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ABSTRACT
oxidase

Monoamine

(MAO)

is

an

enzyme

important

neurotransmitters in and around neurons, and also in

the degradation

in

of

protection from amines in the diet.

Tyramine, in particular, is well known for causing changes in blood

pressure

through its

sympathomimetic properties. Therefore, inhibition of MAO A is to be avoided when
manipulating

a

pharmacophore during drug development. The novel antibacterial

oxazolidinones inhibit MAO A, and

although antibacterial and MAO A activity rely

similar structures, differentiation between

binding at target and

on

on

MAO A is possible.

Enzyme kinetic and spectral studies have been used in conjuction with modelling of

ligand and active site to show how oxazolidinones bind in the active site of MAO A.

The nature of imidazoline

binding to MAO is

a

contentious

area

of research. A second

binding site accessed by imidazoline ligands has been previously identified

on

the MAO

protein. Inhibition and spectral studies show that the 12 ligands, 2-BFI, idazoxan and
guanabenz, bind to the MAO A active site, influencing the flavin at the
concentrations

as

their

same

competitive Ki value. The MAO A active site is not the high

affinity imidazoline binding site.

For decades MAO

has been

thought to oxidise non-protonated amines. Evidence

presented here suggests that protonated amine, which is present in
physiological pH, is the substrate for MAO A
identified

as

group on

the

a

larger proportion at

enzyme

(pKa 7.5) has been

being critical for activity.
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ABBREVIATIONS
Abs

Absorbance

ATP

Adenosine

AZIPI

triphospate
2-(3-azido-4-iodophenoxyl) methylimidazoline

BCA

Bicinchoninic acid

2-BFI

2-(2-Benzofuranyl)-2-imidazoline

CAA

Casamino acids

CNS

Central

DEAE

DMSO

Diethylaminoethyl
Diethyl pyrocarbonate
Dimethyl sulphoxide

DTT

Dithiothreitol

DEPC

nervous

system

EDTA

Ethylenediaminetetracetic acid

FAD

Flavin adenine dinucleotide

FMN

Flavin mononucleotide

HOMO

Highest occupied molecular orbital
5- hydroxytryptamine or serotonin
Imidazoline binding site
Imidazoline / Guanidinium receptive site
Potassium phosphate buffer
Lowest unoccupied molecular orbital

5-HT
IBS
IGRS
KPi

LUMO
MAO A

Monoamine oxidase A

MAO B

Monoamine oxidase B

MAOI

Monoamine oxidase inhibitor

MPP+

1 -methyl-4-phenylpyridinium

MPTP

2-PCPA

l-methyl-4-phenyl-l,2,5,6-tetrahydropyridine
Staphylococcus aureus
Molecular weight
N-ethylmaleimidc
Phenylmethylsulfonyl fluoride
trans-2-phenylcyclopropylamine / Tranylcypromine

RIMA

Reversible inhibitor of monoamine oxidase A

MRSA
MW

NEM
PMSF

methicillin-resistant

SIADH

syndrome of inappropriate antidiuretic hormone secretion

SSAO

Semicarbazide sensitive amine oxidase

UV

Ultraviolet

VRE

light
Vancomycin-resistant enterococci

YMM

Yeast minimal media
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1.Introduction.

The aim of this thesis is to

study research investigating the binding of competitive

inhibitors to MAO A. Much of the work

reported later is concerned with the

oxazolidinone class of antibiotics. The interactions of these with MAO A
undesirable because of the

well-reported complications of the cheese effect. The

techniques used to study the binding of oxazolidinones to MAO A
classes of MAOIs, such as imidazoline

an

are

useful for other

ligands. Spectroscopic and redox properties of

the flavin cofactor associated with MAO A
is

are

are

also examined. The

chapter that follows

attempt at a clear discussion of the areas of monoamine oxidase research that have

influenced this work.

1.1

Flavoproteins.

Flavoproteins

are present

in all organisms and catalyse

reactions that illustrate the
flavin

an

range

of electron transfer

isoalloxazine

have FAD

ring with

a

derived from vitamin B2 (riboflavin) and consist of the

different side chain attached to the N10. MAO contains

or

FMN

a

cysteine residue, though

some

other flavoproteins

covalently linked to histidine and tyrosine residues and

many

strongly associated, but non-covalently bound co-factors. Flavoproteins

normally grouped into three distinct classes: oxidases,

monooxygenases

dehydrogenases. However, all three involve the transfer of one

or two

from the flavin. Oxidases accept

are

electrons from substrates and

atom is

others

are

and

electrons to and

reoxidised by O2,

producing product and hydrogen peroxide. Monooxygenases also utilise
one

a

co-factor, normally either a flavin mononucleotide (FMN) or a flavin adenine

FAD co-factor that is bound to

have

wide

versatility of the flavin co-factor. Flavoproteins contain

dinucleotide (FAD). These are
same

a

oxygen,

but

incorporated into substrate and the other is reduced to water.
9

Dehydrogenases do not
other

dehydrogenases

use oxygen as an

or

electron acceptor, but transfer electrons to

other co-factors (reviewed in Stankovich, 1991).

R

R

Fig. 1.1.1
Structure of

7,8-dimethylisoalloxazine flavin co-factor (oxidised and reduced).

Although it is possible to alter the properties of a flavin by modifying the molecule
itself, the protein environment that surrounds the co-factor determines its catalytic

properties. The mid point potential of free flavin is around -200 mV (Clark and Lowe,
1956) and in flavoproteins this

can

be between -400 mV and +60 mV (Fraaije and

Mattevi, 2000). An important feature of many diverse flavoenzymes is the close

proximity of a positively charged
This increases the redox

group to

the Nl-C2=02 part of the isoalloxazine ring.

potential by stabilising the anionic form of reduced flavin

(Ghisla and Massey, 1989). Absence of this charged residue has been shown to produce
an

inactive enzyme

that does not bind flavin (Bjornberg et al., 1997; Mewies et al.,

1996). Binding the flavin covalently to the protein has been shown to change the
oxidative power

of an

enzyme

(Fraaije et al., 1999).

Another well-conserved interaction between flavin and

protein is the

presence

of a

hydrogen bond donor close to the N5 locus. The N5 atom is often the catalytic centre of
the flavin co-factor and substrate
the

binding

hydrogen bond. Though the effect

occurs on

on enzyme

the other side of the planar flavin to

activity of this interaction is not

10

entirely clear, influencing the reactive centre

may

also increase the redox potential of

the enzyme.

In addition to

influencing the flavin with specific interactions, flavoenzymes affect the

substrate in ways
or

carboxyl

that make catalysis

group on

the substrate

more

can

favourable. Hydrogen bonding to

a

carbonyl

lower the pKa of an adjacent carbon to facilitate

proton abstraction by a nearby base (Thorpe and Kim, 1995; Rowland et al., 1997). DAmino acid oxidase is

thought to stabilise the deprotonated form of the substrate amine,

and this then favours the reaction to imine

Thus the

protein is not only able to change the redox potential of the flavin, but also

substrate redox

potential to facilitate catalysis.

1.2 Biochemical and

MAO

physiological aspects of MAO

[EC 1.4.3.4; amine:oxygen oxidoreductase (deaminating, flavin-containing)] was

first described in 1928

some

(Miura and Miyake, 1988).

progress

as

having tyramine oxidising properties (Hare, 1928). Since then

has been made in studying this

has been shown to oxidise

enzyme.

In addition to tyramine, MAO

important neurotransmitters, such

noradrenaline. MAO is the first and

as

dopamine, serotonin and

perhaps most important enzyme in the degradative

pathway of such amines, although reuptake mechanisms not MAO
of neurotransmitters at post

Substrate

specificity differentiates the two forms of MAO. MAO A preferentially

other's substrates

was

the activity

synaptic receptors.

oxidises serotonin, whilst MAO B oxidises

MAO

remove

smaller substrates, and both

(usually at higher concentrations). The

demonstrated

presence

can

oxidise the

of two isoforms of

by selective irreversible inhibitors, clorgyline and deprenyl,
11

which inhibit MAO A and MAO B

respectively (Johnston, 1968; Knoll and Magyar,

1972). This has been confirmed with immunological studies (reviewed in Denney and

Denney, 1985), different protein

masses

of purified MAO A and B (Weyler and Salach,

1985), different peptide sequence (Bach et al., 1988) and most recently different protein
structures

in the

(Binda et al., 2002; Ma et al., 2004). The distribution of MAO A and MAO B

body also differs (Table 1.2.l)(reviewed in Weyler et al., 1990).

MAO A is found in

serotoninergic
cells

catecholaminergic

neurons

neurons

and glial cells. The

presence

corresponds to the main function of the

neurotransmitters. However,

and MAO B in astrocytes,

enzyme, to

both isoforms of MAO

other tissues, where their role appears to

of MAO in

are

neurons

and associated

control amine
found in large quantities in

involve the protection of mitochondrial

energy

production (Nicklas et al., 1985) and metabolism of bioactive amines from food.

12

MAO A

MAO B

MAO-A

MAO-B

Activity

Activity

(% of total
activity)

(% of total
activity)

Hypothalamus

14.1

13.9

50

50

Cerebral Cortex

8.1

7.9

51

49

Cerebellar Cortex

2.8

1.6

63

37

Pons

8.0

8.9

47

53

7.1

12.6

36

64

10.6

12.1

47

53

Caudate

7.1

12.7

36

64

Fiver

92.0

33.0

74

26

Placenta

140.0

20.0

87

13

Intestine

15.0

5.0

75

25

33.4

10.0

77

23

Kidney

38.8

17.0

70

30

Skeletal Muscle

4.3

4.0

52

48

Heart

19.0

10.0

66

34

Fung

17.0

4.1

81

19

Tissue

Medulla

Oblongata

Substantia

Adrenal

Nigra

gland

Table 1.2.1

Activity of MAO A and MAO B in different human tissues.
(MAO A - 5-HT substrate, nmol/ 30min/ mg protein, MAO B - PEA substrate, nmol/
30min/ mg protein)(Holschneider and Shih, 2000, data from Lewinsohn et al., 1980a;
Lewinsohn et al., 1980b; O'Carroll et al., 1983)

Though MAO A and B
and B have sequence

are

separate entities, they have many similar properties. MAO A

similarity of greater than 70%, similar size at 59.7 and 58.8 kDa

(Hsu et al., 1988) and similar structural domain organisation (Binda et al., 2002; Ma et
al., 2004). They form homodimers and have one FAD per 60kDa subunit (Weyler,

1989). The Rossmann fold that non-covalently binds FAD is common not only to both
isoforms, but to many other flavoproteins.
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Both MAO A and MAO B have

flavin is linked
MAO A

or

proteins

are

by

a

covalently bound flavin

as

the catalytic co-factor. The

thioether bond between the 8-methyl of flavin and cysteine 406 in

cysteine 397 in MAO B (Kearney et al., 1971; Walker et al., 1971). Both
attached to the outer mitochondrial membrane by

a

transmembrane helix

(Schnaitman et al., 1967; Urban et al., 1991; Ma et al., 2004). They are targetted to this
subcellular location

by

a

peptide

sequence on

the C terminal of MAO (Mitoma and Ito,

1992). The insertion of MAO into the outer mitochondrial membrane is dependent on
the

polypeptide ubiquitin (Zhaung and McCauley, 1989; Zhuang et al. 1992) (N.B. First

author in each

study is the

but spelt incorrectly in literature).

same,

The oxidation of amine substrates is achieved
imine

through the reduction of the FAD. The

product is non-enzymatically hydrolysed to

Oxidised flavin is

an

aldehyde and ammonia is released.

regenerated by conversion of oxygen to hydrogen peroxide (Kemal et

al., 1977).

R-CH2-NH2
R-CH=NH

Ered

+

O2

+

Eox

R-CH=NH

+

H20

-»

—►

Eox

+

R-CHO

+

+

Ered

NH3

H2O2

In 1968, McEwen et al. found that the Km
but Vmax did not.

By using

a

modification of the Henderson-Hasselbach equation the

variation in Km was shown to be
substrate. This indicated that

for benzylamine oxidation changed with pH,

dependent

on

the concentration of non-protonated

despite the majority of amine at physiological pH being

protonated, the nonprotonated form

was

oxidised by MAO.
14

The reoxidation of the flavin in MAO

occurs

readily and it is possible to alter the rate.

With substrate bound in the active site reduced MAO A reoxidises much faster. Product
does not alter the rate and inhibitors may

inhibit reoxidation (Ramsay, 1991).

MAO B does not

rapidly

to

undergo reoxidation

the stimulation of reoxidation

as

as

by substrate. This

MAO A and is also less susceptible
means

that reoxidation is the rate-

limiting step in the catalytic cycle of MAO B, but amine reduction of the FAD
predominates in MAO A (Tan and Ramsay, 1993).

The

catalysis of MAO is understood to proceed through

mechanisms.

occurs.

semiquinone. The substrate then loses

Flavins

are

well known for

semiquinone is easily observed
has been observed in the
reduction of enzyme
evidence for

of two possible

Single electron transfer from amine to flavin produces

cation and flavin

transfer

one

a

on

a proton

being able to transfer

and
a

an

amine radical

a

second electron

single electron,

reduction of MAO with dithionite and flavin radical

resting state of MAO B (DeRose et al., 1996). Flowever during

by substrate,

radical mechanism

no

radical has been observed. Much of the supporting

come

from studies with mechanism-based

inactivators, cyclopropylamines (Silverman, 1992; 1995). The formation of a tyrosyl
radical in MAO A after enzyme

reduction with dithionite has been reported recently

(Rigby et al., 2005). This putative tyrosyl radical in equilibrium with flavin
semiquinone

was

described by the authors

as

"the key missing link in support of the

single electron transfer mechanism".

The other

amine

possibility for MAO catalysis is the polar nucleophilic mechanism. Here, the

nucleophilically attacks the C4a, which enables the N5 of the flavin to abstract

15

the

a-pro-R proton from the substrate. Although there is

either

no

conclusive data to eliminate

possible mechanism, recently published structures of MAO

are

described

as

favouring the polar nucleophilic mechanism (Edmondson et al., 2004).

1.3 Structure of monoamine oxidases

Although monoamine oxidases have been the subject of a great deal of research
number of

decades, crystal structures for both enzymes have only been recently solved

(Binda et al., 2002; Ma et al., 2004). Membrane proteins
even

with

appears to

over a

detergents present researchers
be

more

can

are

difficult to crystallize, and

experience solubility problems. This

of a problem with MAO A than MAO B.

Crystallographic studies

on

MAO B have been

more

producing good resolution structures of the human
the active site. MAO B has been

successful to date (Table 1.3.1),

enzyme

with

a

variety of ligands in

crystallized with both covalently bound inhibitors and

competitive inhibitors, but not with the active site unoccupied (Binda et al., 2003).

16

Ligand

Reference

3.2

Clorgyline

Ma et al. 2004

human MAO B

3.0

Pargyline

Binda et al. 2002

10JA

human MAO B

1.7

Isatin

Binda et al. 2003

10JB

human MAO B

2.2

Tranylcypromine

Binda et al. 2003

10JC

human MAO B

2.4

N-(2-Aminoethyl)-P-Chlorobenzamide

Binda et al. 2003

10JD

human MAO B

3.1

Lauryldimethylamine-N-Oxide

Binda et al. 2003

10J9

human MAO B

2.3

1,4-Diphenyl-2-Butene

Binda et al. 2003

2BK3

human MAO B

1.8

Farnesol

Hubalek et al. 2005

1S2Q

human MAO B

2.07

N-Propargyl-1 (R)- Aminoindan (Rasagiline)

Binda et al. 2004a

1S2Y

human MAO B

2.12

N-Propargyl-1 (S)- Aminoindan

Binda et al. 2004a

1S3B

human MAO B

1.65

N-Methyl-N- Propargyl-1 (R)-Aminoindan

Binda et al. 2004a

1S3E

human MAO B

1.6

6-Hydroxy-N- Propargyl-1 (R)-Aminoindan

Binda et al. 2004a

2BK5

human MAO B

(I199F)

1.83

Isatin

Flubalek et al. 2005

2BK4

human MAO B

(I199F)

1.9

Rasagiline

Hubalek et al. 2005

Resolution

PDB

Enzyme

105W

rat MAO A

1GOS

Table 1.3.1
Published structures of MAO A and B with

protein data bank (PDB) codes.

(I199F denotes mutation of isoleucine to phenylalanine at position 199)

Structures of both isoforms confirm the enzymes are

linked to

a

cysteine residue. MAO A and MAO B

domains: membrane

interface is 2150

A2

homodimers with FAD covalently

are

divided into three functional

binding, flavin binding and substrate binding regions. The dimer
in MAO A and 2095

mitochondrial membrane

by

a

A2

in MAO B. The enzyme

is anchored to the

helix that extends out from the main body of the

enzyme

and also

some

Infrared

Spectroscopy), MAO A and MAO B contain both a-helices and (3-sheets

hydrophobic surface residues. As predicted by FTIR (Fourier Transform

17

(Wouters et al., 1995). The flavin-binding domain is structurally similar to FAD binding
domains in other

flavoproteins.

The active site of MAO B is

separated into

an entrance

cavity and

a

substrate-binding

cavity. Passage of ligands from the entrance cavity to the flavin-containing region
depends

upon

the conformation of Ue-199. The equivalent residue in MAO A is Phe-

208, this feature has

a

strong impact on the binding of ligands in the active site

(Hubalek et al., 2005). The lining of the active site is largely hydrophobic, with no
residues that could act
the active site

are

as

active site acids

tyrosines that

are

or

bases. The two most

important residues in

located perpendicular to the plane of the flavin.

Tyrosines 398, 435 in MAO B and 407, 444 in MAO A form (with flavin)
cage

an

aromatic

that orients the substrate amine relative to the flavin. The flavin itself is bent to

an

angle of 30° from the planar norm. Ordered water is observed in the active site of highresolution MAO B structures. There is
flavin and

Lys-296. Mutating this lysine

305) results in inactive

1.4 MAO

The first

enzyme

or

hydrogen bonding to both the N5 of the

its corresponding residue in MAO A (Lys-

pharmacology

drugs affecting MAO

of the flavin

water

(Geha et al., 2002).

were

irreversible inactivators. Recent crystal structures

of MAO B show irreversible inhibitors

with

a

covalently linked to either the N5

ring (Binda et al., 2002; 2003). Early inhibitors

acetylenic amine compounds, two different enzymes

were

were

or

C4a atoms

non-selective, but

identified because

clorgyline inhibits MAO A and deprenyl inhibits MAO B. Both non-selective and MAO

18

A-specific irreversible inhibitors

were

effective in treatment of atypical depression,

presumably by increasing levels of catecholamines like serotonin.

A

common

side effect of treatment with irreversible MAO inhibitor

antidepressants

was

termed "the cheese effect". Inhibition of amine oxidation in the intestine allowed

tyramine from the diet (for example, from cheese) to enter systemic circulation and
increase blood pressure

(Blackwell, 1963; Horwitz et al., 1964). Tyramine does this by

displacing endogenous neurotransmitter noradrenaline from vesicles. Noradrenaline
diffuses
muscle
for

across

the synapse to

stimulate receptors that induce contraction of smooth

surrounding blood vessels. Tyramine, by competing with the neurotransmitter

uptake mechanisms, also inhibits the main pathway for removing noradrenalin and

serotonin from the synapse.

Normally MAO in the intestinal epithelium and liver deaminates the bulk of tyramine
from the diet,

removing

MAO A oxidises the

any

activity. MAO B inhibitors do not cause this problem

as

majority of amines from the diet (Anderson et al., 1993). With the

development of different classes of antidepressant and reversible inhibitors with fewer
side

effects, irreversible MAO A inhibitors

of side effects

see

are no

longer in regular clinical

use

(for list

Table 1.4.1).

The irreversible MAO B inhibitor
Parkinson's disease and other

deprenyl is thought to be useful in the treatment of

neurodegenerative diseases. Parkinson's disease reduces

dopaminergic neurotransmission, but inhibition of MAO B elevates dopamine by
preventing its breakdown. Deprenyl and other MAO B inhibitors
with the

dopamine

precursor

are

used in conjuction

L-DOPA and delay the progression of symptoms.
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However, the neuroprotective benefits are not
and Weinstock,
In addition to

related to MAO B inhibition (Youdim

2001).

covalently bound MAOI there

are

reversible inhibitors that mostly exhibit

competitive type inhibition. A well-known example is amphetamine, which is a
substrate

be

(2-phenylethylamine) methylated at the a carbon. Competitive inhibitors

expected to be

as

effective

as

can

irreversible inhibitors but with greater safety (Youdim,

1995; Nair et al., 1995). The cheese effect is reduced because large concentrations of
substrate

(tyramine)

Treatment with

can

displace competitive inhibitors from MAO and be oxidised.

competitive MAOI

body in 12-24 hours. MAO activity
but for
which

can

be stopped and the drug

recovers

can

be cleared from the

with removal of a competitive inhibitor,

covalently bound inhibitors activity only returns with synthesis of new
can

be very

enzyme

slow.
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Table 1.4.1

Side effects of irreversible MAO inhibitors.

(Holschneider and Shih, 2000)
COMMON

Orthostatic

RARE

OCCASIONAL

Headache

hypotension

Acute

hypertension

Dizziness

Edema

Hypomania, mania

Restlessness

Hyperexcitability

Thromboc ytopeni a

Insomnia

Numbness, paresthesias

Normochromic, normocytic
anemia

Afternoon

fatigue

Myoclonus, hyperreflexia,

Leukopenia,
agranulocytosis

muscle spasms

Nausea/Vomiting

Rash

Lupus-like reaction

Diarrhea

Flushing/chills

SIADH*

Anorexia

Constipation

Weight gain

Dry mouth

Anorgasmia, impotence,
delayed ejaculation

Blurred vision

*

A

SIADH

=

Urinary retention

syndrome of inappropriate antidiuretic hormone secretion.

large number of molecules have been shown to inhibit MAO A reversibly. Although

structures vary

Inhibitors often

considerably, certain features

are

important for inhibitor potency.

comprise of an aromatic ring with

a

nitrogen (sometimes

oxygen or

sulphur) within two bonds of the ring (Wouters, 1998). QSAR studies have highlighted
the

importance of lipophillic interactions (Gnerre et al., 2000; Carried et al., 2002).

Prior to the

publication of the structure of MAO, the dimensions of MAO A and MAO
o

B

were

determined

as

14

x

7

x

4 A and 8

o

x

5

x

2 A

using indole and pirlindole

analogues (Medvedev et al., 1995, 1998; Veselovsky et al., 1998, 2000). More flexible
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MAOI

can

exceed these dimensions at least in terms of length.

both isoforms show that the active site dimensions

are

The crystal structures of

generally in agreement with

inhibitor based dimensions.

1.5 Oxazolidinones

Oxazolidinones

are a

class of

drug that have recently been developed for

antibiotics. The first of these to be used
and has been successful in

clinically

was

use as

linezolid (marketed

as

Zyvox)

treating infections caused by Gram-positive bacteria and

Gram-negative anaerobes. Due to the novel antibiotic mechanism of oxazolidinones,
linezolid has

as

proved effective against pathogens with resistance to other antibiotics such

MRSA and VRE. Linezolid is bacteriostatic

is bactericidal for

Linezolid is

a

some

against most susceptible organisms and

pneumococci, Bactericides fragilis and C. perfringens.

drug that is generally well-tolerated and suitable for oral dosing.

(Linezolid profile reviewed in Clemett and Markham, 2000; Norrby, 2001; Perry and
Jarvis, 2001).

Structure of linezolid.

Oxazolidinones act

as

antibiotics

synthesis. They do this at
exact

an

through their ability to inhibit bacterial protein

early stage of translation (Shinabarger et al., 1997). The

mechanism of oxazolidinone action is unclear. Their site of action is

ribosomal subunit where

they

may prevent

on

the 23S

initiation complex formation (Swaney et al.,
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1998; Co lea et al., 2003). Organisms resistant to oxazolidinones all have a mutation at
one

of

rRNA

a

number of RNA residues located

on

the central

loop of domain V of the 23S

(Kloss et al., 1999; Xiong et al., 2000). This region has been identified as the

peptidyltransferase centre and drugs that bind there inhibit peptide bond formation, but
oxazolidinones, though they bind in this area, do not. Oxazolidinones prevent the
formation of the initiation

complex and do not affect elongation and termination (Lin et

al., 1997). It has been suggested that from this binding site oxazolidinones are able to
inhibit the interaction of
formation of the

formyl-methionine-t-RNA with the 50S subunit during

pre-initiation complex (Kloss et al., 1999).

An unwanted side effect of these

inhibition leads to

drugs is their inhibition of MAO activity. MAO A

possible problems from the cheese effect. As will be demonstrated in

this thesis, oxazolidinones inhibit MAO A in a

necessitating

an assessment

manner

for tyramine potentiation.

Linezolid has been found to decrease
liver

competitive and reversible

significantly tyramine metabolism in the gut and

compared with placebo (Antal et al., 2001). Humphrey et al. (2001) showed that

linezolid

moderately potentiated the cheese effect. Furazolidinone (another

oxazolidinone

antibiotic) also potentiated the tyramine effect, but not enough to warrant

dietary restrictions. The dose of tyramine needed during treatment with reversible
MAOI

a

(moclobemide) that significantly increases blood pressure is large (>250mg) and

normal meal contains much less (Audebert et al., 1992).
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1.6 Imidazoline

binding sites and monoamine oxidase

An

of MAO research involves imidazoline I2 binding sites (I2BS). Some

interesting

area

effects of imidazoline
histamine receptors,

effects may

ligands in the CNS

where

many

are

independent of ot2-adrenoceptors and

imidazoline drugs interact. These unaccounted for

be associated with other proteins/receptors that bind imidazolines. Research

in this field is

hampered by the lack of a credible endogenous ligand. Agmatine

(decarboxylated arginine) is

a

possible candidate,

as are some

beta-carbolines (reviewed

in

Regunathan and Reis, 1996; Eglen et al., 1998 and Robinson et al., 2003).

In

1991, the Imidazoline-Guanidinium Receptive Site (IGRS, also known as

imidazoline

binding site

or

IBS)

was

the mitochondrial outer membrane

characterized

as a

membrane protein localised to

(Tesson et al., 1991). The binding of idazoxan to the

IGRS correlated well with the marker enzyme

of the outer mitochondrial membrane

(MAO). This suggests that the IGRS/IBS is not a classical neurotransmitter receptor
located
from

on

the cell surface. It had

already been determined that this protein

alpha adrenergic and imidazoline receptors. This IBS

responsible for noradrenergic
mediated

as a

study (Sastre and Garcia-Sevilla, 1993) showed

was

35 fold greater

later the

were not

same group

protein of approximately 60kDa (Limon et al., 1992).

increase of MAO and IBS in the brain with age.

oxidase

year

distinct

thought to be

caused by imidazoline ligands that

through the previously mentioned receptors. A

identified the imidazoline site

A later

response

was

was

a strong

correlation between the

However, the density of monoamine

then the density of imidazoline sites. The affinity of

idazoxan for the MAO B active site was, at

89pM, far poorer than the known affinity of
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idazoxan for the IBS

but not the

same

(~10nM). It

was

concluded that MAO and IBS

entity. A discrepancy

was

were

co-expressed,

also found between the amount of MAO

protein and I2BS in another study (Raddatz et al., 2000). Human liver MAO B

was

shown to have 5% of imidazoline

binding sites accessible for binding (compared to total

MAO

was

lower in platelets, amounting to 0.5% of MAO B

was

defined

protein). Accessibility

present.

The imidazoline

was

binding site

purified. The purified protein

was

as

the I2 class according to ligand affinity and

digested and its peptide

similarity with MAO A and MAO B. Expression of MAO A
mitochondria

sequences

or

showed great

MAO B in yeast

produced imidazoline binding sites not present in untransformed yeast

(Tesson et al., 1995). MAO A and B knockout mice lose

an

imidazoline binding protein

corresponding to 61 and 55 kDA respectively (Remaury et al., 2000). It is clear that
MAO is

Using

a

an

imidazoline

binding protein.

radiolabeled photoaffinity adduct

localized the imidazoline

binding site to

Lysine 149 and Methionine 222. This
classical inhibitors

or

a

([125I]AZIPI) Raddatz and co-workers (1997)
region

on

area was not

MAO B between amino acids

known to be involved in binding of

the flavin co-factor. However, some of these residues appear to

be

lining the entrance cavity and the lower part of the active site in the MAO B crystal
structure

(Fig. 1.6.1). Three of the four residue side chains that divide the active site

from the entrance

cavity

are

acids of this segment are on

included in the 149

-

222 peptide

sequence.

Other amino

the surface of the protein close to the membrane interface

and entrance to the active site

cavity. As the peptide

sequence

149

-

222

spans a
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number of important stmctures

of the MAO protein it is difficult to discern the exact

location of the IBS.

Despite the I2BS being located

on

MAO, inhibitors of the

enzyme were

unable to

prevent imidazoline binding. Imidazolines themselves were shown to be inhibitors of
MAO and cirazoline

was

of reversible,

non-competitive type of inhibition. These data

suggest that the imidazoline binding site may be an allosteric site on MAO (Tesson et

al., 1995).

This

possibility stimulated much interest in the inhibition of MAO by imidazolines

resulting in the publication of data summarized in Table 1.6.1.12 ligands have
nanomolar

detailed
site

binding potencies and inhibit MAO at micromolar concentrations. More

analysis showed two binding sites, with micromolar binding at the MAO active

being responsible for competitive

selective irreversible imidazoline
inhibit MAO

or

enzyme

inhibition (Alemany et al., 1997). The

ligand BU-99006 binds to the BBS, but does not

interfere with MAO inhibition

by other compounds (Paterson et al.,

2003).

Wiest and

Steinberg (1999) measured imidazoline binding ( H-2-BFI) with

the MAO inactivator

or

without

tranylcypromine (2-PCPA) in human platelet membrane

preparations. The maximum ligand bound increased from 350 to 1868 fmol/mg. This
effect of tranylcypromine was
and

also

seen

in both human and rat brain preparations (Wiest

Steinberg, 1997; Paterson et al., 2001). Tranylcypromine is

MAO inhibitor and enzyme

molecule is

an

a potent

irreversible

activity decreases with increasing imidazoline binding. This

inactivator, which may react either with the flavin or a cysteine on MAO
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(Binda et al., 2003; Vintem, 2003), and it is not clear why either possibility should
result in

more

imidazoline

The imidazoline

binding sites becoming available.

binding to monoamine oxidase is inhibited by chemically modifying

histidine residues with DEPC

or

4-bromophenacyl bromide (Limon-Boulez et al.,

1996). MAO is known to be susceptible to inactivation by DEPC (Hiramatsu et al.,
1975). Imidazoline binding was not inhibited by modifying carboxyl groups,

sulphydryls
of histidines

or

tyrosine residues. The inhibition of imidazoline binding by modification

was

not

prevented by saturating amounts of imidazoline ligand. This

indicates that the histidine residues that

interesting facet of the
this

was

abolished

same

are

modified

are not

study showed idazoxan binding

part of the EBS. An
was

dependant

on

pH and

by histidine modification.

27

Idazoxan

MAO Kd

MAO A Kd

MAO B Kd

MAO IC50

MAO A IC50

MAO B IC50

(M-M)

(M-M)

(HM)

(h-M)

(HM)

(M-M)

280 g

624 g

0.01 a

0.094

b
0.078 f

0.006

d

0.026

d

43

h

220'

0.005 e

0.0022 g

1

0.0073
89 c

f

160
25 g

Cirazoline

b
f

0.0014
0.005

0.005

d

0.0038 g

5

0.003

d

34

h

11 g

31 g

43

h

4 g

40 g

llg

23 g

0.012 e

f

49 g

Guanabenz

0.172

b

0.035

0.03 g

0.0098

f

0.004 g
0.0017 1

80

0.042

d

0.002 e

58 g

2-BFI

d

4

h

16.5'

28

f

46 g

Table 1.6.1

Summary of published binding and inhibitory data of Imidazoline ligands with MAO
from mitochondrial membranes or purified MAO A/B.
a.
Raddatz et al., 1995. b. Tesson et al., 1991. c. Sastre and Garcia-Sevilla., 1993.
d. Tesson et al., 1995. e. Gargalidis-Moudanos et al., 1997. f. Alemany et al., 1997.
g. Ozaita et al., 1997. h. Raasch et al., 1999. i. Lalies et al., 1999.
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j

Fig. 1.6.1 Structure of MAO B subunit with flavin (yellow), covalently bound pargyline
(blue) and highlighted amino acid residue sequences 149 - 222 (green) and 99 - 112
(red). N.B. The 99 - 112 loop is described as shielding the entrance cavity and is
highlighted here as a point of reference (Binda et al., 2002).
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1.7 Ultraviolet and visible

Ultraviolet

spectroscopy

(UV) and visible spectroscopy is the study of light of defined wavelength

interacting with matter. The ultraviolet and visible regions of the electromagnetic
spectrum are found between wavelengths of 100 and 800 nm. This is divided into the
far UV (100

nm). This
visible

area

light

Shorter

-

200 nm),

can promote

by

a

-

800
or

range

have higher

energy

than light of longer

UV). Therefore, absorption of light at longer wavelengths

near

lower amount of energy

a

400 nm) and the visible regions (400

electrons to higher energy states (Rao, 1961; Graybeal, 1988).

wavelengths of light in the UV

is due to

-

of the spectrum holds particular interest because absorption of UV

wavelength (visible and

excited

UV (200

near

photon of light,

are

required to excite

an

electron. Electrons, when

promoted from the highest occupied molecular orbital

(HOMO) to the lowest unoccupied molecular orbital (LUMO) or anti-bonding orbital.
The energy

required to excite

(a*) is high and absorption

an

electron in

occurs at

a

sigma bond (a) to its anti-bonding orbital

far UV wavelengths

or

shorter. The excitation of a

non-bonding electron (n) to a o* orbital requires less energy and absorption generally
occurs

around 200

caused

by

an n to

nm.

The

peptide bond in proteins absorbs at this wavelength and is

a* transition.

Absorption at longer wavelengths is concerned with excitation of n
electrons to the

antibonding

result in absorbance at

at

285

310

nm.

nm.

n

or

non-bonding

orbital (7t*). With simple molecules n —*n* transitions

wavelengths of -180

Aromatic amino acids in

Conjugation lowers the

nm

and

n —»

n* transition

cause

absorbance

proteins absorb at wavelengths between 275 and

energy

difference between HOMO and LUMO leading
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light of

to

a

longer wavelength being able to excite electrons and the absorption

spectrum shifts from UV to visible regions (bathochromic or red
an

aromatic

Generally,

ring

can

also

cause a

n* transitions

n —*

red shift for the

of less

are

n

energy

—»71* and
than n

shift). Substitution

7t —»n*

—* n*

on

absorption bands.

transitions and form

absorption bands at longer wavelengths.

Such transitions

chemical is
state.

and

are

more

This would

also affected

by the polarity of the environment

polar in the ground state,
require

electrons to

an

anti-bonding orbital

light of a shorter wavelength would be absorbed (hypsochromic
were more

help stabilise the excited state. Less
red shift would

occur.

The spectrum

polar in the excited state,

energy

solvent. If a

polar solvent would stabilise the ground

more energy to promote

Conversely, if a molecule

with

a

or

a

or

blue shift).

polar solvent would

would be needed to promote electrons and

a

of tyrosines in proteins has been shown to change

hydrogen bonding (Strickland et al., 1972). Hydrogen bonding stabilises the

quinoid form of tyrosine and shifts the absorption to longer wavelengths.

As

non-bonding electrons (n)

that

are

most

perturbed when

are

a

involved in hydrogen bonding, it is

hydrogen bond is formed

or

broken. With

transition, the electron becomes delocalised and less able to act
This may
shorter

result in the transition being less favourable and

a

n —»7t*

as a

transitions

a n —» n*

hydrogen acceptor.

shift in absorbance to

wavelengths. The two major absorption bands of flavin (350 and 450 nm) both

appear to

be dependent

effects of

hydrogen bonding

on n —> n*
on

transitions (Palmer and Massey, 1968) and the

the flavin ring system

are

complex.
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1.8 Aims

•

Determine the nature of the interaction between imidazoline

ligands and monoamine

oxidase, to examine whether imidazolines bind at the active site

•

Using

enzyme spectra,

or an

allosteric site.

inhibition and modelling to explore the binding of

oxazolidinone inhibitors in the active site of monoamine oxidase A.

•Investigate the effect of pH

•

Investigate the effect of pH

on enzyme

on

inhibition.

substrate oxidation.

32

2. Methods and Materials

2.1

Saccharomyces cerevisiae growth

Saccromyces cerevisiae RH218 (ATCC 44076) containing the vector pGPD (G)-2

(Amgen, Thousand Oaks, CA91320) and the expressed
monoamine oxidase A

(MAO A)

was grown

sequence

of human liver

and MAO A expression induced by

galactose (Tan et al., 1991). A single colony of the MAO expressing Saccharomyces
cerevisiae

2%

was

taken to inoculate

a

5 ml culture medium

glucose incubated at 30°C and 200

transferred to

a

rpm

ml medium and left to grow

growing samples

were

poured into

a

same

were

was

sterile medium and left to grow

used to inoculate two batches of 50

for 24 hours. Each of these then used to inoculate two

batches of 500 ml medium and left to grow
cultures

agitation for 24 hours. Inoculum (1ml)

number of fresh 5 ml tubes of the

for 24 hours. The two fastest

containing YMM, CAA and

for

an

additional 24 hours. The two 500 ml

New Brunswick Scientific fermenter with the

same

medium

(9 L volume) and left to grow at 30°C, stirring at 200 rpm with aeration at 2L air per L
media per

min. Samples (10 ml)

maintained above

curve.

were

taken when convenient, the pH checked and

pH 5.5, and the absorbance

Once the absorbancc reached 18-20

induction of MAO A
harvested 24h later

was

or

was

read at 600

started to

nm to

produce

a

plateau (24-32h typically),

begun by adding 500 ml sterile 50 % galactose. Cells

by centrifugation at 750

g

growth

were

(3,000 rpm) for 30 min and then stored at

-70°C.
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2.2

MAO A

purification

Human liver MAO

expressed in Saccharomyces cerevisiae

well established methods

was

purified according to

(Weyler and Salach, 1985; Salach and Weyler, 1987; Tan et

al., 1991). Cells were thawed and washed by suspending the cells in 4 times the dry

weight of the cells
the supernatant.

wash buffer and centrifuging at 3000

in

The pellet

was

rpm

for 20 min, discarding

resuspended in 1 times the cell dry weight of cell

breakage buffer (0.1M Tris-HCl, pH 7.5, 1 mM EDTA, 3 mM DTT, 0.5 mM PMSF).
Aliquots of 30 ml

were

transferred to

glass beads (Sigma) chilled with
beater with two
This cell

an

a

70ml metal cylinder half full with zircon silicon

ice salt mix. Cells

were

broken in

a

Braun bead-

cycles of 5 minute breakage, chilling for five minutes between

suspension

was

runs.

centrifuged at 900g (2,200 rpm), 4°C, 20 min, discarding the

pellet (after repeated breakage for greater yield if required).
The supernatant

from the low speed spin

was

ultracentrifuged at 145,000

Beckman 50.2 Ti rotor at 4°C for 35 min. The supernatant

rpm) in

a

activity

was

was

g

(40,000

discarded if no

found and the pellets resuspended in extraction buffer (0.1M

triethanolamine, pH 7.2 Sigma Chemical Company). If significant activity is found in
the supernatant,

further centrifugation at greater speed

concentration of the

resuspended pellets

was

can

be effective. The protein

determined using the BCA method and the

suspension diluted to 25 mg/ml. To this membrane suspension
final concentration of 25 mM, 100
from N.

naja

venom

suspension

was

was

added CaCl to

a

mg/L phospholipase C and 51 pl/L phospholipase A

(500 U/pl). The pH

NH4OH. The mixture

was

was

adjusted and maintained at 7.2 with 2M

incubated at 30°C with continuous stirring for one hour. This

centrifuged for 30 min at 20,000

g), 4°C. The inactive supernatant

was

rpm

in

a

Beckman JA-20 rotor (48,000

discarded and the pellets resuspended in
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extraction buffer. The

protein concentration

adjusted to 15mg/ml. Triton X-100

determined

using

the BCA method and

added to 0.5% and homogenised to mix. This

incubated at 30°C for 30 min with continuous

was

at

was

was

stirring. The material

was

centrifuged

48,000 g (20,000 rpm) for 30 min, 0°C, in a JA20 rotor. Pellets were resuspended and

activity tested. If more than 10% activity remained in the pellets
extraction could be undertaken. The

yellow supernatant (TXS)

Sepharose CL-6B (Sigma) column 100x2

a

second Triton

was

loaded onto

a

DEAE

pre-equilibrated with degassed buffer A

cm,

(20 mM KPi, pH 7, 20% glycerol, 0.5% Triton-X 100, 3 mM DTT) at 1 ml/min. Once
the

sample

was

loaded onto the column it

then eluted with

a

linear

washed with 300 ml degassed buffer A,

was

gradient of buffer B (20 mM KPi, pH 7, 20% glycerol, 0.8%

octyl-gluco-(3-D-pyranoside, 3 mM DTT, 0.5 mM PMSF, 0.5 mM D-amphetamine) and
buffer C

(200 mM KPi, pH 7, 20% glycerol, 0.8% octyl-gluco-P-D-pyranoside, 3 mM

DTT, 0.5 mM PMSF, 0.5 mM D-amphetamine). The first third of the gradient was
discarded, the final two thirds

were

and absorbance at 280 and 456

nm.

collected in 10 ml fractions and assayed for activity
Fractions

were

pooled into main, lead and end

fractions and concentrated in Amicon concentrators with YM10 membranes

to as

low

a

volume

from 300 to 600

as

nm.

possible. A spectrum

Spectra

were

was

(Millipore)

taken of the final concentrated sample

also taken after the addition of kynuramine and

dithionite; the percentage of active enzyme was determined by dividing the absorbance

change

upon

addition of kynuramine by the absorbance change

and

multiplying by 100. The final product

to a

final concentration of 50%.

MAO A

containing

activity
assay

was

was

upon

dithionite addition

stored at -20°C after addition of glycerol

assayed spectrophotometrically at 314

nm

in

a

1 ml cuvette

buffer (50 mM KPi, pH 7.2, 0.2 % Triton X-100) and 1 mM

kynuramine at 30°C. MAO B activity

was

assayed at 250

nm

with 2 mM benzylamine.
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Protein

quantity

amphetamine

was

were

determined using the BCA method. Before

2.3

glycerol and D-

minimised by diluting in 50 mM KPi, pH 7.2 and 0.2 % Triton X-

100 buffer for enzyme assays or

for

use,

removed by dialysis

or

G50 Sepharose chromatography

spectral work.

Steady state kinetics

Steady state kinetics

were

determined in 50 mM KPi, pH 7.2 and 0.2 % Triton X-100

(assay buffer) at 30°C in self masking far UV quartz cuvettes. Initial rates of MAO A
catalysed oxidation of kynuramine (0.1-0.9 mM) and spontaneous cyclisation of the
product to 4-hydroxyquinoline
and

were

measured at 314

Weyler, 1987). Reaction rates of MAO B

mM) at 250nm (e=12100

cm"1) (Krueger et al.,
Shimadzu 2101PC

were

nm

(£=12300

M"1 cm"1) (Salach

measured with benzylamine (0.2-1

M"1 cm"1) or MPTP (0.05-0.5

1990). The changes in absorbance

spectrophotometer equipped with

a

mM) at 343nm (8=17000

were

measured using

M"1

a

thermostatically controlled 6-cell

changer and computerised data collector. Spectra of kynuramine and benzylamine
showing absorbance change

on

oxidation shown in Fig. 2.3.1.
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Wavelength (nm)

Wavelength (nm)

Fig. 2.3.1, Oxidation of substrates by MAO A (left) and MAO B (right).
Spectra showing MAO A oxidation of 0.15 mM kynuramine (decreasing
absorbance at 365nm and the increasing absorbance due to product at 314nm).
Right- Spectra showing MAO B oxidation of l.OmM benzylamine (increasing
absorbance at 250nm). Spectra were recorded at 0, 1, 2, 5, 10, 15, 20, 30 minutes.

Left-

2.4

Km and Vmax determination

Pre-warmed assay butter
6

(50mM KPi, pH7.2, 0.05% Triton X-100)

was

pipetted into

quartz cuvettes and substrate added from a 50 mM solution to give a final

concentration of 0.1, 0.2, 0.3, 0.5, 0.7, 0.9 mM. The cuvettes were

changer and left to equilibrate to 30°C. Enzyme

was

added to

a

placed in the 6-cell

final volume of 1 ml

and mixed to start the reaction. The Km and VmaX values were determined
Shimadzu kinetics software that fits the data
The results

were

displayed

as a

by the

directly to the Michaelis-Menten equation.

Hanes plot.
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2.5

Ki determination

To obtain

was

a

reasonable range

estimated

inhibitor

as

by varying inhibitor concentrations in five cuvettes (leaving

the

enzyme

Km) to all. Inhibitor constants (Ki values)

catalysed reaction under the

The substrate concentrations
inhibitor concentration

Km(app)

or

Vmax

an

one

IC50

without

control) and adding equal measures of enzyme and substrate (to give a

concentration close to

assaying the

of inhibitor concentrations for Kj determination,

were

was

were

varied

same

were

conditions

as

determined by

for Km and Vmax-

fixed at 0.1, 0.2, 0.3, 0.5, 0.7, 0.9 mM and the

(a different concentration for each set). The Km

obtained from the kinetics

program.

The Km(app) values

were

or

plotted

against inhibitor concentration where the x-axis intercept corresponds to the Ki. Six
different inhibitor concentrations

2.6

Time

Time

were

used for each Kj determination.

dependence of inhibition

dependence measurements

kynuramine in

assay

were

obtained using

buffer at 30°C with

activity by 30-40%. Enzyme and inhibitor

a

after substrate had been added and

2.7

MAO A

assay

with 0.6 mM

concentration of inhibitor that reduced

were

minutes before addition of substrate. Rates

a

incubated at 20°C for 0, 1, 2, 3 and 5

were

taken between 100 and 200 seconds

compared to rates with

enzyme

incubated alone.

Inhibitor and dithionite titrations with MAO A

Before titrations the small molecules added to preserve

D-amphetamine, glycerol)

were

the

enzyme

in storage (DTT,

removed by G50 filtration. G50 Sepharose

was

poured
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into each of two

spun at
onto

2000

each

spin columns in 50 mM KPi, pH 7.2, 0.2% Brij (MAO spectral buffer),

rpm

for 2 min and flow-through discarded. Enzyme (50pL) was loaded

spin column, followed by 200 |iL MAO spectral buffer and

spun at

430

g

(2,000 rpm) at 4°C for 1 min in Sigma rotor no. 12166 and the enzyme recovered. The
enzyme was
10 min in

arm

then centrifuged in

Sigma rotor

cuvette

no.

a

microfuge tube at 14,000

12167 and the volume measured. It

and made anaerobic. All the

arms

of the cuvette

greased glass connectors and the cuvette attached to the

gas

through the cuvette by, in turn, sucking air out and allowing
This

was

repeated 10 times with

equilibrate with
inhibitor before

to

argon

g

care to not

agitate the

for 10 min. The syringe

transferring it to the side

arm

(12,000 rpm) at 4°C for
was

transferred to the 3

were

sealed with silicon

train. Argon

argon to enter

enzyme too

was

was

cycled

the cuvette.

much and then left to

washed with water and then

of the cuvette letting

argon

flow through

stop any air getting in. The argon flow was stopped, the cuvette sealed and

transferred to the

spectrophotometer. A baseline

spectral buffer. A spectrum 300-600

nm was run

after every

addition of inhibitor until

inhibitor to

give

the active site

a

no

was run

from 300-600nm

of the original

enzyme

on

MAO

and 5 minutes

further change occured. A last addition of

final concentration of 100-fold K;

was

done to

ensure

saturation of

by inhibitor.

Enzyme and inhibitor complexes

were

anaerobic conditions. Sodium dithionite

sodium carbonate.

Spectra

between addition and

were

then titrated with sodium dithionite under
was

prepared by adding lOmg to 10ml 50mM

recorded in the

recording of

same way, except

new spectrum was

the length of time

lengthened to allow complete

equilibrium.
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Inactivation of MAO

2.8

Inactivation of MAO

at

followed for between 20 minutes and 1 hour (1200-3600sec)

was

30°C by observing the decreasing rate

substrate

was

kynuramine at

measured at 314

nm.

nm.

a

of substrate oxidation. As before, the MAO A

concentration of between 0.3-0.9 mM and oxidation

The MAO B substrate

was

benzylamine at ImM measured at 250

Using the 6-cell UV/visible spectrophotometer allowed

a

blank with

no

modifying

agent present and increasing concentrations of inactivator in the remaining five
cuvettes.

This enables immediate

inactivators used

were

comparison of the efficacy of modifier. The main

the MAO irreversible inhibitor,

tranylcypromine (2-PCPA), the

cysteine modifying agent, n-ethylmaleimide (NEM), and the histidine modifying diethyl
pyrocarbonate (DEPC) (Riordan and Vallee, 1972; Leonard et al., 1970).

2.9

A

Modelling

docking model for MAO-A

structure

of rat MAO A at 3.2

was

A

constructed using the recently reported

resolution. This

was

x-ray

crystal

compared to models of MAO A

o

based

on

human MAO B

template. Dockings

were

crystal structures at 1.7 A and found to be

a

reasonable

performed using GLIDE and QXP software (Friesner et al.,

2004; McMartin and Bohacek, 1997). For the GLIDE program the active site was held

rigid,

whilst for QXP

studies

active

conformational

flexibility. Compounds

the

pose

top-scoring

site residue side chains

were

were

allowed

docked into the active site of MAO A and

of inhibitor was found for each

program.
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3. MAO A

Imidazoline

as an

imidazoline site.

ligands bind to imidazoline receptors and imidazoline binding sites. MAO

A and B have been identified
The imidazoline

binding site

although imidazoline ligands
located

on

MAO

are

irreversible MAOI

being imidazoline binding sites of the h class (I2BS).

as

on

MAO is described

are

as

being distinct from the active site

able to inhibit MAO. In vivo, only

available for

a

fraction of I2BS

binding. Histidine-modifying agents and the

tranylcypromine have differing effects

on

despite both reducing MAO activity. These factors impress

a

imidazoline binding
need to further study the

interaction between MAO and imidazoline

ligands.

3.1

binding of imidazoline ligand.

Spectral changes of MAO A

Inhibitor

on

binding in the MAO A active site

causes

small changes in the UV/Visible

spectrum of the FAD. These changes are concentration dependent and saturable.

Spectral changes
constant. The

can

be used to plot

following spectra

after additions of inhibitor. The
the enzyme

are

a

binding

curve

and accurately calculate

the differences between

original

enzyme

enzyme spectrum was

a

binding

UV/Visible spectra

subtracted from that of

inhibitor complex to obtain each difference spectrum.
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2-Benzo-furanyl-imidazoline (2-BFI), Idazoxan and Guanabenz
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Fig. 3.1.1.
Spectral changes of MAO A with increasing concentrations of imidazoline ligands.
Left - Difference spectrum of 17 pM MAO A titrated with 20, 100, 240 pM and 2.5 mM
2-BFI.

Right - Difference spectrum of 18 pM MAO A titrated with 20, 60, 120, 180, 240, 320
and 600 pM Idazoxan.
MAO A

+

Guanabenz

0.02

600

300

Wavelength (nm)

Fig. 3.1.2.
Spectral changes of MAO A with increasing concentrations of imidazoline ligands.
Difference spectrum of 17 pM MAO A titrated with 8, 16, 32 and 72 pM guanabenz.
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The titration of MAO A and imidazoline
idazoxan and

shown in

ligands, 2-benzofuranyl-imidazoline (2-BFI),

guanabenz, induced changes to the UV/Visible spectrum of

Figures 3.1.1 and 3.1.2. The spectral changes

are

enzyme as

concentration dependent and

saturable. 2-BFI bound in the active site decreases the absorbance of the flavin at 475
and 495

nm

and increased absorbance between 400 and 440

with idazoxan and

guanabenz have

500 nm, with the most apparent

a

nm.

The difference spectra

general decrease in absorbance between 400 and

minima at 470 and 500

nm.

All three imidazoline

ligands investigated show variations in the difference spectra, but all show
decrease in absorbance at -500

The MAO A spectrum
any

between 400 and 500

changes in the spectrum

of monoamine oxidase

are

are

due to

ligand to the

the Scatchard

change in the environment of the flavin.

on

enzyme.

enough to the flavin to prevent turnover and

produce spectral changes. Therefore, idazoxan, guanabenz

inhibitors that bind

Spectral changes produced
of the

a

reversibly in the active site and influence the flavin.

binding of inhibitors

was

0.78 mol/mol enzyme

guanabenz, indicating only

can

The binding constant (Kd)

plot. For 2-BFI and guanabenz, these

The amount bound

is characteristic of flavoproteins and

(Ramsay and Hunter, 2002; Hynson et al., 2003). Competitive

influence its environment to

are

nm

similar to those recorded with competitive inhibitors

inhibitors bind in the active site close

and 2-BFI

clear

nm.

changes elicited in this region

These

a

one

binding site

be used to estimate the affinity
was

were

obtained from the slope of

55(iM and 8.5(xM respectively.

for 2-BFI and 0.9 mol/mol

per

MAO A

enzyme

for

monomer.
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2-BFI Scatchard plot

Binding of 2-BFI and MAO A

2-BFI

Bound (pM)

(pM)

Fig. 3.1.3.
Left - Binding curve of 2-BFI to MAO A (12 _M) using spectral changes to estimate
binding.
Right - Scatchard plot of 2-BFI/MAO A binding with estimated Kd of 55 _M
Binding of Guanabenz and MAO A

Guanabenz

Guanabenz Scatchard plot

Bound (pM)

<ji M)

Fig. 3.1.4.
Left - Binding curve of guanabenz to MAO A (17 _M) using spectral changes to
estimate binding.
Right - Scatchard plot of guanabenz/MAO A binding with estimated Kd of 8.5 _M

3.2 Imidazoline

ligands

When MAO A is reduced
reduced and this is

seen

as

MAO A substrates.

by substrate, the flavin spectrum changes from oxidised to

by

a

drop in absorbance around 456

3.2.1. show the MAO A absorbance spectrum

nm.

The spectra in Fig.

bleaching with time and increasing

concentrations to the flat, featureless reduced flavin spectrum

between 400-500

nm.
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MAO A

+

Agmatine

03

HN
o

300

400

500

600

Wavelength (nm)

HaN-(NH

NH2

Fig. 3.2.1.
Agmatine reduces MAO A.
Spectrum of anaerobic 18 pM MAO A reduced with 120, 160, 200, 400, 500 pM and 1
mM agmatine over 4h.

After addition of agmatine to

Agmatine is

a poor

MAO A, it

substrate for MAO A. As

the active site and prevents turnover
Guanabenz has

oxidised

on

a

was

similar

clear that the flavin
a

was

being reduced.

slow substrate, this I2BS ligand binds in

of MAO A by

more

guanadinium moiety, but is not

efficient substrates.
a

substrate,

so

the

group

agmatine must be the primary amine.

Holt and Baker

(1995) found that agmatine

was a

substrate for diamine oxidase, but not

MAO A, MAO B or SSAO. The result above show that MAO A can oxidise

but this

happens

so

agmatine,

slowly that it is not easily measurable. Measuring the reduction of

anaerobic MAO A allows detection of single turnover events.
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3.3 Reduction of the MAO A

-

imidazoline

complex by sodium

dithionite.

During reduction of MAO A by substrate the flavin
the

fully reduced form with

no

passes

intermediate. Titration of MAO A with dithionite in

absence of inhibitor reduces oxidised flavin first to
absorbance at 412

nm

and then to

active site often stabilises the 412
redox

directly from the oxidised to

a

semiquinone with

a

peak in

fully reduced flavin. Having inhibitor bound in the
nm

absorbance

peak. This is interpreted

as

the flavin

properties being influenced by inhibitor binding (Hynson et al., 2003).

MAO A

+

2-BFI Dithionite Reduction

Wavelength (nm)

MAO A

+

Idazoxan Dithionite Reduction

Wavelength (nm)

Fig. 3.3.1.
Left- Spectrum of 17 pM MAO A with 2.5 mM 2-BFI reduced by sodium dithionite.
Right- Spectrum of 18 pM MAO A with 660 pM idazoxan reduced by sodium
dithionite.
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MAO A

+

Guanabenz Dithionite Reduction

Wavelength (nm)

Fig. 3.3.2.
Spectrum of 17 pM MAO A with 2.5 mM guanabenz reduced by sodium dithionite.

The reduction of MAO A and imidazoline
and 3.3.2 show

a

clear

peak in absorbance at 412

semiquinone stabilization than with free
idazoxan

ligand by dithionite shown in Figures 3.3.1

enzyme.

nm.

This shows much

more

flavin

The spectra for reduction of MAO A-

complex have high absorbances below 400nm and the general shape of the

flavin spectra

indicates

poor

solubility of

enzyme.

These problems obscure the finer

aspects of MAO A spectrum on reduction with dithionite, yet semiquinone absorbance

peak is identifiable.

3.4 Kinetics of the inhibition of MAO A

by imidazoline ligands.

I2BS ligands inhibit MAO A and B. MAO A inhibition by 2-BFI, idazoxan and

guanabenz is shown in the Hanes plots (S/v against S) in Figures 3.4.1 and 3.4.2. The
slopes of these plots

are

largely parallel, indicating the VmaX is unchanged with

increasing concentrations of inhibitor. No change in Vmax characterizes the inhibition
competitive
from

or

as

predominantly competitive. The K, of 2-BFI and guanabenz calculated

Figures 3.4.1 and 3.4.2

are very

similar to the Kd values determined from the
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change in flavin spectrum

inhibitor titration. The inhibition by each of these

on

imidazolines is 100 times weaker than

Hanes

ligand binding at IBS (Fig 1.6.1).

Hanes

piot of MAO A inhibition by 2-BFI

piot of MAO A inhibition by Idazoxan

0.1

M

0.075

fc

0.05

0.06

0.04TSt

0.02

0.025

0

—i—i—i

-0.4

-0.2

0

0.2

0.4

0.6

0.8

S

S

Fig. 3.4.1
Left- Hanes plot of MAO A inhibition by 2-BFI (0, 10, 40, 75 and 150 pM) using
MPTP as substrate. The Ki of 2-BFI was calculated as 40 pM ±8 from the secondary
plot of Kmapp.
Right- Hanes plot of MAO A inhibition by idazoxan (0, 50, 100, 200 and 250 pM)
using MPTP as substrate. The Ki of idazoxan was calculated as 165 pM ±30.
Hanes
0.1

plot of MAO A inhibition by Guanabenz

■

Ki
0.075

%

(pM)

KD

(pM)

-

2-BFI

40

55

Guanabenz

7

8.5

Idazoxan

165

100>

0.05-

0.025

-

-0.4

-0.2

0

0.2

0.4

0.6

0.8

S

Fig. 3.4.2.
Hanes plot of MAO A inhibition by
guanabenz (0, 5, 10, 20 and 50 pM)
using MPTP as substrate. The Ki of
guanabenz was calculated as 7 pM ±2.

The imidazoline
order of affinity

binding site

on

Table 3.4.1.

Summary table of MAO A Kj and Kd
ligands; 2-BFI,
guanabenz, idazoxan.

values of imidazoline

MAO has been classified

as an

\j site due to the rank

of various imidazoline ligands (idazoxan > 2-BFI > guanabenz) (Ozaita
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et

al., 1997). The characteristics of binding in the MAO A active site

Binding calculated from spectral changes and inhibition
2-BFI >

reverse

are

different.

this order (guanabenz >

idazoxan). Clearly, the two sites must be different.

Monoamine oxidase inhibition has been shown to increase with incubation of certain

ligands and

enzyme.

Pirlindole inhibitors

are

large, rigid MAO A inhibitors and have

large time dependent changes of inhibition (inhibition increasing from 40% to 60%)
(Hynson, 2004). d-Amphetamine

on

the other hand is small and inhibition is not time-

dependent. In Fig 3.4.3 the time dependence of guanabenz, 2-BFI and idazoxan
inhibition is shown to be

relatively minor. Incubation of

minute results in small increases in inhibition, with
These results

can

be

length, they

and inhibitor for

a

idazoxan inhibition most affected.

explained by comparing the size, shape and flexibility of these

molecules. These imidazoline
similar

enzyme

are

ligands

thinner and

are

more

smaller than pirlindoles and whilst they

flexible. This allows for easier

are

access to

of

the

active site.
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Guanabenz

2-BFI

Idazoxan

Fig. 3.4.3.
dependence of guanabenz, 2-BFI and idazoxan competitive inhibition.
without inhibitor. |- + inhibitor.
- + inhibitor + lmin incubation.
(concentrations; guanabenz 10 pM, 2-BFI 20 pM, idazoxan lOOpM, kynuramine
0.5mM).
Time
-

3.5 Inactivation of MAO A with amino acid

Monamine oxidases have been
and histidine

with

MAO A and B

cysteine

or

Imidazoline

as

being susceptible to inactivation by cysteine

modifying agents (Fliramatsu et al., 1975; Symes and Sourkes, 1975;

Hubalek et al.,
enzymes

reported

modifying agents.

2003). Usually studies utilising such chemicals

a

catalytically

necessary

are

concerned with

amino acid residue. The crystal structures of

(Binda et al., 2002; Ma et al., 2004) rule out the

presence

of catalytic

histidine. The role of these important residues remains undetermined.
binding

was

inhibited by histidine modifying agents (Limon-Boulez et al.,

1996), but not cysteine modifying agents. Tranylcypromine,
MAO A that may

form

an

adduct with

the number of available imidazoline

an

an

irreversible inhibitor of

important cysteine (Vintem, 2003), increases

binding sites (Wiest and Steinberg, 1997).
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Fig. 3.5.1.
Left - MAO A inactivation by NEM in presence of 0.9mM kynuramine.
Right - MAO B inactivation by NEM in presence of 1,5mM benzylamine.
(0, 20, 40, 100, 250, 1000pM NEM, highest concentraions of NEM show slowest rates)

Cysteine modification of MAO A decreases the activity of the
series of progress curves

have

as

in MAO B does not reduce the

as

being important in MAO A with

maintaining stability of the protein. Indeed,

recovered

a

enzyme

activity

as

in MAO A (Fig. 3.5.1 & Hubalek et al., 2003). Cysteines (as thiols)

long been identified

amount of

in

(Fig. 3.5.1, left panel) where increasing NEM leads to lower

rates. NEM modification of cysteines

dramatically

enzyme as seen

protein denatured and

came out

on treatment

an

apparent role in

of MAO A with NEM

of solution. Also,

enzyme

stability, though they

are

large

activity is not

by addition of DTT (Hubalek et al., 2003). The cysteines in MAO B

be involved in structural

a

may

also

much less susceptible to chemical

modification.
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Time (sec)

Time (sec)

Fig. 3.5.2.
Left - MAO A inactivation by DEPC in presence of 0.9mM kynuramine
(0, 10, 100, 200, 500pM and 1 mM DEPC).
Right - MAO B inactivation by DEPC in presence of 1.5mM benzylamine
(0, 100, 600pM and 1, 1.2, 1.5mM)
(highest concentraions of DEPC show slowest rates).
Histidine modification of MAO A decreases the
3.5.2 with

are

enzyme as seen

in Fig.

increasing DEPC concentrations reducing rates. Both MAO A and MAO B

inhibited

by histidine modification, with the A form slightly

inhibiton is reversible
enzyme

activity of the

by addition of hydroxylamine with

activity. Therefore, histidine modification

may not

more

susceptible. This

recovery

disrupt

of most of the

enzyme

stability

as

cysteines modification does. MAO B crystal structures reveal histidine residues close to
the entrance of the active site. Histidine modification may

the active site and prevent

inhibition of imidazoline

sterically hinder the

access to

substrate and ligand binding. This would perhaps explain the

ligand binding by histidine modifying agents (Limon-Boulez

etal., 1996).

The irreversible imidazoline adduct BU-99006
imidazoline
PCPA

was

used to

investigate whether

binding could influence the inactivation of MAO by DEPC, NEM and 2-

(tranylcypromine). There

were no

differences in the rates of inactivation of MAO

A and MAO A incubated with BU-99006 with any

inactivator. This preliminary result
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does not tell

us

anything about the imidazoline binding site and there

reasons

for this. It has been

sites in

a

population of

unaffected MAO.
no

assay was

substrate

was

caused the
utilised

may
no

reported that there

enzyme

and

any

are

are many

few accessible imidazoline binding

effect would be masked by the majority of

Though closely following the protocol for incubation of BU-99006,

employed to check binding

was

complete and all BBS

were

same

effect

as

BU-99006. Previous studies

relating to UBS and MAO

have different properties. And finally occupying the BBS
on

occupied. As

present this may have occupied the I2BS in native MAO in a way that

MAO-containing membranes instead of purified and extracted

effect

possible

may

enzyme,

which

simply have little

or

these inactivators.
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4. Inhibition of MAO

by oxazolidinones.

The inhibition of MAO A

pharmaceutical agent is

because it

can

by

are

still arise when other

drugs

are

covalently bound inhibitors, complications might

taken concurrently

or

in

a

patient who has

problems. With this in mind the study of a number of oxazolidinones

undertaken to reveal structural features that could reduce the

but not decrease antibiotic

4.1

undesirable interaction

competitive inhibitor of MAO A. Although reversible

safer than

inhibitors of MAO A

was

an

lead to the cheese effect. Linezolid, the first oxazolidinone antibiotic in

clinical use, is a reversible,

cardiovascular

a

affinity to MAO A,

efficacy.

Competitive inhibition of oxazolidinones.

Linezolid

(compound 1) is

a

competitive inhibitor of MAO A (Fig 4.1.1), as were all

other oxazolidinones tested. In

concentrations

general, oxazolidinones inhibit MAO A at micromolar

(Table 4.1.1), ranging from 0.1 to 200 pM.

56

Lineweaver-Burk

plot of the inhibition of MAO A by linezolid. Activity was measured
spectrophotometrically with the substrate 4-(l-methyl-2-pyrryl)-l-methyl-1,2,3,6tetrahydropyridine 31-1000 pM. Linezolid concentrations - 0 ♦, 1.56 •, 3.2 o, 6.25 ■,
12.5 □, 25 ▲, 50 pM A.
Inset shows secondary plot of slopes. Kj = 20.
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O

F

Series

Ki

R group

(X)

(pM)

-ch2nhcoch3

20

2

-ch2oh

1.2

3

-ch2nh2

116

-ch2nhcoch3

5

5

-ch2oh

0.34

6

-ch2nh2

23

-ch2nhcoch3

1.6

8

-ch2oh

0.16

9

-ch2nh2

5.7

I

Morpholino

4

7

Br-imidazoyl

Pyrazino-piperazinyl

18

hydroxyacetyl-

-ch2nhcoch3

0.87

19

tetrahydropyridyl

-ch2oh

0.07

-ch2nh2

0.75

20

Table 4.1.1

Inhibition of MAO A

by oxazolidinone antibiotics.

The basic oxazolidinone

(position 5

on

pharmacophore (Table 4.1.1 top left)

the oxazolidinone ring) and X (benzyl ring,

and tested for MAOI

activity. Minor changes in the R

inhibition of MAO A with the

was

para to

group cause

adapted at R

the oxazolidinone)

large changes to the

hydroxymethyl derivative being consistently the best
58

inhibitor of each series, followed

by acetamide. The importance of the

group at

this

position suggests this end would bind in the most specific part of the active site, namely
the substrate

binding

area near

The substituent at the X

increase the amount of

the flavin.

position also affects the inhibition. Bulky lipophilic

hydrophobic interactions between

enzyme

lower the Kj. The environment of the active site is indeed

groups

and inhibitor and

hydrophobic and fairly

spacious. The dimensions described from QSAR studies primarily require ligands to be
thin, less than 4 A in
fulfil this

one

dimension (Veselovsky et al., 2000). Planar aromatic rings

requirement and

are a

oxazolidinones in Table 4.1.1, the

position and these compounds

are

feature of

morpholino series has the least planar

pH effects

The

inhibitory potency of oxazolidinones with

the X

inhibition of MAO A.

is distinct. Oxazolidinones with

inhibitors than the

group at

the poorest inhibitors.

4.2

on

good MAOI. Amongst the

many

a

hydroxyl

a

hydroxyl

are

group as

opposed to

an

amine

often ten fold (or greater) better

structurally similar amine derivatives (Table 4.1.1). The explanation

of this difference relies

on

understanding of differences in protonation of amines and

hydroxyls. At physiological pH most amines (pKa around 9.5) undergo protonation and
are

mainly charged whereas hydroxyls

are

essentially neutral. It has been generally

accepted that MAO A catalyses the oxidation of non-protonated substrate only
(McEwen et al., 1969). Therefore, oxazolidinones with
not

be accommodated in the active site

as

well

a

as

protonated amine
an

group may

uncharged inhibitor at

physiological pH.
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Fig 4.2.1 shows inhibition of MAO A by 8 & 9 at different pH values using
substrate concentration
to

binds to MAO A

more

an

amine

strongly at pH 8, at which the proportion of inhibitor

that is

unprotonated will be greater. These data

utilises

unprotonated substrate.

A

fixed

(0.3mM kynuramine). The inhibition by 9 increased from pH 7

pH 8, but with 8 the inhibition decreased. Therefore, the oxazolidinone with

end group

a

concur

with the theory that MAO A

comparison of the inhibition kinetics of oxazolidinones 8 and 9 at pH 7 and pH 8

shows

large differences in apparent Km values for substrate in

derivative 9 at the different

presence

of the amino

pHs (Fig. 4.2.3), but not for the hydroxyl analogue 8 (Fig.

4.2.2). The Kj for 8 increases slightly with increasing pH, from 0.92 pM to 1.4 pM (Fig.
4.2.4). The Kj for 9 decreases with increasing pH, from 13 pM to 1.4 pM. This dramatic

change indicates that with increasing concentrations of unprotonated amine
enzyme
two

more

is occupied and inhibited. The differences in inhibition at different pH with the

inhibitors, support the hypothesis that uncharged ligands bind in the MAO A active

site. The greater
fact that the

range,

effect observed with inhibitor 9 compared to inhibitor 8 is related to the

majority of hydroxyl

groups on

inhibitor 8 will be uncharged at this pH

whereas most amine will be charged. Thus, increasing the pH will result in

greater proportional increase of uncharged
decrease in

inhibitor 9 and

a

a

comparatively small

uncharged inhibitor 8.

However, there is

some

MAO A and that the

evidence that it is the protonated substrate that is oxidised by

change in Vmax between pH 7 and 8 is due to

pro to nation

of

a
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group on

pH

the

enzyme

range may

well be

(see Chapter 6). The changes in the MAO A active site across a
more

complex than is known at this time.

Fig. 4.2.1
Inhibition of MAO A

by oxazolidinone inhibitors 8 & 9 at different pH.
Left - Inhibition by 8 (50, 200, 400, 500nM and lpM) with 0.3mM kynuramine.
Right - Inhibition by 9 (2.5, 5, 10, 25 and 50pM) with 0.3mM kynuramine.
(♦ pH7, «pH7.5,
pH 8)

Fig. 4.2.2 MAO A inhibition by inhibitor 8: Hanes plots to give apparent Km at pH 7 &
8.

Left- pH 7, Concentrations of inhibitor; ♦ 0.5, ■ 1, A 2, x 5pM.
Right -pH 8, Concentrations of inhibitor; ♦ 0.5, ■ 1, A2, x 5pM.
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inhibitor 9

Inhibitor 9

pH7

pH8

0.06
0 05
0 04
0 03

0 02

-0.4

-0.2

-1.5

-0.5

-1

s

0

Fig. 4.2.3 MAO A inhibition by inhibitor 9: Hanes plots to give apparent Km at pH 7 &
8.

Left - pH 7, Concentrations of inhibitor; ♦ 2.5, ■ 5, A 10, x 20, + 50pM.
Right - pH 8, Concentrations of inhibitor; + 0, ♦ 1, ■ 2, A 5, x 7.5, *10, • 20pM.
Inhibitor 8

inhibitor 9
2—

y=

T

0.4495x +0.4136

Q.

y =

0.0749x + 0.1144

y =

0.00G4X + 0.0020

Q.
Q.

Q.
(0
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E
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E
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1
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Inhibitor

3

4

(^M)

5

6

-20

-10

0

10

Inhibitor

20

30

40

50

(jdVI)

Fig. 4.2.4 Secondary plots of MAO A inhibition by inhibitors 8 & 9.

Left - Using the data from Fig 4.2.2, Ki for 8 at pH 7 was 0.92 pM and at pH 8 was 1.4
pM. (pH 7 - ■ pH 8 - ♦)
Right- Using the data from Fig 4.2.3, Ki for 9 at pH 7 was 13 pM and at pH 8 was 1.5
pM. (pH 7 - ■ pH 8 - ♦)
,

,
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4.3 Inhibition of MAO A

vs.

MAO B.

Although competitive inhibition of MAO B by oxazolidinones is unlikely to contribute
to

the cheese

effect,

an

IC50

was

used to determine Kj for

4.3.1). Inhibition of MAO B is generally

poorer

a

series of compounds (Table

than MAO A. For most inhibitors the

Kj for MAO B is greater than that of MAO A. This is due to the active site of MAO B

being smaller than MAO A. Oxazolidinone inhibitors, being quite large and long
inhibitors,

are not as

structures of both

easily accommodated in the MAO B active site. The crystal

isoforms suggest

The active site of MAO B is
residue

reason

for differing inhibitory potencies.

separated from the entrance cavity by

a

"gate" isoleucine

(lie 199) that is absent (Phe 208) from the MAO A structure. Although this

feature does not

span

another

preclude binding it

may

be unfavourable for binding of inhibitors that

both cavities. An investigation of the potential of some of these inhibitors

antibacterials and poor

as potent

MAOI has been reported in Reck et al., (2005).
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MAO A Ki

(gM)

MAO B Ki

Inhibitor

MW

21

376

35

55

22

399

50

>140

23

401

5.5

6

24

390

38

42

25

342

70

40

26

286

20

33

27

412

50

45

28

431

150

>275

29

342

4

8.5

30

449

63

140

31

401

1.4

42

32

328

7.5

10

33

410

13

40

(gM)

Table 4.3.1

Inhibition of MAO A and MAO B
For MAO

B, the IC50

was

by oxazolidinones (for structures see p.l 10).
determined in presence of 0.25mM MPTP (approx. Km) and

from this Ki was calculated.

4.4 Inhibition of MAO

The

vs.

Antibiotic

efficacy.

relationship between structure and inhibitory potency for MAO A inhibitors

discussed above and in the literature
little effect

on

oxazolidinone

MAO A is

gives the impression that designing

straightforward. However, it

appears

that with

a

drug with

many

compounds the structural features that improve binding to the bacterial

target are also important in binding to MAO A (Fig. 4.4.1). Greater understanding of the
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differences between the two

binding sites should allow development of more selective

agents.

Oxazolidinones

Fig. 4.4.1
MAO A inhibition and antibacterial potency of twelve oxazolidinones.
MAO A inhibition (from Table 4.1.1) is expressed as the K; (pM) and antibacterial

potency (MIC) is the Minimum Inhibitory Concentration against S. pyogenes

(pg/ml)

(Ramsay and Gravestock 2003).
(from left to right, inhibitors 1, 2, 3, 4, 5, 6, 7, 8, 9, 18, 19, 20)

In

Fig. 4.4.1 the potency of inhibition of MAO A and antibacterial growth for

oxazolidinones is shown. The
between these

compounds

are

divided into four

groups,

series of

the difference

being the substituent at the X position (morpholino, bromo-imidazoyl,

pyrazino-piperazinyl, hydroxyacetyl-tetrahydropyridyl). Within each
oxazolidinones with either

oxazolidinone

a

an

group are

acetamide, hydroxymethyl or methylamine attached to the

ring. There is greater variation within each

group

for both parameters

than between the groups.

The oxazolidinone inhibitors with

ring (3, 6, 9, 20)

were

Unfortunately, they

a

methylamino at position 5

on

the oxazolidinone

consistently the worst MAO A inhibitors of this series.

were

also

poor

antibacterials. Oxazolidinones featuring

a
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hydroxymethyl

group on

inhibitors, with

some

the oxazolidinone ring (2, 5, 8, 19)

were

the best MAO A

potency as antibacterials. Inhibitors with acetamide groups (1,4,

7, 18) gave the most favourable results, coupling good inhibition of bacterial growth
and poor

inhibition of monoamine oxidase A.

The small structural

changes in both

changes at the 5 position of the oxazolidinone ring show great

inhibition and antibiotic potency. Adapting this part of the

enzyme

oxazolidinones could result in
these
site

compounds show

over

MAO A,

they

an

are

compounds with better selectivity. Although

some

of

encouraging amount of selectivity for the bacterial binding
still relatively potent inhibitors of MAO A.

4.5 Oxazolidinone dimers and inhibition.

The active site of monoamine oxidase A is known to accommodate
substrates and inhibitors. Studies

wide range

of

using pirlindole analogues have been used to estimate

the dimensions of the active site with

2000). Crystal structures have given
indicate that the active site is not

a

some

more

accuracy

(14

x

7

x

4 A) (Veselovsky et al.,

detail of the shape of the active site and

easily accessible for the larger inhibitors (Binda et al.,

2002; Ma el al., 2004).

Oxazolidinone molecules

were

constructed (Astra Zeneca,

two inhibitors

joined together, with the

oxazolidinone

dimers). In addition to investigating which

the business end of the molecule,

they

same group at

are

Boston) that

are

each end (referred to
groups are

essentially
as

well tolerated at

useful probes in studying how long

a

MAOI

66

can

be. Table 4.5.1 shows that all dimers

similar to the

regular oxazolidinone

and

or

hydroxyl

were

able to inhibit MAO A at concentrations

monomers.

acetamide at each end

were

The dimers with the oxazolidinone ring

better inhibitors than the dimer with

a

morpholino moiety at the end. This is indicative of the orientation of binding in the
active site. It

can

also be said that the IC50 is more

dependent

on

the type of endgroup

than the size of the molecule.

MAO A IC50

End group

MW

10

acetamide

769

0.5

11

hydroxyl

519

1

12

morpholino

672

90

13

acetamide

771

7

14

hydroxyl

505

50

15

benzyl

466

20

16

acetamide

753

7

17

acetamide

783

4

(pM)

Table 4.5.1

Molecular

weight, end group and inhibitory potency of oxazolidinone dimers.
see appendix (p.l 10).
(IC50 is the concentration of inhibitor that reduces to 50% the activity of MAO A with
0.5 mM kynuramine)

Fox stiuctuxes

4.6 Time

The time

and

dependence of inhibition.

dependence of MAO A inhibition

flexibility. This

was seen

appears

to be related to ligand size, shape

with oxazolidinones (Fig. 4.6.1). Inhibition by linezolid

(inhibitor 1) increased by 5% with incubation, whereas with dimer molecules (10 & 11)
inhibition increased 19% and 13%

respectively. With these molecules the time

dependent increase of inhibition correlated well with the size of inhibitor. The three
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oxazolidinones tested
inhibitor 10 is

not

particularly different in width and depth, the length of

than double that of inhibitor 1. This is shown to have

more

the kinetics of

were

ligand

access

the active site,

so

that

more

an

effect

on

time is required to reach the

maximum inhibition.

Fig. 4.6.1
Time dependence of competitive inhibition of oxazolidinones.
| without inhibitor. | + inhibitor. + inhibitor + lmin incubation.
(concentrations; Inhibitor 1 10 pM, Inhibitor 10 5 pM, Inhibitor 115 pM, kynuramine
0.5

mM)

These results show that the MAO A active site

can

tolerate flexible inhibitors of

greater length than described with more rigid pirlindole analogues. The
inhibition with time may
the

be due to protein movement being

necessary to

larger sized inhibitor. Despite this, the oxazolidinone dimers

possibly because the longer molecules have
and therefore

dimer

more

more

overcome

far

increase of

accommodate

good inhibitors,

surface contact with the active site

hydrophobic interactions. Another crucial factor for oxazolidinone

binding is the flexibility of the linker region. If this is in

not facilitate

are

a

a

conformation that does

entry and occupation of the active site and is not flexible enough to

this, the inhibition will be poor.
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Chapter 5
Oxazolidinone

binding in the MAO A active site
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5. Oxazolidinone

binding in the MAO A active site

In addition to their antibiotic

may cause

efficacy, oxazolidinones bind reversibly to MAO A. This

complications with blood

of oxazolidinones and MAO A
and to

assess

were

can

of occupancy

a

an

as

the

inhibitory potency (Chapter 4), but how

often overlooked

question. Within this chapter, it

fuller investigation of the particulars of binding

spectral differences

easily accessible

way to

flavin co-factor. Inhibitor
UV/visible spectrum
These

give further understanding of binding

may

show a truer picture

of the active site by inhibitor.

5.1 MAO A
An

studied to

be measured

inhibitors bind in the active site is

hoped that

due to the cheese effect. The interactions

previous inhibitor binding experiments. The affinity of oxazolidinones for

the MAO A active site

is

pressure

changes

are

on

binding of oxazolidinone

investigate binding in MAO A is to

binding in the active site

causes

measure

changes to the

small changes in the

of the FAD (Ramsay and Hunter, 2002; Hynson et al., 2003).

concentration-dependent and saturable. It is

even

possible to estimate

binding constants that generally confirm inhibition data. The following visible spectra
are

presented

original

as

the differences between

enzyme spectrum

enzyme spectra

is subtracted from that of the

after additions of inhibitor. The

enzyme

inhibitor complex to

obtain each difference spectrum.
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Inhibitors 1 and 4.

Wavelength (nm)

Wavelength (nm)

Fig. 5.1.1.
Left- Difference spectra for 16pM MAO A titrated with 40, 320 and 600pM inhibitor 1
(linezolid).
Right- Difference spectra for 25 pM MAO A titrated with 20, 60, 240, 320 and 600pM
inhibitor 4.

(n^^VK_n^o
\=dt{
/ \ /

V-S^NHCOCH3

\

Inhibitor 7

MAO A+7

Wavelength (nm)

Fig. 5.1.2.
Difference spectra

for lOpM MAO A titrated with 4, 12 and 20pM inhibitor 7.
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The difference spectra

in Figures 5.1.1. and 5.1.2. show absorbance changes increasing

with the concentration of inhibitor until saturation. The range
used

are

consistent with the

bind to MAO A in

inhibitory potency of inhibitors 1, 4 and 7. These inhibitors

concentration

a

in the flavin environment in

a

notable feature of the spectra

acetamide group on
active site in

a

of inhibitor concentrations

way

dependent and saturable

manner

and

changes

that influences the UV/visible spectrum. The most

is the peak at 510nm. These inhibitors all have

position 3 of the oxazolidinone ring and therefore

similar way.

cause

With inhibitor 4 the peak at 510

nm

may

an

bind to the

is somewhat

diminished, which may be the result of inhibitor 4 being able to bind in two
orientations. All

compounds also show decreases in absorbance from 490nm to 400nm

with minima at 425, 450 and 480nm.
inhibitor absorbance

Absorbance changes around 300nm

may

be due to

(Fig. 5.1.7).
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N

Inhibitors 2 and 5
MAO A

+

2

MAO A

+

5

0.05

0.025

-0.02

-0.025

-0.05

-0.04-

"400

—1

500~

1

400

Wavelength (nm)

500

Wavelength (nm)

Fig. 5.1.3.
Left- Difference spectra of 14pM MAO A titrated with 16 and 160pM inhibitor 2.
Right- Difference spectra of 12pM MAO A titrated with 4 and 40pM inhibitor 5.

°WN"t^V^NH2

Inhibitors 3 and 8

MAO A

+

8

0.015
0.01
0.005
0

-0.005

-

-0.01

-

-0.015

-

-0.02-0.025

-

300

400

500

Wavelength (nm)

Fig. 5.1.4.
Left- Difference spectra of 15pM MAO A titrated with 4 and 6pM inhibitor 3.
Right- Difference spectra of 13pM MAO A titrated with 0.5, 1, 1.5 and 2.5pM inhibitor
8.
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Figures 5.1.3 and 5.1.4 show
5 and 8.

a

different type of difference spectrum with inhibitors 2, 3,

They show spectra consistent with those above, having saturable,

concentration-dependent changes that correspond to inhibitory constants, but they have
a

minimum at 495-500nm instead of a

appear to

be consistent in this

group

peak at 510nm. There

of inhibitors,

a

are

other features that

second less pronounced minimum at

470nm and increased absorbance after 460nm with

peaks at 440 and 420nm. The

inhibitors that elicit this kind of spectral

oxazolidinones with hydroxymethyl

or

aminomethyl

inhibitor 3
due to the

were

groups

change

are

at the 5 position on the oxazolidinone ring. The spectra with

difficult to obtain and it

compound being

a

was

impossible to show progressive saturation

slow substrate and reducing the flavin.
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Inhibitor 10

Inhibitor 11

MAO A

+

10

MAO A

+

11

Fig. 5.1.5.
Left- Difference spectra of 9pM MAO A titrated with 8, 12 and 36pM inhibitor 10.
Right- Difference spectra of 11 pM MAO A titrated with 8, 24, 32, 40 and 56pM
inhibitor 11.
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F

O
Inhibitor 12

MAO A

+

12

Wavelength (nm)

Fig. 5.1.6.
Difference spectrum

Although it

seems

of 1 lpM MAO A titrated with 20pM inhibitor 12.

consistent that inhibitors with acetamide

groups

produce

a

difference

spectrum with a peak at 51 Onm and oxazolidinones with hydroxymethyl substituents

produce spectra with
affect the spectrum.
were

a

minimum at 500nm, the other end of the molecule

produces

Inhibitor 11 has

a

characteristic difference spectrum with

a

each end of the
a

peak at 51 Onm.

hydroxymethyl substituents at each end of the molecule and produces

characteristic difference spectrum
has

also

With this in mind double oxazolidinones (inhibitors 10,11 and 12)

titrated into MAO A. Inhibitor 10 has acetamide groups at

molecule and

may

morpholino

group at

with

a

a

minimum at 495nm (Fig. 5.1.5). Inhibitor 12

each end and lowers the absorbance at 500nm. This
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compound caused problems with spectra (Fig. 5.1.6),
concentrations that inhibit MAO A and

These data support

as

it is not particularly soluble at

perturb flavin spectra.

the idea that the structure of oxazolidinones

can

influence the flavin

in different ways,

presumably by different groups lying close to the flavin. Comparison

of the double and

single inhibitor spectra indicates that these inhibitors bind in the

active site in

consistent orientation with oxazolidinone C-5 substitituent close to the

a

flavin.

Inhibitor 1 (linezolid)

Inhibitor 7

Inhibitor 4

Inhibitor 8

Inhibitor 7

Inhibitor 9

Inhibitor 10
Inhibitor 11

-I

240

280

1

f

320

360

400

440

240

280

320

360

400

440

Wavelength (nm)

Wavelength (nm)

Fig. 5.1.7. Absorbance spectra for some oxazolidinone inhibitors.
Left- Spectra of Inhibitors 7, 8 and 9 (lOpM).
Right- Spectra of Inhibitors 1, 4, 7,10 and 11 (lOpM).

The visible spectrum

for each inhibitor

inherent absorbtion of these

was

measured to demonstrate that there

was no

compounds between 400 and 600nm that could mask flavin

spectra. Most inhibitors had strong absorbance at 240-270nm and some absorbance at

longer wavelengths. The substituents added to position 5 of the oxazolidinone ring do
not alter the absorbance

piperazinyl

or

spectrum (left panel Fig. 5.1.7), whereas adding pyrazino,

other aromatic rings to inhibitors

can

result in increased absorbances at

longer wavelengths (right panel Fig. 5.1.7).
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5.2 Oxazolidinones

as

When MAO A is reduced
reduced and this is

seen

MAO A substrates

by substrate, the flavin spectrum changes from oxidised to

by decreased absorbance between 400 and 500nm. The two

spectra in Fig. 5.2.1 show the MAO A absorbance spectrum reducing with time and

increasing concentration of oxazolidinone to the featureless reduced flavin spectrum
between 400-500nm.

O

R

/

\

V

)=\

vi

N

NH;

Inhibitor 3 and 6

MAO A

+

MAO A

3

+

6

0.25

400

400

500

Wavelength (nm)

500

600

Wavelength (nm)

Fig. 5.2.1,
Left- Spectra of 15pM MAO A reduced with 4, 6, 60 and 200pM inhibitor 3 over 4hrs.
Right- Spectra of 17pM MAO A reduced with lOOpM inhibitor 6 over 20min.

In the

course

of obtaining

difference spectra for various oxazolidinones it

that inhibitors 3, 6 and 9 were able to reduce the flavin of the enzyme.

compounds have

an

amine

group

accessible

on

was

found

As these

the end of the molecule, it seemed

reasonable to conclude that inhibitors 3, 6 and 9 were

actually substrates. They do not
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reduce the enzyme as
here

was

readily

not suitable for

as

traditional substrates. The experimental method used

accurately determining rates of oxidation.

5.3 Chemical reduction of MAO A

When MAO A is reduced
reduced flavin with

flavin to

a

no

-

oxazolidinone

complex

by substrate, the co-factor passes directly from oxidised to

intermediate.

Titrating MAO A with dithionite reduces oxidised

semiquinone with a peak in absorbance at 412nm and then proceeds to fully

reduced flavin.

Having inhibitor bound in the active site often results in

absorbance

peak that cannot be further reduced. This

influenced

by inhibitor binding (Hynson et al., 2003).

was

O

R

°wn-V>nv^nhcoch3

°wn

interpreted

as

R

O

a

larger 412nm

flavin being

yj^nva^.oh

Inhibitors 1 and 2.

MAO A

+

1

(Linezolid)

MAO A+ 2

0.15

0.15

0.05-

0.05

Wavelength (nm)

Wavelength (nm)

Fig. 5.3.1.
Left- Spectra of 16pM MAO A with 3.6mM inhibitor 1 reduced by sodium dithionite.
Right- Spectra of 25pM MAO A with 660pM inhibitor 2 reduced by sodium dithionite.
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\_N'

NHCOCH3

\=N
Inhibitors 7 and 8
MAO A

+

MAO A

7

+

8

0.25

0.15-

0.15

<

0.050.05

300

400

500

600

400

Wavelength (nm)

600

Wavelength (nm)

Fig. 5.3.2.
Left- Spectra of 13pM MAO A with 248pM inhibitor 7 reduced by sodium dithionite.
Right- Spectra of 11 pM MAO A with 80pM inhibitor 8 reduced by sodium dithionite.

The reduction of the MAO A-inhibitor
and 5.3.2.

complex by dithionite shown in Figures 5.3.1.

proceeds directly from oxidised flavin to the fully reduced

enzyme.

Inhibitors

1, 2, 7 and 8 do not stabilise the semiquinone and reduction occurs with no obvious
412nm absorbance

peak.

The reduction of MAO A and inhibitors 4 and 5
show

a

clear

some

amount of flavin

by dithionite shown in Figure 5.3.3.

peak in absorbance at 412nm with these inhibitors. This shows at least

semiquinone stabilization. The reduction with inhibitor 10

proceeded via semiquinone to fully reduced enzyme. The peak at 412nm has been
observed

as more

stable with inhibitors with

concentrations far in

enough to
peak

was

ensure

excess

complete

high affinity for MAO A and with

of Ki value. Concentrations of inhibitor 10

occupancy

were

not

high

of the active site, but the semiquinone signature

identifiable.
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nhcoch3

Br

A/nA_^n

Inhibitors 4 and 5
MAO A

MAO A+ 4

0.15

+

5

-

o

3

<

0.05

400

500

Wavelength (nm)

500

Wavelength (nm)

Fig. 5.3.3.
Left- Spectra of 14pM MAO A with 2mM inhibitor 4 reduced by sodium dithionite.
Right- Spectra of 12pM MAO A with 560pM inhibitor 5 reduced by sodium dithionite.

Table 5.3.4 summarises the

spectral changes in MAO A

on

oxazolidinone binding and

during reduction with dithionite. Inhibitors 1, 2, 7 and 8 do not induce the 412 peak
reduction. These inhibitors have
oxazolidinone

a

large cyclic

ways

vicinity of the flavin. Inhibitors 4 and 5 have

may

the other end to the

moiety. This would be sterically hindered binding close to the flavin.

Therefore, these compounds all bind in similar
the

group at

on

be accommodated in the active site

bind in the active site

near

a

with the

same

functional

smaller bromo imidazoyl

the flavin. If inhibitors 4 and 5

groups

group
are

differently then the reduction of enzyme with dithionite

in

that

able to
may

be

different to the other oxazolidinones.
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Series

R group

Ki

(pM)

Spectral feature
(500 nm)

Reduction

acetamide

20

peak

no

SQ

oh

1.2

minima

no

SQ

3

nh2

116

minima

substrate

4

acetamide

5

peak

SQ

oh

0.34

minima

SQ

6

nh2

23

7

acetamide

1.6

peak

no

SQ

oh

0.16

minima

no

SQ

9

nh2

5.7

10

acetamide

o Lh *

peak

oh

l*

minima

-

Morpholino

90*

minima

-

nm

and reduction characteristics of

1

2

Morpholino

5

8

Br-imidazoyl

Pyrazino-piperazinyl

Dimer

11
12

-

-

substrate

substrate

SQ

Table 5.3.4

Summary table of Ki values, spectral features at 500
oxazolidinone inhibitors.

(* IC50 Value, SQ denotes flavosemiquninone observed

5.4 Molecular

For molecular

as

peak at 412nm)

Modeling

modelling there

were a

number of MAO crystal structures available.

Although the MAO B structure (with isatin) has the best resolution (1.7 Angstroms) and
a

MAO A

homology model derived from this has been successfully utilised (Reck et al.,
82

2005), the newly published rat MAO A structure (3.2 Angstroms)

was

chosen (Ma et

al., 2004). This structure should be the most homologous available to the human MAO
A used in

experimental work. Docking studies of oxazolidinones to MAO-A

were

performed using the QXP and GLIDE software (Friesner et al., 2004, McMartin and
Bohacek, 1997). Residues in the substrate and entrance cavities
conformational
the best

allowed full

were

flexibility in the docking studies with QXP, but not GLIDE. However,

scoring binding positions found with each

program were

nearly identical.

Figures 5.4.1 to 5.4.4 illustrate the most favourable binding mode for each inhibitor
identified

by QXP and GLIDE. The hydroxymethyl-oxazolidinone

(Fig. 5.4.2) binds in the aromatic

cage

group

as

of inhibitor 2

formed by Tyr 407, Tyr 444, and flavin and the

morpholine end binds at the entrance of the active site cavity. There are three possible
hydrogen bonds between residues in the active site and inhibitor suggested by the
docking. The end hydroxyl of inhibitor 2 forms

a

hydrogen bond with the backbone

carbonyl of glycine 443. Oxygen atoms in the oxazolidinone ring form hydrogen bonds
with the -OH of tyrosine
away

197 and amine of asparagine 181. This orientates these groups

from the flavin. The binding of inhibitor 3 to MAO A shown in Fig. 5.4.4 is

almost identical to the

binding of inhibitor 2. The only difference is that the hydrogen

bonding to glycine 443
inhibitor. An alternative

occurs

with

an

amino rather than hydroxyl substituent of

binding mode for inhibitor 3

was

noted, the molecule situated

further down the active site with the amine closer to the N5 of the flavin
This

binding mode

was

rated

as

less favourable than that

perhaps explains why the molecule is

a poor

seen

(Fig. 5.4.5).

in Fig. 5.4.4, which

substrate.

83

In

Fig. 5.4.1 inhibitor 1 (linezolid) is bound in

size of the acetamide group

tyrosines and adopts

a

a

similar orientation, but due to the larger

the oxazolidinone ring is unable to bind between the

different binding

pose.

There

appears to

be two possible

hydrogen bonds formed between inhibitor and protein. The carbonyl
acetamide substituent and oxazolidinone
197 and amine of glutamine

flavin, but not in the

same

of the

ring hydrogen bond to the hydroxyl of tyrosine

215 respectively. The inhibitor is perpendicular to the

orientation

the flavin. Furthermore, the

oxygens

as

inhibitors 2 and 3, with different atoms facing

oxazolidinone ring is no longer stacked between the

tyrosines.

Figure 5.4.3 shows the alternative binding mode for inhibitor 4 bound in the active site
with the

bromo-imidazoyl close to the flavin and oxazolidinone close to the entrance.

There is

one

of tyrosine

obvious candidate for

hydrogen bonding close to the flavin, the hydroxyl

197 to the imidazoyl ring. The observation of possible hydrogen bonding of

this residue in all
197 in inhibitor

our

inhibitor

docking models indicates

an

important role for tyrosine

binding.

Inhibitors 1, 2, 3 and 4

Compounds 1, 2 and 3 adopted
morpholino

group

close to the flavin.

a

similar binding orientation in the long cavity, with the

close to the entrance cavity of the
Compounds 4, 5 and 6

can

enzyme

and the oxazolidinone ring

adopt two energetically favourable

poses,
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with either the

bromo-imidazoyl

calculated fit for these inhibitors

or
was

the oxazolidinone ring
with the

near

the flavin. The best

bromo-imidazoyl ring close to the flavin

(Fig. 5.4.3). This is consistent with the misshapen hybrid spectra with inhibitor 4 in

Figure 5.1.1. In particular with these 5-membered ring functional
that

they stack in between the tyrosines forming the aromatic

the substrate

cage at

it is observed

the flavin end of

binding cavity. Possible hydrogen bonding of a nitrogen of the imidazoyl

ring to tyrosine 197
are

groups,

may

contribute to the improved binding. Morpholino substituents

presumably sterically hindered from binding close to the flavin and tyrosines and

only

one

so

orientation of binding is favoured.

With oxazolidinones

bearing

methyl-acetamide at the 5-position the stacking of

a

tyrosines and oxazolidinone ring is not possible. Acetamide, being considerably larger
than the

hydroxy-methyl and amino-methyl, pushes the binding mode of the molecule

back down the active site. Also, the
round the axis of the inhibitor

position of inhibitor in the protein is rotated 180°

length. This alters the part of the oxazolidinone that

neighbours the flavin, in particular the N-5 position of the isoalloxazine ring system.

The

binding of hydroxymethyl and aminomethyl and bromo-imidazoyl

the flavin

are

Figure 5.4.1

all associated with

-

a

spectral difference containing

a

groups

close to

minima at 495nm.

5.4.4. shows that these oxazolidinones do not have nucleophilic

available for interaction with the flavin when in their most

groups

energetically favourable

explain why these oxazolidinones produce different changes in

bindings. This

may

flavin spectrum

with modest changes in chemical structure.
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Whilst these

docking models utilise the most recent structural data available, there is

much still to understand about monoamine oxidases.
of the human form of MAO A and

be of particular use

a

greater understanding of protein movement would

for studies of this nature. Therefore, though the images below

represent a view of inhibitor binding that may
details may prove
this

Higher resolution crystal structures

generally be correct, interpreting finer

improvident. It is encouraging to note that despite the limitations of

study, the experimental data

concur

with the theoretical models.

Fig. 5.4.1
Model of Linezolid docked in MAO A active site. Flavin is coloured

pink, important
other residues are red and possible hydrogen
bonding indicated with dashed yellow lines. Connolly surface of inhibitor is shown in
active site amino acid residues

are

green,

white.
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Flavin
Y444

Y407

Y197
Fig. 5.4.2
Model of Inhibitor 2 docked in MAO A active site. This shows

hydoxyl end of inhibitor

hydrogen bonding to the backbone carbonyl of glycine 443.

Flavin

Q215
Y444
Y407

F208
Y197
Fig. 5.4.3
Model of Inhibitor 4 docked in MAO A active site.

previous figures, this

was

calculated

as

Although different from dockings in
the best fit between the two structures.
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Q215

Y197
Fig. 5.4.4
Model of Inhibitor 3 docked in MAO A active site. This shows amino end of inhibitor

hydrogen bonding to the backbone carbonyl of glycine 443.
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Fig. 5.4.5
Alternative model of Inhibitor 3 docked in MAO A active site. This
poorer

fit between the two structures than the binding mode

seen

was

calculated

as a

in Fig. 5.4.4.
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Chapter 6
Properties of the FAD co-factor in MAO A
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6.

Properties of the FAD co-factor in MAO A

The amino acid residues that

comprise monoamine oxidase

framework that allows the co-factor and substrate to
suitable for

come

can

be thought of

as a

together under conditions

catalysis. The unique redox properties of the flavin facilitate oxidation and,

therefore, changes to the flavin

as a

result of changes in the protein environment

are

of

great interest. The ability of different solvents and enzyme-specific ligands to influence
the visible spectrum

of flavoenzymes has been known for

many years,

but the

underlying molecular interactions remain unknown. Substrate reduction of flavin
a

decrease in the absorbance at 450

region corresponds to the catalytic
not been

nm

in the UV/visible spectrum

response.

reactivity with

oxygen

causes

-

seen

(Sablin and Ramsay, 2001; Ramsay and Hunter, 2002).

more

in

nm.

obviously

are

characterised

In the absolute enzyme spectrum
as a

as

having

a

are

peak

obtainable with

or a

minimum at

(Fig 6.1.1), these changes

shift in absorbance either to higher

absorbance maximum of FAD shifts to
and to shorter

spectrum of MAO A

chapter 5 that two main types of difference spectra

inhibitor titrations. These

around 500

change in the environment

significant changes in redox potentials and the rate of

6.1 Inhibitor-induced shifts in the flavin

enzyme

a

Ligand binding in monoamine oxidase both alters the UV/visible spectrum

(Hynson et al., 2003) and

We have

indicating that this

Although changes in flavin spectra have

conclusively related to reactivity, they do indicate

of the flavin.

causes

or

are seen

lower wavelengths. The

longer wavelengths with inhibitor 1 (red shift)

wavelengths with inhibitor 2 (blue shift).
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Wavelength (nm)

Wavelength (nm)

Fig. 6.1.1 MAO A titrations with different inhibitor.
Left - 16 pM MAO A with and without 90 pM Linezolid (Inhibitor 1).
Right - 14 pM MAO A with and without 160 pM Inhibitor 2.
(Black - MAO A spectrum, Blue - MAO A spectrum after addition of inhibitor, Red
difference spectrum).

Oxazolidinone inhibitors
to

12

Inhibitors

nm.

can

causing

shift the maximum absorbance

a

blue shift to shorter wavelengths

resolution of the vibrational structure of the spectrum
shoulders

presence

on

the 450

nm

(usually at 456 nm) by

absorbance band

may

-

up

also induce

that is often described

as

(particularly clear for the spectrum in the

of inhibitor 2 in Fig 6.1.1). By comparison with flavin spectral changes

observed in different solvents, this is

generally interpreted

hydrophobic environment. Also shown in Fig 6.1.1 is
absorbance

on

a

as

the flavin being in

change in the magnitude of

binding of inhibitor. Though the observation that

wavelengths increases absorbance and
is evident, this may not
of inhibitors show that

be the
even

case

a

a more

a

shift to lower

shift to longer wavelengths lowers absorbance

for all inhibitors. The difference spectra of a variety

if families of inhibitors ellicit the

same

change at 500

nm,

they have varied effects at shorter wavelengths (Hynson et al., 2003).
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To understand the molecular interactions between various inhibitors and
data

a

can now

be

compared with

enzyme structure.

The only X-ray crystal structure with

non-covalent inhibitor bound close to the flavin is that with isatin

MAO B active site

been

on

flavin, spectral

as

the

ligand in the

(Binda et al., 2003). Although all spectral studies reported here have

the A form of the enzyme,

it is not expected that the flavin environment

or

the

binding of isatin near it will be dissimilar from MAO B. The titration of MAO A with
isatin resulted in

a

difference spectrum

structure of MAO B in

in the active site,

with

with

a

minimum at 500nm (Fig 6.1.2). The

complex with isatin shows it between the two aligning tyrosines

a

nitrogen and carboxyl

group

oriented towards the flavin N5

(Fig 6.1.3). It is clear that isatin is hydrogen bonding to the flavin via water molecules.
MAO A + Isatin

Wavelength (nm)

Fig 6.1.2 Difference spectra for MAO A with increasing concentrations of isatin (8, 16,
24, 32 and 36 pM).
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Fig 6.1.3 Structure of MAO B: the orientation isatin relative to the flavin (ordered water
as red points).

Similarly, the structure of MAO B with 1,4-diphenyl-2-butene occupying the active site
shows water

hydrogen bonding to the N5 of the flavin though the inhibitor itself is not

associated like isatin. The difference spectra
butene resemble those with isatin

It appears

that inhibitors that

water)

producing

are

properly,
the

a

n—> n*

more

a

can

(R.R.Ramsay, unpublished).

stabilise

hydrogen bond to the N5 (even from
a

decrease in absorbance at 500nm

blue shift in the absorbance of the flavin. This
electron transition

an

increase in energy
more

delocalised around the aromatic system

stable when N5

effect

bring the delocalised electrons into
energy

-

can

form

N1 locus

a

an

electron.

hydrogen bond

are

normally

between the nitrogens. This is disrupted with

reduction of the flavin, which has a strong

increasing the

or, more

that the ground state of

required to promote

proton donor. The electrons associated with the N5

the N5 may

means

a

responsible for the 450nm absorbance peak has become

favourable. This relates to

a

a

spectral change with

Effectively, the electron rich flavin is
with

of MAO A titrated with 1,4-diphenyl-2-

required to promote

an

on

the spectrum. Hydrogen bonding to

a more

stable conformation and thus

electron.
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The ordered flavin
certain inhibitors

-

water

(producing

ligand is bound this is
may

still

occur,

hydrogen bonding is favoured by active site

but, in

no
a

a

longer the

case.

no

The hydrogen bonding to water molecules

dynamic equilibrium,

a

certain proportion of enzyme will be
bonding that is responsible

blurring of spectral features in flavin spectra. The binding of inhibitors that ellicit

red shift in the MAO A spectrum

presumably bind in
Therefore, free

a way

(giving

a

that prevents the hydrogen bonding

enzyme can

methyl

group on

Substrates

a

peak at 500nm in difference spectra),

perhaps be described

as a

seen

in Fig. 6.1.4.

midpoint between these two

D-Amphetamine, which differs from the substrate phenylethylamine only by

states.

the alpha carbon, produces

a

red shift

on

a

binding with MAO A.

by definition must bind close enough to the flavin to allow rapid transfer of

electrons. If inhibitors such
to

by

minimum at 500nm in difference spectra), but when

free of this interaction. It is this transient nature of hydrogen
for

occupancy

the N5, inhibitors

as

amphetamine do the

same,

with the ligand binding close

might thereby be interrupting the hydrogen bonding described

above.

6.2

pH-induced shifts in the flavin spectrum of MAO A

The absorbance spectrum

of monoamine oxidase is also affected by pH. Acidic

conditions shift the maximum absorbance from 456nm to 450nm

likely to be due to protonation of the flavin
range.

as

(Fig 6.2.1). This is not

pKa for oxidised flavin is not in this

Many amino acid residues interact with the flavin in MAO A, protonation

deprotonation of a number of functional

groups

or

could conceivably affect the flavin.
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Though the 450
appear to

be

a

nm

absorbance band

can

broaden to longer wavelengths there does not

change in the vibrational structure, unlike the changes

MAO A spectrum at

pH 5 & 8

Change in

max.

seen

in Fig 6.1.2.

Absorbance with pH

1.25

•e
o

300

400

600

500

pH

Wavelength (nm)

Fig 6.2.1 MAO A flavin absorbance change with pH.
Left - MAO A spectrum at pH 5 (red) and pH 8 (blue).
Right - Maximum absorbance of the major flavin peak of MAO A at different pH.

6.3 MAO A

The

activity and pH

activity of monoamine oxidase changes with pH (McEwen et al., 1968). These

early studies found the Vmax did not
decreased with
that

were

oxidised. Therefore, at low
can

react

—

over

on

the

range

of pH 6-10 but Km

partially purified MAO concluded

oxidised, whereas the protonated, charged substrate

was not

pH, where the proportion of uncharged substrate is lower,

and the

proportion of unprotonated amine

Km

much

increasing pH. This early work

uncharged amines

less substrate

vary

activity is diminished. Taking into account the

gave

the

same

Km at

any

pH (equation below).

Kmapp / [1 + antilog ( pKa — pH )]
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The

activity of purified human MAO A shown in Fig 6.3.1 peaks at pH 8.5 and is about

half as active at

physiological pH. This

between substrates. This
the data

finding for

study

was

may vary

single concentration of kynuramine is similar to

done to determine the kinetic parameters of the purified human

MAO A. In contrast to the

to

studied only with kynuramine and

published for bovine kidney MAO (Erwin and Hellerman, 1967).

A full kinetic

not vary

a

was

early work of McEwen et al., Fig 6.3.2 shows that Km does

with pH until the pH is above 9.0 where the amount of protonated amine starts

drop. The Vmax values increase dramatically

lack of change

neutral amine

across

the physiological pFI

in the Km and the increase in Vmax when there is only

a

range.

The

small increase in

clearly contradict the conclusions of McEwen. For purified human MAO

A, it is likely that the protonated (charged amine) is the substrate.

MAO A

activity with pH
pH on MAO A activity with 0.5 mM kynuramine
3.0
2.5

20 1
y =
15

J

1.0872x-6.2979

R2 = 0.9816

1.0
0.5
0.0
-0.5

10

PH

Fig 6.3.1 MAO A activity at different pH values. (0.5 mM kynuramine). On the right,
semilog plot indicates that a group with a pKa of 7.68 influences activity.

the
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pH on MAO A activity with kynuramine

Fig. 6.3.2 Alterations in the kinetic parameters for MAO A oxidation of kynuramine
with pH. The buffer was 50 mM sodium pyrophosphate containing 0.05% Brij,
adjusted to pH with HC1. Kynuramine was varied from 0.1-0.9 mM. Below pH 7 more
enzyme was added (x 3) for the rate of reaction to be measureable.
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y =

-0.0369X - 0.0363

0.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

-3.5
6

5

9

8

7

10

PH

-0.4

-|

pH
-0.6

on

MAO A activity with kynuramine

-

^
-0.8

y=

-0.0061x-0.7387
♦-

-

♦

♦
♦

-1.0

♦

-

5

6

7

8

9

10

pH

Fig 6.3.3 Semilog plots for the effect of pH on the kinetic parameters for the oxidation
of kynuramine by human MAO A. These graphs plot the data obtained using the 6-cell
changer from Fig.6.3.2.
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Fig 6.3.4 Effect of pH on kinetic parameters for MAO A oxidation of kynuramine. This
experiment used the single cell spectrophotometer so that more data points were
obtained for each time course, giving improved accuracy, especially at the extremes of
the pH range.

Log values of the kinetic parameters from two separate experiments
6.3.3 and 6.3.4 to determine
from

a

group

slope of-1 to

the substrate. The

activity with pH. The transition

same

transition

group

group

is found in the

enzyme-

is found in the free

enzyme

point is observed in both plots at pH 7.5 ±0.1.

pKa of the substrate, kynuramine, is far removed at 9.94 (McEwen et al.,

1968), this must be

a group on

the

enzyme.

pKa of 7.5 could arise from histidine

active site in the
entrance

plotted in Figs

in the semi-log plots indicates the pKa for deprotonation of a

complex and when Vmax/Km is plotted, the

Since the

A

of the variation in

important for activity. When Vmax is plotted the

substrate

or

zero

source

are

or

cysteine, neither of which

crystal structure. Some histidines

cavity of MAO B,

so one

are,

are

found in the

however, clustered in the

of these might be candidate. Deprotonation of

a
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histidine could allow

deprotonation of the charged amine molecule to facilitate its

penetration into the hydrophobic active site cavity.

Alternate candidates
in

backbone amino groups.

are

Several of these have been implicated

hydrogen bonding of oxazolidinone inhibitors in the active site by modelling

(Chapter 5 and Jones et al., 2005). However, Km is not altered by pH,
forms

a

if the

group

hydrogen bond to the ligand it does not affect binding, only catalysis. More

likely is that the
in

so

group

interacts with the flavin rather than substrate, perhaps involved

hydrogen bonding to N5. The importance of Lys-305 (Lys-296 in MAO B) for

catalytic activity and its location in the active site indicate this residue
candidate group
amino group

(Geha et al., 2002; Binda et al., 2003), although the pKa of

possible
a

lysine

is normally higher at around 10. Other possible candidate residues binding

to the flavin via

6.4

as a

a

main chain amino group are

methionine 436 and glutamine 437.

pH dependence of the redox properties of MAO A

The dithionite reduction of MAO A with inhibitor present

reduce the flavin either

fully

or

only to the

reduction of MAO A alone with dithionite

fully reduced

enzyme.

This is dependent

formation of semiquinone

one

has already been

seen to

electron reduced semiquinone. The

proceeds through the flavin semiquinone to
on

the pH. In acidic conditions (pH 5) the

is completely abolished and reduction proceeds directly to the

two

electron reduced form. At

is

strong 412nm peak indicating more semiquinone (Fig 6.4.1). With inhibitor bound

a

in the active

pH 6.5

some

semiquinone is observed and at pH 8 there

site, the semiquinone is stabilised at pH 8 and cannot be reduced further. In
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contrast, at

pH 5,

even

seen

and reduction

Low

pH also

in the

presence

removes

seen on

no

semiquinone peak at 412

pH the titre is exactly 2e

mixing the dithionite with the

spectrum. Indeed, where redox dye was
as an

hour

is

the kinetic hindrance to the equilibration between the flavin of
per

enzyme,

flavin with immediate

whereas at pH 8 at least 15

minutes must be allowed for the full effect of the reductant to be

much

nm

proceeds directly to the fully reduced form (Fig. 6.4.2).

MAO A and dithionite. At low

reduction

of inhibitor,

was

needed to

ensure

seen

in the flavin

included to estimate the redox potential,

redox

as

equilibrium (R.M.G. Hynson,

unpublished).
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MAO A reduction at

MAO A reduction at

pH 5

pH 6.5
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Wavelength (nm)
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Fig. 6.4.1 Spectra of MAO A reduction with dithionite at pH 5, 6.5 and 8.
Plot of absorbance at 412 nm against 456 nm at pH 5 (♦), 6.5(b) and 8(
) normalised
from original oxidised spectrum.
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Fig. 6.4.2
Reduction of MAO A
and

-

Pirlindole-CH (50 pM)

complex with dithionite at pH 5 (left)

pH 8 (right).
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7. Conclusions

7.1 Oxazolidinones

Using kinetics, spectral studies and modelling, the binding mode of oxazolidinones in
the MAO A active site has been identified. Oxazolidinone antibiotics
inhibitors of MAO A and MAO B.

poorer

The inhibition of MAO B

are

competitive

by oxazolidinones

was

for the majority of inhibitors tested, with MAO B Kj values greater than those of

MAO A. The structures of monoamine oxidase inhibitors

can

vary

greatly in size and

shape, yet small changes in the structure of oxazolidinones produce large differences in
inhibitory potency. The difference in Kj between structurally similar oxazolidinones
with

hydroxyl

protonated

or

or

amino

groups was

unprotonated

groups.

shown to be dependent

on

The uncharged species in each

the proportion of
case was

inhibiting

MAO A.

Increasing the size of oxazolidinone inhibitors beyond the published optimum
dimensions for MAOIs has been shown to be well-tolerated
inhibitors

can

be

expected to

MAO A. The greater
can

occupy parts

of both the active site and entrance cavity of

number of interactions between longer molecules and the

improve inhibition,

as

long

been shown to affect the time
small inhibitors, such as
Linezolid inhibition

(Fig. 4.5.1). Some of these

as

enzyme

the inhibitor is flexible. The length of an inhibitor has

depedence of the inhibiton of MAO A. The inhibition of

amphetamine, does not change

on

incubation with

enzyme.

improves slightly after 1 minute incubation with MAO A, with

larger oxazolidinones the inhibition increase is greater.
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Varying the functional

that bind close to the flavin present the best opportunity

groups

to reduce inhibition of MAO A whilst

bearing the acetamide end

groups,

such

maintaining antibacterial efficacy. Inhibitors

as

linezolid, have the best profile in this respect.

Modelling has shown the preferred binding of inhibitors with
to be different to inhibitors with

hydroxyl

or

amino end

an

groups.

binding close to the flavin different, but the whole molecule
active site. This shows different functional groups
different parts

of the

Oxazolidinones

enzyme.

Inhibitors

nm.

can cause

This is

was

the

group

rotated 180° in the

was

along the molecule binding to

can

induce spectral changes of two different types.

successfully to probe the orientation of binding in MAO A.
either

dependent

on

a

red

or

blue shift in the flavin absorbance band around 450

the structure of inhibitor and how it interacts with the flavin in

the active site. It has been observed in spectra
orientations

Not only

These differences result in poorer inhibition of MAO A.

binding in MAO A

This has been used

acetamide in MAO A

that

(Fig. 5.1.1). To identify which end

an

inhibitor

group on

can

bind in two distinct

oxazolidinone inhibitors is

producing each spectral change, symmetrical inhibitors were tested. Inhibitors with an
acetamide end group

produced

spectra at 500 nm. Inhibitors

a

red shift with the characteristic peak in the difference

with

a

hydroxyl

characterised in the difference spectra as a

or

amino

minima at 500

group

produced

resolution

on

what

groups on

the inhibitor

crystal structures with isatin,

involvement in
inhibitors that

a

a

are

blue shift,

nm.

Models of oxazolidinones in the active site of MAO A indicate the

dependent

a

spectral changes

are

in close proximity to the flavin. High

reversible inhibitor causing

a

blue shift, show

hydrogen bonding network with the N5 of the flavin. Presumably

produce

a

red shift do not do this and probably bind in

a way

that disrupts

105

hydrogen bonding to the flavin. Resolving this question would greatly benefit from
having

a

high-resolution structure of MAO bound to

Reduction of enzyme-inhibitor
or

complexes

proceed directly to fully reduced

can

enzyme,

characteristics do not correlate with the type
do not stabilise the flavin

capable of binding in

a

yield

an

inhibitor that elicits

an

intermediate flavin semiquinone

depending

on

a

red shift.

inhibitor, but these

of spectral changes. Most oxazolidinones

semiquinone, whereas imidazolines and oxazolidinones

different orientation do stabilise the semiquinone.

7.2 Imidazolines.

The imidazoline

ligands 2-BFI, guanabenz and idazoxan have been shown to be

competitive inhibitors of MAO A that bind in the active site cavity in close proximity to
the flavin. This has been verified with kinetic and
The data show imidazoline

spectral studies

on

purified

enzyme.

binding in the active site to be different from imidazoline

binding in the literature not only in terms of potency (pM as opposed to nM), but in the
rank order of

ligand potency. The MAO A active site is not the high affinity h binding

site described in the literature. The lack of correlation between imidazoline

and MAO inhibition has been
inhibition has been

binding and

investigated before, however, this is the first time

complemented with binding constants from spectral changes in

purified MAO A.

The

proposed clonidine-displacing substance, agmatine,

substrate of MAO A, also

was

found to be

a poor

confirming binding to the active site. MAO A is highly
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unlikely to be
the

an

important

enzyme

in agmatine metabolism, but this result illustrates

sensitivity of flavoenzyme spectroscopy.

The

previously described findings

imidazoline

are

ligands and the MAO A active site. However, the

the focus of much research in the 1990s

affinity at

largely concerned with interactions of

a

was

that these

reason

ligands

were

imidazolines

were

binding with high

location other than the active site. Further experiments utilising the

covalently binding I2 ligand Bu99006 and other covalently binding agents

designed to shed

some

light

on

were

the properties of the HBS. The irreversible imidazoline

ligand Bu99006 did not alter the ability of chemical agents to inhibit MAO by
modification of

using

cysteine and histidine residues. Identification of the location of I2BS

mass spectroscopy was

attempted but proved inconclusive. Intact

enzyme was

observed, but identification of peptide fragments after a trypsin digest was difficult. The
location and function of the imidazoline

binding site remains unknown.

Crystallographers have stated that the structure of MAO has
as an

no

pocket that could

I2 binding site that is not the active site (C. Binda, remarks at 11th

Amine Oxidase

workshop 2004). All data indicating that the active site and the I2BS
assume

now

that the active site is the part

known to be

work

identifing

a

binding site

peptide

may

are separate

of the cavity close to the flavin. The active site is

larger and linked to the surface by

that the imidazoline

serve

an entrance

cavity. The possibility

be located at the entrance cavity is supported by

sequence on

MAO B

as

the I2BS (Raddatz et al., 1997; Fig

1.6.1).
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7.3

pH effects.

Kinetic and

spectroscopic work

results. Evidence that

across a

pH

range

has thrown

up some

protonated substrate is oxidised by MAO A contradicts previous

understanding of catalysis (McEwen et al., 1968). The increase in
between

pH 7 and 8, usually assumed

available for oxidation, is caused
group

(7.5) suggests it

unknown residue

is

a

may

be

by
a

an

enzyme

activity

increase in non-protonated substrate

as an

unknown

group on

cysteine, histidine

or

the

enzyme.

The pKa of this

backbone amino

group.

This

changes the Vmax but not the Km for kynuramine. As Km is unchanged

the unknown group
group

surprising

affects catalysis and not binding. Therefore it is likely that this

residue that interacts with the flavin. Lysine 305 has been shown to be

important for activity (Geha et al., 2002). and is involved in hydrogen bonding to the
N5 of the flavin.

unlikely to be

However,

our

as

the pKa for lysine is normally around 10, this residue is

unknown with

Methionine 436 and Glutamine 437
the

pKa of 7.5. The main chain amino groups of

are

located in

a

position to interact with FAD and

pKa of these residues is closer to that of our unknown.

In contrast to the

proposed utilisation of protonated (charged) amine as substrate,

inhibitors of MAO A bind in the
are

a

"better" inhibitors at

uncharged form. Oxazolidinones with amino

high pH, where they

charged. Oxazolidinones with hydroxyl

groups

are

groups

less likely to be protonated and

inhibit best at low pH,

as

they will be

predominantly uncharged.

MAO A spectra

show small changes to the flavin between pH 5 and 8. The maximum

absorbance of the main flavin

peak in MAO A shifts from -457

nm at

pH 8 to -450

nm
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at

pH 5. Given the pKa of free oxidised flavin (-10), this is not likely to be

direct flavin

protonation/ deprotonation. The most likely

cause

a

result of

of this pH dependant

spectral change is the protonation of an amino acid residue interacting with the flavin.

Differences in the chemical reduction of MAO A
are more

dramatic. The flavin anionic

and absent at

than

a

pH 5. This could be

group on

the

enzyme

semiquinone is 8.3, which

semiquinone peak at 412

nm

is present at pH 8

result of the pKa of flavosemiquinone itself rather

interacting with the flavin. The pKa of free flavin

means at

could be in the anionic form,
anionic

a

by dithionite at different pH values

giving

a

pH 8, half of the flavin semiquinone in MAO A
strong peak at 412 nm. At pH 5 considerably less

semiquinone would form. Occupying the active site with an inhibitor makes no

difference to the absence of anionic

semiquinone at pH 5, but stabilises this state at pH

8.
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8.

Appendix

-

Structures of inhibitors and other molecules.

8.1 Structures of oxazolidinone inhibitors
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8.2 Strucutres of imidazoline and

guanidinium ligands.
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8.3 Structures of other MAO inhibitors and substrates.
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