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Abstract: Classical monoamine oxidases and copper-containing semicarbazide-sensitive amine
oxidases are drug targets for a variety of established and novel pharmaceuticals used to treat conditions
such as depression, Parkinsonism and inflammatory disorders. Development of enzyme inhibitors, both
historically and currently, assumes an underlying adherence of these enzymes to Michaelis-Menten
kinetic principles. In this mini-review, we discuss historical data from several laboratories and novel
data from our own laboratories which show clearly that such an assumption is invalid. Rather, these
enzymes often display hormetic behaviour towards their substrates, resulting in bell-shaped kinetic
plots. We outline possible underlying mechanisms which might account for this behaviour and show
how novel reversible hormetic drugs may capitalise on these mechanisms to introduce a new
dimension in selectivity. The potential future benefits for therapeutic modulation of amine oxidase

activities are discussed.
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INTRODUCTION

Mammalian amine oxidase enzymes play critically
important roles in physiological and pathological tissue
development and function. These roles are, for the most
part, directly related to the enzymatic capacity of these
proteins to oxidise endogenous amines, ultimately
yielding an aldehyde, an ammonium derivative and
hydrogen peroxide.

Classical flavin-containing mitochondrial
monoamine oxidase (MAO) enzymes (EC 1.4.3.4) are
responsible for regulating vesicular concentrations of
biogenic amine neurotransmitters in neurons, while
hepatic and intestinal MAO isozymes serve to protect
the host against deleterious effects of dietary amines'*”’.
Copper-containing ~ Semicarbazide-Sensitive =~ Amine
Oxidase (SSAO) enzymes (EC 1.4.3.6) are found
mainly on the plasma membranes of vascular smooth
muscle cells and adipocytes”*"! and are expressed on

vascular endothelium in some tissues following an
inflammatory insult'*”. These enzymes act to tether
lymphocytes to the vascular wall at sites of
inflammation and to generate hydrogen peroxide
(H,O,) as a signaling molecule involved in
inflammation'"®, glucose metabolism”" and possibly
vascular function®. Diamine oxidase (DAO), also a
member of the EC 1.4.3.6 sub-subfamily, is found as an
extracellular enzyme in various tissues, including
intestine, where it functions to protect the host against
ingested histamine'®. Lysyl oxidase (LOX; EC
1.4.3.13) is an extracellular copper-containing enzyme
which oxidizes the side chain of peptidyl lysine!™".
LOX-mediated generation of a peptidyl ai-aminoadipic-
d-semialdehyde side chain then facilitates cross-linking
of collagen and elastin chains in the extracellular
matrix®). Several LOX-like proteins have recently
been described which share numerous structural and
functional similarities with LOX and at least one of
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these is highly expressed in invasive cancer cells'.

Finally, flavin-containing polyamine oxidase (EC
1.5.3.11) is a peroxisomal enzyme which oxidizes N-
acetylated polyamines and acts, in concert with other
enzymes, to regulate levels of polyamines and their
metabolites which are important in cellular growth!*".

In humans, two EC 1.4.3.6 enzymes are also found
as soluble proteins circulating in the blood. As well as
DAO which increases in the later stages of
pregnancy”, SSAO may be cleaved from its
extracellular sites on the vascular wall and perhaps on
adipocytes and can be detected at very low levels in the
circulation. In contrast, ruminants have high levels of a
circulating SSAO activity, secreted from the liver,
which is structurally distinct from tissue-bound SSAO
in those species®”. Herein, we will refer to the
circulating human enzyme cleaved from the vessel wall
as human plasma SSAO and to the liver-derived
enzyme in bovine plasma as bovine plasma amine
oxidase (BPAO).

The important roles played by these enzymes in
numerous processes have led to the development of
drugs targeting specific enzyme sub-subfamilies, or
even isozymes within a sub-subfamily. For example,
phenelzine and tranylcypromine are potent irreversible
inhibitors of MAO enzymes and their capacity to inhibit
the MAO-A isozyme in particular means that these
drugs are effective antidepressants™”. Moclobemide is
a competitive, reversible and selective MAO-A
inhibitor possessing antidepressant efficacy, which is
arguably safer for patients than the older irreversible
inhibitors!"”. Deprenyl (selegiline) is an irreversible
MAO inhibitor which shows significant selectivity for

MAO-B; deprenyl is thus useful in enhancing
dopaminergic transmission in Parkinson’s disease
patients’™.  Further neuroprotective properties of

deprenyl unrelated to MAO-B inhibitory potency have
also been described®”. Inhibitors of SSAO enzymes
may reduce glucose uptake into several cell types™”,
but inhibitor development is presently focusing upon
the usefulness of such drugs in reducing lymphocyte
rolling and adhesion and thus acting in an anti-
inflammatory manner, in damaged tissue®”. In this
regard, inhibition of SSAO-mediated hydrogen
peroxide production appears to be responsible for the
anti-inflammatory effect, since peroxide acts as a
signaling molecule which stimulates expression of
adhesion proteins on vascular endothelium'®!.

The success of industrial programs aimed at
developing novel inhibitors of amine oxidases with
improved selectivity and pharmacokinetic attributes
relies very much upon a capability to quantify inhibitor

effects in appropriate kinetic model systems. In turn, an
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in-depth understanding of the kinetic behaviour of
amine oxidases towards a variety of substrates is vital if
the effects of inhibitors are to be modeled and
quantified correctly. While several researchers have
contributed substantially to our understanding of
molecular mechanisms associated with activities of
MAO and SSAO in particular'>**"*¥! basic kinetic
data (v versus [S] in the absence and presence of
established or novel reversible inhibitors) are usually
analysed by applying the Michaelis-Menten equation:

V,

max [

S]
V=
K, +IS]

This equation describes a rectangular hyperbola
generated in a unireactant (one substrate) system. V.
refers to the rate of substrate turnover when substrate is
present at a concentration which ensures that the time
for which the enzyme active site is unoccupied
(between departure of product and binding of substrate)
is as short as is physically possible. Since catalytic rate
constants for amine oxidases are relatively slow, the
Michaelis constant, Ky, approximates an equilibrium
constant for substrate binding, thereby providing an
indication of substrate affinity for the enzyme.

Several complications may be identified with
regard to the practice of applying Michaelis-Menten
kinetics to amine oxidase assay data. The most obvious
of these is that amine oxidases do not catalyse
unireactant reactions; with MAO and SSAO enzymes,
reactions are bi-bi and bi-ter, respectively, involving
two substrates (amine and dioxygen) and generating
either two products (imine - which is hydrolysed non-
enzymatically in solution yielding aldehyde and
ammonium - and hydrogen peroxide with MAO) or
three products (aldehyde, ammonium and hydrogen
peroxide with SSAO). Nevertheless, if it is ensured that
one substrate (dioxygen) is present at a constant
(usually saturating) concentration, variations in the
concentration of the other substrate (amine) should
result in changes in initial velocity (v) which are related
to [amine] through a rectangular hyperbolic, or
Michaelis-Menten, relationship. Accordingly, any
problems relating to the bireactant nature of these
enzymes are avoided.

Unfortunately, when initial reaction velocities are
determined for MAO and SSAO enzymes, it is not
uncommon to observe rates lower than expected as
these enzymes approach saturation with amine,
resulting in bell-shaped hormetic curves when initial
velocities are plotted versus [amine]. For example,
oxidation of the MAO-B substrate, B-phenylethylamine
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(PEA), results in time-dependent inhibition of the
enzyme, with this effect being more apparent at higher
substrate concentrations, resulting in a bell-shaped
kinetic curve®. It is not uncommon for such a
reduction in the rate of product formation at higher
amine concentrations, regardless of the identity of the
enzyme or the amine substrate, to be dismissed as
product inhibition, or as some other artefact, with the
result that points are ignored, or assays are never done
at amine concentrations high enough to generate these
anomalous data. The resulting kinetic data may then be
fitted quite successfully to rectangular hyperbolae with
the Michaelis-Menten equation.

If assays are done carefully such that initial
reaction velocities are measured, then concentrations of
aldehyde (and other products) generated over an initial
brief reaction period are negligible. This is particularly
true when radiochemical or fluorescence-based assay
systems are used, since the high sensitivity associated
with these approaches means very low enzyme
concentrations can be used and substantial signals can
be detected following oxidation of only a tiny fraction
of total substrate initially present. Under these
circumstances, having taken steps to ensure that rates
determined from discontinuous procedures represent
initial velocities, hormetic v versus [S] plots can not be
explained by implicating product inhibition. Rather,
such data suggest that amine substrate may bind in an
incorrect conformation or to a second site on the
enzyme protein, resulting in a complex which is
catalytically incompetent, or at least which turns over
substrate more slowly than would have been predicted
from Michaelis-Menten analyses.

Observations  of  substrate  inhibition are
commonplace in many enzyme families. Indeed, it has
been suggested that enzymes following classical
Michaelis-Menten behaviour are far less common than
those which display hormetic or otherwise anomalous
kinetic plots’”. For example, several hepatic
cytochromes P450 involved in phase 1 drug oxidations
give rise to hormetic kinetic plots and such data have
been used to develop both a better understanding of
P450 enzymatic mechanisms, as well as improved
models and equations to analyse experimental data™*',
In particular, such studies reveal the degree to which
kinetic constants may be incorrectly estimated on fitting
Michaelis-Menten hyperbolae to the early (pseudo-
hyperbolic) portion of bell-shaped data. Development
of novel enzyme inhibitors as pharmaceuticals relies
upon appropriate analysis of inhibitor kinetic data in
order that inhibitor potencies and mechanisms may be
identified and quantified correctly. With regard to
amine oxidases, while several reversible inhibitors of
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MAO and SSAO enzymes already exist, or are in
preclinical stages of development, these are routinely
assessed in kinetic studies which assume Michaelis-
Menten-like behaviour with respect to substrate
oxidation. Yet, several published studies show clearly
that such assumptions are inappropriate and that models
and equations which account for hormetic behaviour
towards substrates should be adopted. We outline below
several published observations of hormetic SSAO
behaviour, both from our laboratories and from other
researchers, along with recent results which may offer
an explanation for this phenomenon. We also discuss
similar preliminary findings with human MAO and
outline how the mechanisms leading to hormetic
catalytic behaviour may offer novel targets for new
compounds which themselves possess hormetic
properties and which alter enzyme activities in a
substrate-specific manner.
Anomalous Kinetic behaviour of SSAO (EC 1.4.3.6)
enzymes

Inhibition of SSAO enzymes at high substrate
concentrations was first observed by McEwen in
1965, in experiments where benzylamine (BZ)
oxidation by an enzyme referred to as human plasma
monoamine oxidase (i.e. plasma SSAO) had a maximal
rate at around 300 puM substrate, activity dropping
markedly at lower or higher substrate concentrations.
Lyles and Callingham™, in one of the earliest studies
in which SSAO activity was measured and identified as
being separate and distinct from classical MAO,
showed that BZ oxidation by rat heart SSAO reached a
peak and then fell at concentrations above 50 uM, 5-
fold higher than the Ky (10 pM). These initial
observations were confirmed in meticulous experiments
with pig plasma SSAO, done by Bardsley and
colleagues. With BZ as substrate, a concave Eadie-
Hofstee plot was obtained, indicating that at high
substrate concentrations, activity was lower than would
be predicted from Michaelis-Menten curve-fitting to
early data points™®. It was also proposed from initial
kinetic data that BZ was able to bind to a second site on
the enzyme, such that a ternary ESS complex was
formed, resulting in altered turnover kinetics for BZ at
the active site'. This contention was strengthened by
further in-depth studies which indicated that hormetic
behaviour towards substrate may result from
interactions of BZ with more than one enzyme form, in
a manner dependent upon pH. Furthermore, enzyme
activity versus a single substrate concentration could be
modified by imidazole in a hormetic manner, with the
extent of peak imidazole stimulation, as well as the
concentration of imidazole at which peak activation

occurred, also showing significant pH dependence!'”).
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More recently, Ignesti has examined hormetic
behaviour displayed by several SSAO enzymes,
including rat vascular SSAO and diamine oxidase from
mammalian and plant sources''”. Virtually every
substrate examined showed bell-shaped kinetic plots
and it was proposed that two substrate binding sites-one
active site and one secondary site-must exist on each
enzyme monomer in order to explain the observed
kinetics. A series of models and equations was
proposed, based on this assumption, which generally
involved ordered substrate binding to a second binding
site yielding a dead-end (non-productive) ESS complex.
It was emphasised that use of Michaelis-Menten
approximations at low substrate concentrations would
be incorrect and that inhibitor terminology such as
competitive, non-competitive and mixed, which are
appropriate terms when used within a system
complying with Michaelis-Menten kinetic principles, is
incorrect and misleading when the enzyme of interest
follows a more complex kinetic path. Similar hormetic
substrate turnover has recently been demonstrated in
SSAO from A. globiformis with PEA as substrate!",
Interestingly, hormesis was only evident at pH 8.2, as
effects of the proposed dead-end ESS complex were not
evident at pH 6.2 or 72" Whether hormetic
behaviour is observed or not, and the degree to which it
occurs, may also be dependent upon buffer ionic
strength!'” and it is possible that observed hormetic
enzyme behaviour is a consequence of reaction
conditions in vitro rather than representing true in vivo
behaviour. In this regard, care should be taken to
minimise changes or differences in ionic strength in in
vitro assays and it may be advisable for buffers to
reflect the in vivo ionic environment of the enzyme!'".

Our interest in examining the mechanism
underlying non-hyperbolic substrate handling by SSAO
enzymes arose as a result of the potential existence of a
second site, binding of substrate to which apparently
resulted in an inactive ternary ESS complex. Since the
affinities of substrates for this second site appeared to
be rather lower than their affinities for the active site,
then drugs targeting this putative second site may offer
the opportunity to inhibit SSAO in vivo while largely
avoiding dosing problems associated with competition
between substrate and inhibitor that occur when drugs
target the enzyme active site. While neither the nature
nor the location of this putative second site were
known, Di Paolo and colleagues had demonstrated an
ability of tetraphenylphosphonium to inhibit BPAO
through binding to a site distinct from the active site!®’.
Furthermore, numerous researchers had demonstrated
an ability of ligands with imidazoline-like structures to
bind to MAO with nanomolar affinity, at a site distinct
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from the active site and also to inhibit enzyme activity
(although at concentrations rather higher than those
required to bind to the high affinity site)!****"!. These
observations suggested that mammalian amine oxidases
from different sub-subfamilies may possess a
characteristic allosteric regulatory site. Accordingly, we
proceeded to examine the effects of a number of
imidazoline ligands versus BPAO.

In initial examinations of oxidation of a single
concentration of BZ by a range of concentrations of
several imidazoline ligands, we obtained remarkable
data with several ligands indicating hormetic activation
of enzyme activity, compared with control assays''*.
The imidazoline ligands clonidine, cirazoline and
oxymetazoline all enhanced turnover of BZ, with
inhibition = occurring at  higher = imidazoline
concentrations, while efaroxan and 2-(2-benzofuranyl)-
2-imidazoline (2-BFI) caused partial inhibition which
reached a plateau when approximately 50% of BZ
oxidation had been inhibited. These unexpected
observations were initially interpreted as suggesting the
presence of an imidazoline binding site distinct from
the BPAO active site, since it seemed obvious that
ligands could not enhance enzyme activity through
binding to the active site. Furthermore, at least some of
the effects of the imidazoline ligands appeared to be
allosteric, since the hormetic effects of cirazoline were
substrate-dependent; only oxidation of BZ was
enhanced, while turnover of other substrates was
inhibited in a uniphasic or biphasic manner'" (Fig. 1).

Stimulation and subsequent inhibition of BPAO
activity were seen to occur as a result of distinct effects
on Ky and V,,,, implicating the involvement of more
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Fig. 1: The effects of cirazoline (0.1 uM to 3 mM) on
oxidation by BPAO of BZ (300 uM; O), p-
tyramine (135 uM; A), PEA (275uM; A), MA
(420 uM; @) and SPD (50 uM; V),
concentrations approximating 50% of their
respective Ky values. From reference!'”.
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than one binding site for the imidazoline ligands'"*.

Although the locations of these sites were unknown,
kinetic modeling generated a hypercubic reaction
scheme which implicated four distinct binding sites for
cirazoline. Kinetic modeling was simplified by
applying Michaelis-Menten principles to control data at
low substrate concentrations where no substrate
inhibition or other hormetic behaviour was clearly
apparent. Nevertheless, it seemed most unlikely that
four imidazoline binding sites could be present on a
single enzyme monomer; rather, two sites on two forms
of the enzyme, or perhaps on two monomers within a
cooperative SSAO dimer, offered a more feasible
explanation for the kinetic deductions.

Redox reactions catalysed by SSAO (and BPAO)
may be represented by a reductive (i) and oxidative (ii)
half-reaction:

E,+ RCHZNH3+ + H,0 « EOX-NH+CH2R — Eq+
RCHO + H,0O
Eiea+ Oy = Eox + HO, + NH4+

Reduced enzyme (E.4), in which the SSAO
quinone cofactor has accepted the amino group from
amine substrate, may exist in several forms, such as an
aminoquinol/semiquinone or as an iminoquinone***!,
Data from the laboratories of Klinman®*® and
Knowles™! suggested that small cations, as well as
substrates which would be expected to exist to some
degree in cationic form at physiological pH, could bind
to reduced forms of SSAO enzymes from
H. polymorpha and E. coli. Furthermore, Di Paolo had
described competitive inhibition of BPAO by metal
cations from groups I and II'”), albeit over low substrate
concentration ranges. We therefore investigated the
abilities of the group I alkali metal cations Li*, Na*, K*,
Rb" and Cs*, as well as NH,", to influence activities of
BPAO and human recombinant vascular wall SSAO
over extended substrate concentration ranges!'?.
Figure 2a shows inhibition of human SSAO by NH,",
with methylamine (MA) as substrate, while Fig. 2b
shows inhibition of BPAO by NH,*, with spermidine
(SPD) as substrate. It is clear that as the concentration
of ammonium increases, the hormetic nature of
substrate oxidation tends towards classical hyperbolic
enzyme behaviour, suggesting that ammonium
competes for the site on these enzymes through which
binding of substrates causes substrate inhibition of
SSAO activity. The effects of metal cations on BPAO
activity were perhaps of greater significance. Figure 3a
and b show effects of Li* and Cs* on SPD oxidation by
BPAO, respectively. In addition to a loss of hormetic
substrate oxidation as metal cation concentrations
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Fig. 2: (a): Effects of ammonium (22 O, 82 @, 172 A,

372 A, 722 V and 1272 mM V) on MA
oxidation by human SSAO, measured in a
fluorescence-based peroxidase-coupled assay,
(b): Effects of ammonium on SPD oxidation by
BPAO, measured in an absorbance-based
peroxidase-coupled assay. Concentrations are as
indicated for Fig. 2a. Experimental details are
provided in reference!'”

increase, it is evident that over certain substrate
concentration ranges, the effects of cations on enzyme
activity are themselves hormetic (i.e., Fig. 3c). These
observations suggest that an enhancement of SSAO
activity may be achieved through antagonism of
substrate  inhibition, rather than by enzyme
activation per se.

Rather than implicating a second substrate binding
site through which substrate inhibition was mediated,
Ockham’s razor favoured an explanation involving
binding of substrate to E.4 leading to partial or
complete inhibition of enzyme activity. In this regard,
SSAO enzymes may behave in a manner somewhat
similar to that described for MAO enzymes, which may
bind substrate at oxidised and reduced enzyme
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Fig. 3: (a): Effects of Li* (19 O, 79 @, 169 A, 369 A,
719 V and 1269 mM V) on SPD oxidation by
bovine plasma SSAO, measured in an
absorbance-based peroxidase-coupled assay.
From reference!'”’. (b): Effects of Cs* (28 O, 88
@, 178 A,378 A, 728 V and 1528 mM V) on
SPD oxidation by bovine plasma SSAO,
measured in an absorbance-based peroxidase-
coupled assay. Experimental details are
provided in reference!'”’. (c): Replot of rate data
in the presence of Li* (@) and Cs* (A) with a
representative SPD concentration of 1.8 mM.
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forms"'®. Depending upon the form of the cofactor

species present in the form of E.4 bound by substrate,
such a hypothesis would require that reoxidation of
reduced SSAO (aminoquinol) to yield H,0O,, hydrolysis
of the resulting iminoquinone to generate ammonium
and active enzyme, or both steps, should occur more
slowly, or not at all, when substrate was occupying the
active site of E., It seems unlikely that this
phenomenon is due simply to a reduced affinity for
dioxygen, since the concentration of oxygen in air-
saturated buffer is very much higher than the Ky of
oxygen for these enzymes!. In order that enzyme
activity be enhanced in the presence of metal cations or
an imidazoline ligand such as cirazoline, reoxidation
and/or hydrolysis of E.4 would have to occur more
quickly with either of these ligands bound within the
active site than would occur when substrate is bound.
This in turn suggests that if reoxidation and/or
hydrolysis can occur with a large ligand such as
cirazoline bound within the active site, then
regeneration of active enzyme may also occur with
substrate bound to E,.4-but at a rate rather lower than
when the active site is unoccupied. Our kinetic data
demonstrate clearly that with most substrates, maximal
substrate inhibition results only in partial loss of
enzyme activity and this is supported by fitting of data
with a pseudoquantitative rapid equilibrium approach to
an equation describing partial ordered inhibition by
substrates''”!. Results of these analyses confirm that the
affinities of substrates for reduced enzyme are generally
very much lower than for oxidised enzyme, in
agreement with the contention of Shepard and
Dooley*¥, although our observations of substrate
inhibition with large molecules such as SPD and
spermine might argue against the presence of more than
one substrate molecule within the SSAO active site at
high substrate concentrations'****!. The crystal structure
of BPAO with clonidine bound within the active site
revealed that binding of clonidine was to an enzyme
form in which the quinone cofactor was rotated to the
on-copper (catalytically inactive) position. Rotation of
the cofactor, which has been proposed to occur when
the iminoquinone is deprotonated”®, may present a
more favourable environment for substrate amine
binding within an otherwise unwelcoming active site
and this may represent another viable route towards
substrate inhibition by a single substrate molecule.
Based on results from the kinetic analyses
described above''”, as well as from previous modeling
studies which had indicated that cirazoline and related
compounds likely bound to four sites on BPAO"*, we
hypothesised that both substrates and imidazoline
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ligands could bind to the active site and to a secondary
site recognised by tetraphenylphosphonium'® on both
oxidised and reduced forms of SSAO enzymes. Further
kinetic experiments, in conjunction with anaerobic
spectroscopic studies, radioligand binding studies and
X-ray crystallographic analyses of pure BPAO crystals
prepared in the presence of clonidine, confirmed that
this was indeed the case, at least for the bovine
enzyme!". No secondary site could be implicated when
human SSAO was examined in parallel studies,
although kinetic data were still consistent with binding
of substrates and imidazoline ligands to the active site
in both oxidised and reduced enzyme. Furthermore,
global analyses of data obtained in the presence of
imidazoline ligands such as clonidine and guanabenz
were consistent with the effects of these ligands being
mediated through binding to one (human) or two
(bovine) sites on oxidised and reduced enzymes, in
competition with substrate!””!. The results of these
competitive interactions are seen clearly as a loss of
hormetic behaviour coupled with a loss of substrate
inhibition when SPD oxidation by BPAO is assayed in
the presence of 2-BFI (Fig. 4a), or when PEA oxidation
by human SSAO is assayed in the presence of
guanabenz (Fig. 4b). Activation beyond control activity
of the bovine enzyme, but not the human enzyme, is
evident in these examples.

Unpublished analyses of theoretical data sets with
equations derived to describe SSAO behaviours in the
presence of substrates and imidazoline ligands'"”
suggest that an enhancement of enzyme activity is
usually observed only when the overall rate of enzyme
reoxidation and hydrolysis is faster in the presence of
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and 400 uM V) on SPD oxidation by BPAO. Experimental
details are provided in reference!'"’. (b): Effects of guanabenz (0-75 uM) on oxidation of PEA by human

131

the modulator ligand than in the presence of substrate.
In addition, the modulator should generally have similar
or higher affinity for the oxidised enzyme, compared
with the substrate, as well as a higher affinity for E 4
than for E,,. These predictions are generalisations and
we have observed several exceptions in our theoretical
assessments. Nevertheless, while we have thus far
failed to observe enhancement of human SSAO activity
with the small number of ligands examined, theoretical
analyses indicate that a molecule possessing the above
properties would enhance activity of the human enzyme
through antagonism of substrate inhibition.

ANOMALOUS BEHAVIOUR OF MAO (EC
1.4.3.4) ENZYMES: PRELIMINARY
OBSERVATIONS

More recently, we have turned our attention to
examinations of classical MAO enzymes, focusing
initially upon human MAO-B. While much debate still
surrounds the molecular mechanisms of catalysis, the
general reaction scheme followed by substrates is
thought to occur by one or both of two potential
pathways, as described by Singer and colleagues!'®. In
the case of PEA, substrate is believed to form a binary
complex with enzyme, from which imine is released
prior to binding of dioxygen and reoxidation of
enzyme. In contrast, BZ may form a ternary complex,
where binding of dioxygen and reoxidation of the
enzyme occurs prior to release of imine. Against this
background, we have recently observed apparent partial
substrate inhibition of human MAO-B expressed on
bacterial membranes, with PEA and nonylamine as
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Fig. 5: Oxidation of PEA (a) and nonylamine (b) by
pure human MAO-B under air reveals substrate
inhibition of initial rates. Assays were done
with a fluorescence-based peroxidase-coupled
assay similar to that described for SSAO in
reference!'!l. Vmax Values determined from
curve-fitting to an equation describing partial
ordered inhibition by substrate are 2.343 and
2.025 RFU/s, respectively, illustrating the
degree of underestimation that would occur
through fitting of early data points to the
Michaelis-Menten equation

substrates (Fig. 5). Interestingly, substrate inhibition is
less apparent when pure (soluble) MAO-B is used.

It is likely that the hormetic effects observed with
PEA occur, at least in part, due to an as-yet
uncharacterised product inhibition, the effects of which
become apparent very rapidly'*". Product inhibition
aside, the binary/ternary pathways described above can
not account for this hormesis. Substrates generating a
binary complex with enzyme prior to reoxidation would
yield E,.q with a vacant active site; thereafter, ordered
binding of substrate and dioxygen to E.4, creating a
ternary species, followed by reoxidation of enzyme in a
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Fig. 6: Inhibition by 2-BFI of nonylamine oxidation by
pure human MAO-B. Assays were done under
air with a fluorescence-based peroxidase-
coupled assay by a procedure identical to that
described for SSAO in reference 11, in the
presence of 2-BFI (0 @,3 O, 10 A, 30 A,
100 ¥ and 300 pM V). Data are fitted to a
pseudoquantitative equation (see reference!'”)
describing binding of nonylamine and 2-BFI to
both oxidised and reduced enzyme forms.

manner analogous to the process thought to occur with
substrate BZ, would result in a binary complex between
substrate and E,, which is primed for catalytic activity.
This process was suggested to occur by Ramsay and
colleagues®”, who obtained stopped-flow data
consistent with this pathway. In order for such a short-
cut to be observed as substrate inhibition, reoxidation of
substrate-bound enzyme would presumably occur more
slowly than reoxidation of vacant enzyme, analogous to
the process which we propose occurs with SSAO
enzymes. However, while binding of MAO-B
substrates to E.4 does indeed appear to alter reoxidation
rates in a manner dependent upon the identity of the
substrate, these changes are usually observed as
enhanced rates"**”, Therefore, it is possible that an
increase in Ky for oxygen may also have occurred that
might explain the observed reduction in activity, and
the relatively high Ky values for dioxygen observed
with MAO-B demand that changes in oxygen affinity
must be taken into consideration when interpreting
steady-state data from kinetic experiments such as those
presented here.

While substrates, but not inhibitors, were able to
influence the rate of reoxidation of reduced enzyme**,
we have nevertheless obtained preliminary kinetic data
suggesting that some non-substrate ligands may bind to
E.q (as well as to E,,) and influence enzyme activity,
presumably as a result of competition with substrate for
binding to one or both sites. These observations are
consistent with historical data®*"' which revealed that
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several drugs, including (+) amphetamine and
amitriptyline, could inhibit oxidation of several MAO-
B substrates in a manner consistent with binding both to
E.x and to E.4. For example, Figure 6 shows effects of
2-BFI on human MAO-B-mediated oxidation of
nonylamine, fitted with an equation which requires
binding of substrate and 2-BFI to both E,, and E,q.
These observations are remarkably similar to those we
have made with SSAO, although experiments with
MAO are at an early stage and no novel mechanisms
may yet be deduced from these preliminary data.
However, in contrast with (+) amphetamine and
amitriptyline, the inhibitory effects of 2-BFI may be
mediated in part through binding to a site distinct from
the active site; in that regard, the mechanisms under
study in our laboratory appear somewhat novel.

DRUGS TARGETING THE REDUCED
FORMS OF SSAO AND MAO AS NOVEL
THERAPEUTIC AGENTS

To date, amine oxidase inhibitors have been used
experimentally and therapeutically based on an
underlying assumption that inhibition results from a
competitive interaction at the active site of E,. With
which enzyme form irreversible inhibitors interact is
largely irrelevant, since an irreversibly-inhibited
enzyme plays no further part in regulation of substrate.
Reversible inhibitors such as the MAO-A inhibitor
moclobemide offer several pharmacokinetic and
therapeutic advantages over irreversible compounds,
particularly with regard to control of the extent and
duration of the drug’s effect. However, unless
reversible inhibitors have remarkably high affinity for
the enzyme, relatively large doses of drug must be
administered to overcome increased competition which
occurs as a result of elevated substrate concentration,
even when such drugs have favourable pharmacokinetic
profiles. Also, drugs targeting E., competitively will
inhibit turnover of all endogenous (or ingested)
substrates, even though the desired therapeutic effect
may result from inhibiting oxidation of only one amine.

The observation that amine substrates for SSAO
and MAO can interact with E,, resulting in substrate
oxidation and with E,4, resulting in a reduction or an
enhancement in substrate oxidation rate, and the fact
that these interactions occur with differing affinities, in
a manner dependent upon the identity of the substrate
and in the case of MAO at least, in a manner dependent
upon the concentration of dissolved oxygen, open up
the possibility of developing reversible drugs that
inhibit or enhance amine oxidation in a substrate-
specific manner. The effects that a ligand has with
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respect to a particular substrate would depend upon the
relative affinities of the substrate itself for E,, and E,.4,
as well as the observed effect on substrate oxidation
(inhibition or stimulation) and the degree of that effect,
following binding of substrate to E,.4. The affinities of a
particular ligand for E,, and E.4, relative to the
affinities of multiple substrates for E,x and E.4, might
then be exploited to cause substrate-specific effects.
This is exemplified beautifully in Figure 1; introduction
of cirazoline (100 uM) into a system where BZ, SPD
and MA were being oxidised simultaneously by BPAO
would result in a marked enhancement of BZ oxidation
and a substantial inhibition of SPD oxidation while
leaving MA oxidation largely unaltered.

We may speculate upon the potential therapeutic
benefits of this novel dimension of selectivity by
considering putative antidepressant drugs which could
inhibit oxidation of noradrenaline and serotonin by
MAO-A while leaving oxidation of dietary tyramine
largely unaltered. Most current SSAO inhibitors,
including those in development, are irreversible in their
action, blocking turnover of all endogenous SSAO
substrates. As we begin to understand more about the
roles of H,O, as a SSAO-generated signaling molecule
and about the endogenous substrates from which H,0,
is derived, it is likely that some benefit will be seen, for
example, in inhibiting turnover of the amine which
generates H,O, in the lymphocyte adhesion process,
without preventing H,0O,-mediated glucose uptake into
adipocytes. Indeed, an ability to enhance substrate
turnover may lead to novel insulinomimetic drugs
which stimulate glucose uptake into adipocytes without
stimulating other SSAO-dependent peroxide-mediated
signaling pathways. In all of these examples, the fact
that some drug effects result from ligand binding to
E.4, an enzyme form for which SSAO substrates have
low affinity, suggests that dosing issues related to
competition between drugs and substrates may be
minimised, reducing the likelihood of adverse reactions
occurring at higher drug doses. The possibilities seem
endless and there seems no reason why this novel
approach to development of enzyme modulators may
not be extended to many of the other enzymes which
have been shown to display hormetic behaviour
towards their endogenous substrates.
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