flavoproteins of the outer mitochondrial membrane and 

catalyse the oxidation of amines to imine (Figure 2.17), which is then further 

metabolised to aldehydes and amines. Therefore, it is assumed that in the peripheral 

and central nervous systems, intraneuronal MAO-A and MAO-B protect the neurons 

form exogenous amines, terminate the actions of neurotransmitters and regulate the 

contents of intracellular amine stores (Youdim et al., 2006). 

  

 

Figure 2.17: MAO-catalysed reactions (Nicotra & Parvez, 1999). 

 

According to Nicotra & Parvez (1999) (Figure 2.17) the first step for a MAO 

substrate is the deamination to yield the corresponding imine (RCH=NH). The 

second step is the hydrolysis of the imineto produce an aldehyde (RCHO) and 

ammonia (NH3). The aldehyde is further metabolised, forming the corresponding 

acid or alcohol. Molecular oxygen reoxidises the cofactor, E-FADH2, to produce 
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hydrogen peroxide. Thus, MAO activity can be measured by monitoring the 

disappearance of the amine substrate, the consumption of oxygen, the formation of 

the aldehyde, or by monitoring ammonia and hydrogen peroxide formation (Nicotra & 

Parvez, 1999). The methods used may be continuous or discontinuous, and may 

include radiometric, fluorometric, luminometric, chromatographic, polarographic and 

spectrophotometric assays (Nicotra & Parvez, 1999). 

Figure 2.17 is only applicable to primary monoamines, since ammonia is not 

generated during the metabolism of secondary and tertiary monoamines. It is also 

important to note that the metabolism of Parkinson-inducing MPTP does not result in 

the formation of ammonia or aldehydes (Nicotra & Parvez, 1999; Singer et al., 1986; 

Singer & Ramsay, 1995).  

 

2.3.5  THE ROLE OF MAO IN NEUROLOGICAL DISEASES 

2.3.5.1 THE ROLE OF MAO-A INHIBITION IN DEPRESSION 

Since both noradrenaline and serotonin (the monoamines implicated in depressive 

illness) are substrates of MAO-A, MAO-A inhibitors can be used to treat depression 

(Bonnet, 2003).  Selective reversible inhibitors of MAO-A, including moclobemide, 

have antidepressant activity and may also improve vigilance, psychomotor speed 

and long-term memory (Bonnet, 2003). Furthermore, reversible MAO-A inhibitors, 

unlike irreversible inhibitors, do not cause liver toxicity or the “cheese reaction” 

(Figure 2.18) (Youdim et al., 2006). The “cheese reaction” is due to the presence of 

tyramine in many fermented foods, including cheese. Tyramine is a MAO-A 

substrate, and with irreversible MAO-A inhibition, systemic tyramine concentrations 

are elevated.  Tyramine increases noradrenaline release and the consequence of 

this can be a severe hypertensive reaction (Youdim & Weinstock, 2004). 
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Figure 2.18: The mechanism of tyramine uptake and induced noradrenaline release 

from peripheral adrenergic neurons in response to irreversible inhibition of MAO-A in 

the small intestine, blood vessels and adrenergic neurons (Youdim & Weinstock, 

2004). 

 

Care must further be taken to not combine MAO inhibitors (especially MAO-A 

inhibitors) with tricyclic antidepressants or serotonin-selective reuptake inhibitors, as 

these combinations can cause the serotonin syndrome (Bonnet, 2003). The 

serotonin syndrome is the result of an excess of serotonergic agonism of the central 

nervous system receptors as well as the peripheral serotonergic receptors. 

Symptoms may include tremor, diarrhoea, delirium, neuromuscular rigidity and in life-

threatening cases hyperthermia (Boyer & Shannon, 2005). 
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2.3.5.2  THE ROLE OF MAO-B INHIBITION IN PARKINSON'S DISEASE 

 

 

Figure 2.19: Reaction pathway of monoamine metabolism by oxidative deamination 

by mitochondrial MAO. The primary product of MAO acting on a monoamine is the 

corresponding aldehyde, usually rapidly further oxidised by aldehyde dehydrogenase 

(ADH) to a carboxylic acid, which is the final excreted metabolite. Note also that the 

FAD-FADH2 cycle generates hydrogen peroxide which itself requires inactivation by 

catalase or, in the brain, glutathione peroxidase (Youdim & Bakhle, 2006). 

 

MAO inhibitors inhibit the metabolism of monoamines such as dopamine, resulting in 

an increase in dopamine concentrations in the brain. This may providie symptomatic 

relief in PD. Furthermore, in PD, the sites of neuronal death in the brain are also the 

sites where iron accumulates (Mandel et al., 2005; Zecca et al., 2004). Oxidative 

stress appears to be the link between MAO, iron and neuronal damage. The by-

product of MAO oxidation of monoamines is hydrogen peroxide (Figure 2.19) which 

is inactivated by GSH, mainly in the brain. The central GSH levels in PD are low, and 

the accumulated hydrogen peroxide thus becomes available for the Fenton reaction 

(Youdim & Bakhle, 2006). In the Fenton reaction, Fe2+ generates an active free 

radical, the hydroxyl radical, from hydrogen peroxide (Youdim & Bakhle, 2006). This 

radical depletes cellular antioxidants, and damages lipids, proteins and DNA. MAO 

inhibitors therefore not only increase the concentration of amines such as dopamine 

by inhibiting their metabolism, but also decrease the formation of H2O2, thus 

reducing the formation of hydroxyl radicals and oxidative stress. As a result, MAO 

inhibitors may prevent the neuronal damage caused by MAO-derived oxidative 

stress and hydroxyl radicals (Youdim & Bakhle, 2006).   
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Brain MAO and iron levels increase with aging, thus resulting in elevated levels of 

both components of the Fenton reaction. Furthermore, this potentiates the 

production of hydroxyl radical formation. This observation provides a further rationale 

for the inhibition of MAO in the aged Parkinsonian brain (Mandel et al., 2005; Youdim 

& Bakhle, 2006). 

 

2.3.6  INHIBITORS OF MAO-B 

2.3.6.1 IRREVERSIBLE INHIBITORS OF MAO-B 

Selegiline (Figure 2.20) and rasagiline (Figure 2.21) are the two MAO-B inhibitors 

that are currently approved for use in the treatment of PD. These drugs can be used 

as monotherapy or as adjunctive therapy to relieve parkinsonian symptoms 

(Fernandez & Chen, 2007). 

 

SELEGILINE (l-DEPRENYL/(R)-DEPRENYL) 

 

N

CH3

CH
CH3

 

Figure 2.20: The structure of selegiline used as treatment in PD. 

 

Patients, who have been treated with selegiline (Figure 2.20), show a delay in the 

emergence of disability and in the development of symptoms and signs associated 

with PD (Olanow et al., 1995). Selegiline also shows neuroprotective potential and 

reduces oxidative stress (in vitro) associated with the MAO-catalysed metabolism of 

DA and glutamate-induced toxicity (Cohen & Spina, 1989; Mytilineou et al., 1997).  

During the metabolism of selegiline, neurotoxic amphetamine-derived metabolites, 

including L-amphetamine and L-methamphetamine, are formed. Adverse effects 

related to selegiline and its metabolites may include dizziness, dyskinesia, and even 
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cardiovascular, psychiatric and some motor adverse effects (Churchyard et al., 1997; 

Fernandez & Chen, 2007; Montastruc et al., 2000; Pålhagen, et al., 2006). 

 

RASAGILINE 

 

NH

 

Figure 2.21: The structure of rasagiline used as treatment in PD. 

 

Rasagiline (Figure 2.21) can be classified as a second generation MAO-B inhibitor.  

Rasagiline is recommended for adjunctive therapy to reduce the “off”-time 

associated with motor fluctuations in PD patients. Rasagiline inhibits degeneration of 

dopaminergic nigral cells of non-human primates and MPTP-treated mice, thus, 

indicating a neuroprotective effect in MPTP-induced parkinsonism (Chen & Swope, 

2005; Kupsch et al., 2001; Youdim et al., 1999).  

Rasagiline also has anti-apoptotic and antioxidant potential. Furthermore, it is 

reported that rasagiline is safer to use than selegiline, as it is not metabolised to yield 

toxic amphetamine-derived metabolites. In general rasagiline is well tolerated and it 

is not associated with vasoreactive or psychiatric adverse effects (Fernandez & 

Chen, 2007). 
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PARGYLINE 

 

N

CH3

CH

 

Figure 2.22: The structure of pargyline. 

 

Pargyline (Figure 2.22) is a selective irreversible inhibitor of the MAO-B isoform 

(Yamada & Yasuharaz, 2004). Pargyline has neuroprotective activity in MPTP-

treated mice (Kumagai et al., 1999) as well as in 6-OHDA-treated rodents (Aristieta 

et al., 2012). Although this drug may be used to reduce the symptoms of PD, some 

side effects may be expected as it is an irreversible inhibitor of the MAO-B isoform. 

 

LADOSTIGIL 
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O
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Figure 2.23: The structure of ladostigil. 

 

Ladostigil (Figure 2.23) is currently in phase II clinical studies for the treatment of 

PD. In addition to its irreversible inhibition of MAO-A and MAO-B, ladostigil is a 

cholinesterase inhibitor. Studies have indicated that ladostigil selectively inhibits 

MAO-A and MAO-B in the brain, thus allowing tissue-selective irreversible inhibition 

in the brain without inhibition of MAO-A and MAO-B in the gut or liver (Mandel et al., 

2005; Sagi et al., 2005). Ladostigil may also have antidepressant activity since it 

increases noradrenalin, serotonin and DA in the hippocampus and striatum of rat 

and mouse animal models. According to Sagi and co-workers (2005) ladostigil 

prevents striatal neurodegeneration and DA depletion induced by MPTP in a mouse 
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model. Ladostigil also has anti-apoptotic properties and it may be used to reduce the 

symptoms of PD (Mandel et al., 2005; Youdim & Bakhle, 2006).  

 

2.3.6.2 REVERSIBLE INHIBITORS OF MAO-B 

LAZABEMIDE 

 

N

Cl

O

NH
NH2

 

Figure 2.24: The structure of lazabemide. 

 

According to Youdim & Bakhle (2006), lazabemide (Figure 2.24) is the only 

reversible, selective MAO-B inhibitor on the market used as treatment for PD. 

Lazabemide does not cause the “cheese reaction”, and should have fewer side 

effects than the irreversible and non-selective MAO inhibitors (Youdim & Bakhle, 

2006). 

Furthermore, lazabemide can be used to treat therapy resistant depression when 

combined with a reversible MAO-A inhibitor and it also can prevent 

neurodegeneration and DA depletion induced by the neurotoxin, MPTP, in mouse 

models of PD (Youdim & Bakhle, 2006). 
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SAFINAMIDE 
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Figure 2.25: The structure of safinamide. 

 

Safinamide (Figure 2.25) is an α-aminoamide derivative that shows potential as a 

selective, reversible MAO-B inhibitor and as well as a DA reuptake inhibitor (Binda et 

al., 2002; Fernandez & Chen, 2007; Stocchi et al., 2012). Furthermore, studies have 

shown that safinamide treatment can improve motor scores in PD patients. 

Safinamide can also be used in combination with DA replacement therapy to 

improve cognitive function (Binda et al., 2002; Fernandez & Chen, 2007; Stocchi et 

al., 2012). 

 

2.3.7  INHIBITORS OF MAO-A 

2.3.7.1 IRREVERSIBLE INHIBITORS OF MAO-A 

Irreversible inhibitors of MAO-A include clorgyline (Figure 2.26 A), tranylcypromine 

(Figure 2.26 B) (also inhibits MAO-B) and phenelzine (Figure 2.26 C) (also inhibits 

MAO-B). These inhibitors are rarely used due to their ability to cause the “cheese 

reaction” (Youdim & Bakhle, 2006). 
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Tranylcypromine (B)                 Phenelzine (C) 

Figure 2.26: The structures of clorgyline, tranylcypromine and phenelzine. 

 

Iproniazid (Figure 2.27) was the first MAO inhibitor used successfully to treat 

depressive illness. However, iproniazid may cause serious side effects including the 

”cheese reaction" and liver toxicity, limiting its use (Youdim et al., 2006; Youdim & 

Bakhle, 2006).  
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Figure 2.27: The structure of iproniazid. 
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2.3.7.2 REVERSIBLE INHIBITORS OF MAO-A 

MOCLOBEMIDE AND BROFAROMINE 

 

Cl

O

NH
N

O

  

O

NH

O
H3C

Br
 

         Moclobemide (A)         Brofaromine (B) 

Figure 2.28: The structures of moclobemide and brofaromine. 

 

Moclobemide (Figure 2.28 A) and brofaromine (Figure 2.28 B) are both selective 

reversible MAO-A inhibitors with antidepressant activity. These drugs seem to be 

well-tolerated and have less side effects than the irreversible MAO-A inhibitors. Both 

of these inhibitors also increase DA release; however it does not alter the steady 

state levels of DA in the brain. Studies conducted by Youdim and Weinstock (2004) 

have shown that, when moclobemide was given in combination with levodopa, it had 

a mild symptomatic effect on motor functions in PD. 

Furthermore, moclobemide also improves vigilance, psychomotor speed and long 

term memory (Bonnet, 2003). Moclobemide is used in therapy resistant depression 

and can also be used to treat depression in PD (Youdim & Bakhle, 2006; Youdim et 

al., 2006). 

 

2.4  CATECHOL-O-METHYLTRANSFERASE INHIBITORS (COMT) 

2.4.1  INTRODUCTION 

Since COMT inhibition is particularly relevant to this study, this enzyme, its function 

and inhibitors will be discussed in detail in the following sections.  

The COMT enzyme can be defined as a major catabolic regulator of synaptic 

catecholamine neurotransmitters and catalyses the transfer of a methyl group to 

catecholamines, thus leading to a decrease in the concentrations of 
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neurotransmitters such as dopamine, norepinephrine and epinephrine (Ma et al., 

2013; Männistö & Kaakkola, 1999; Williams et al., 2007). Inhibition of COMT results 

in a decrease in the clearance of L-dopa and dopamine (Männistö & Kaakkola, 

1999), thus leading to a maintained level of dopamine in the brain and increased L-

dopa efficacy (Ma et al., 2013, Männistö & Kaakkola, 1990). The study of COMT 

inhibitors is important since they, in addition to their symptomatic potential, has the 

promise of possessing neuroprotective qualities (Cools, 2006). 

 

2.4.2  GENERAL BACKGROUND 

In 1958, the enzyme that catalyses the O-methylation of catechols, such as 

catecholamines, was first described by Axelrod and co-workers (Axelrod & 

Tomchick, 1958; Männistö & Kaakkola, 1999). As mentioned earlier, COMT is a 

major catabolic regulator of synaptic catecholamine neurotransmitters and catalyses 

the transfer of a methyl group to catecholamines (Ma et al., 2013; Männistö & 

Kaakkola, 1999; Williams et al., 2007). COMT exists in two forms. The soluble (S-

COMT) isoform is present at high levels in the majority of tissues while the 

membrane-bound (MB-COMT) isoform is prevalent in the brain (Jatana et al., 2013). 

A 50 residue long extension in the MB-form, which is the signal sequence for 

membrane anchoring, is the only difference between the two isoforms (Ma et al., 

2013). MB-COMT may be more relevant in inactivation of catecholaminergic 

neurotransmitters, whereas S-COMT plays a more important role in inactivation of 

endogenous and xenobiotic catechols in other tissues (Ma et al., 2013; Männistö & 

Kaakkola, 1999).  

The first COMT inhibitors were introduced between 1958 and 1975, and are 

extensively reviewed by Guldberg and Marsden (Männistö & Kaakkola, 1999). In the 

late 1980s, research interest in COMT inhibition was renewed with the introduction of 

the selective second-generation COMT inhibitors (Männistö & Kaakkola, 1990, 

1999). Soon after, the structures of the two isoforms of COMT were defined, leading 

to the cloning of the COMT polypeptide cDNAs (Männistö & Kaakkola, 1999).  
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2.4.3  STRUCTURE AND CATALYTIC MECHANISM OF COMT 

S-COMT of both human and rat contain 221 amino acids with a molecular mass of 

24.8 and 24.4 kDa, respectively. There is an 81% similarity between the human S-

COMT and the corresponding rat enzyme (Lundström et al., 1995; Männistö & 

Kaakkola, 1999).  A total of 17 amino acids in rat and 20 in human MB-COMT 

operate as hydrophobic membrane anchors (Lundström et al., 1995; Männistö & 

Kaakkola, 1999). The rest of the MB-COMT molecule is suspended on the 

cytoplasmic side of the intracellular membranes (Lundström et al., 1995; Männistö & 

Kaakkola, 1999). 

Magnesium(II) ions and the cofactor, S-adenosyl-L-methionine (AdoMet/SAM), are 

essential requirements for the methylation of catechol substrates by the COMT 

enzyme. Early kinetic studies with the partially purified enzyme suggested several 

different catalytic mechanisms, including the ping−pong mechanism or the rapid 

random equilibrium mechanism (Kiss & Soares-da-Silva, 2014).  

Woodard and co-workers (1980) concluded that the mechanism is sequentially 

ordered and that the methylation reaction proceeds in a single step via a tight SN2-

type transition state in inversion mode without the involvement of a methylated 

enzyme intermediate (Kiss & Soares-da-Silva, 2014; Woodard et al., 1980).  

The soluble form of recombinant rat COMT in complex with the methyl donor 

AdoMet, a magnesium(II) ion, and a simple tight-binding nitrocatechol  (3,5-

dinitrocatechol, 3,5-DNC) was successfully co-crystallised more-or-less three 

decades after Axelrod’s pioneering work (Kiss & Soares-da-Silva, 2014; Vigren et al., 

1991). A number of other crystallographic structures of human and rat S-COMT 

bound to various inhibitors have also been crystallised (Kiss & Soares-da-Silva, 

2014; Ma et al., 2013). 
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Figure 2.29: Rat S-COMT in complex with the methyl donor AdoMet, the Mg2+ ion 
and ligand 19: (A) schematic representation of the 3D structure of the protein; (B) 
enlarged view of the catalytic site (Kiss & Soares-da-Silva, 2014). 

 

Analysis of the crystal structures revealed that the structural fold of human and rat S-

COMT is similar. The overall structure of rat S-COMT in complex with 3,5-DNC and 

the enlarged view of the catalytic site are shown in Figures 2.29 A and B, 

respectively. COMT possesses a single domain, a mixed α/β-protein structure in 

which the eight α-helices surrounds the seven-stranded central β-sheet core (Figure 

2.29 A). The active site of COMT consists of the catalytic region with the 

magnesium(II) ion and the AdoMet binding domain. The cofactor, AdoMet, can be 

found in a buried cleft, whereas the substrate binding site occupies a shallow groove 

on the outer surface of the protein (Figure 2.30). It has been found that AdoMet is 

the first ligand to bind to the enzyme, followed by the magnesium(II) ion and lastly by 

the substrate (Kiss & Soares-da-Silva, 2014).  
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Figure 2.30: Molecular surface of COMT shown in green with the methyl donor 
AdoMet and 3,5-DNC represented in sticks. The Mg2+ ion is depicted in magenta 
(Kiss & Soares-da-Silva, 2014). 

 

The major molecular interactions with the protein are shown in Figure 2.29 B. The 

adenine ring of AdoMet forms hydrogen bonds with Ser 119 and Glu 120, and van 

der Waals interactions with Ile 91, Ala 118 and Trp 143 are further observed (Kiss & 

Soares-da-Silva, 2014). 

Hydrogen bonds between residues Val 42, Ser 72, and Asp 141 and the methionine 

fragment of AdoMet are also present. The magnesium(II) ion has no interaction with 

the cofactor AdoMet and is located in the centre of the catalytic site. It is octahedrally 

coordinated to the oxygen atoms of the side chains of aspartic acid residues Asp 141 

and Asp 169 and asparagine residue Asn 170. Furthermore, another coordination 

site is occupied by a molecule of water (Kiss & Soares-da-Silva, 2014).  

The fifth and sixth coordinating orbits of the magnesium(II) ion are chelated to each 

of the two hydroxyl groups belonging to the catechol substrate. The magnesium(II) 

ion lowers the substrate pKa, thus, facilitating the deprotonation of the more acidic 

hydroxyl group of the catechol nucleus by Lys 144. AdoMet is able to methylate the 

resultant phenolate anion immediately (Kiss & Soares-da-Silva, 2014). 

Hydrogen bonding interactions between the hydroxyls of the catechol ring and the 

side chains of Glu 199 and Lys 144 have also been identified. The so-called 

hydrophobic “gatekeeper” residues (Trp 38, Trp 143, Pro 174 and Leu 198), maintain 

the substrate correctly positioned for methylation by making favourable interactions 
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with the catechol ring. For high binding affinity, the interaction of the catechol ring 

with Trp 38 is essential. Furthermore, the replacement of Trp 38 with arginine in pig 

COMT dramatically decreases the binding affinity of the catechol substrate (Kiss & 

Soares-da-Silva, 2014).  

Utilising these observations, several families of inhibitors have been designed and 

synthesised (Kiss & Soares-da-Silva, 2014; Ma et al., 2013). The analysis of the 

crystal structures clearly suggest that COMT can interact well with various types of 

inhibitors incorporating the catechol pharmacophore. The catechol ring binds to the 

enzyme in a groove at the surface of the protein while the side chain extends out of 

the catalytic site cavity toward the solvent region. Furthermore, this side chain can 

be a target for optimization of the pharmacokinetic profile of the inhibitor (Kiss & 

Soares-da-Silva, 2014).  

However, the design of non-catechol inhibitors are more challenging and the limited 

number of scaffolds identified with COMT inhibitory activity bears testament to this 

(Männistö & Kaakkola, 1999). According to Kiss and Soares-da-Silva (2014) the 

replacement of the nitro group with other electron withdrawing groups (EWGs) (e.g., 

cyano) can result in highly potent trisubstituted COMT inhibitors in vitro, but it has 

been reported that some exhibited shorter in vivo half-lives than their disubstituted 

nitrocatechol analogues. The fact that the active site is close to the surface of the 

protein is problematic in this case, as the possible interactions with available 

residues are limited. Another factor which makes COMT a rather difficult target is the 

fact that the conformation of the enzyme keeps changing as the magnesium, 

cofactor and substrate binds (Kiss & Soares-da-Silva, 2014; Männistö & Kaakkola, 

1999). 

 

2.4.4  THE ROLE OF COMT INHIBITION IN PARKINSON’S DISEASE 

The current most effective combination for treating patients with PD involves the co-

administration of COMT inhibitors with L-dopa therapy (Aminoff, 2009; Kaakkola, 

2000).  

COMT inhibitors are added as an adjunct to L-dopa therapy for several reasons such 

as a decrease in L-dopa elimination, an increase in the area under the concentration 
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time curve (AUC) of L-dopa, a reduction in the formation of 3-O-methyldopa (3-

OMD), improvement in the delivery of L-dopa to the brain, a reduction in the L-dopa 

dose and improvement in the clinical response to L-dopa (Kaakkola, 2000; Männistö 

& Kaakkola, 1999).  

The predominant metabolic pathway for L-dopa elimination includes O-methylation  

to produce 3-OMD. The formation of 3-OMD occurs mainly in the peripheral organs, 

such as the liver, the kidney and the gut, where the highest activity of COMT is also 

observed. Although 3-OMD possesses a long elimination half-life, during chronic L-

dopa therapy it has no therapeutic value. 3-OMD is said to be associated with the 

fluctuations caused by L-dopa therapy and may even be in competition with L-dopa 

for the transport across the intestinal mucosa and the BBB (Kaakkola, 2000; 

Männistö & Kaakkola, 1999).  

By inhibiting central COMT, the conversion of L-dopa to 3-OMD and the metabolism 

of DA to 3-methoxytyramine will be inhibited, resulting in higher levels of L-dopa 

response and activity (Kaakkola, 2000, Männistö & Kaakkola, 1999).  

 

 

Figure 2.31: Schematic illustration of the metabolism of L-dopa via COMT and MAO 

pathway (Kiss & Soares-da-Silva, 2014).  
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The action of other compounds with a catechol structure can also be prolonged by 

COMT inhibition. Apomorphine is a dopaminergic agent with antiparkinsonian activity 

which can be defined as one of these drugs with a catechol structure that undergoes 

O-methylation (Kaakkola, 2000). Although Symes and co-workers (1975) indicated 

that COMT inhibition can increase the bioavailability and the dopaminergic effects of 

apomorphine, no clinical results of the combination of apomorphine and a COMT 

inhibitor are currently available (Kaakkola, 2000; Männistö & Kaakkola, 1999). 

 

2.4.5  COMT INHIBITORS 

2.4.5.1 FIRST-GENERATION COMT INHIBITORS 

Early COMT inhibitors include pyrogallol and its derivatives, catechol derivatives, 

tropolones, 8-hydroxyquinolines, iodophenol derivatives, 3-mercaptotyramine, S-

adenosylhomocysteine, pyridoxal-5'-phosphate, I-ascorbic acid, sulfhydryl binding 

agents, gallates and U-0521 (3’,4’-dihydroxy-2-methyl-propiophenone) (Guldberg & 

Marsden, 1975). These compounds showed adequate in vitro enzyme inhibition, 

however, their efficacy in vivo is low. They are also short acting, lack selectivity and 

high toxicity levels are frequently observed (Guldberg & Marsden, 1975). These early 

COMT inhibitors have poor oral bioavailability profiles and are thus excluded from 

routine clinical use (Guldberg & Marsden, 1975; Männistö & Kaakkola, 1999). 

Furthermore, a trial with butylgallate and U-0521 was performed in combination with 

L-dopa therapy in PD, but results were disappointing and these compounds are thus 

not clinically useful (Kaakkola, 2000; Männistö & Kaakkola, 1990, 1999).  

 

2.4.5.2 SECOND-GENERATION COMT INHIBITORS 

Three laboratories independently developed very potent, highly selective, and orally 

active COMT inhibitors. In most of these molecules, the nitrocatechol moiety is 

present.  
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Figure 2.32: Structure of nitrocatechol. 

 

The new COMT inhibitors can be divided into three groups:  

1) The mainly peripherally acting compounds. 

2) The broad-spectrum compounds working in both the periphery and the brain. 

3) The atypical compounds, probably acting in the brain.  

This classification was derived from comparative studies done by Männistö and co-

workers (Männistö & Kaakkola, 1999), where the decrease in plasma and brain 

concentration of 3-OMD was used as a marker for peripheral COMT inhibition. On 

the other hand, the decrease in brain homovanillic acid (HVA) and 3-

methoxytyramine concentrations, after pargyline treatment, were used as an 

indication of  COMT inhibition in the brain (Männistö & Kaakkola, 1999).  

Available second-generation COMT inhibitors include tolcapone (Figure 2.33 A) and 

entacapone (Figure 2.33 B). Both were introduced into clinical practice for PD in the 

late 1990’s (Männistö & Kaakkola, 1999; Müller, 2015).  

From a pharmacological point of view, tolcapone appears to be more efficacious 

than entacapone, with higher inhibition of COMT activity, central action and a longer 

duration of action after oral administration to rats and humans (Männistö & Kaakkola, 

1999; Müller, 2015). Tolcapone was introduced before entacapone and, similar to 

entacapone, may induce dyskinesia to a considerable extent, depending on the 

design of the trial. Repeated dosing of L-dopa is known to result in an increase of 

maximum concentration and bioavailability in plasma (Müller, 2015). Tolcapone 

possesses the ability to reduce motor symptoms to a similar extent in comparison 

with the dopamine agonists, bromocriptine and pergolide. However, the quality of life 

scores are significant better with tolcapone use due to fewer dopamine agonist 

related side effects.  
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From November 1998 until April 2004 tolcapone was temporarily withdrawn after 

three fatal cases of hepatotoxicity occurred. Soon after it was approved again as 

therapy in PD, however, the administration of tolcapone is now restricted to 

prescription and supervision by physicians experienced in the management of 

advanced PD. Furthermore, liver function tests must be carried out on a regular 

basis (Müller, 2015). It is now known that mutations in the UDP-

glucuronosyltransferase 1A9 gene, which leads to defective glucuronidation activity, 

can predispose for hepatotoxicity caused by tolcapone (Müller, 2015). Furthermore, 

patients with PD must fail to respond or be intolerant of other COMT inhibitors before 

tolcapone therapy is initiated (Müller, 2015). 

Entacapone is the only peripherally acting COMT inhibitor and was initially given as 

an extra tablet with each L-dopa or periheral decarboxylase inhibitor (PDI) dose. It 

improves the efficacy of L-dopa on motor impairment, and especially reduces “off"-

time in patients with fluctuating PD (Männistö & Kaakkola, 1999; Müller, 2015). 

Although entacapone is generally well tolerated in the treatment of PD, adverse 

effects may include a harmless discoloration of the urine, diarrhoea which may occur 

up to 2–4 months after initial treatment and dyskinesia (Männistö & Kaakkola, 1999; 

Müller, 2015).  
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      Tolcapone (A)                  Entacapone (B) 

Figure 2.33: Structures of second-generation COMT inhibitors used as treatment for 

PD. 

 

Striatal dopamine can be metabolised by both COMT and MAO-B. Thus, central 

COMT inhibition with tolcapone alone or in combination with MAO-B inhibition might 



47 
 

provide a symptomatic benefit for patients not receiving L-dopa (Männistö & 

Kaakkola, 1999; Müller, 2015).  

 

2.5 THE ROLE OF FLAVONOIDS IN NEURODEGENERATIVE 

DISORDERS  

2.5.1  INTRODUCTION 

Flavonoids are a group of natural substances with variable phenolic structures and 

can be found in fruits, vegetables, grains, bark roots, stem, flowers, tea and wine 

(Lakhanpal & Rai, 2007; Middleton, 1998). 

Flavonoids occur as aglycones, glycosides and methylated derivatives. The 

flavonoid aglycone (Figure 2.34) consists of a phenyl ring (A) condensed with a six 

membered ring (C), which in the 2-position carries a phenyl ring (B) as a substituent 

(Lakhanpal & Rai, 2007; Narayana et al., 2001). 
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Figure 2.34: The basic structure of flavonoids (Lakhanpal & Rai, 2007). 

 

Flavonoids can be divided into various classes based on their molecular structures 

(Lakhanpal & Rai, 2007). The six-member ring condensed with the phenyl ring can 

be either a pyrone (flavonols and flavonones) or its dihydro-derivative (flavanols and 

flavanones). Furthermore, the position of the benzenoid substituent divides the 

flavonoid class into flavonoids (2-position) and isoflavonoids (3-position). The 

structure of flavonols differs from flavonones with regards to the hydroxyl group on 

the 3-position and the C2-C3 double bond (Havsteen, 1983; Lakhanpal & Rai, 2007). 

Flavonoids are usually hydroxylated in position 3, 5, 7, 2’, 3’, 4’, 5’. Flavonoids 

(Figure 2.35, Table 2.1) can be divided into seven major groups (Lakhanpal & Rai, 

2007; Murphy et al., 2003).   
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Figure 2.35: A diagram of the major classes of the flavonoids (Lakhanpal & Rai, 

2007; Murphy et al., 2003). 

 

 

Table 2.1: The seven main groups of flavonoids, examples and structures 

(Lakhanpal & Rai, 2007; Murphy et al., 2003). 

 

Groups Compounds Structure 

 

 

Flavonols 

Quercetin  

Kaempferol  

Myricetin  

Isorhamnetin  

Quercetagetin  

 

O

O

OH

 

 

 

 

 

Flavones 

Tangeretin 

Heptamethoxyflavone 

Nobiletin 

Sinensetin 

Quercetogetin 

Chrysin 

Apigenin 
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Luteolin 

Diosmetin 

Triacetin 

O

O
 

 

 

Flavanones 

Naringenin  

Eriodictyol  

Hesperetin  

Dihydroquercetin  

Dihydrofisetin  

Dihydrobinetin  

O

O
 

 

Flavanols 

Silibinin  

Silymarin  

Taxifolin  

Pinobanksin  
O

OH

HO OH

OH

OH

 

 

 

 

Catechins 

(Proanthocyanidins) 

(+) Catechin  

Gallocatechin  

(-) Epicatechin  

Epigallocatechin  

Epicatechin 3-gallate  

Epigallocatechin  

3-gallate  

 

O

OH

HO OH

OH

OH

 

 

Isoflavones 

Daidzein  

Genistein  

Glycitein  

O
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Anthocyanins 

Cyanidin  

Delphinidin  

Malvidin  

Pelargonidin  

Peonidin  

Petunidin  

O+

HO

HO

OH

OH

 

 

Naturally occurring flavonoids have attracted attention over the years because of a 

variety of beneficial effects (Lee et al., 2001). These effects may include, antioxidant 

activity (La Casa et al., 2000), MAO-B inhibitory activity (Lee et al., 2001), platelet 

aggregation, anti-HIV activity (De Clercq, 2000), antibacterial activity (Alcaraz et al., 

2000) and tumor cell growth inhibition (Ito et al., 2000; Rafi et al., 2000).  

 

2.5.2  QUERCETIN AND ITS ROLE IN NEURODEGENERATIVE   

  DISORDERS 

The most abundant of all the flavonoids is quercetin. It is a bioflavonoid which was 

first discovered by Nobel Prize laureate Albert Szent Gyorgyi in the 1930’s 

(Lakhanpal & Rai, 2007). The quercetin structure (Figure 2.36) consists of 3 rings 

and 5 hydroxyl groups and can be classified as a member of the class of flavonoids 

called flavonols. The quercetin scaffold is also present in many other flavonoids 

including the citrus flavonoids like rutin, the hesperitins, naringenin and tangeretin. In 

plants it can be found as a glycone or carbohydrate conjugate (Lakhanpal & Rai, 

2007).  
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Figure 2.36: The structure of quercetin (Lakhanpal & Rai, 2007; Moskuag et al., 

2004). 

 

According to Heo and co-workers (2004) quercetin appears to protect brain cells 

against oxidative stress, a tissue damaging process associated with Alzheimer’s 

disease and other neurodegenerative disorders (Lakhanpal & Rai, 2007). Quercetin 

seems to protect the brain functions by inhibiting the formation of fibrillated beta-

amyloid, the senile plaque found in Alzheimer’s brain (Lakhanpal & Rai, 2007; Tzeng 

et al., 1991). Singh and co-workers (2003) used an animal model (consisting of 

ethanol intoxicated mice) to demonstrate the possible cognitive effects of quercetin, 

where chronic quercetin treatment had shown the reversal of cognitive deficits 

(Lakhanpal & Rai, 2007).  

Quercetin possesses COMT and MAO inhibiting properties and may even reduce the 

catabolism of L-dopa (Lakhanpal & Rai, 2007). According to Singh and Pattipati 

(2003) quercetin could possibly serve as an effective adjunct to L-dopa therapy in 

PD (Lakhanpal & Rai, 2007). In a study conducted by Lee and co-workers (2001), 

four flavonoids, namely quercitrin, isoquercitrin, rutin, and quercetin (Figure 2.36), 

were isolated from Melastoma candidum. MAO-B inhibitory activity and direct 

hydroxyl radical scavenging activity were illustrated for the four isolated flavonoids by 

ESR spectroscopy.   

Quercetin further has the potential to improve neuroleptic-induced extrapyramidal 

side effects, such as those caused by haloperidol (Lakhanpal & Rai, 2007; Naidu & 

Kulkarni, 2004). Quercetin (a powerful antioxidant) seems to be one of the most 

powerful flavonoids for protecting the body against reactive oxygen species, 
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produced during the normal oxygen metabolism or induced by mitochondrial toxins 

(Lakhanpal & Rai, 2007). 

 

2.5.3  KAEMPFEROL IN NEURODEGENERATIVE DISORDERS 

Kaempferol (Figure 2.37), just like quercetin, can also be classified as a prototype 

member of the flavonol subclass of flavonoids and is said to have strong antioxidant 

and anti-inflammatory properties. Kaempferol can be found in tea, broccoli, 

grapefruit, Brussel sprouts and apples (Li & Pu, 2011; Zuk et al., 2011). It is known 

to have efficient absorption when given orally and the bioavailability is proportional to 

its dose (Li & Pu, 2011; Nirmala & Ramanathan, 2011). 
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Figure 2.37: The structure of kaempferol (Li & Pu, 2011). 

 

According to Li & Pu (2011) kaempferol has neuroprotective properties against 

several apoptosis and necrosis-inducing insults, including oxidised low-density 

lipoproteins (Schroeter et al., 2000; Schroeter et al., 2001) and L-glutamate (Ishige 

et al., 2001). Ishige and co-workers (2001) have demonstrated that kaempferol 

effectively blocks the increase in ROS associated with oxidative stress caused by 

glutamate in the mouse hippocampal cell line HT-22 (Li & Pu, 2011). It has also been 

demonstrated that kaempferol exerts a strong and prolonged protective effect 

against rotenone toxicity, a classical toxin  that may induce PD (Filomeni et al., 2010; 

Li & Pu, 2011). 

According to Li & Pu (2011) striatal glutamatergic response of rat brain slices was 

also preserved by kaempferol, posing a more general protection of kaempferol in 

PD. Furthermore, studies conducted by the same authors have shown that 

kaempferol derivatives prevent oxidative stress-induced cell death in a DJ-1-
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dependent manner in vitro. Since DJ-1 is a causative gene product of a familial form 

of PD, this is also indicative of a neuroprotective effect for kaempferol in PD (Hwang, 

2013). However, there has been no systematic research on this topic in vivo thus far 

(Li & Pu, 2011). 

 

2.5.4  QUERCETIN AND KAEMPFEROL AS COMT AND MAO  

  INHIBITORS 

 

Table 2.2: This table contains a summary of the properties of quercetin and 

kaempferol. 

 Quercetin Kaempferol 

Flavonoid 

Class 

Flavonol Flavonol 

Structure 

O

OH

OH

HO

OH O

OH

 

 

O

OH

HO

OH O

OH

 

Role in PD 1. Protects brain cells against 

oxidative stress. 

2. COMT inhibitor. 

3. MAO inhibitor. 

4. Symptomatic treatment for 

neuroleptic-induced extrapyramidal 

side effects. 

1. Protects brain cells against 

oxidative stress. 

2. Neuroprotective properties 

against apoptosis and necrosis-

inducing insults. 

3. Protective qualities against 

rotenone toxicity. 

4. Possess the ability to preserve 

the striatal glutamatergic response 
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of rat brain slices. 

 

2.6  VIRTUAL SCREENING IN DRUG DESIGN 

Computer-aided molecular design methods, which includes pharmacophore design 

and 3D database searches, are aimed at decreasing the overall cost associated with 

the discovery and development of new drugs by identifying the most promising 

candidates to focus the experimental efforts on (Kirchmair et al., 2008; Langer & 

Wolber, 2004; Seidel et al., 2010; Wolber & Langer, 2005). Pharmacophores are a 

representation of interactions of a group of compounds with a biological target and 

may be considered as the largest common denominator by a set of active molecules. 

However, it should be remembered that pharmacophores are not molecules (Langer 

& Wolber, 2004; Seidel et al., 2010; Wolber & Langer, 2005). 

The search of databases, scaffold hopping, ligand profiling, activity prediction, 

fragment design and pose filtering can be used during pharmacophore design. To 

develop a pharmacophore, different approaches, such as the structure-based 

approach and the ligand-based approach could be incorporated (Langer & Wolber, 

2004; Wolber & Langer, 2005). 

Furthermore, pharmacophore generation may be done manually or automatically. 

Manual construction includes the use of aligned analogues for ligand-based design 

and aligned receptor active sites for structure-based design. Automatic ligand-based 

construction can be divided into a qualitative approach and a quantitative approach. 

The qualitative approach finds features shared by a set of similarly active ligands, 

whereas quantitative approach finds features that relate to activity. Furthermore, 

ligand-based pharmacophore generation consists of two important steps. The first 

step is the analysis of the training set molecules to identify pharmacophore features 

whereas the second step is the alignment of the assumed bioactive conformations of 

the molecules to determine the best overlay of the corresponding features (Langer & 

Wolber, 2004; Wolber & Langer, 2005). 

When a pharmacophore model is generated, molecules which map to its features 

may be identified by de novo design and 3D database search (Figure 2.38). The de 

novo approach seeks to generate structures that are chemically reasonable and 



55 
 

novel by linking the parts of the pharmacophore together with fragments (Kirchmair 

et al., 2008; Langer & Wolber, 2004; Wolber & Langer, 2005). 3D database searches 

can identify compounds that may exhibit properties outside of the set of compounds 

used for building the pharmacophore. Furthermore, it can help in the identification of 

novel chemical structures and molecular features, which are termed scaffold hopping 

and lead hopping, respectively (Langer & Wolber, 2004; Wolber & Langer, 2005). 

The quality of the match between a ligand and a pharmacophore may be given by a 

fit value. The fit value gives a measure of how well the ligands fit to the 

pharmacophore. The weights assigned to the pharmacophore features and how 

close the features correspond to the location constraints are two of the most 

important parameters. After mapping a ligand to a pharmacophore, there may be 

multiple mappings to the pharmacophore for one ligand. Therefore the best 

alignment may be achieved when less pharmacophore features are mapped. For 

example, best mapping is defined as the ligand that fits the most features or has the 

highest fit, which does not necessarily match all the features (Kirchmair et al., 2008; 

Langer & Wolber, 2004; Seidel et al., 2010; Wolber & Langer, 2005). 
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Figure 2.38: Pharmacophore-based virtual screening workflow (Langer & Wolber, 

2004; Wolber & Langer, 2005). 

 

Another method, often used during virtual screening, is the use of molecular docking. 

In the field of molecular modelling, docking is a method which predicts the preferred 

orientation of one molecule to a second when bound to each other to form a 

stable complex. Knowledge of the preferred orientation in turn may be used to 

predict the strength of association or binding affinity between two molecules using, 

for example, scoring functions (Langer & Wolber, 2004; Wolber & Langer, 2005). 

Other methods, such as the use of bio-isosteres, used during selection of 

compounds in this study will be discussed in greater detail in Chapter 3. 

 

2.7  SUMMARY 

In this chapter PD was discussed as a chronic neurodegenerative disorder with a 

largely unknown pathogenesis. Decreased levels of dopamine, particularly in the 

SNpc are known to be the main pathogenic feature of PD. Although PD is an 

https://en.wikipedia.org/wiki/Molecular_modeling
https://en.wikipedia.org/wiki/Binding_(molecular)
https://en.wikipedia.org/wiki/Supramolecular_chemistry
https://en.wikipedia.org/wiki/Dissociation_constant#Protein-ligand_binding
https://en.wikipedia.org/wiki/Scoring_functions_for_docking
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incurable disease, symptomatic treatments that are reasonably effective, particularly 

in the early stages of the disease, are available. The introduction of L-dopa as 

symptomatic treatment was a therapeutic breakthrough, making it the most 

efficacious and best-tolerated drug for the treatment of PD. However, its long-term 

use is associated with debilitating side effects. Both the COMT and MAO enzymes 

are important drug targets since they are responsible for the metabolism of 

dopamine and its precursors. As such, the identification of inhibitors of these 

enzymes may be of value. One approach is to use virtual screening for the 

identification of potential COMT inhibitors. In addition to the therapeutic value of 

COMT inhibition, the 3D structure of COMT, the catalytic cycle of COMT and known 

inhibitors were explored in this chapter. This provides the necessary background 

information for the discovery of compounds that can be investigated as COMT 

inhibitors in the next chapters. Quercetin, a flavonoid, can be classified as a first-

generation COMT-inhibitor which also possesses MAO-inhibitory activity, indicating 

that structurally related flavonoids should be explored with regards to these activities.  
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CHAPTER 3 

VIRTUAL SCREENING: 

 

3.1.   INTRODUCTION 

As mentioned earlier, computer-aided molecular design methods, which include 

pharmacophore design and 3D database searches, are aimed at decreasing the 

overall cost associated with the discovery and development of new drugs by 

identifying the most promising candidates to focus the experimental efforts on 

(Kirchmair et al., 2008; Langer & Wolber, 2004; Seidel et al., 2010; Wolber & Langer, 

2005).  

Pharmacophores help in the understanding of key interactions between a target and 

a ligand. A pharmacophore is an ensemble of steric and electrostatic features of 

different compounds which are necessary to ensure optimal supra-molecular 

interactions with a specific biological target structure and to trigger/block its biological 

response (Langer & Wolber, 2004; Wolber & Langer, 2005). 

Due to their abstract nature and simplicity, 3D pharmacophore models are efficient 

filters for the screening of large drug databases. By reducing the complexity of the hit 

identification process, lower overall search times can be achieved. The 

pharmacophore-based queries can be used to identify drug candidates with scaffolds 

and functional groups that differ from the original ligands used in the pharmacophore 

design. This can lead to the development of compounds with better pharmacokinetic 

and toxicological properties, but it has to be remembered that the pharmacophoric 

representations are greatly simplified and therefore cannot explain the complete 

biophysical nature of drug interactions (Kirchmair et al., 2008; Seidel et al., 2010). 

Firstly, a pharmacophore model is created that specifies the type and geometrical 

constraints of the chemical features that need to be matched by the screened 

molecules. Methods may include the structure-based or ligand-based approaches. In 

this study a structure-based method was used where the chemical features are 

determined by using the complementary interactions between a ligand and its 

binding site. This method requires the structural information of the macromolecule 

and the active conformation of the bound ligand since it incorporates the binding site 
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interactions, often resulting in a highly restrictive model with orientation constrained 

features (Seidel et al., 2010).  

During structure-based pharmacophore generation (Figure 3.1) interaction sites are 

determined, clustering of the vectors for H-bonding and of the hydrophobic regions is 

done and, the transformation of the obtained clusters into a feature-based 

pharmacophore hypothesis occur (Langer & Wolber, 2004; Wolber & Langer, 2005). 

 

 

Figure 3.1: A structure-based pharmacophore model. The green spheres represent 

hydrogen bond acceptor features, the purple spheres represent hydrogen bond 

donor features and the blue spheres represent hydrophobic features. Figure drawn 

using Discovery Studio® 3.1 modelling software. 

 

Pharmacophore models contain features which may represent atoms, H-bond 

acceptors, H-bond donors, ionisable groups, hydrophobic groups and aromatic rings 

(Langer & Wolber, 2004; Wolber & Langer, 2005). Together with these features, 

geometrical constraints may be applied. These constraints may include distances 

and angles. Features will only map if they are solvent accessible (Kirchmair et al., 

2008; Langer & Wolber, 2004; Wolber & Langer, 2005). 

After features have been added, it is important to add location constraints. Location 

constraints define the relative location of the features. A shape constraint may also 

be used to constrain a pharmacophore or refine a hit-list. This may consist of two 

groups which include shape-only and mixed queries. With shape-only constraints the 



60 
 

shape is aligned to the ligand and with mixed queries the shape is aligned to the 

ligand and the location constraints. Once a shape constraint is added, the ligand will 

match all features of the pharmacophore if a matching atom is found in the right 

location of the features and if the overall shape of the molecule (after being aligned) 

is similar to the shape. Additionally an exclusion constraint may be added, which 

specifies one or more spherical spaces in a pharmacophore that must not contain 

any atoms or bonds (Langer & Wolber, 2004; Wolber & Langer, 2005). 

After the pharmacophore has been generated, the next step requires the creation of 

the ligand database for screening, which has to allow different molecular 

conformations. This can be achieved by recording pre-computed conformations of all 

the molecules that will be screened. Furthermore, the database is searched for 

conformations that will bind to the macromolecule using a multistep filtering process. 

Firstly, a fast pre-filtering step is applied. This step involves the elimination of 

molecules that do not fit into the macromolecule based on their feature-types, 

feature-counts and quick distance checks. The molecules that might fit the query are 

closely examined to see whether their conformations are able to match the spatial 

arrangement of the query features using 3D matching algorithms. The latter process 

is slower, but more restrictive. The conformers that comply with the query are then 

put into a hit-list. This hit-list is constructed using Discovery Studio® 3.1 modelling 

software which calculates the root mean square deviation of the interaction and only 

selects interactions with a value below 1. It is required that the distance between 

each pair of features of the database molecule must be of such a value that it is 

possible to align them within the specific tolerances of the mapped query features. 

Furthermore, the hit-values are computed for the hit-list which can be used to score 

and rank the screening results (Seidel et al., 2010). 

The hit-list can then be analysed to evaluate the effectiveness of the pharmacophore 

models using the literature protocol as described by Kirchmair et al. (2008) and 

Seidel et al. (2010). 
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Figure 3.2: The 3D pharmacophore-based screening workflow (Seidel et al., 2010). 

 

Firstly, the pharmacophore model will select n molecules from a database with N 

entries. The selected hit-list will then consist of active compounds (true positive 

compounds) and decoys (false positive compounds). The active molecules that are 

not retrieved by the model are defined as false negative compounds and the true 

negative compounds are the database decoys that were not selected (Kirchmair et 

al., 2008). 
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Figure 3.3: Selection of n molecules from a database containing N entries 

(Kirchmair et al., 2008). Where FP represents the retrieved false positive 

compounds, TP represents the retrieved true positive compounds, FN represents the 

retrieved false negative compounds, TN represents the retrieved true negative 

compounds, (n) represents the selection of compounds and (A) represents the active 

compounds.  

 

There are several useful calculation measures which can be used to determine the 

effectiveness of a pharmacophore model (Kirchmair et al., 2008; Seidel et al., 2010). 

Calculation measures may include sensitivity (Se), which is the ratio of the retrieved 

true positive compounds (TP) to all active compounds (A) in the database (the sum 

of the TP and false negative (FN) compounds (Equation 3.1). The values can range 

between 0 and 1.  A value of 0 indicates that none of the active compounds were 

found whereas a value of 1 illustrates that the active compounds were all found.   

 

 

Se  =
𝑁 selected actives

𝑁 total actives
=

𝑇𝑃

𝑇𝑃+𝐹𝑁
 

 

Equation 3.1: Equation to calculate the sensitivity (Se) (Kirchmair et al., 2008). 

 

Specificity (Sp) is the amount of rejected true negative compounds (TN) divided by 

the amount of TN compounds plus the amount of false positive (FP) compounds 

(Equation 3.2). The value ranges between 0-1 and it shows the percentage of truly 
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inactive compounds that were identified. A value of 0 illustrates none of the negative 

compounds were identified whereas a value of 1 indicates that all of the compounds 

were identified (Kirchmair et al., 2008; Seidel et al., 2010). 

 

 

Sp  =
𝑁 discarded actives

𝑁 total inactives
=

𝑇𝑁

𝑇𝑁+𝐹𝑃
 

 

Equation 3.2: Equation to calculate the specificity (Sp) (Kirchmair et al., 2008). 

 

The yield of actives (Ya) measures the probability that one of the n selected 

compounds is active (Equation 3.3). Furthermore it represents the hit rate that 

would be achieved if all the molecules selected by the pharmacophore model were 

tested for activity. However it contains no information about the composition of the 

database (Kirchmair et al., 2008; Seidel et al., 2010). 

 

 

Ya  =
𝑇𝑃

𝑛
 

 

Equation 3.3: Equation to calculate the yield of actives (Ya) (Kirchmair et al., 2008). 

 

The accuracy (Acc) illustrates the percentage of molecules that are correctly 

identified by the model (Kirchmair et al., 2008; Seidel et al., 2010) (Equation 3.4). 

 

 

 

 



64 
 

Acc  =
𝑇𝑃+𝑇𝑁

𝑁 
=

𝐴

𝑁 
.Se +(1 - 

𝐴
𝑁

 ). Sp 

 

Equation 3.4: Equation to calculate the accuracy (Acc) (Kirchmair et al., 2008). 

 

The balanced labelling performance (lbal) can be defined as a weighted accuracy 

descriptor (Equation 3.5). A value of 1 would indicate that all the active and inactive 

molecules are correctly identified by the model (Kirchmair et al., 2008; Seidel et al., 

2010). 

  

 

Ibal  =
1

2 
. Se + 

1

2
. Sp 

 

Equation 3.5: Equation to calculate the balanced labelling performance (Ibal) 

(Kirchmair et al., 2008). 

 

According to Kirchmair et al. (2008) and Seidel et al. (2010), the Receiver Operating 

Characteristics (ROC) curves are another method for the assessment of screening 

results. The ROC curves show the increase of false positives as true positives 

increases, thus describing Se for any possible change of n as a function of (1-Sp). 

The X-coordinate denotes the false positive value whereas the Y-coordinate denotes 

the true positive value. Most of the active molecules will have a higher score than the 

decoys if all the molecules scored by a pharmacophore model screening protocol 

with sufficient discriminatory power are ranked according to score – in other words 

from high to low. Since some of the actives will result in a lower score than some of 

the decoys an overlap between the distributions of active molecules may occur. This 

will lead to the prediction of false positives and negatives. 

An ideal ROC curve representing distributions where no overlap between the scores 

of active molecules and decoys exist, would rise vertically along the Y-axis until the 

X-axis (Se) reaches 1, i.e. all the actives are retrieved where after it would continue 
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horizontally to the right until all the decoys are retrieved, which corresponds to Se = 

1 and Sp = 0. The ROC curve for a set of actives and decoys with randomly 

distributed scores tends towards the Se = 1-Sp line asymptotically, with an 

increasing number of actives and decoys. The ROC curve normally lies between the 

ideal curve and the random graph due to an overlapping in the distribution of active 

molecules and decoys. The ROC curve of a random database is represented by the 

median. After the hit-list is analysed the pharmacophore model can be refined to 

deliver better results (Kirchmair et al., 2008; Seidel et al., 2010). 

 

 

Figure 3.4: Theoretical distributions for active molecules and decoys according to 

their score. Due to distributions overlap, different ratios of false positives (FP) and 

false negatives (FN) are retrieved, depending on the selection threshold S (Kirchmair 

et al., 2008). 
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Figure 3.5: The ROC curves for ideal and overlapping distributions of actives and 

decoys. A random distribution causes a ROC curve which tends towards the Se = 1 - 

Sp line asymptotically with increasing number of actives and decoys (Kirchmair et 

al., 2008). 

 

In order to maximise the potential hits in this study, in addition to the pharmacophore 

approach, several other methods for identifying hits were also utilised. These 

included the use of ligand fingerprinting and molecular docking, as well as the 

identification of catechol bio-isosteres and compounds that are structurally related to 

known inhibitors. 

According to Edwing et al. (2001) the computational study of molecular recognition is 

an important component of structure-based drug design. Thus, molecular docking 

can be described as a method of finding the low-energy binding modes of a small 

molecule, or ligand, within the active site of a macromolecule, or receptor, whose 

structure is known (Edwing et al., 2001). This computational method requires an 

accurate representation of the molecular energetics as well as an efficient algorithm 

to search the potential binding modes (Edwing et al., 2001). The original DOCK 

algorithm addressed rigid body docking using a geometric matching algorithm to 

superimpose the ligand onto a negative image of the binding pocket (Edwing et al., 

2001). The process of molecular docking, as described by Edwing and co-workers 

(2001), is summarised in Figure 3.6. 
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Figure 3.6: Flowchart of the anchor and grow docking algorithm (Edwing et al., 

2001). 

 

A bio-isostere is a group that can be used to replace another group while retaining 

the desired biological activity (Meanwell, 2011; Patani & LaVoie, 1996). The 

combination of conformational restrictions and bio-isosteric replacements has 

become a valuable tool for the design of highly selective enzyme inhibitors, anti-

metabolites and receptor ligands (Hübner et al., 2000). This strategy led to the 

design of agonists and antagonists selectively recognizing dopamine (DA), 

norepinephrine (NA), serotonin (5-HT) and GABA receptors (Hübner et al., 2000). 

It is hypothesised that the multipronged approach discussed above will increase the 

chances of identifying hits, especially since cost and availability of ligands are also a 

consideration. 
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3.2  PHARMACOPHORE MODELS 

3.2.1 CONSTRUCTION AND SCREENING OF THE PHARMACOPHORE 

MODELS 

In this study structure-based models were generated using the X-ray crystal 

structure of the human COMT enzyme (PDB code: 3BWM). Since the enzyme 

crystallises as a dimer, the monomer where DNC is located was used for 

pharmacophore generation. 

The following steps were followed using Discovery Studio® 3.1 modelling software: 

(a) Protein Preparation: 

 The crystal structure of the COMT enzyme was retrieved from the Brookhaven 

Protein Data Bank (www.rcsb.org/pdb). 

 The correctness of the valences of the FAD cofactor and the co-crystallised 

ligands (DNC - 3,5-dinitrocatechol, SAM - S-adenosyl methionine and 

magnesium) were verified and the protein models were automatically typed 

with the Momany and Rone CHARMm force field. 

 With the tools provided in Discovery Studio® 3.1 modelling software, the pH 

was set to 7.4 and hydrogen atoms were added to the FAD cofactor and the 

co-crystallised ligands. 

 The pKa values and protonation states of the ionisable amino acids were 

calculated and hydrogen atoms were added at pH 7.4 to the protein model, 

including the water molecules. 

 A fixed atom constraint was applied to the backbone of the enzyme and the 

model was energy minimised using the Smart Minimizer algorithm with the 

maximum steps set to 5000, a gradient of 0.1 and an energy charge of 0. For 

this procedure the implicit generalized Born solvation model with molecular 

volume was used with a nonbond list radius of 14, a nonbond higher cut-off of 

12 and a nonbond lower cut-off of 10. 

 The electrostatics was set to spherical cut-off. 

 Finally, the minimised structure was saved. 
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(b) Determine hydrogen bond interactions: 

 The structure of DNC was selected to show the hydrogen bond interactions 

with the residues of the active site.  

 Hydrogen bonds between the hydroxyl groups of DNC and residues Lys 144 

and Glu 199 were observed. 

 

(c) Pharmacophore construction: 

 All crystal waters, except those water molecules which undergo hydrogen 

bonding with the co-crystallised ligands (which includes waters 402, 411, 441 

and 458) were deleted from the protein model,  

 The binding site of the COMT enzyme was defined based on the location of 

DNC using a sphere with a radius of 9 Å surrounding the ligand. 

 To determine important interactions between the co-crystallised ligand and 

amino acid residues, an interaction map between the ligands and amino acid 

residues was generated. 

 Based on the interaction analysis, pharmacophore features were generated 

for the model. The acceptor, donor and hydrophobic features were clustered 

in turn. With this step a group of features that represent the same interaction 

is combined into a single feature. 

 Location constraints were added to the features. These are spheres which are 

placed around the centre of the features and define the ideal location for the 

ligand atoms. The sphere represents the tolerance of the allowable deviation 

of the ligand atoms from the ideal position. In the last step, exclusion 

constraint features were placed around the model. While the software screens 

a virtual database for ligands that may map to the pharmacophore model, the 

algorithm attempts to find ligands that do not bind in the excluded zones. The 

binding of ligands is thus confined to the active site only, and the selection of 

ligands that would have unfavourable steric interactions with surrounding 

amino acids is decreased. A shape constraint was also added to the co-

crystallised ligand. 

 Pharmacophore model 1 contained an acceptor orientated towards Lys 144, a 

donor orientated towards Asn 170, a donor orientated towards Glu 199, and a 

hydrophobic feature located on the oxygen atom of the hydroxyl group of 
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DNC. Exclusion constraints were added to Trp 38, Met 40, Trp 143, Lys 144, 

Asp 169, Asn 170, Leu 198 and Glu 199. 

 Pharmacophore model 2 contained an acceptor orientated towards Lys 144, a 

donor orientated towards Asp 169, a donor orientated towards Glu 199, and a 

hydrophobic feature located on the oxygen atom of the hydroxyl group of 

DNC. Exclusion constraints were added to Trp 38, Met 40, Gly 66, Trp 68, Trp 

71, Trp 143, Asp 141, Lys 144, Asp 169, Asn 170, Leu 198 and Glu 199. 

 Pharmacophore model 3 contained an acceptor orientated towards Lys 144, a 

donor orientated towards Glu 199, and a hydrophobic feature located on the 

oxygen atom of the hydroxyl group of DNC. Two new acceptors were created 

and orientated towards Mg2+. Exclusion constraints were added to Trp 38, Met 

40, Gly 66, Trp 68, Trp 71, Trp 143, Asp 141, Lys 144, Asp 169, Asn 170, Leu 

198 and Glu 199. 

 

(d) Literature validation for computer generated pharmacophore models 1, 2 and 3: 

The first effective bi-substrate inhibitor for COMT (IC50 = 2 µM) was developed by 

rational design using the interactions observed in the crystal structure of the 

quaternary complex between the enzyme, SAM, DNC and the magnesium ion 

(Lerner et al., 2001). The proposed features of both pharmacophore models 1 and 2 

were in agreement with these observed interactions. Furthermore, Lerner and co-

workers (2001) have identified Asp 141, Lys 144, Asp 169, Asn 170 and Glu 199 as 

potential hydrogen bond donors in the quaternary complex, therefore the crystal 

waters undergoing hydrogen bonding with these residues and with SAM (waters 402, 

411, 441 and 458) were not deleted. Pharmacophore model 1 has a donor orientated 

towards Asn 170 and pharmacophore model 2 has a donor orientated towards Asp 

169. Both these pharmacophore models have an acceptor orientated towards Lys 

144. These two pharmacophore models are thus very similar, only differing in the 

orientation of their hydrogen bond donors. 
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Figure 3.7: Schematic drawing of the interactions (dashed-lines) in the quaternary 

complex of the COMT inhibitor binding site, consisting of hydrogen bond interactions 

of the oxygens of the DNC with Asp 141, Asp 169, Asn 170 and Glu 199, 

respectively. Also illustrated are the hydrogen bond interactions of Gln 120 and Ser 

119 with the nitrogen groups of SAM. Distances are given in pm (Lerner et al., 2001). 

 

According to Lerner et al. (2001) COMT is a magnesium dependent enzyme and the 

coordination between the ligand and the magnesium ion is therefore crucially 

important for the transfer of a methyl group from SAM to endogenous and 

exogenous catechols. The construction of pharmacophore model 3 was based on 

the above. Since the Mg2+ ion is coordinated with the OH-groups of DNC, we have 

added two acceptors orientated towards Mg2+.  

  

(e) Pharmacophore validation and library screening: 

 After the pharmacophore models had been constructed, test sets were 

constructed. The test sets consisted of ligands which are known to inhibit 

COMT as listed by Kiss & Soares-da-Silva (2014). Conformations of the test 

set were generated (250 of each ligand) by using the BEST method with the 

minimum features set as 2 and the maximum features set as 4. 

 The generated conformations were then queried by the pharmacophore model 

to determine which conformations fit the features best. 

 The structures of the FDA approved drugs (DrugBank), which contains all of 

the drug molecules approved by the FDA of the United States, were 
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subsequently screened with the pharmacophore models (Screen Library 

protocol). None of the features were set as required features and the fitting 

method was set to rigid. Both 3- and 4-feature hits were considered for in vitro 

evaluation as inhibitors of human COMT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Workflow for the construction of a structure-based pharmacophore. 

Construct the structure-based pharmacophore models. 

Prepare and minimise the COMT protein. 

Validate the models with known inhibitors. 

Query the drug bank for potential hits. 
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3.2.2   RESULTS  

3.2.2.1 PHARMACOPHORE MODEL 1 

 

Figure 3.9: A 3D representation of structure-based pharmacophore model 1, which 

was constructed using the X-ray crystal structure of the COMT enzyme (PDB: 

3BWM). The green arrows represent hydrogen bond acceptor features, the purple 

arrows represent hydrogen bond donor features and the blue spheres represent 

hydrophobic features. Exclusion spheres are not indicated for the purpose of clarity. 

Figure drawn using Discovery Studio® 3.1.  

 

As shown in Figure 3.9, the acceptor, donor and hydrophobic features of 

pharmacophore model 1 correspond to interactions with the following residues: 

1. Acceptor with Lys 144 

2. Donor with Asn 170 

3. Donor with Glu 199 

4. Hydrophobic feature on an oxygen atom of DNC 
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Table 3.1: A list of the compounds in the Drug Bank which mapped to 

pharmacophore model 1 and which were derived from the structure of COMT using 

the structure-based approach. Also given are the fit-values and the molecular weight 

of the respective compounds.  

 

Name and Structure of Compounds Fit-Value Molecular 

Weight 

(g/mol) 

NH2

NO
H

S O

N

H

OS

N
H

O

N

OH

H

N

O

H

HO

HO

H

O

N

NH2

H

O

N
H

N

H

 

Octreotide 

2.86698 1019.24 

HO

HO

OH

N

H

 

Isoetarine 

2.8199 239.311 



75 
 

OH

OH
HO

HO
 

Masoprocol 

2.78875 302.365 

N

N N

N
H3C

H3C

OH

HO
OH

OH

O

H

O

 

(-)-Riboflavin 

2.73895 376.364 

N O

O

O NH2

O

H
 

Carisoprodol 

2.73534 260.33 

H2N

O

O O NH2

O
 

Meprobamate 

2.7172 218.25 
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O

HO

H

O
HO

OHNaO

O

H

 

Pravastatin  

2.70204 424.528 

O

HO

H

H H

F

O

O

O

HO

 

Flunisolide 

2.65671 434.498 

HO

OH

OH

NH2

 

Norepinephrine 

2.65504 169.178 

N

OH

N

HO

H

H

 

Ethambutol  

2.60938 204.31 
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3.2.2.2  PHARMACOPHORE MODEL 2 

 

 

Figure 3.10: A 3D representation of structure-based pharmacophore model 2, which 

was constructed using the X-ray crystal structure of the COMT enzyme (PDB: 

3BWM). The green arrows represent hydrogen bond acceptor features, the purple 

arrows represent hydrogen bond donor features and the blue spheres represent 

hydrophobic features. Exclusion spheres are not shown for the sake of clarity. Figure 

drawn using Discovery Studio® 3.1.  

 

As shown in figure 3.10, the acceptor, donor and hydrophobic features of 

pharmacophore model 2 correspond to interactions with the following residues: 

1. Acceptor with Lys 144 

2. Donor with Asp 169 

3. Donor with Glu 199 

4. Hydrophobic feature on an oxygen atom of DNC 
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Table 3.2: A list of the compounds in the Drug Bank which mapped to 

pharmacophore model 2 and which were derived from the structure of COMT using 

the structure-based approach. Also given are the fit-values and the molecular weight 

of the respective compounds.  

 

Name and Structure of Compounds Fit-Value Molecular 

Weight 

(g/mol) 

N O

O

O NH2

O

H
 

Carisoprodol 

2.73534 260.33 

H2N

O

O O NH2

O
 

Meprobamate 

2.7172 218.25 

O

HO

H

H H

F

O

O

O

HO

 

Flunisolide 

2.65671 434.498 
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N

OH

N

HO

H

H

 

Ethambutol  

2.60938 204.31 

OH

OH
HO

HO
 

Masoprocol 

2.5521 302.365 

HO

HO

O

O

OH

O
F

F

F

 

Travoprost 

2.5504 500.548 

O

H

HO

O

F H

OH
OH

 

Betamethasone 

2.4537 392.461 
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OH

N

N

O

O

H
H

N O
H

O

N

NH2

O

H

NH2

N

O

H

N

O

S

S

N
O

H

N

O

H2N

O
H

N

HN
NH2

H

Desmopressin 

2.43374 1069.22 

N

N

N

N

NH2

Cl

O

HO

OH
 

Cladribine 

2.42515 285.687 

 

Midodrine 

2.39458 254.282 
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3.2.2.3 PHARMACOPHORE MODEL 3 

 

 

Figure 3.11: A 3D representation of structure-based pharmacophore model 3, which 

was constructed using the X-ray crystal structure of the COMT enzyme (PDB: 

3BWM). The green arrows represent hydrogen bond acceptor features, the purple 

arrows represent hydrogen bond donor features and the blue spheres represent 

hydrophobic features. Figure drawn using Discovery Studio® 3.1.  

 

As shown in figure 3.11, the acceptor, donor and hydrophobic features of 

pharmacophore model 3 correspond to interactions with the following residues: 

1. Acceptor with Lys 144 

2. Additionally, two acceptors with Mg2+ 

3. Donor with Glu 199 

4. Hydrophobic feature on an oxygen atom of DNC 
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Table 3.3: A list of the compounds in the Drug Bank which mapped to 

pharmacophore model 3 and which were derived from the structure of COMT using 

the structure-based approach. Also given are the fit-values and the molecular weight 

of the respective compounds.  

 

Name and Structure Fit-Value Molecular 

Weight 

(g/mol) 

N O

O

O NH2

O

H
 

Carisoprodol 

2.73534 260.33 

H2N

O

O O NH2

O
 

Meprobamate 

2.7172 218.25 

O

HO

H

H H

F

O

O

O

HO

 

Flunisolide 

2.65671 434.498 
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N

OH

N

HO

H

H

 

Ethambutol  

2.60938 204.31 

OH

OH
HO

HO
 

Masoprocol 

2.5521 302.365 

HO

HO

O

O

OH

O
F

F

F

 

Travoprost 

2.5504 500.548 

O

H

HO

O

F H

OH
OH

 

Betamethasone 

2.4537 392.461 
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OH

N

N

O

O

H
H

N O
H

O

N

NH2

O

H

NH2

N

O

H

N

O

S

S

N
O

H

N

O

H2N

O
H

N

HN
NH2

H

Desmopressin 

2.43374 1069.22 

N

N

N

N

NH2

Cl

O

HO

OH
 

Cladribine 

2.42515 285.687 

 

Midodrine 

2.39458 254.282 

 

3.2.2.4  COMPOUNDS ON THE HIT-LIST OF PHARMACOPHORE MODEL 1, 

  2 AND 3 

As earlier mentioned, the top ten results of each pharmacophore model are listed in 

Tables 3.1, 3.2 and 3.3. Results obtained for the pharmacophore models were 

further analysed and not surprisingly, since these pharmacophore models are very 

similar, several drugs mapped to pharmacophore models 1, 2 and 3. These are 
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listed in Table 3.4. This list includes compounds under the top fifty hits of each 

pharmacophore model. 

 

Table 3.4: A list of the compounds in the Drug Bank which mapped to 

pharmacophore models 1, 2 and 3 (all compounds in the top fifty included). Also 

given are the molecular weights of the respective compounds.  

 

Name and Structure of Compounds Molecular Weight 

(g/mol) 

N O

O

O NH2

O

H
 

Carisoprodol  

260.33 

O

O

O

O

OH

N

H

 

Dipivefrine 

351.437 
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O

O

O

OH

N
H

 

Esmolol 

295.374 

N

OH

N

HO

H

H

 

Ethambutol 

204.31 

H H

OH

H H

O
 

Etonogestrel  

324.457 
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H

HO

H

F

H

O

O

O

O

HO

 

Flunisolide 

434.498 

 

Midodrine 

254.282 

 

Tenoxicam 

337.376 

N

N
N

N

H3C

H

H

O

H

NH2

OH

H
HO

 

(6R)-5,6,7,8-Tetrahydrobiopterin 

314.17 
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N N

NH2

H2N

O

O

O
 

Trimethoprim 

290.32 

 

3.2.3  ANALYSIS OF RESULTS 

The hit-list of each pharmacophore was then analysed to evaluate its effectiveness 

using the literature protocol as described by Kirchmair et al. (2008) and Seidel et al. 

(2010). 

 

PHARMACOPHORE MODEL 1: 

 

Table 3.5:  The evaluation of pharmacophore model 1. This table contains the five 

equations used to analyse and evaluate the pharmacophore model as well as a 

conclusion. 

 

 Equation Conclusion 

Sensitivity: Se  =
𝑇𝑃

𝑇𝑃+𝐹𝑁
=

7

7+0
=1 

 

 

The Se value of 1 shows that the model 

has an excellent sensitivity for 

compounds that have the ability to inhibit 

COMT. The Se value is equal to 1, which 

demonstrates that the model retrieved all 

the active COMT inhibitors. 
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Specificity: 

 

Se  =
𝑇𝑁

𝑇𝑁+𝐹𝑁
=

4

4+2
=0.6667 

 

The Sp value of 0.6667 indicates that 

more than half of the decoys were 

discarded. Therefore the model may also 

retrieve decoys in addition to truly active 

COMT inhibitors. The model therefore 

has a moderate ability to distinguish 

between inhibitors and non-inhibitors. 

Yield of 

actives: 

 

Ya  =
𝑇𝑃

𝑛
=

7

10
=0.7 

 

The Ya value is calculated as 0.7. 

Therefore 70.00% of the hits are truly 

active. 

Accuracy: 

 

Acc  =
𝑇𝑃+𝑇𝑁

𝑁 
=

7+4

15
=0.7333 

 

This result shows that the model is 

73.33% accurate. 

Balanced 

labelling 

performance: 

Ibal  =
1

2 
. Se + 

1

2
. Sp 

 =
1

2 
(1) + 

1

2
 (0.6667) =0.83335 

 

The value of 0.83335 indicates a good 

balanced labelling performance. 

 

 

Pharmacophore model 1 constructed for COMT was sensitive to the known inhibitors 

of COMT in the test set and moderately specific with regards to identifying 

compounds that do not bind to COMT. This model has a good accuracy and 

balanced labelling performance and it was concluded that it could be a useful tool in 

the identification of compounds in a virtual database with the potential to inhibit 

COMT. 
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PHARMACOPHORE MODEL 2: 

 

Table 3.6: The evaluation of pharmacophore model 2. This table contains the five 

equations used to analyse and evaluate the pharmacophore model as well as a 

conclusion. 

 

 Equation Conclusion 

Sensitivity: Se  =
𝑇𝑃

𝑇𝑃+𝐹𝑁
=

7

7+0
=1 

 

 

The Se value of 1 shows that the model 

has an excellent sensitivity for 

compounds that have the ability to inhibit 

COMT. The Se value is equal to 1, which 

demonstrates that the model retrieved all 

the active COMT inhibitors. 

Specificity: 

 

Se  =
𝑇𝑁

𝑇𝑁+𝐹𝑁
=

4

4+2
=0.6667 

 

The Sp value of 0.6667 indicates that 

more than half of the decoys were 

discarded. Therefore the model may also 

retrieve decoys in addition to truly active 

COMT inhibitors. The model therefore 

has a moderate ability to distinguish 

between inhibitors and non-inhibitors. 

Yield of 

actives: 

 

Ya  =
𝑇𝑃

𝑛
=

7

10
=0.7 

 

The Ya value is calculated as 0.7. 

Therefore 70.00% of the hits are truly 

active. 

Accuracy: 

 

Acc  =
𝑇𝑃+𝑇𝑁

𝑁 
=

7+4

15
=0.7333 

 

This result shows that the model is 

73.33% accurate. 

Balanced 

labelling 

performance: 

Ibal  =
1

2 
. Se + 

1

2
. Sp 

 =
1

2 
(1) + 

1

2
 (0.6667) =0.83335 

The value of 0.83335 indicates a good 

balanced labelling performance. 
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Pharmacophore model 2 constructed for COMT was sensitive to the known inhibitors 

of COMT in the test set and moderately specific with regards to identifying 

compounds that do not bind to COMT. This model has a good accuracy and 

balanced labelling performance and therefore it was identified as a useful tool to 

identify compounds in a virtual database that can act as COMT inhibitors. 

 

PHARMACOPHORE  MODEL 3: 

 

Table 3.7: The evaluation of pharmacophore model 3. This table contains the five 

equations used to analyse and evaluate the pharmacophore model as well as a 

conclusion. 

 

 Equation Conclusion 

Sensitivity: Se  =
𝑇𝑃

𝑇𝑃+𝐹𝑁
=

6

6+0
=1 

 

The Se value of 1 shows that the model 

has an excellent sensitivity for 

compounds that have the ability to inhibit 

COMT. The Se value is equal to 1, which 

demonstrates that the model retrieved all 

the active COMT inhibitors. 

Specificity: 

 

Se  =
𝑇𝑁

𝑇𝑁+𝐹𝑃
=

4

4+3 
=0.5714 

 

The Sp value of 0.5714 indicates that 

more than half of the decoys were 

discarded. Therefore the model may also 

retrieve decoys in addition to truly active 

COMT inhibitors. The model therefore 

has a moderate ability to distinguish 

between inhibitors and non-inhibitors. 

Yield of 

actives: 

 

Ya  =
𝑇𝑃

𝑛
=

6

10
=0.6 

 

The Ya value is calculated as 0.6. 

Therefore 60.00% of the hits are truly 

active. 
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Accuracy: 

 

Acc  =
𝑇𝑃+𝑇𝑁

𝑁 
=

6+4

15
=0.6667 

 

This result shows that the model is 

66.67% accurate. 

Balanced 

labelling 

performance: 

Ibal  =
1

2 
. Se + 

1

2
. Sp 

 =
1

2 
(1) + 

1

2
 (0.5714) =0.7857 

The value of 0.7857 indicates a good 

balanced labelling performance. 

 

 

Pharmacophore model 3 constructed for COMT was sensitive to the known inhibitors 

of COMT in the test set, and moderately specific with regards to identifying 

compounds that do not bind to COMT. This model has a good accuracy and 

balanced labelling performance and therefore it was regarded as a useful tool to 

identify compounds in a virtual database that can act as COMT inhibitors.  

Based on this analysis, while phamacophore models 1 and 2 are very similar, 

pharmacophore 3 model appears to be the weakest of the three. This might be due 

to the addition of two added acceptors orientated towards the Mg2+ ion to 

pharmacophore model 3. 

 

3.3  SCREENING A LIBRARY BY FINGERPRINT 

3.3.1  METHOD 

The following steps were followed using Discovery Studio® 3.1 modelling software: 

(a) Preparation of the library to be screened: 

 The database of FDA approved drugs was downloaded from 

www.drugbank.ca. 

 The database was opened with Discovery Studio® 3.1 modelling software. 

 The ligands were prepared with the Prepare Ligands module using the 

following settings: change ionisation, generate tautomers and generate 

isomers were set to false. Fix bad valences was set to true. 

 

 

http://www.drugbank.ca/
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(b) Preparation of the reference ligand: 

 The reference ligand, DNC, was drawn in Discovery Studio. 

 Hydrogen bonds were added to DNC and the structure was briefly optimised 

briefly with “clean geometry”. 

 The ligand was prepared using the Prepare Ligands module employing the 

same settings as those for preparation of the test library. 

 

(c) Finding similar molecules by fingerprint: 

 The compounds from the library to be screened and the reference ligand were 

subjected to the “Find similar molecules by fingerprint” module in Discovery 

Studio. 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

Figure 3.12: Workflow for screening a library by fingerprint. 

Download the FDA approved drugs database. 

Prepare the ligands from the database. 

Prepare the reference ligand. 

Find similar molecules by fingerprint. 

Select hits for in vitro evaluation 
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3.3.2   RESULTS 

Table 3.8: A list of the twenty five compounds identified by screening a library by the 

fingerprint method using DNC as reference ligand. Also given are the molecular 

weights of the respective compounds.  

 

Name and Structure of Compounds Molecular Weight 

(g/mol) 

HO

HO

NO2

CN

N

O

 

Entacapone 

305.286 

O

HO

HO

NO2

CH3

 

Tolcapone 

273.241 

F F

OH

O OH

 

Diflunisal  

250.198 
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OH

 

Phenol 

94.1112 

HO

HO
NH2

OH

O

 

Levodopa 

197.188 

N

N
O

O2N

F

 

Flunitrazepam 

313.283 

N

N
O

O2N

Cl

H

 

Clonazepam 

315.711 

HO

HO

OH

NH2

OH

O

 

213.187 
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Droxidopa 

O

OH O

 

Oxybenzone 

228.243 

HO
NH2

OH

O

 

L-tyrosine 

181.189 

O

OH

O
 

Ketoprofen 

254.281 

HO

HO

OH

O

NH2H3C

 

Methyldopa 

211.215 

HO

HO

NH2

 

Dopamine 

153.178 
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NF3C

N
H

O
N

N O

CF3
 

Antrafenine 

588.543 

HO

HO

OH

O

NH

H2N
 

Carbidopa 

226.229 

O O

OH O

NO2
 

Acenocoumarol 

353.325 

NH2

OH

O

 

L-phenylalanine 

165.189 
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N

OH

NO2  

Nitroxoline 

190.156 

HO

HO

OH

N

H

 

Isoprenaline 

211.258 

HO

HO

N

H
OH

 

Dobutamine 

301.38 

HO

N

HOH

OH
 

Ritodrine 

287.354 

OH

OH

OH

NHCH3

 

183.204 
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Epinefrine 

O

N

H

OH

O

 

Nateglinide 

317.423 

OH

OH

OH

NH2

 

Norepinephrine 

169.178 

 

Nitrendipine 

360.361 
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3.4  MOLECULAR DOCKING 

3.4.1  METHOD 

As mentioned earlier the crystal structure of the COMT enzyme was retrieved from 

the Brookhaven Protein Data Bank. The X-ray crystal structure of human COMT 

(PDB code: 3BWM) was used to carry out these studies. 

The following steps were followed using Discovery Studio® 3.1 modelling software: 

 (a) Protein Preparation:  

 The protein was prepared using the method previously described in 

paragraph 3.2.1 (Construction and screening of the pharmacophore models, 

protein preparation).  

 (b) Docking: 

 The ligands and the backbone constraint were removed from the model and 

the binding site was set to a radius of 10 Å from the ligand, DNC. 

 Structures of the top ten hits from the three pharmacophore models, the hit-list 

of the fingerprinting approach, DNC and tolcapone were drawn in Discovery 

Studio® 3.1, and hydrogen atoms were added according to the appropriate 

protonation states at pH 7.4. The geometries of the ligands were briefly 

optimised using a fast Dreiding-like force field (1000 interactions) and the 

atom potential types and partial charges were assigned with the Momany and 

Rone CHARMm force field. 

 Docking of the ligands was carried out with the CDOCKER algorithm with the 

generation of 10 random ligand conformations and a heating target 

temperature of 700 K in full potential mode. 

 The docking solutions were refined using the Smart Minimizer algorithm. Ten 

possible binding solutions were computed for each docked ligand and the 

best-ranked binding conformation of each ligand was determined according to 

the CDOCKER and CDOCKER interaction energy values. 
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Figure 3.13: Workflow for docking ligands into the active site of the COMT enzyme. 

 

 

Retrieve the crystal structure of COMT. 

 

Calculate the protonation states of the ionisable amino acids residues at pH 7.4. 

Add hydrogen atoms to the residues and ligands. 

Apply a fixed atom constraint to the enzyme backbone. 

Do an energy minimization. 

Remove all the crystal waters except the 4 water molecules present in the active site. 

Remove the crystallised ligand (DNC) and the backbone constraint. Identify the 

binding site. 

Construct the ligands to be docked and dock them with the CDOCKER algorithm. 

Refine orientations with the Smart Minimizer algorithm. 
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3.4.2  RESULTS 

Of the eighteen compounds selected from the top fifty hit-lists of pharmacophore 

models 1, 2 and 3 and also selected from the hit-list of the fingerprinting approach, 

only eight compounds were successfully docked into the active site of the COMT 

enzyme. These include carisoprodol, diflunisal, ethambutol, ketoprofen, midodrine, 

oxybenzone, (6R)-5,6,7,8-tetrahydrobiopterin and trimethoprim. The CDOCKER 

energies and CDOCKER interaction energies of these compounds are given in 

Table 3.9 respectively.  

 

Table 3.9: This table contains the results of the CDOCKER energies and the 

CDOCKER interaction energies of the test drugs. Also given are the CDOCKER 

results of DNC and tolcapone as reference. 

 

Name of Compound -CDOCKER Interaction 

Energy (kcal/mol) 

-CDOCKER Energy 

(kcal/mol) 

DNC 30.397 19.8086 

1 Tolcapone 36.3414 25.8482 

2 Midodrine 34.8534 26.0261 

3 Ethambutol 34.5762 26.941 

4 Diflunisal 33.8059 22.7632 

5 Trimethoprim 29.951 22.8252 

6 (6R)-5,6,7,8-Tetrahydrobiopterin 29.6893 17.9281 

7 Carisoprodol 28.7419 35.0299 

8 Oxybenzone 25.5181 -2.54751 

9 Ketoprofen 16.2604 -22.856 
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Figure 3.14: Schematic illustration of the interactions between DNC and the amino 

acid residues of COMT. Also illustrated are the hydrogen bond interactions. 

 

As shown in Figure 3.14, hydrogen bond interactions are observed between DNC 

and certain amino acid residues (as indicated by the dash-lines) in the active site. 

For example, there is an interaction between DNC and Glu 199, where an oxygen 

atom of DNC acts as a hydrogen bond acceptor. 

 

 

Figure 3.15: Schematic illustration of the hydrogen bond interactions (dash-lines) 

between tolcapone and Lys 144, Asn 170 and Glu 199 in the COMT active site.  
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As illustrated in Figure 3.15, tolcapone has hydrogen bond interactions with Lys 144, 

Asn 170 and Glu 199. Tolcapone is a potent inhibitor of COMT with a CDOCKER 

interaction energy value of -36.3414 kcal/mol.  

Furthermore, ethambutol and diflunisal also have good CDOCKER interaction values 

of -34.5762 kcal/mol and -33.8059 kcal/mol, respectively (Table 3.9). Both 

ethambutol (Figure 3.16 B) and diflunisal (Figure 3.16 C) have hydrogen bond 

interactions with amino acid residue Glu 199.  
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Figure 3.16: Schematic illustration of the hydrogen bond interactions (dash-lines) 

between the test drugs and the amino acid residues. 
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The fact that only eight of the eighteen hits docked successfully, could indicate that 

the pharmacophore models may require refining. On the other hand, the successful 

docking of several compounds indicates the potential of these compounds to fit into 

the active site, and these were considered as especially promising candidates. 

Interactions similar to those observed for DNC and tolcapone were further observed 

for some of these compounds, which were also encouraging.  

 

3.5.  BIO-ISOSTERES 

3.5.1  INTRODUCTION 

The concept of isosterism between relatively simple chemical entities was originally 

contemplated by James Moir in 1909 (Meanwell, 2011). The concept was further 

refined by H. G. Grimm’s hydride displacement law and captured more effectively in 

the ideas advanced by Irving Langmir based on experimental observations (Langmir, 

1919; Meanwell, 2011). 

According to Meanwell (2011), bio-isosteres can be recognized as chemical 

substituents with similar physical or chemical properties which, produce broadly 

similar biological properties to another chemical compound. The purpose of 

exchanging one bio-isostere for another is to enhance the desired biological or 

physical properties of a compound without making significant changes in chemical 

structure (Meanwell, 2011). 

Classical bio-isosteres represent the results of an early appreciation of the concept 

and encompass structurally simple, mono-, di-, and trivalent atoms or groups and 

ring equivalents (Meanwell, 2011; Patani & LaVoie, 1996). In contrast, nonclassical 

bio-isosteres extend the concept to structural elements that offer a more subtle and 

sophisticated form of biochemical mimicry, relying upon functionality that can differ 

quite substantially in electronic, physicochemical, steric, and topological 

representation from that being emulated (Meanwell, 2011; Patani & LaVoie, 1996). 
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3.5.2  METHOD   

 

A literature survey was performed to identify bio-isosteres of phenol and catechol 

(indicated in Table 3.10). After identification of these bio-isosteres (Meanwell, 2011; 

Patani & LaVoie, 1996), the Sigma-Aldrich database was searched and molecules 

containing these moieties. It was hypothesised that, while these compounds would 

probably only be weak inhibitors of COMT, they could serve as synthetic starting 

points for the development of non-catechol inhibitors.  

 

3.5.3  RESULTS 

 

Table 3.10: A list of compounds that contain bio-isosteres of catechol and phenol.  

 

Structure of the bio-isosteres 

1 

NH

NH

O

 

2 

S

N

H2N

 

3 N

N

NH
 

4 N

NH
 

5 

N

NH
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6 

N

NH
 

7 N

S

NH2

 

 

3.6  SELECTION OF COMPOUNDS 

 

A group of results were obtained from each pharmacophore model (Table 3.1, 3.2, 

3.3, 3.4) and out of this group only compounds with a molecular weight smaller than 

500 g/mol were considered for in vitro evaluation. The docking results for these 

compounds were also kept in mind. The cost and availability of these compounds 

were further also taken into consideration. Secondly, the hit-list of the ligand 

fingerprint approach (Table 3.8) was used in the selection process.  

Furthermore, since catechols are the natural substrates of the COMT enzyme and 

the most effective inhibitors of COMT also contain this moiety, several bio-isosteres 

of catechol and phenol (Table 3.10) were identified and compounds containing these 

moieties that were commercially available and affordable, were obtained and 

selected for in vitro screening. Lastly, since it was known that quercetin was a known 

COMT inhibitor, the structurally related kaempferol was also selected for screening.  
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Table 3.11: This table contains a list of compounds selected for in vitro screening. 

Also given is the molecular weight of the compounds and the reason for selection of 

each compound. 

 

Name and Structure of Compounds Molecular Weight 

(g/mol) 

On the top ten hit-list of Pharmacophore model 1. 

1 

O

HO

H

O
HO

OHNaO

O

H

 

Pravastatin  

424.528 

2 

N

N N

N
H3C

H3C

OH

HO
OH

OH

O

H

O

 

(-)-Riboflavin 

376.37 

On the top ten hit-list of Pharmacophore model 2. 
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3 

O

H

HO

O

F H

OH
OH

 

Betamethasone  

392.461 

On the top fifty hit-list of Pharmacophore models 1, 2 and 3. 

4 

N O

O

O NH2

O

H
 

Carisoprodol  

260.33 

5 

O

O

O

O

OH

N

H

 

Dipivefrine 

351.437 
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6 O

O

O

OH

N
H

 

Esmolol 

295.374 

7 

N

OH

N

HO

H

H

 

Ethambutol 

204.31 

8 

H H

OH

H H

O
 

Etonogestrel  

324.457 
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9 

H

HO

H

F

H

O

O

O

O

HO

 

Flunisolide 

434.498 

10 

 

Midodrine 

254.282 

11 

 

Tenoxicam 

337.376 

12 

N

N
N

N

H3C

H

H

O

H

NH2

OH

H
HO

 

(6R)-5,6,7,8-Tetrahydrobiopterin 

314.17 
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13 

N N

NH2

H2N

O

O

O
 

Trimethoprim 

290.32 

On the hit-list of the library screened by fingerprinting. 

14 

F F

OH

O OH

 

Diflunisal  

250.198 

15 O

OH

O
 

 

Ketoprofen 

254.281 

16 

 

360.361 
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Nitrendipine 

17 

O

OH O

 

Oxybenzone 

228.25 

Contains a bio-isostere of catechol/phenol. 

18 

NH

NH

O

NH O

O

 

5-Acetoacetylamino benzimidazolone 

233.22 

19 

S

N

O
CH3

H2N

 

2-Amino-6-propoxybenzothiazole 

208.28 

20 

N

N

NH

HO

O

 

Benzotriazol-5-carboboxylic acid 

163.13 

21 N

NH
 

Benzimidazole 

118.14 
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22 

 

Ciclopirox 

268.35 

23 

N

NH
H

O
 

Indazole-6-carboxaldehyde 

146.15 

24 

N

NH

H

O

 

Indazole-5-carboxaldehyde 

146.15 

25 N

SNH

NH2

 

Pramipexole 

211.324 

Structurally similar to quercetin. 

26 

O

OH

HO

OH O

OH

 

Kaempferol  

286.23 
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3.7 SUMMARY 

In this chapter pharmacophore models of COMT inhibitors were constructed 

according to the given protocol. These models were used for the virtual screening of 

the FDA approved drugs as potential COMT inhibitors. Descriptions of the 

pharmacophore models were given and residues involved in the key interactions of 

the active site of COMT were identified. The hit-lists were analysed to evaluate the 

effectiveness of the pharmacophore models using the literature protocol as 

described by Kirchmair et al. (2008) and Seidel et al. (2010). Compounds obtained 

from these models, as well as hits obtained from screening the library by 

fingerprinting, were docked into the COMT enzyme’s active site. Table 3.11 in this 

chapter provides a list of drugs, which were selected based on results from the 

pharmacophore mapping, screening of a library by fingerprinting, molecular docking, 

the bio-isostere approach, chemical similarity, cost, availability and molecular weight. 

These drugs and compounds were selected for in vitro evaluation. 
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CHAPTER 4 

ENZYMOLOGY: 

 

4.1  GENERAL BACKGROUND 

4.1.1  INTRODUCTION 

According to Rodwell (1993) enzyme kinetics can be defined as the study of the rate 

at which an enzyme catalyses the conversion of a substrate to the product and is 

used to determine the potency of the interaction between an inhibitor and a specific 

enzyme (Murray et al., 2003; Rodwell, 1993). 

Enzymes are protein catalysts that accelerate the rate of a chemical reaction by 

binding to a substrate and lowering the activation energy needed to convert it to a 

product. There are several factors that can influence the rate at which an enzyme 

works, for example: 

• The concentration of a substrate [S] 

• Temperature 

• pH 

• The presence of inhibitors 

• Activation energies 

In an enzyme catalysed transformation of a substrate (S) to a product (P), the rate 

limiting step is the breakdown of the Enzyme-Substrate complex (ES) (Equation 

4.1). 

 

 

Equation 4.1: Enzyme catalysed transformation (Murray et al., 2003; Rodwell, 

1993). 
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Seeing that the ES concentration cannot easily be measured experimentally, 

equations such as the Michaelis-Menten equation are used as alternative 

expressions for the determination of the rate of enzymatic reactions (Murray et al., 

2003; Rodwell, 1993). 

 

4.1.2  THE MICHAELIS-MENTEN EQUATION 

The relationship between initial reaction velocity (Vi) and substrate concentration [S] 

can be illustrated in mathematical terms by the Michaelis-Menten equation 

(Equation 4.2): 

 

 

Equation 4.2: The Michaelis-Menten equation (Murray et al., 2003; Rodwell, 1993). 

 

Where Vmax is the maximum value of Vi and Km the Michaelis-Menten constant, 

which can be defined as the substrate concentration where Vi equals half of Vmax 

(Figure 4.1). 

 

 

Figure 4.1: Relationship between substrate concentration and the initial velocity of 

an enzyme-catalysed reaction (Murray et al., 2003). 
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Vi will almost always be directly proportional to the enzyme concentration (Vi α [E]) 

since enzyme activity assays are usually done with an excess substrate over the 

enzyme. Thus when the [S] is increased, Vi will follow with increased values until 

Vmax is reached. The enzyme is saturated when Vi does not further increase with the 

increase in [S] (Murray et al., 2003). 

Under certain circumstances, the Michaelis-Menten equation can be reduced to 

three different forms. Firstly, if the value of Km is much higher than [S], the 

expression Km + [S] can be replaced by Km (Equation 4.3): 

 

 

Equation 4.3: When [S] is less than Km (Murray et al., 2003; Rodwell, 1993). 

 

Secondly, if the value of Km is much lower than that of [S], the term Km + [S] can be 

replaced by [S], thus giving Equation 4.4: 

 

 

Equation 4.4: When [S] is greater than Km (Murray et al., 2003; Rodwell, 1993). 

 

Lastly, the Michaelis-Menten equation can also be reduced if the values of Km and 

[S] are equal. Then Vi can be set equal to half the maximal rate (Vmax /2) resulting in 

Equation 4.5: 

 

 

Equation 4.5: When [S] = Km (Murray et al., 2003; Rodwell, 1993). 

 

Since impractically high concentrations of the substrate are needed to determine 

Vmax and Km, it is not always possible to determine these values with the Michaelis-
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Menten equation. However, by inverting the Michaelis-Menten equation, the so-

called Lineweaver-Burk equation is obtained which can be used to determine Vmax 

and Km accurately at very low substrate concentrations (Murray et al., 2003; Rodwell, 

1993). 

 

4.1.3  THE LINEWEAVER-BURK EQUATION 

 

 

Equation 4.6: The Lineweaver-Burk equation (Murray et al., 2003; Rodwell, 1993). 

 

A straight line is obtained when the inverse of both the initial velocity (1/Vi) as well as 

the substrate concentration (1/[S]) are plotted. This straight line is termed the double 

reciprocal or Lineweaver-Burk plot (Figure 4.2). 

 

 

Figure 4.2: Lineweaver-Burk plot (Murray et al., 2003; Rodwell, 1993). 

 

When examining this plot, it can be seen that the y-axis intercept is equal to 1/Vmax, 

the slope is Km/Vmax and the x-axis intercept is equal to -1/Km. Thus, the Km value 

may be determined by setting y equal to zero and solving x (Murray et al., 2003). 
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Lineweaver-Burk plots can also be used to determine whether a compound is a 

competitive or non-competitive inhibitor. Competitive inhibitors bind to the active site 

of the enzyme and prevent binding of the substrate (and vice versa), while non-

competitive inhibitors bind to a site other than the active site of the enzyme. This 

binding by a non-competitive inhibitor then reduces the catalytic activity of the 

enzyme (Murray et al., 2003). 

When examining the Lineweaver-Burk plot of a competitive inhibitor, two straight 

lines (one depicting a situation where no inhibitor is present, and the other where an 

inhibitor is present) with the same y-intercept will be observed. In this scenario, the 

Vmax values remain unchanged, while the Km values will vary (Figure 4.3) (Murray et 

al., 2003; Rodwell, 1993). 

 

 

Figure 4.3: Lineweaver-Burk plot indicating competitive inhibition (Murray et al., 

2003). 

 

After the determination of Km in the absence of an inhibitor, the Ki can be calculated 

from the following equation (Equation 4.7):  

 

 

Equation 4.7: The Michaelis-Menten equation for a competitive system (Murray et 

al., 2003; Rodwell, 1993). 
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Ki can be used to determine the affinity of an inhibitor for the enzyme, since low Ki 

values are indicative of good potency while higher Ki values signify weaker potency.  

With non-competitive inhibition (under the same conditions) the Lineweaver-Burk plot 

will also show two straight lines but with different y-intercepts and the same x-

intercept. The Vmax values will thus vary while the Km values will remain the same 

(Figure 4.4) (Murray et al., 2003; Rodwell, 1993). 

 

 

Figure 4.4: Lineweaver-Burk plot indicating non-competitive inhibition (Murray et al., 

2003). 

 

4.1.4   IC50 VALUE DETERMINATION 

IC50 values are another way to measure the effectiveness of an inhibitor. The IC50 is 

defined as the concentration of the inhibitor that produces a 50% inhibition of the 

enzyme rate. Equation 4.8 illustrates the relationship between the IC50 value and Ki 

(Cheng & Prusoff, 1973). 

 

 

Equation 4.8: The relationship between IC50 and Ki (Cheng & Prusoff, 1973). 
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4.2  COMT BIOASSAYS 

4.2.1  INTRODUCTION 

In this section the evaluation of selected drugs as in vitro inhibitors of the COMT 

enzyme will be discussed. The selection of the compounds to be screened was 

based on the results obtained from pharmacophore mapping, finding similar 

molecules by fingerprint, molecular docking, a bio-isostere search, chemical 

similarity, cost, availability and molecular weight, as previously discussed. The in 

vitro screening of these potential inhibitors was based on the literature protocol as 

described by Aoyama and co-workers (2005). In total, twenty-six test drugs were 

selected for in vitro analysis.  

In this assay, norepinephrine is used as substrate and its conversion to the product 

(DL-normetanephrine) is monitored by HPLC. The principle of the assay is based on 

the fact that the test inhibitors would decrease the formation of normetanephrine 

from norepinephrine (Figure 4.5). 

 

 

HO

HO

OH

NH2
H3CO

HO

OH

NH2
COMT

 

   (-)-Norepinephrine       Normetanephrine 

 

Figure 4.5: O-Methylation of the substrate (-)-norepinephrine catalysed by COMT 

(Aoyama et al., 2005). 
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4.2.2  CHEMICALS AND MATERIALS 

 

Table 4.1: This table contains the suppliers of reagents and materials used for this 

assay as well as the abbreviations of each reagent. 

 

Materials Abbreviations Supplier 

(-)-Norepinephrine NE Sigma-Aldrich 

DL-normetanephrine 

hydrochloride 

NMN Sigma-Aldrich 

Catechol-O-methyltransferase 

purified from porcine liver 

COMT Sigma-Aldrich 

3,5-Dinitrocatechol DNC Sigma-Aldrich 

S-adenosyl-L-methionine 

chloride salt 

SAM/AdoMet Sigma-Aldrich 

Magnesium chloride MgCl2 Sigma-Aldrich 

Dimethyl sulphoxide DMSO Merck 

Sodium phosphate dibasic Na2HPO4.2H2O Sigma-Aldrich 

Sodium dihydrogen 

orthophosphate dihydrate 
NaH2PO4.2H2O Merck 

Boric acid BA Sigma-Aldrich 

Sodium-1-hexanesulfonate 

monohydrate 

 Sigma-Aldrich 

Acetonitrile, HPLC grade  Merck 

Perchloric acid HClO4 Sigma-Aldrich 

Test drugs  Sigma-Aldrich 
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4.2.3  INSTRUMENTATION AND HPLC REQUIREMENTS 

 

The following instruments and settings were used in this study: 

 HPLC analyses were performed with an Aligent 1100 HPLC system equipped 

with Shimadzu RF-551 fluorescence detector and a USP L1 Luna C18 column 

(250 x 4.6 mm, 5 µm).  

 A mixture of an aqueous phase and an organic phase was used to prepare 

the mobile phase. The aqueous phase consisted of 10 mM sodium phosphate 

buffer (pH 7.0) containing 80 mM boric acid and 4 mM sodium-1-

hexanesulfonate. The organic phase consisted of acetonitrile, and the 

aqueous and organic phases were mixed in a ratio of 85:15. 

 The HPLC system was set to a flow rate of 1 ml/min with a sample injection 

volume of 20 μl. A retention time of ± 4.7 min was recorded for 

normetanephrine and the stop time of each run was thus set to 7.0 min.   

 Fluorescence detection was recorded at an excitation wavelength of 283 nm 

and an emission wavelength of 315 nm (response time 0.5; range x 1; low 

sensitivity). 

 The Graphpad Prism® 5 software package was used to construct sigmoidal 

dose-response curves and to determine the IC50 values. 

 

4.2.4  METHODS  

4.2.4.1 CALIBRATION CURVE 

The residual rates of NMN formation were determined by constructing a linear 

calibration curve (Figure 4.6) from solutions of NMN (0, 1, 2, 5, 10 and 30 μM) 

dissolved in a 25 mM sodium phosphate buffer (pH 7.8).  Perchloric acid (1 M; 12.5 

μl) was added to each calibration standard with a final volume of 137.5 µl. This 

calibration curve was used to quantify the normethanephrine produced from (-)-

norepinephrine in the enzyme reactions catalysed by COMT.  
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Figure 4.6: Example of a calibration curve routinely obtained. 

 

4.2.4.2 DETERMINATION OF IC50 VALUES 

To determine the potencies of the test drugs as inhibitors of COMT, the 

concentration (IC50) that produces 50% inhibition (compared to the activity recorded 

in the absence of inhibitor) was determined. 

 

4.2.4.3 EXPERIMENTAL METHOD 

 COMT purified from porcine liver was obtained from Sigma-Aldrich and stored 

at -86 ºC. The purified COMT (750 units/5 ml) was dissolved in 20 ml sodium 

phosphate buffer (25 M, pH 7.8) containing 0.5 mM dithiothreitol. 

 Different concentrations of the test inhibitor were prepared in DMSO and 

added to the enzyme reactions to yield the following concentration range:  0, 

0.1, 0.3, 1, 3, 10, 30 and 100 μM (Table 4.2).   

 As reference inhibitors the known COMT inhibitors, tolcapone and 

entacapone, were also evaluated.  Tolcapone and entacapone were also 

prepared in DMSO and added to the enzyme reactions to yield the following 

concentration range:  0, 0.0003, 0.001, 0.003, 0.01, 0.1 and 1 μM.  The lower 

concentration range was used, since tolcapone and entacapone are potent 

COMT inhibitors. 

 The incubations contained the following for the purpose of the IC50 value 

determinations: 

 

y = 117.79x + 0.1775
R² = 0.9999

0

50

100

150

200

0 0.5 1 1.5 2
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Table 4.2: This table contains the composition of each enzyme reaction to a final 

volume of 137.5 μl. 

 

Reagents and final concentrations in the 

incubations 

Volume  

(per 137.5 µl) 

Storage conditions 

2 mM MgCl2 10 μl Room temperature 

250 μM Substrate (NE) 35 μl –20 °C 

200 μM SAMe 25 μl –20 °C 

Test inhibitor (dissolved in DMSO) 5 μl Room temperature 

COMT solution 50 μl –86 °C 

1 M HClO4 12.5 μl 2–8 °C 

 

 To prepare the enzyme reactions 10 μl MgCl2 was firstly added, followed by 

35 μl of the substrate (NE), 25 μl SAMe and lastly 5 μl of the test inhibitor.   

 The enzyme reactions were preincubated at 37 °C for 10 minutes. Afterwards 

50 µl aliquot of enzyme stock solution was added to yield concentrations of 

0.1 mg/ml. 

 The enzyme reactions were then incubated at 37 °C for 60 minutes and were 

subsequently terminated by adding 12.5 µl of 1 M perchloric acid. 

 The samples were centrifuged at 16000 x g for 10 min at 25 ºC and the 

supernatants were analysed by the HPLC method. Norepinephrine (NE) and 

DL-normetanephrine (NMN) were analysed at an excitation wavelength of 283 

nm and an emission wavelength of 315 nm. The peak areas of 

normetanephrine were recorded and the corresponding concentrations of 

normetanephrine formed were calculated using the calibration curve.   

 In the presence of an inhibitor the conversion of NE to NMN was inhibited. 

Using the Prism 5 (GraphPad) software package, the data were fitted to the 

equation for one-site competition to yield a sigmoidal curve of concentration of 

normetanephrine formed versus inhibitor concentration.  From this fit, the IC50 

value was estimated.  For each test inhibitor the IC50 values was determined 

in triplicate and expressed as mean ± standard deviation (SD) (Aoyama et al., 

2005). 
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Figure 4.7: Diagrammatic representation of the method followed to determine the 

IC50 values. 

 

4.2.5  RESULTS 

The IC50 values of the test inhibitors and the IC50 values of the reference inhibitors, 

entacapone and tolcapone, are provided in Table 4.3. The sigmoidal curve (Figure 

4.8) constructed for the inhibition of COMT by kaempferol is also given below.  

 

Prepare sodium phosphate buffer (25 mM; pH 7.8).

Prepare enzyme stock solution 

Dissolve purified COMT (750 units / 5 ml) in 20 ml sodium phosphate 
buffer containing 0.5 mM dithiothreitol.

Prepare enzyme reactions

First add MgCl2 (2 mM), followed by (-)-norepinephrine (250 μM), SAMe 
(200 μM) and lastly the test inhibitor (in DMSO) to a final concentration 

range of 0 - 100 μM.

Pre-incubate enzyme reactions at 37 °C for at least 10 min.

Add a 50 μl aliquot of the enzyme stock solution.

Incubate for 60 min at 37 °C.

Terminate the reaction with 12.5 μl perchloric acid (1 M).

Centrifuge samples at 16 000 x g for 10 min.

Analyse supernatant by the HPLC method.
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Table 4.3: The IC50 values for the inhibition of COMT by the test inhibitors and the 

reference inhibitors, entacapone and tolcapone. 

Test drug COMT IC50 (µM) 

Mean ± SD* 

Betamethasone No inhibition 

Carisoprodol No inhibition 

Diflunisal No inhibition 

Flunisolide No inhibition 

Kaempferol 2.799 ± 0.588 

Ketoprofen No inhibition 

Midodrine  No inhibition 

Nitrendipine No inhibition 

(-)-Riboflavin No inhibition 

Tenoxicam No inhibition 

Trimethoprim No inhibition 

Entacapone 0.00047 ± 0.00007 

Tolcapone 0.0068 ± 0.0027 

*All values are expressed as the mean ± SD of triplicate determinations. 
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Figure 4.8: The sigmoidal dose-response curves for the inhibition of COMT by 

kaempferol. This curve was used to determine the IC50 value for COMT inhibition. 

 

4.2.6  DISCUSSION 

From the IC50 values obtained for each of the test drug (Table 4.3), the following can 

be concluded: 

 As mentioned earlier, twenty-six test compounds were selected based on the 

results obtained from the pharmacophore mapping, finding similar molecules 

by fingerprint, molecular docking, a bio-isostere search, chemical similarity, 

cost availability and molecular weight. 

 However, only eleven of the test compounds were evaluated as in vitro 

inhibitors of COMT due to complications arising from the import of the COMT 

enzyme to South-Africa. The department of Fishery and Forestry placed a 

moratorium on the import of all porcine products, which meant that the porcine 

enzyme could no longer be obtained. Due to financial constraints, it was also 

not feasible to use the human enzyme instead. 

 Firstly, the reference inhibitors, entacapone (IC50 = 0.00047 µM) and 

tolcapone (IC50 = 0.0068 µM), proved to be highly potent COMT inhibitors.  

The measured IC50 values are similar to those reported in literature of 0.00016 

μM and 0.000036 μM for entacapone and tolcapone, respectively (Bonifati & 

Meco, 1999).  
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 Of the eleven test compounds that were evaluated, ten had little or no COMT 

inhibitory activity at the maximum tested concentration of 100 μM. These 

compounds may have the required features to map to the pharmacophore 

models, but they are not inhibitors in vitro.  

 This suggests that the pharmacophore models and screening would have to 

be modified. For example, shape constraints could be used instead of 

exclusion constraints. The COMT enzyme is a difficult target as the form of 

the enzyme continuously changes as cofactors, the magnesium and 

substrates bind. The active site is also quite shallow and close to the enzyme 

surface, which complicates pharmacophore modelling (Kiss & Soares-da-

Silva, 2014). Since the enzyme was no longer available, there was 

unfortunately no reason to refine the pharmacophore models during this 

study. 

 Another possibility might be to rather select more compounds from the 

fingerprint and chemical similarity hit-lists as the only active compound 

identified was kaempferol. 

 This is most likely due to the fact that kaempferol is structurally similar to 

quercetin (Figure 4.9) and therefore has similar biological activities, such as 

the inhibition of COMT.  
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Kaempferol (A)      Quercetin (B) 

Figure 4.9: The structures of the members of the flavonol subclass of flavonoids. 

 

 Since none of the compounds from the bio-isostere approach was screened in 

the end, it is impossible to determine how effective this approach would have 

been. 
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4.2.7  CONCLUSION 

In this section it was shown that the initial pharmacophore models generated in this 

study had to be optimised as results obtained from biological screening were 

disappointing. This could unfortunately not be done as the enzyme was no longer 

available for biological screening. Identification of a ligand by fingerprint also proved 

to be ineffective and only kaempferol was identified as an in vitro inhibitor of COMT. 

Based on the IC50 values obtained, kaempferol is not as potent as the reference 

inhibitors, entacapone and tolcapone, but may serve as a lead for the design of more 

potent non-nitrocatechol COMT inhibitors for the treatment of PD.  Since none of the 

compounds containing catechol bio-isosteres were screened as COMT inhibitors, it 

is not possible to come to any conclusions about the feasibility of this approach.  

 

4.3  MAO-A AND MAO-B BIOASSAYS 

4.3.1  INTRODUCTION 

Due to complications experienced with the availability of the COMT enzyme, 

eighteen compounds, obtained from screening the pharmacophore models of COMT 

and screening by ligand fingerprinting were evaluated as in vitro inhibitors of the 

MAO enzymes. For this purpose the fluorometric method described by Strydom et al. 

(2011) was employed (Novaroli et al., 2005). The assay is based on the 

measurement of the extent by which an inhibitor reduces the MAO-catalysed 

oxidation of kynuramine to the fluorescent product, 4-hydroxyquinoline (Figure 4.10). 

The kynuramine assay has the advantage that the fluorescence of the 4-

hydroxyquinoline product, formed during the oxidation by MAO, can be directly 

measured, resulting in increased sensitivity.  
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          Kynuramine    4-Hydroxyquinoline 

Figure 4.10: The oxidation of kynuramine to 4-hydroxyquinoline (Novaroli et al., 

2005). 

 

4.3.2  OVERVIEW OF THIS SECTION 

The following in vitro bioassays will be described in this section: 

 Determination of the IC50 values for the inhibition of MAO-A and MAO-B. For 

this purpose sigmoidal concentration-inhibition curves will be constructed. 

These experiments will be conducted for all test compounds. 

 The reversibility of the inhibition of MAO by selected inhibitors will be 

examined. For this purpose the recovery of enzyme activity after dialysis of 

the enzyme-inhibitor complexes will be evaluated. To determine if the active 

inhibitors are competitive inhibitors, Lineweaver-Burk plots will be constructed. 

These studies will be conducted for a selected test compound. 

 

4.3.3  CHEMICALS AND INSTRUMENTATION 

 

Table 4.4: This table contains the suppliers of reagents and materials used for this 

assay as well as the abbreviations of each reagent. 

Materials Abbreviations Supplier 

Recombinant human 

monoamine oxidase A, 

expressed in insect microsomes 

MAO-A Sigma-Aldrich 

Recombinant human MAO-B Sigma-Aldrich 
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monoamine oxidase B, 

expressed in insect microsomes 

Kynuramine  Sigma-Aldrich 

4-Hydroxyquinoline  Sigma-Aldrich 

Sodium hydroxide NaOH Sigma-Aldrich 

Monopotassium phosphate KH2PO4 Merck 

Dipotassium phosphate K2HPO4 Merck 

Potassium Chloride KCl Merck 

Dimethyl sulphoxide DMSO Merck 

Test Compounds  Sigma-Aldrich 

 (R)-Deprenyl  Sigma-Aldrich 

Pargyline  Sigma-Aldrich 

 

4.3.4  INSTRUMENTATION AND SETTINGS 

The following instruments and settings were used in this study: 

 A Varian Cary Eclipse fluorescence spectrophotometer was used for the 

fluorometric measurements. The concentrations of 4-hydroxyquinoline were 

measured fluorometrically at an excitation wavelength of 310 nm and an 

emission wavelength of 400 nm. The PMT voltage of the spectrofluorometer 

was set to medium with excitation and an emission slit widths of 5 mm and 10 

mm for MAO-A and MAO-B, respectively. 

 The Graphpad Prism® 5 software package was used to construct sigmoidal 

dose-response curves and to determine the IC50 values. 
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4.3.5  CALIBRATION CURVE 

Quantitative estimations of 4-hydroxyquinoline were done by constructing a linear 

calibration curve with solutions of 4-hydroxyquinoline (0.0469, 0.09375, 0.1875, 

0.375, 0.75 and 1.5 μM) dissolved in 200 µl potassium phosphate buffer (100 mM, 

pH 7.4, made isotonic with KCl 20.2 mM). A volume of 80 μl NaOH (2 N) was added 

to each calibration standard to yield a final volume of 280 µl. Control samples were 

added to confirm that the test inhibitors do not fluorescence or reduce the 

fluorescence of 4-hydroxyquinoline under the conditions used in the assay. The 

fluorescence values obtained in the inhibition studies should fall within the range 

obtained for the calibration curve, which should display a high degree of linearity. 

 

 

Figure 4.11: Example of a calibration curve routinely obtained. 

 

4.3.6  THE IC50 VALUES DETERMINATION FOR THE TEST INHIBITORS 

4.3.6.1 EXPERIMENTAL METHOD 

 Recombinant human MAO-A and MAO-B (5 mg/ml) were obtained from 

Sigma-Aldrich and stored at -86 ºC. MAO-A and MAO-B was diluted in 

potassium phosphate buffer (100 mM, pH 7.4, made isotonic with KCl, 20.2 

mM) to yield concentration of 0.03 and 0.06 mg/ml, respectively 

 Different concentrations of the test inhibitor were prepared in DMSO and 

added to the enzyme reactions to yield the following concentration range:  0, 

0.003, 0.01, 0.1, 1, 10, and 100 μM (Table 4.5).   
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  The incubations contained the following for the purpose of the IC50 value 

determinations: 

 

Table 4.5: This table contains the composition of each enzyme reaction to a final 

volume of 280 μl. 

 

Reagents and final concentrations in the 

incubations 

Volume  

(per 280 µl) 

Storage conditions 

200 µM Substrate (Kynuramine) 50 µl -20 ºC 

100 mM Potassium phosphate buffer 92 μl 4 ºC 

Test inhibitor (dissolved in DMSO) 8 μl Room temperature 

MAO-A or MAO-B solution 50 μl –86 °C 

 

 To prepare the enzyme reactions, 50 μl of the substrate (kynuramine) was 

firstly added (to yield a concentration of 50 µM in the 200 µl reaction) followed 

by 92 μl potassium phosphate buffer, and lastly 8 μl of the test inhibitor.   

 The enzyme reactions were preincubated at 37 °C for 15 minutes. Afterwards 

a 50 µl aliquot of the enzyme stock solution was added to yield concentrations 

of MAO-A and MAO-B of 0.0075 mg/ml and 0.015 mg/ml, respectively. 

 The enzyme reactions were then incubated at 37 °C for 20 minutes and 

subsequently terminated by adding 80 µl of sodium hydroxide (2 N). 

 The concentration of 4-hydroxyquinoline in each incubation was determined 

spectrofluorometrically by measuring the fluorescence of the supernatant at 

an excitation wavelength of 310 nm and an emission wavelength of 400 nm. 

The PMT voltage of the spectrofluorometer was set to medium with excitation 

and an emission slit widths of 5 mm and 10 mm for MAO-A and -B. 

 In order to determine an IC50 value, the initial rate of MAO catalysis was 

graphically plotted against the logarithm of the inhibitor concentration in order 

to obtain a sigmoidal dose-response curve. Each sigmoidal curve consisted of 

at least 6 different inhibitor concentrations spanning 3 orders of magnitude. 

GraphPad Prism® 5 was used to fit the inhibition date to the one site 

competition model. The IC50 values were determined in triplicate and 

expressed as mean ± standard deviation (SD). 
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 A linear calibration curve was constructed using authentic 4-hydroxyquinoline 

(0.047–1.56 µM). This curve was used to quantify the 4-hydroxyquinoline 

formed in the enzyme reactions. The enzyme catalytic rates were expressed 

as nmol 4-hydroxyquinoline formed/ min.mg protein. 

 

 

 

Figure 4.12: Diagrammatic representation of the method followed to determine the 

IC50 values for MAO inhibition.  

 

Prepare potassium phosphate buffer (100 mM; pH 7.4). Made isotonic 
with KCl (20.2 mM).

Prepare enzyme stock solution 

1. Dissolve recombinant human MAO-A (5 mg/ ml) in potassium 
phosphate buffer to a final concentration of 0.03 mg/ml.

2. Dissolve recombinant human MAO-B (5 mg/ ml) in potassium 
phosphate buffer to a final concentration of 0.06 mg/ml.

Prepare enzyme reactions

First add kynuramine (200 µM), followed by potassium phosphate buffer
(100 mM) and lastly the test inhibitor (in DMSO) to a final concentration 

range of 0 - 100 μM.

Pre-incubate enzyme reactions at 37 °C for 10-15 min.

Add a 50 μl aliquot of the enzyme stock solution.

Incubate for 20 min at 37 °C.

Terminate the reaction with 80 μl sodium hydroxide (2 N).

Measure 4-hydroxyquinoline concentrations spectrofluorometrically at an 
excitation wavelength of 310 nm and emission wavelength of 400 nm.

The IC50 values were determined in triplicate and expressed as mean ± SD.
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4.3.6.2 RESULTS 

The IC50 values of the test compounds are given in Table 4.6. The lower the IC50 

value, the higher the binding affinity of the inhibitor to the enzyme. Examples of the 

sigmoidal curves constructed for the inhibition of MAO-A and MAO-B by the test 

compounds are shown in Figures 4.13 and 4.14.  

 

Table 4.6: The IC50 values for the inhibition of MAO-A and MAO-B by the test 

compounds. 

Test compound 
MAO-A (µM) 

Mean ± SD* 

MAO-B (µM) 

Mean ± SD* 

Betamethasone No inhibition 146.050 ± 53.952 

Carisoprodol No inhibition No inhibition 

Diflunisal No inhibition No inhibition 

Dipivefrine No inhibition No inhibition 

Ethambutol No inhibition No inhibition 

Esmolol No inhibition No inhibition 

Flunisolide No inhibition No inhibition 

Etonogestrel No inhibition No inhibition 

Kaempferol 0.589 ± 0.019 37.147 ± 3.694 

Ketoprofen No inhibition No inhibition 

Midodrine No inhibition No inhibition 

Nitrendipine No inhibition 16.353 ± 1.534 

Oxybenzone 24.967 ± 0.737 2.872 ± 0.697 

Pravastatin No inhibition No inhibition 

(-)-Riboflavin 111.033 ± 9.573 13.119 ± 3.586 
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Tenoxicam 144.667 ± 3.006 94.055 ± 0.799 

(6R)-5,6,7,8-

Tetrahydrobiopterin 
No inhibition No inhibition 

Trimethoprim No inhibition No inhibition 

*All values are expressed as the mean ± SD of triplicate determinations. 

 

   MAO-A            MAO-B 

 

 

 

 

 

 

Figure 4.13: The sigmoidal dose-response curves for the inhibition of MAO-A and 

MAO-B by oxybenzone. These curves were used to determine IC50 values for both 

MAO-A and MAO-B inhibition. 
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   Nitrendipine      (-)-Riboflavin 

 

 

 

 

 

 

Figure 4.14: The sigmoidal dose-response curves for the inhibition of MAO-B by 

nitrendipine and (-)-riboflavin. These curves were used to determine IC50 values for 

MAO-B inhibition. 

 

4.3.6.3 DISCUSSION 

From the IC50 values obtained for each of the test compounds (Table 4.6), the 

following can be concluded:  

 Only two of the test compounds exhibited MAO-A inhibitory activity with IC50 

values <25 µM. These drugs include kaempferol (0.589 µM) and oxybenzone 

(24.967 µM). 

 Three of the test drugs exhibit MAO-B inhibitory activity with IC50 values <20 

µM. These include oxybenzone (2.872 µM), (-)-riboflavin (13.119 µM) and 

nitrendipine (16.353 µM). 

 An explanation for the inhibition of the MAOs by the above mentioned 

compounds are not clear at this stage. Molecular docking studies will be 

conducted to determine important interactions between the ligand and the 

active sites of the MAOs and to determine possible binding modes of these 

compounds.  
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4.3.7  MOLECULAR MODELLING 

4.3.7.1 INTRODUCTION 

Molecular modelling can be used for the design of novel compounds for a specific 

receptor or enzyme target. Molecular modelling may also be used to determine 

important interactions between the ligand and active site and to determine possible 

binding modes of inhibitors to an active site. 

 

4.3.7.2 METHOD 

 Molecular docking studies were carried out using Discovery Studio® 3.1 

modelling software. The CDOCKER module was used for molecular docking.  

 The following structures, which were obtained from the Protein Data Bank, 

were used for these studies: 

 Human MAO-A co-crystallised with harmine (pdb: 2ZX5). 

 Human MAO-B co-crystallised with safinamide (pdb: 2V5Z). 

 The correctness of the valences of the FAD cofactor and the co-crystallised 

ligands were verified and the protein models were typed with the Momany and 

Rone CHARMm force field. 

 Within the Discovery Studio® environment, the pH was set to 7.4 and 

hydrogen atoms were added to the FAD cofactor, and the co-crystallised 

ligands. 

 The pKa values and protonation states of the ionisable amino acids were 

calculated and hydrogen atoms were added at pH 7.4 to the protein models, 

including the waters. 

 A fixed atom constraint was applied to the backbone of the enzymes and the 

models were energy minimised using the Smart Minimizer algorithm with the 

maximum steps set to 50 000. For this procedure the implicit generalized Born 

solvation model with molecular volume was used.  

 Structures of the ligands to be docked were constructed within Discovery 

Studio 3.1®, and their hydrogen atoms were added according to the 

appropriate protonation states at pH 7.4. The geometries of the ligands were 

briefly optimised using a fast Dreiding-like force field (1000 interactions) and 
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the atom potential types and partial charges were assigned with the Momany 

and Rone CHARMm force field. 

 Docking of the ligands was carried out with the CDOCKER algorithm with the 

generation of 10 random ligand conformations and a heating target 

temperature of 700 K in full potential mode. 

 The docking solutions were refined using the Smart Minimizer algorithm. Ten 

possible binding solutions were computed for each docked ligand and the 

best-ranked binding conformation of each ligand was determined according to 

the CDOCKER interaction energies. 

 

4.3.7.3 RESULTS AND DISCUSSION 

MAO-A 

Eleven of the eighteen test compounds were successfully docked into the crystal 

structure model of human MAO-A using the Discovery Studio® 3.1 modelling 

software. The CDOCKER interaction energies were also determined (Table 4.7). 

 

Table 4.7: The results of the docking experiments and the IC50 values of the 

selected test compounds for the inhibition of human MAO-A. 

 

Name Prominent interactions 

 

-CDOCKER 

Interaction Energy 

(kcal/mol) 

MAO-A IC50 

(µM) 

Test compounds which docked into the active site of hMAO-A 

Carisoprodol Hydrogen bond interaction with Phe 

208. 

38.492 - 

Diflunisal Hydrogen bond interactions with 

FAD 600 and Cys 323. 

37.4552 - 

Esmolol Hydrogen bond interaction with Cys 

323. 

53.9663 - 
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Ethambutol Hydrogen bond interaction with Phe 

208 and Gln 215. 

44.2916 - 

Kaempferol Hydrogen bond interactions with 

water 739, Asn 181, Cys 323 and 

Tyr 444. 

46.6841 0.589 

Ketoprofen No interactions with surrounding 

residues. 

30.4237 - 

Midodrine Hydrogen bond interactions with 

FAD 600 and water 710. 

43.0974 - 

Oxybenzone Hydrogen bond interaction with Cys 

323. 

41.6255 24.967 

Tenoxicam Hydrogen bond interactions with 

water 739 and Tyr 407. 

35.1382 144.667 

(6R)-5,6,7,8-

Tetrahydrobiopterin 

Hydrogen bond interaction with Asn 

181, Cys 323 and Thr 336. 

41.9783 - 

Trimethoprim No interactions with surrounding 

residues. 

41.9104 - 

Test compounds which did not docked into the active site of hMAO-A 

Betamethasone - - - 

Dipivefrine - - - 

Etonogestrel - - - 

Flunisolide - - - 

Nitrendipine - - - 

Pravastatin - - - 

(-)-Riboflavin - - 111.033 

 



144 
 

 

Figure 4.15: The figure illustrates selected compounds, (A) kaempferol and (B) 

oxybenzone, docked into the crystal structure of human MAO-A. The figure only 

illustrates the residues with whom the ligands interacted. The FAD and ligands are 

displayed in stick, while the interacting residues are displayed in wire frame. 

 

The docking results of selected test compounds, kaempferol and oxybenzone, are 

illustrated in Figure 4.15. Since these test drugs had the best IC50 values, their 

docking results will be discussed in detail. The docking results may provide some 

insight into the MAO inhibitory activities of these compounds.  

 The docking result of oxybenzone illustrates hydrogen bond interactions 

between the heterocyclic ring of oxybenzone and Cys 323. This compound 

had a CDOCKER interaction energy of -41.6255 kcal/mol and an IC50 value of 

24.967 μM. 

 The most potent hMAO-A inhibitor of the series, kaempferol, docked into the 

hMAO-A active site with a CDOCKER interaction energy of -46.6841 kcal/mol 

and displayed an IC50 value of 0.589 μM. The docking result illustrates 

hydrogen bond interactions between the phenol ring of kaempferol and Cys 

323. Hydrogen bond interactions are further present between the heterocyclic 

ring of kaempferol, and water 739, Asn 181 and Tyr 444.  
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 The docking results of both kaempferol and oxybenzone illustrate a hydrogen 

bond interaction with Cys 323. Since the side chain of Cys 323 is also in van 

der Waals contact with the aromatic ring of the known hMAO-A inhibitor, 

clorgyline (De Colibus et al., 2005), it may be concluded that a hydrogen bond 

interaction with Cys 323 may be an important feature for human MAO-A 

inhibitory activity. 

 

MAO-B 

Twelve of the eighteen test compounds were successfully docked into the active site 

of the human MAO-B (Table 4.8) using the Discovery Studio® 3.1 modelling 

software.  

From the docking results the following observation were made: 

 The active site of the human MAO-B consists of substrate and entrance 

cavities, which are separated by the gating switch, residues Ile 199 and Tyr 

326. Key residues in the substrate cavity are Tyr 435 Tyr 398 and Gln 206. 

Figure 4.16 illustrates that ethambutol, kaempferol, midodrine, (-)-riboflavin 

and (6R)-5,6,7,8-tetrahydrobiopterin are examples of test compounds which 

docked into the substrate and/or the entrance cavities of MAO-B.  

 The CDOCKER interaction energies were determined by Discovery Studio® 

3.1 modelling software. In this case, the CDOCKER interaction energy did not 

correlate with the IC50 values recorded (Table 4.8). 

 

Table 4.8: The results of the docking experiments and the IC50 values of the 

selected test compounds for the inhibition of human MAO-B. 

Name Interactions 

 

-CDOCKER 

Interaction Energy 

(kcal/mol) 

MAO-B IC50 

(µM) 

Test compounds which docked into the active site of hMAO-B 

Carisoprodol Hydrogen bond interaction with Leu 

164. 

45.9694 - 
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Diflunisal Hydrogen bond interaction with 

water 1351. 

35.164 - 

Esmolol Hydrogen bond interaction with 

water 1170. 

57.0747 - 

Ethambutol Hydrogen bond interactions with 

Pro 102 and Ile 198. 

40.3679 - 

Kaempferol Hydrogen bond interactions with 

water 1155, Cys 172 and Tyr 435. 

43.1624 37.147 

Ketoprofen No interactions with surrounding 

residues. 

38.4328 - 

Midodrine Hydrogen bond interactions with 

FAD, Ser, 59, Tyr 60, Gln 206, Tyr 

398. 

46.2736 - 

Oxybenzone No interactions with surrounding 

residues. 

38.3058 2.872 

(-)-Riboflavin Hydrogen bond interactions with 

Cys 172, Thr 201, Gln 206 and Tyr 

326. 

26.6023 13.119 

Tenoxicam No interactions with surrounding 

residues. 

34.9326 94.055 

(6R)-5,6,7,8-

Tetrahydrobiopterin 

Hydrogen bond interactions with 

Pro 102 and Gln 206. 

37.8255 - 

Trimethoprim No interactions with surrounding 

residues. 

44.5123 - 

Test compounds which did not docked into the active site of hMAO-B 

Betamethasone - - 146.050 

Dipivefrine - - - 

Etonogestrel - - - 
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Flunisolide - - - 

Nitrendipine - - 16.353 

Pravastatin - - - 
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Figure 4.16: The figure illustrates the docking results of selected compounds, (A) 

nitrendipine, (B) oxybenzone and (C) (-)-riboflavin, into the crystal structure of 

human MAO-B. The figure only illustrates the residues with whom the ligands 

interacted. The FAD and ligands are displayed in stick, while the interacting residues 

are displayed in wire frame. 
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The docking results of selected compounds, nitrendipine, oxybenzone and (-)-

riboflavin, are illustrated in Figure 4.16. Since the reversibility of MAO inhibition by 

these test compounds was evaluated, their docking results will be discussed in 

detail. The docking results may provide some insight into the human MAO-B 

inhibitory activities of these compounds. Oxybenzone was the most potent MAO-B 

inhibitor of the series.  

 Although nitrendipine exhibited an IC50 value of 16.353 µM, the docking 

results indicated that nitrendipine did not fit within the active site of human 

MAO-B. Studies conducted by De Monte and co-workers (2014) investigated 

the binding of crocin, a compound isolated from Crocus Sativus, to MAO-B 

and it was found that crocin also does not fit within the active site of hMAO-B. 

A blind-docking simulation was carried out, which suggested that crocin binds 

to the protein surface, to an allosteric site, and may thus inhibit the oxidation 

of amine substrates (De Monte et al., 2014). We hypothesise that nitrendipine 

may bind to this potential allosteric site situated in the area near the gate of 

the entrance tunnel to the binding pocket (De Monte et al., 2014). 

 The docking results of (-)-riboflavin, in contrast, illustrates hydrogen bond 

interactions between the heterocyclic ring of (-)-riboflavin and Thr 201, Gln 

206 and Tyr 326. A hydrogen bond interaction is further present between the 

the hydrogen atom of (-)-riboflavin and Cys 172. This compound had a 

binding energy of -26.6023 kcal/mol and an IC50 value of 13.119 μM. 

 The most potent hMAO-B inhibitor of the series, oxybenzone, docked into the 

hMAO-B active site with a CDOCKER interaction energy of -38.3058 kcal/mol 

and an IC50 value of 2.872 μM. Although oxybenzone has the most potent 

MAO-B inhibitory activity, it does not have the lowest binding energy of the 

series. Furthermore, the results with oxybenzone illustrated that there are no 

hydrogen bond interactions with nearby amino acid residues of the MAO-B 

enzyme. Thus, it is postulated that the inhibitory activity of oxybenzone may 

be due to van der Waals interactions between oxybenzone and the amino 

acid residues. However, more in depth studies have to be conducted to 

confirm this theory.  

 In a study by Chimenti et al. (2009), the MAO inhibitory potential of both 

natural and synthetic chalcones has been illustrated. In 2009, Chimenti and 
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co-workers synthesised a series of chalcones and examined these 

compounds as MAO inhibitors using human MAO-A and MAO-B. All the 

compounds in this series were selective for the MAO-B isoform with IC50 

values in the micro- and nanomolar range. The most active compound 

(Figure 4.17 A), inhibited MAO-B with an IC50 of 0.0044 µM. This compound 

was 11364-fold more selective for the MAO-B than the MAO-A isoform. 

Interestingly, there are structural similarities between compound 8 and 

oxybenzone (Figure 4.17), such as a hydroxyl group on the heterocyclic ring 

and a carbonyl group ortho to the hydroxyl group. Binding of these 

compounds to the active site is therefore postulated to be similar.  
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(A)  Compound 8     (B) Oxybenzone 

 

Figure 4.17: (A) Compound 8 from the series of synthesised chalcones (Chimenti et 

al., 2009) and (B) oxybenzone. 

 

In conclusion, although the docking studies yielded some insights, it is unlikely that 

molecular docking may be used to predict the human MAO inhibitory potencies of 

these test drug inhibitors. 

 

4.3.8  THE REVERSIBILITY OF MAO INHIBITION  

4.3.8.1 INTRODUCTION 

In this section the reversibility of MAO-B inhibition by the most potent MAO-B 

inhibitor, oxybenzone (Figure 4.18), was examined.  
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Oxybenzone  

Figure 4.18: The structure of oxybenzone. 

 

To determine the reversibility of MAO-B inhibition, the recovery of enzymatic activity 

after dialysis of the enzyme-inhibitor complex was examined. Oxybenzone (at a 

concentration of 4 × IC50) was firstly preincubated with MAO-B for 15 min and then 

dialysed for 24 h. These incubations were carried out in triplicate and following 

dialysis were diluted twofold with the addition of kynuramine. These reactions were 

subsequently incubated for 20 min at 37 °C, and the formation of 4-hydroxyquinoline 

by MAO-B was measured at the endpoint of the enzyme reaction. Similar dialysis 

experiments were carried out in the absence of inhibitor (negative control) and 

presence of the irreversible MAO-B inhibitor, (R)-deprenyl (positive control). The 

enzyme activity of the negative control represents 100% residual activity. As third 

control, the residual MAO-B activity of undialysed mixtures of MAO-B and 

oxymebzone was also recorded. For reversible inhibition, enzyme activity is 

expected to recover to 100% following dialysis, while enzyme activity is not expected 

to recover with irreversible inhibition. 

 

4.3.8.2 CHEMICALS AND INSTRUMENTATION 

Materials and instrumentation were the same as described in section 4.3.3 and 

4.3.4.  
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4.3.8.3 METHOD 

 To examine the reversibility of MAO-B inhibition by the test compound, the 

recovery of the enzymatic activity after dialysis of the enzyme-inhibitor 

mixtures were evaluated.  

 Recombinant human MAO-B (0.03 mg protein/ml) and oxybenzone (at 4 × 

IC50) were combined in 0.8 ml of potassium phosphate buffer (100 mM, pH 

7.4) containing 5% sucrose. DMSO (4%) served as co-solvent. 

 The mixture was preincubated for 15 min at 37 °C.  

 The mixtures were subsequently dialysed at 4 °C, employing the potassium 

phosphate buffer as dialysis buffer. Slide-A-Lyzer dialysis cassettes with a 

molecular weight cut-off of 10 000 and a sample volume capacity of 0.5–3 mL 

were used (Thermo Scientific, Waltham, MA, USA) for the dialysis.  

 The dialysis buffer was replaced with fresh buffer at 3 h and 7 h after the start 

of dialysis.  

 After 24 h of dialysis, the reactions were diluted twofold with the addition of 

kynuramine to give a final substrate concentration of 50 µM and a final 

oxybenzone concentration of 2 × IC50.  

 These reactions (500 µl) were incubated for 20 min at 37 ºC, and were 

subsequently terminated with the addition of NaOH (400 μl of 2 N) and 1000 

µl water.  

 The fluorescence emission of 4-hydroxyquinoline in these reactions was 

measured as at excitation and emission wavelengths of 310 and 440 nm, 

respectively. For this purpose a 3.5 ml quartz cuvette (pathlength 10 × 10 

mm) was used.  

 A linear calibration curve was constructed using authentic 4-hydroxyquinoline 

(0.047–1.56 µM). This curve was used to quantify the 4-hydroxyquinoline 

formed in the enzyme reactions. The enzyme catalytic rates were expressed 

as nmol 4-hydroxyquinoline formed/ min.mg protein. 

 As negative control, MAO-B was preincubated and dialysed in the absence of 

inhibitor. As positive control, MAO-B was preincubated and dialysed in the 

presence of a concentration equal to 4 × IC50 of the irreversible inhibitor, (R)-

deprenyl (IC50 = 0.079 μM) (Petzer et al., 2012). Also included in the study 
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were undialysed mixtures of MAO-B and oxybenzone, which were maintained 

at 4 °C for 24 h and diluted and assayed as above.  

 

4.3.8.4 RESULTS 

As mentioned earlier, oxybenzone is a potent inhibitor of MAO-B. The reversibility of 

the binding to MAO- B was thus determined. As illustrated in Figure 4.19, dialysis of 

mixtures containing MAO-B and oxybenzone resulted in the recovery of MAO-B 

activity to a level of 114 of the negative control value. This behaviour is consistent 

with a reversible interaction of oxybenzone with MAO-B. In contrast, after similar 

treatment of MAO-B with the irreversible inhibitor (R)-deprenyl (positive control), the 

MAO-B activity is not recovered since the enzyme activity after dialysis of the 

enzyme-inhibitor complex was only 2% of the negative control value. In undialysed 

mixtures of MAO-B and oxybenzone, inhibition persists and the activity is recorded at 

27%. Since dialysis restores enzyme activity after incubation of MAO-B with 

oxybenzone, it may be concluded that oxybenzone is a reversible MAO-B inhibitor.  
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Figure 4.19: Reversibility of inhibition of MAO-B by oxybenzone. MAO-B and 

oxybenzone (at 4 × IC50) was preincubated for 15 min, dialysed for 24 h and the 

residual enzyme activity was measured (Oxy–dialysed). Similar incubation and 

dialysis of MAO-B in the absence inhibitor (NI dialysed) and presence of the 

irreversible inhibitor, (R)-deprenyl (Depr dialysed), were also carried out. The 

residual activity of undialysed mixtures of MAO-B with oxybenzone was also 

recorded (Oxy–undialysed). 
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4.3.9  MODE OF MAO INHIBITION 

4.3.9.1 INTRODUCTION 

In the previous sections, it was shown that oxybenzone acts as a reversible inhibitor 

of MAO-B. To determine whether oxybenzone exhibits a competitive or non-

competitive mode of inhibition (for this study a competitive mode of binding is 

preferred), Lineweaver-Burk plots for the inhibition of MAO-B by oxybenzone was 

constructed. For a competitive inhibitor the lines of the Lineweaver-Burk plots should 

intersect on the y-axis. If the lines intersect on the x-axis, the test inhibitor would 

have a non-competitive mode of binding.   

 

4.3.9.2 CHEMICALS AND INSTRUMENTATION 

Materials and instrumentation were the same as described in section 4.3.3 and 

4.3.4.  

4.3.9.3 EXPERIMENTAL METHOD FOR CONSTRUCTION OF   

  LINEWEAVER-BURK PLOTS 

 Lineweaver–Burk plots were constructed for the inhibition of MAO-B by 

oxybenzone.  

 The initial rates of kynuramine oxidation were measured at eight different 

kynuramine concentrations (15–250 μM) in the absence and presence of five 

different test inhibitor concentrations. In this respect, the first plot was 

constructed in the absence of inhibitor, while the remaining five plots were 

constructed in the presence of the following inhibitor concentrations: ¼ × IC50, 

½ × IC50, ¾ × IC50, 1 × IC50 and 1¼ × IC50. The concentrations of the test 

inhibitors that were selected for the study were: 0 µM, 0.718 µM, 1.435 µM, 

2.153 µM, 2.872 µM and 3.59 µM.. The enzyme concentration in these 

incubations was 0.015 mg protein/ml.  

 The rates of formation of the MAO generated 4-hydroxyquinoline were 

measured by fluorescence spectrophotometry as described above.  

 The Prism® version 5.0 software package was used to perform the linear and 

non-linear regression analyses (Petzer et al., 2012, Strydom et al., 2011). 
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 The Ki value was estimated by global (shared) fitting of the inhibition data to 

the Michaelis-Menten equation using the Prism 5 software package. The Ki 

value was also estimated from a plot of the slopes of the Lineweaver-Burk 

plots versus inhibitor concentration (x-axis intercept equals –Ki).  

 

4.3.9.4 RESULTS 
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Figure 4.20: A graph illustrating the Lineweaver-Burk plots for the inhibition of MAO-

B by oxybenzone. The Lineweaver-Burk plots are constructed in the absence (filled 

squares) and presence of various concentrations of oxybenzone. The following 

inhibitor concentrations were used: 0 µM, 0.718 µM, 1.435 µM, 2.153 µM, 2.872 µM 

and 3.59 µM. The inset is a graph of the slopes of the Lineweaver-Burk plots versus 

inhibitor concentration.  

 

Figure 4.20 illustrates the Lineweaver-Burk plots for the inhibition of MAO-B, which 

were constructed in the absence and presence of various concentrations of 

oxybenzone. The lines intersected on the y-axis, illustrating that the test inhibitor 

(oxybenzone) exhibited a competitive mode of binding to MAO-B. Global (shared) 

fitting of the inhibition data directly to the Michaelis-Menten equation yields a Ki value 

of 1.44 ± 0.16 μM (R2 = 0.97). From a plot of the slopes of the Lineweaver-Burk plots 
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versus inhibitor concentration a similar value (1.40 μM) is obtained (x-axis intercept 

equals –Ki). 

 

4.4 SUMMARY 

In this chapter the in vitro biological evaluation of selected test compounds were 

discussed. The COMT inhibitory activities of the test compounds were determined 

using the protocol described by Aoyama and co-workers (2005). Due to the 

unavailability of the COMT enzyme, only eleven of the twenty-six selected test 

compounds were evaluated in vitro for COMT inhibitory activity. The MAO inhibitory 

activities of eighteen test compounds were determined with a fluorometric assay 

using kynuramine as substrate. These test compounds were docked into crystal 

structure models of human MAO-A and MAO-B using the Discovery Studio 3.1® 

modelling software. Reversibility of binding to MAO-B was determined for 

oxybenzone. To determine the mode of binding, kinetic analysis for the inhibition of 

MAO-B by oxybenzone was carried out.  
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CHAPTER 5 

CONCLUSION: 

 

PD is an age-related neurodegenerative disorder characterised pathologically by the 

loss of neurons in the SNpc. This loss in turn, leads to a striatal dopamine deficiency, 

which is responsible for the major symptoms of the disease. PD has a high 

prevalence in the aging population, and due to an increase in life expectancy, PD is 

likely to become a larger problem in the future. The current treatment strategies are 

only symptomatic and there is a great need for the development of new drugs. 

Therefore, the main aim of this study was to identify through virtual screening, 

compounds that could inhibit COMT. 

Virtual screening: Discovery Studio® 3.1 modelling software was used to construct 

structure-based pharmacophore models of COMT using a crystal structure of human 

COMT. In silico screening of a library of FDA approved drugs was then performed to 

identify possible inhibitors. Secondly, the FDA approved drug library was also 

docked into the active site of COMT. This approach provided information regarding 

possible binding orientations and establishes if the inhibitor fits within the active site 

cavity. The FDA approved drug library was also screened using a ligand fingerprint 

approach where the structures of known inhibitors served as reference library in 

order to identify chemically similar species. A literature survey was performed to 

identify bio-isosteres of both phenol and catechol. After the identification of these 

bio-isosteres, the Sigma-Aldrich database was searched and molecules containing 

these moieties were identified. A final selection of twenty-five compounds was made, 

also taking molecular weight, cost and availability into consideration. Lastly, 

kaempferol was added to the list of test compounds to be purchased due to its 

structural similarities to quercetin. In total twenty-six test compounds have been 

selected for in vitro evaluation. 

IC50 determinations for inhibition of the COMT enzyme: The in vitro screening of the 

potential inhibitors was based on the literature protocol as described by Aoyama and 

co-workers (2005). The IC50 values of the test compounds were determined 

spectrofluorometrically using porcine COMT as enzyme source and norepinephrine 

(NE) as the substrate. In the presence of a test inhibitor the conversion of NE to DL-



158 
 

normetanephrine (NMN) was inhibited. NMN was analysed at an excitation 

wavelength of 283 nm and an emission wavelength of 315 nm. 

Due to the moratorium placed on the import of the porcine COMT enzyme to South-

Africa, only eleven of the twenty-six test compounds were evaluated in vitro. The 

results showed that only kaempferol exhibited COMT inhibitory activity with an IC50 

value of 2.799 µM. This is most likely due to the fact that kaempferol is structurally 

similar to quercetin (Figure 5.1) and may thus have similar interactions with the 

active sites of enzymes, resulting in similar biological activities, such as the inhibition 

of COMT and MAO. 
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Figure 5.1: The structure of kaempferol. 

 

IC50 determinations for the inhibition of the MAO enzyme: The IC50 values of the test 

compounds were determined spectrofluorometrically using recombinant human 

MAO-A and MAO-B enzymes, and kynuramine which is a mixed MAO-A/B substrate. 

The MAO-catalysed oxidation of kynuramine yields 4-hydroxyquinoline as product, 

which may be measured by fluorescence spectrophotometry at an excitation 

wavelength of 310 nm, and an emission wavelength of 400 nm. 

The results showed six of the eighteen test drugs were inhibitors of the MAO-B 

isoform with IC50 values ranging from 2.872-146.050 µM. Three of these test drugs 

exhibited IC50 values smaller than 20 μM, which indicates that these test drugs are 

relatively potent MAO-B inhibitors. The most potent MAO-B inhibitor, oxybenzone, 

exhibited an IC50 value of 2.872 μM. The activity of this compound is particularly 

interesting and requires further investigation. In a previous study, MAO-B inhibitory 

activities were illustrated for a series of chalcones (Chimenti et al., 2009). The most 

active compound of this series was compound 8 (Figure 5.2 A), which inhibited 
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MAO-B with an IC50 of 0.0044 µM. Figure 5.2 illustrates structural similarities 

between compound 8 and oxybenzone.   
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(A)  Compound 8     (B) Oxybenzone 

 

Figure 5.2: (A) Compound 8 from the series of synthesised chalcones (Chimenti et 

al., 2009) and (B) oxybenzone. 

 

The most potent MAO-A inhibitor, kaempferol, exhibited an IC50 value of 0.589 μM.  

Molecular modelling of the MAO enzyme: Discovery Studio® 3.1 modelling software 

was used for the molecular docking studies. The crystal structure of MAO-A co-

crystallised with harmine (PDB code: 2ZX5) and MAO-B co-crystallised with 

safinamide (PDB code: 2V5Z) was obtained from the Protein Data Bank. Molecular 

docking was carried out with the CDOCKER module in the Discovery Studio® 3.1 

modelling software. Eleven of the eighteen test compounds were successfully 

docked into the active site of MAO-A, whereas twelve of these test drugs fitted within 

the active site of MAO-B.  

MAO-A: The docking result of oxybenzone illustrated a hydrogen bond interaction 

between the heterocyclic ring of oxybenzone and Cys 323. Furthermore, the most 

potent hMAO-A inhibitor of the series, kaempferol, also possesses a hydrogen bond 

interaction between the phenol ring of kaempferol and Cys 323. According to De 

Colibus and co-workers (2005) a van der Waals interaction with Cys 323 can also 

observed for the known hMAO-A inhibitor, clorgyline. Thus, it may be concluded that 

a hydrogen bond interaction with Cys 323 may be an important feature for hMAO-A 

inhibitory activity.  
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MAO-B: Most compounds interacted with Tyr 326 or Tyr 398, while interactions with 

Cys 172, Gln 206, Ile 199 and Tyr 435 were also observed. Interestingly, for the 

most potent MAO-B inhibitor of the series, oxybenzone, no hydrogen bond 

interactions with the nearby amino acid residues of the human MAO-B enzyme were 

observed. Furthermore, it is postulated that the inhibitory activity of oxybenzone may 

be due to van der Waals interactions between oxybenzone and the amino acid 

residues. This is similar to interactions of known MAO-B inhibitors such as 

safinamide with the MAO-B enzyme. 

Reversibility of binding: To determine whether binding of a selected test drug to the 

MAO enzymes is reversible, the recovery of enzymatic activity after dialysis of the 

enzyme-inhibitor complexes was determined. Oxybenzone, the most potent MAO-B 

inhibitor, was selected for the MAO-A and MAO-B reversibility studies, respectively. 

The irreversible inhibitors pargyline and (R)-deprenyl were also included, for MAO-A 

and MAO-B, respectively, as positive controls. 

The results of these studies indicated that oxybenzone (Figure 5.2 B) possesses a 

reversible mode of binding to both the human MAO-B isoform, since enzyme activity 

was recovered after dialysis of mixtures containing the enzyme and inhibitor.  

Kinetic studies: Since reversibility of binding was illustrated for oxybenzone for the 

inhibition of MAO-B, this compound was selected for further kinetic studies. 

Lineweaver–Burk plots were constructed for the inhibition of MAO-B by oxybenzone. 

For this purpose, the initial rates of kynuramine oxidation were measured at different 

kynuramine concentrations in the absence and presence of different test inhibitor 

concentrations. The lines of the Lineweaver-Burk plots intersected on the y-axis, 

which is indicative of a competitive mode of binding. It may thus be concluded that 

oxybenzone binds competitively to the MAO-B isoform. 

In conclusion, despite some challenges, the aims and objectives of identifying a 

COMT inhibitor by virtual screening, as set out in Chapter 1 have been achieved.  

Screening of the pharmacophore models and a library by fingerprinting were not very 

effective methods for identifying new COMT inhibitors, and unfortunately the 

pharmacophore models could not be refined as the enzyme was no longer available.  

In addition, the effectiveness of the bio-isostere approach could also not be 

assessed. A dual COMT and MAO-B inhibitor, namely kaempferol has however been 
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identified. Furthermore, another three compounds also inhibited the MAO enzymes 

and may serve as lead compounds in future studies.  
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LIST OF COMPOUNDS USED FOR THE TEST SETS  

 

The test sets were constructed using Discovery Studio® 3.1 modelling software 

consisting of ligands which are known to inhibit COMT (Kiss & Soares-da-Silva, 

2014). 
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MOLECULAR DOCKING RESULTS OF COMT 

 

Carisoprodol: 

 

 

 

 

Ketoprofen: 
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Oxybenzone: 

 

 

 

 

(6R)-5,6,7,8-Tetrahydrobiopterin: 
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Trimethoprim: 
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SIGMOIDAL PLOTS FOR THE INHIBITION OF MAO BY THE 

TEST INHIBITORS 

 

MAO-A: 

Kaempferol: 

 

 

 

 

 

 

 

 

 

 

 

(-)-Riboflavin: 
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Tenoxicam: 

 

 

 

 

 

 

 

 

 

 

 

MAO-B: 

Betamethasone: 
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Kaempferol: 

 

 

 

 

 

 

 

 

 

 

 

Tenoxicam: 

 

 

 

 

 

 

 

 

 

 

 

 

 

-3 -2 -1 0 1 2

25

50

75

100

Log[I]
R

a
te

 (
%

)

-4 -2 0 2 4

50

100

150

log[I], µM

R
a

te
 (

%
)



190 
 

LIST OF MOLECULAR DOCKING RESULTS OF MAO 

 

MAO-A: 

Carisoprodol: 

 

 

 

Diflunisal: 
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Esmolol: 

 

 

 

Ethambutol: 
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Kaempferol: 

 

 

 

Ketoprofen: 
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Midodrine:  

 

 

 

Oxybenzone: 
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Tenoxicam: 

 

 

 

(6R)-5,6,7,8-Tetrahydrobiopterin: 

 

 

 

 

 



195 
 

Trimethoprim: 

 

 

 

 

MAO-B: 

Carisoprodol: 
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Diflunisal: 

 

 

 

 

Esmolol: 

 

 

 

 

 

 



197 
 

Ethambutol: 

 

 

 

 

Kaempferol: 
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Ketoprofen: 

 

 

 

 

Midodrine: 
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Tenoxicam: 

 

 

 

 

(6R)-5,6,7,8-Tetrahydrobiopterin: 
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Trimethoprim: 
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