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Abstract
The last decade has brought major advances in our knowledge of the structures and mechanisms of
MAO A and MAO B, which are pharmacological targets for specific inhibitors. In both enzymes,
crystallographic and biochemical data show their respective C-terminal transmembrane helices
anchor the enzymes to the outer mitochondrial membrane. Pulsed EPR data show both enzymes are
dimeric in their membrane-bound forms with agreement between distances measured in their
crystalline forms. Distances measure between active-site directed spin labels in membrane
preparations show excellent agreement with those estimated from crystallographic data. Our
knowledge of requirements for development of specific reversible MAO B inhibitors is in a fairly
mature status. Less is known regarding the structural requirements for highly specific reversible
MAO A inhibitors. In spite of their 70% sequence identity and similarities of Cα-folds, the two
enzymes exhibit significant functional and structural differences that can be exploited in the ultimate
goal of the development of highly specific inhibitors. This review summarizes the current structural
and mechanistic information available that can be utilized in the development of future highly specific
neuroprotectants and cardioprotectants.

The flavoenzymes monoamine oxidase A (MAO A) and monoamine oxidase B (MAO B)1
have been extensively studied with approximately 20,000 published papers listed in data bases
such as PubMed. This long-term interest stems from their roles in the oxidative catabolism of
important amine neurotransmitters including serotonin, dopamine, and epinephrine. Since the
original discovery by Zeller (1) that hydrazines are MAO inhibitors that can lead to mood
elevation, many pharmaceutical and academic laboratories have developed MAO inhibitors
with potential clinical use; these include seven different MAO-inhibitors approved by the Food
and Drug Administration. The concept that humans and other mammals contain two distinct
MAOs was a controversial topic until the demonstration (2) that MAO A and MAO B are
encoded by separate genes that correspond to different amino acid sequences with ~70%
identity. All mammals contain both MAO A and MAO B, which are localized in the outer
membrane of mitochondria in most tissues. It is currently believed that the respective genes
encoding MAO A and MAO B evolved by a duplication event from a single ancestral gene.
Teleost (fish) and lower invertebrates are found to contain only a single MAO gene. Limited
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studies of zebrafish MAO suggest the single MAO exhibits properties of both MAO A and of
MAO B although little is known regarding its specific enzymological and structural properties
(3).

MAO A and MAO B catalyze the oxidative deamination of amine neurotransmitters using
O2 as electron acceptor. Table 1 shows the relative rates of biological amine oxidation by MAO
A and by MAO B. There are two general catalytic reaction pathways as shown in Scheme 1.
For most substrates both MAO A and MAO B follow the lower loop of the pathway shown in
Scheme 1 in which oxygen reacts with the enzyme-product complex before product has
dissociated. There is general consensus that the deprotonated (rather than the protonated) amine
moiety on the substrate binds to the active site on the enzymes and is oxidized to the protonated
imine (4) (found with both MAO B and MAO A) with the covalent 8α-S-cysteinyl FAD
cofactor being reduced to its hydroquinone form. To complete the catalytic cycle, the reduced
FAD cofactor reacts with O2 to generate oxidized flavin and H2O2. The dissociated protonated
imine is released from the enzyme and undergoes a non-catalyzed hydrolysis to form NH4

+

and the corresponding aldehyde. The products of the MAO-catalyzed reactions (especially the
H2O2) have sufficient deleterious reactivities to account for associated health-related problems.
Therefore, a considerable effort has gone into the design and development of specific MAO
inhibitors that could function in a protective role. Since the original observation that MAO
inhibition results in mood elevation, six (and a recent 7th) FDA approved MAO inhibitors have
been available for clinical use. The use of these compounds as pharmacological agents has
declined because of the side effects, which require careful dietary restrictions to reduce the
intake of biogenic amines in foods that could serve as false neurotransmitters. This review
summarizes available knowledge on the molecular and catalytic properties of MAO A and
MAO B relevant to current and future development of protective agents that could be effective
in both neuro- and cardio-therapies.

Medical and Pharmacological Importance
MAO B

The observation by Fowler’s laboratory (5) that MAO B levels in the human increase ~4–5
fold on aging had been also observed earlier in rats and presents a rationale for the involvement
of MAO B in age-related neurological disorders such as Parkinson’s Disease (6). Increased
MAO B levels would be expected to diminish dopamine levels and to increase levels of the
catalytic reaction products, dopanal and H2O2. Dopanal has been implicated in α-synuclein
aggregation involved in the etiology of Parkinson’s Disease (7). Increased levels of H2O2 in
the cell promote apoptotic signaling events resulting in the decreased levels of dopamine-
producing cells and the development of Parkinson’s Disease (6). A classic example of the MAO
B-catalyzed bioactivation of a compound that results in the genesis of Parkinson-like syndrome
is the oxidation of MPTP to MPP+ (8) which functions as a mitochondrial toxin and results in
the destruction of glial cells in the substantia nigra. Inhibition of MAO B results in a protective
effect from this cell-destructive bio-activation.

Agents that specifically target the inhibition of MAO B are likely to serve as neuroprotectants.
Indeed, treatment of pre-Parkinson’s patients with deprenyl (and, more recently, with
rasagiline) (see Scheme 2 for structures) have been shown to be effective in reducing the
development (but not prevention) of the disease (9). Both of the above-mentioned inhibitors
are acetylenic compounds that form covalent adducts with the N(5) of the covalent FAD of
MAO B, and are pharmacologically inert as MAO A inhibitors. Recent results with safinamide
(see Scheme 2 for structure), a very specific MAO B non-covalent inhibitor, suggest it may
function effectively as a neuroprotectant.
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MAO A
MAO A functions specifically in the oxidative metabolism of serotonin although it also
oxidizes dopamine effectively. Complete elimination of MAO A activity by genetic deletion
in mice (10) (and one case in humans (11), results in the expression of aggressive behavior
(12). Recent studies on MAO A knockout mice demonstrated a marked effect of higher
serotonin levels on cardiac remodeling (13). MAO A levels have also been found to
dramatically increase (~9 fold) in the heart of aged rats, thereby suggesting the probability of
age-dependent increases in MAO A levels in humans (14). The consequence of this large
increase of MAO A in the heart is suggested to involve increased apoptosis and necrosis of
cardiac cells due to increased levels of reactive oxygen species from the H2O2 produced. As
suggested from the work of Parini and co-workers (15), the identification of MAO A
involvement in cardiac cellular degeneration thus presents a potential drug target for the
development of cardio-protective agents for an aging population. Initial attempts have been
published (16); however, this area of MAO research is still in its infancy.

Molecular Structures of Human MAO B and MAO A
Expression and Purification

Both MAO A and MAO B are known to be membrane-associated enzymes that are located
specifically to the outer mitochondrial membrane. The purification of these enzymes, in the
past, represented a formidable challenge since most mammalian tissues contained both
enzymes that are not readily separable from one another due to their molecular similarities.
Prior to 1999, human MAO A was either purified from human placental tissue (required 6–7
placentas for one enzyme purification in a 35% yield) (17) or purified from a Saccharomyces
cerevisiae expression system (18) which required the growth of 20 liters of culture to provide
sufficient cells for isolation of a reasonable quantity (50–100 mg) of enzyme. During this same
time period, the most convenient source of MAO B was bovine liver mitochondria (19).

The development of expression systems for human MAO B and MAO A provided a stable
source of either enzyme and greatly facilitated both structural and mechanistic work.
Procedures and conditions for the expression of human MAO B (20) and human MAO A
(21) in the Pichia pastoris yeast system have been published. This system allows the
purification of ~200 mg of pure enzyme from 2 liters of fermentation medium and also allows
incorporation of site-directed mutations on either enzyme as another tool for structure and
mechanistic probes. Expressed full length human MAO A or MAO B is situated in the outer
mitochondrial membrane of the yeast cell and constitutes ~50% of the total protein content of
mitochondrial outer membrane preparations. The availability of large quantities of
homogeneous protein led to the determination of their structural properties of both enzymes
by X-ray crystallography.

Structures of Human MAO A and MAO B
With the availability of reagent quantities of purified enzymes, the 3-dimensional structures
of human MAO B (22), human MAO A (23,24), and rat MAO A (26) have been determined
and are shown as ribbon diagrams in Figure 1. The X-ray structure of human MAO B has been
determined in complex with a range of inhibitors (see below) to a resolution of 1.65 Å for the
best structure. Human and rat MAO A X-ray structures have been solved to 2.2 and 3.3 Å
resolution, respectively. All of the enzymes have structures with similar folds and with a high
degree of identities in their respective Cα coordinates. These structures show that the membrane
binding motifs of the enzymes are located in the C-terminal 35–40 residues. In human MAO
B this trans-membrane region folds into an α-helix protruding perpendicularly from the main
globular body of the protein, although the last 20 residues of this motif are too disordered to
provide definitive electron density (22). The C-terminal part of human MAO A has a similar
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topology to rat MAO A with the electron density sufficiently defined to provide a complete
view of the trans-membrane α-helix (24). These structural data support previous biochemical
data (29) that identified the C-terminal helix as the mode of MAO A or MAO B binding to the
outer mitochondrial membrane. It is of interest that chimeric enzymes constructed using
fragments of MAO A and MAO B show that “swaps” of the respective C-terminal helices
between MAO B to MAO A result in inactive enzyme (30,31) suggesting that there are
differences in the specific membrane-binding architectures between the two isozymes.

The protein structures around the active site covalent FAD coenzymes are quite similar among
the three known MAOs. The position of the FAD cofactor with respect to the overall structure
is highly conserved, and the substrate-binding sites consist of elongated cavities (Figure 1),
whose features will be thoroughly discussed in the next section of this review. In all three
enzymes, the flavin rings exist in “bent” rather than the more common planar configurations
about the N(5)-N(10) axis (Figure 2) demonstrating strain at the coenzyme binding sites that
may have catalytic relevance (see below). In all cases, the flavin side chains are in extended
conformations, as is commonly observed in the structures of other flavoenzymes containing
FAD as cofactor (32). Another example of strain about the FAD site is the finding in human
MAO B (27) and in human MAO A (24) that the amide linkage between Cys397 (Cys406 in
MAO A) (the site for the covalent flavin 8α thioether linkage) and Tyr398 (Tyr407 in MAO
A) is in a cis conformation.

The largest difference in structures among the three known structures of MAO are the
respective natures of their oligomeric states (Figure 1) where human MAO B and rat MAO A
are dimers while human MAO A is a monomer. A survey of the literature shows membrane
proteins are generally oligomeric in the membrane, with dimerization being most common
(33). Theoretical modeling studies and species-dependent genetic analyses have led Andres et
al. (34) to propose that the monomeric structure of human MAO A could be due to a human
exclusive Glu151Lys mutation at a site located near the dimer interface. All other species of
MAO A and MAO B have a conserved Glu at this position. The agreement of the experimental
observation of a monomeric human MAO A structure with the prediction by Andres et al.
(34) resulted in questions regarding the functional significance of this structural difference and
whether the monomeric form of human MAO A existed in the membrane or whether it was an
artifact of protein solubilization and purification from its membrane environment.

To address these questions, pulsed EPR (DEER) experiments were performed using a nitroxide
spin labeled pargyline analogue that was covalently attached to the FAD coenzyme in both
MAO A and MAO B. This technique can measure distances between two paramagnetic species
separated by distances up to 60 Å and is applicable for detergent-solubilized as well as
membrane preparations (35). This approach provides additional distance data to address the
question of whether the enzyme structure determined by X-ray crystallography is the same as
that in a membrane environment. Recently published pulsed EPR data show that all rat and
human MAO A and MAO B enzymes are dimeric in their membrane-bound forms and that
dimer formation is independent of whether Glu or Lys occurs at position 151 (or its analogous
site) (36). In the detergent-solubilized, purified preparations, both human and rat MAO B are
found to remain 100% dimeric, whereas human and rat MAO A exist only fractionally (50%)
in their dimeric forms. Dissociation of oligomeric structures of membrane proteins in detergent
micelles has precedent in the literature as reported for the bovine mitochondrial ADP/ATP
carrier (37) and is found to also be the case for MAO A but not for MAO B. The human MAO
A monomer species is more likely to crystallize than its dimeric form, while the dimer structure
of rat MAO A is more readily crystallized. The similarities of DEER measured distances
(Figure 3) with those measured from crystallographic data of human MAO B and rat MAO A
provide definitive evidence for the biological significance of their respective crystal structures.
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Structures of Active Site Cavities in MAO B and in MAO A and Influence of Inhibitor Binding
on Those Structures

The structural elucidation of human and rat MAOs revealed that substrate binding and
oxidation occurs in elongated cavities extending from the flavin site at the core of the enzyme
to the surface of the protein on the opposite side of the FAD adenosine ring (Figure 1 and
Figure 4). Although in all three enzymes the cavities are generally hydrophobic, details of the
active site architectures demonstrate differences in their respective structural properties that
account for their distinct substrate and inhibitor specificities. The recently reported 2.2 Å
crystal structure of human MAO A in complex with harmine (24) allows a more detailed
comparison of the active sites between the two human enzymes (Figure 4, top panel). The
volume of the human MAO A cavity is ~400 Å3, whereas that of the combined two cavities
of human MAO B is ~700 Å3. The MAO B cavity is bipartite and is comprised of two separate
spaces, the substrate cavity (~400 Å3) and the entrance cavity (~300 Å3) with the latter facing
the solvent after movement of loop 99–110 (in blue in Figure 1). Whether the active site of
MAO B is a large single cavity or a bipartite cavity is an example of catalytic site plasticity
determined by the conformation of Ile199. The side chain of this “gating” residue may,
depending on the nature of the bound ligand, adopt two different conformations (“closed” and
“open”) (Figure 5) (27). The corresponding residue in human and in rat MAO A is Phe208,
but it does not function as a gating residue. Mutagenesis experiments were performed on human
MAO B Ile199Phe since the well-studied bovine enzyme contains a Phe at 199 position rather
than Ile (38). Structural and inhibitor binding experiments on this mutant form of human MAO
B demonstrated that the bulky Phe side chain impedes such conformational flexibility, reduces
the space of the entrance cavity and interferes with the binding of MAO B-specific inhibitors
(38). These findings provide a structural rationale for differential binding affinities reported in
the literature on comparison of bovine and human MAO B preparations (39) and presents a
warning on pitfalls that can be encountered on the use of differing MAO sources for
development of inhibitors of human MAO (40).

Another difference between MAO A and MAO B structures is also involved with the active
site cavity structures. The Tyr326 side chain in MAO B, although not directly involved in the
partition of the two cavities, does produce a restriction that is less pronounced in human MAO
A where Ile335 occupies that position. Conserved active site residues in both enzymes include
the Tyr pair of the “aromatic sandwich” (Figure 4) at the re face of the flavin coenzyme
isoalloxazine ring and a Lys residue hydrogen bonded via a water molecule to the N(5) position
of the flavin (Lys305 in MAO A and Lys296 in MAO B). Other non-conserved residues in the
active sites include Asn181 and Ile180 in MAO A (Cys172 and Leu171 in MAO B,
respectively), which, however, do not significantly affect the shapes of the cavities. Therefore,
the MAO A Phe208-Ile335 and the MAO B Ile199-Tyr326 pairs appear to be major
determinants in dictating the differential substrate and inhibitor specificities of the two
enzymes.

An intriguing issue in MAO enzymology is to understand where and how the substrates (or
inhibitors) are admitted to the active sites. In human MAO B the cavity is extended and substrate
binding is likely to occur in proximity to the outer mitochondrial membrane surface region
with the entrance loop (residues 99–110) involved in the access (colored in blue in Figure 1).
In both human and rat MAO A the active site cavity is more compact. However, Son et al.
(24) have recently demonstrated by site-directed mutagenesis that the conserved Gly110 is
important for ensuring flexibility of the entrance loop required to provide access for the
substrate. Therefore, the structural data suggest that MAO A and MAO B ligands follow similar
pathways in binding. The cavity-shaping loop (residues 210–216 in MAO A, cyan in Figure 4
and Figure 5) adopts a helical conformation that is conserved in all structures except for human
MAO A in complex with clorgyline (Figure 4). This is unlikely to be due to the inhibitor because
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rat MAO A complexed with clorgyline retains the folded conformation of loop 210–216,
although the inhibitor adopts slightly different conformation. However, this observation
suggests that this loop may be more susceptible to structural flexibility in MAO A than in MAO
B.

The high-resolution crystal structures of human MAO B in complex with different inhibitors
of clinical interest allow a more in-depth analysis of the active site cavity, which is important
because of the pharmacological relevance of these enzymes. The elongated cavity of human
MAO B is mostly hydrophobic, with a small hydrophilic area in front of the re face of the
flavin cofactor (27) that is occupied by highly conserved water molecules (Figure 5). Human
MAO B can bind compounds of different size, and a number of them react with the flavin
cofactor to form a covalent adduct (Figure 5), an example of the classical definition of
mechanism-based inhibitor. In general, all inhibitors contain an aromatic moiety (as expected
considering the aromatic nature of the neurotransmitter substrates), but the cavity showed a
significant affinity also for aliphatic ligands such as trans,trans-farnesol. Recent data show
inhibition of MAO B by agents found in common laboratory plasticware; these include the slip
agent, oleamide, and the biocide, di(2-hydroxyethyl)methyldodecylammonium ion (44). This
inhibitory versatility is related to the plasticity of the human MAO B active site cavity. As
described above, depending on the conformation of the gating residue Ile199, the cavity can
host either small inhibitors, such as isatin and tranylcypromine, or cavity-filling ligands such
as safinamide, trans,trans-farnesol and 1,4-diphenyl-2-butene (a component of polystyrene
plasticware) (45). In the former case the active site is restricted to a small cavity separated from
an entrance cavity space that opens to the exterior like a funnel, whereas in the latter the cavity
shapes has a compact ellipsoidal entity (Figure 5). Binding of inhibitors such as rasagiline
(46), N-(2-aminoethyl)-p-chlorobenzamide (27), and deprenyl (23) induce a mid-span type of
cavity because they are large enough to push the gating residue Ile199 into the open
conformation. With these inhibitors, the shape of the resulting cavity has a more bipartite
character than that induced by the cavity-filling inhibitors. It is important to note that in all
these MAO B-inhibitor complexes, the positions of the active site residues, apart from the
gating residue Ile199, are highly conserved, and this cavity plasticity is probably determined
by subtle conformational changes. From a pharmacological viewpoint, this inhibitory
versatility has important implications. Small compounds such as isatin and tranylcypromine,
which can be hosted in a limited pocket, show similar binding affinities for both MAO A and
MAO B, whereas cavity-filling ligands are highly specific MAO B inhibitors. Less self-
explanatory are the inhibitory properties of rasagiline, which is highly specific for MAO B
although it occupies only one half of the entire cavity (Figure 5). Even more surprising is the
evidence that a rasagiline analog methylated on the amino moiety of the propargyline chain
connecting the inhibitor to the flavin loses this characteristic specificity for MAO B (47).
Moreover, the covalent nature of some MAO inhibitors raises additional questions. What is
the mechanism for covalent adduct formation of the propargyl moiety of compounds such as
rasagiline or deprenyl with flavin? Unpublished work in this laboratory shows the reaction
occurs without consumption of O2, suggesting no catalytic turnover in the inhibition reaction.

Recent studies on the differential inhibition of MAO B and MAO A with the vinyl fluoro amine
Mofegiline (48) show covalent adduct formation with the flavin in MAO B but only non-
covalent competitive inhibition with MAO A. This inhibitor is one of the most effective MAO
B active site inhibitors the authors have encountered. The proposed mechanism of inhibition
is shown in Scheme 3 where the adduct formed is at flavin N(5) with the vinyl side chain of
the inhibitor with accompanying loss of F−. This adduct exhibits unique spectral properties in
that the absorption bands of the adduct resemble those of the oxidized flavin (48) rather than
the “bleached” form generally found with flavins alkylated at the N(5) position (49). The
proposed reason this compound does not react irreversibly with MAO A is that this enzyme is
unable to oxidize arylalkylamine analogues with an extended side chain (50). α-C-H Bond
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cleavage of the amine side chain of Mofegiline is required for formation of reduced flavin,
which then reacts nucleophilically with the vinyl fluoride to form the covalent adduct.

To date, essentially all irreversible MAO inhibitors form N(5) flavin adducts. The only
exception is the flavin C(4a) adduct formed on inhibition and ring opening of tranylcypromine
with MAO B (27). Previous model system studies of phenylethylhydrazine inhibition of MAO
A or MAO B suggested the alkylflavin to be a C(4a) adduct; however, recent structural and
mechanistic studies show MAO inhibition to involve covalent addition to the flavin N(5)
position (49). Structural data on tranylcypromine inhibition of other flavin-dependent amine
oxidases such as Lysine-Specific histone Demethylase 1 (51) show the ring-opened
cyclopropyl moiety to be linked to the flavin at both the N(5) and C(4a) positions. Therefore,
the possibility remains that the adduct observed in tranylcypromine-inhibited MAO B may
have originated from the initial formation of an N(5) adduct with subsequent migration
occurring during the time period required for crystallization of the enzyme. Previous model
system studies with alkyl adduct of flavins that were produced via photoreaction with
phenylacetates show thermal isomerization between N(5) and C(4a) to occur (52), so the
possible isomerization occurring in the amine oxidases remains a concern in addressing
mechanistic studies.

Differences in Active Site Cavity Accessibilities between Human MAO B and MAO A and
Comparison with Rat Enzymes

In spite of their high sequence identities (>90%) and the general assumption that rat MAO A
and MAO B are reasonable substitutes for the human enzymes in drug development studies,
there have been a number of reports in the literature that the rat enzymes exhibit different
affinities (40) relative to the human enzymes. Confirmation of these differences has been shown
by experiments designed to monitor similarities and differences between rat and human MAO
A and MAO B. Using a spin labeled pargyline analogue (53), the accessibility of the bound
nitroxide in human MAO A is found to be considerably higher (~10-fold) than that in human
MAO B. Rat MAO A and MAO B exhibit similar accessibilities to a neutral paramagnetic
probe at a level intermediate between the two human enzymes (53). These data support the
observation of differing affinities for selected inhibitors published in the literature and also
demonstrate structural and/or dynamic differences between rat and human enzymes either in
their soluble, purified forms or in their membrane bound forms. Therefore, a measure of caution
is urged by investigators in the field in attempting to extrapolate detailed molecular data to the
human from data collected in rats.

Mechanistic Studies on MAO Catalysis
Analysis of the Different Proposed Mechanisms of C-H Bond Cleavage

C-H bond cleavage reactions occur by three possible mechanisms: the heterolytic hydride
transfer, the heterolytic H+ abstraction (includes the proposed ammonium cation radical as
well as the polar nucleophilic mechanism), and a homolytic H· abstraction (see Scheme 4). Of
these possibilities, the two heterolytic reactions that have been proposed have resulted in a
good deal of controversy as to whether MAO catalysis follows a hydride mechanism as
suggested for the amino acid oxidase and the alcohol oxidase classes of flavoenzymes.
Hydrogen atom abstractions are known to occur involving the flavin triplet state, however, no
convincing evidence is known for ground state flavins in either model systems or
flavoenzymes. The stereochemistry of the hydrogen transfer step is well documented to be the
pro-R H of the substrate for both MAO A and MAO B (54,55). This property differs from the
Cu-quinoprotein amine oxidases where both R and S stereochemistry of hydrogen transfer is
found (56). As is the case with the Cu-quinoprotein amine oxidases, MAO oxidation of
benzylamines (57,58) and phenethylamines (50) exhibit large deuterium kinetic isotope effects
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showing, in most instances, that C-H bond cleavage is rate limiting in catalysis. Previous studies
on bovine MAO B have demonstrated H tunneling to contribute in the H transfer step (59).
The evidence supporting a hydride transfer from substrate to flavin in other flavoprotein
oxidases is suggested from 15N kinetic isotope effect experiments (60,61). Other kinetic and
structural data on the amino acid oxidases also support this mechanism (62). A strong argument
against the hydride mechanism for MAO catalysis is the demonstration that either MAO A or
MAO B readily oxidizes arylalkylhydrazines to form diazenes (49). It is difficult to envision
the oxidation of a hydrazine to a diazene by a hydride ion abstraction from a nitrogen atom. In
fact, the amine oxidases appear to be unique among flavoenzymes in their ability to catalyze
hydrazine oxidation reactions. The polar nucleophilic mechanism discussed below would be
compatible with the oxidation of a hydrazine moiety.

Similarities in high field EPR and ENDOR spectral properties of the anionic FAD
semiquinones of both human MAO A and yeast D-amino acid oxidase (63) indicate similar
distributions of spin densities among their flavoenzyme semiquinones. The significance of
these studies is to definitively rule out any flavin radical-tyrosyl radical equilibria in MAO A
as suggested in a previous study (64) and thought to have implications in radical mechanism.
Recent work on a blue light sensor flavoprotein demonstrate that a tyrosyl radical adjacent to
a neutral flavin radical (65) exhibits considerable spin coupling that is readily observed in X-
band EPR spectra. Such spin coupling is not observed in MAO A and this constitutes additional
evidence that no tyrosyl radical is apparent in MAO A or in MAO B. EPR and ENDOR studies
of model flavin semiquinones and flavoenzyme semiquinones have long been known from the
pioneering work of Ehrenberg and colleagues (66), and the spin distribution of the radical about
the isoalloxazine ring in a number of flavoenzymes with different functions is found to be quite
similar. Therefore, the spectral properties of flavoenzyme semiquinones do not provide
definitive evidence to dictate whether they follow similar catalytic mechanisms.

Of the H+ abstraction mechanistic pathways proposed, perhaps the aminium cation radical
mechanism or SET mechanism proposed by Silverman and co-workers (67) has received the
most attention. This mechanism is based on the premise that the pKa of α-C-H proteons of an
amine require a very strong base for abstraction that would not likely be fulfilled by a basic
amino acid side chain. In order to lower the pKa of these protons for H+ abstraction by a basic
amino acid residue, the amine is first oxidized to the amine cation radical form, which results
in acidification of the α-C-H group, and thus allows H+ abstraction. To date, experiments
designed to test this mechanism have failed to provide supporting evidence that this mechanism
is operational in MAO A or in MAO B. No flavin radical intermediates are detected spectrally
in stopped-flow experiments (50,57,58), no influence of magnetic field on the rate of enzyme
reduction is observed (68), and the oxidation-reduction potential of the FAD cofactor is too
low (~+ 40 mV) (69) to be an effective oxidant of the deprotonated amine (Em = + 1.5 V)
(70). In addition to these mechanistic probes, the structures of MAO A and of MAO B show
no obvious basic amino acid residues that could serve as an active site bases in catalysis. The
main supporting evidence for the hemolytic one-electron mechanism is the observation that
MAO A or MAO B is inactivated by cyclopropylamine analogues with subsequent ring
opening, a reaction characteristic of radical reactions. Recent studies of the MAO B-catalyzed
oxidation of “Rimoldi’s Amine”, which consists of a cyclopropyl group fused to an N-methyl-
pyridinium ring show the cyclic imine formation to occur without opening of the cyclopropyl
ring (Scheme 5) (71) would be expected if the reaction were to involve radical intermediates.
In the aggregate, these studies do not support the concept that the mechanism of amine
oxidation in MAO is initiated by a hemolytic single electron transfer step.

Current mechanistic data do support the polar nucleophilic mechanism proposed by Miller and
Edmondson (58) for human MAO A catalysis, which is based on the observation of a ρ value
of ~ +2 from analysis of Hammett Plots of steady-state and rapid-reaction kinetic data on the
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oxidation of a series of para-substituted benzylamine analogues. This behavior is also exhibited
by rat MAO A (72) as well as mutants of both human and rat MAO A and appears to be the
most definitive evidence for the abstraction of the pro-R α-C-H as a H+ as the mode of C-H
bond cleavage. Previous data on the Cu-quinoprotein plasma amine oxidase with a series of
para-substituted benzylamine analogues show a ρ value of ~ +1.4 for C-H bond cleavage
(73). As most investigators accept a proton abstraction mechanism from the Schiff’s base
intermediate in the quinoprotein-catalyzed amine oxidation, one can suggest a similar type of
H+ abstraction mechanism for the flavin-dependent amine oxidation. In order to accomplish
this difficult proton abstraction (pKa for a benzyl hydrogen is ~25 (74), no basic amino acid
residues are in the catalytic site and therefore, the flavin must be activated to become a strong
base. This could be accomplished by C(4a) addition of the amine followed by or concerted
with abstraction of the α-C-H by the resulting basic N(5), which is estimated to exhibit a pKa
~25 from NMR studies of reduced flavin models (75). The reaction mechanism for this
proposed reaction is shown in Scheme 6.

Since deprotonated amines do not appear to exhibit the nucleophilicity to readily add to the
flavin C(4a) position in model systems and no direct evidence for a stable amine-flavin adduct
has been found, one must examine factors in the enzyme that would facilitate this type of
reaction. Structural data show the isoalloxazine ring of the flavin to exist in a conformation
~30° bent from planarity in the oxidized form of the enzyme (Figure 2). This bending has been
shown by NMR studies of other flavoenzymes to result in the C(4a) position to be more
electrophilic and the N(5) nitrogen to be more nucleophilic (76). In addition, the presence of
two tyrosyl rings approximately perpendicular to the re face of the flavin demonstrates the
amine moiety of the substrate must pass between them to approach the flavin. Results from
our laboratory show that mutagenesis of Tyr435 in MAO B and the corresponding Tyr444 in
MAO A results in a functional enzyme of lowered activity that has been correlated with dipole-
dipole interactions of the phenolic ring and the deprotonated amine (77). This suggests that the
combined dipole moments of the two tyrosyl residues would result in the distribution of the
lone pair of electrons on the amine nitrogen to become more elongated, which would increase
the effective nucleophilicity of the amine nitrogen. Both of the above factors discussed would
fit the proposed mechanism in Scheme 6.

In contrast to MAO A, analysis of the MAO B-catalyzed oxidation of a series of para-
substituted benzylamine analogues show the reaction rate to depend mainly on steric
parameters with no detectable influence of substituent electronic effects (57). This behavior is
suggested, by structural data, to reflect the steric constraints of the benzyl ring of the substrate
in MAO B, which prevents the full expression of electronic parameters on the benzyl C-H
group (58). In contrast, the MAO A structure shows a more open and less restricted active site,
which allows the substrate more steric freedom and therefore overlap of the π-orbitals for the
full expression of para-substituent electronic effects. In principle, alterations to the MAO B
active site could decrease this proposed steric constraint thereby allowing the expression of
electronic effects on C-H bond cleavage. To date, such an approach has not been done.

The detailed mechanism of flavin-dependent amine oxidation remains a subject for additional
studies. Not only is it important for the understanding of MAO A and MAO B catalysis, but
is biologically important for our understanding of other amine oxidases such as LSD-1, the
flavoenzyme involved in the epigenetic regulation of gene experession through histone
demethylation (51).

Reaction of MAO with O2: the Oxidative Half Reaction
The second half reaction of MAO A or MAO B catalysis is the oxidative half reaction where
O2 is reduced to H2O2 on reaction with the flavin hydroquinone. As discussed in the
introductory section of this review, the formation of H2O2 by MAO constitutes a potential
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source of toxic reactive oxygen species leading to apoptopic cellular responses. A key
difference in the two forms is that the Km for O2 with MAO B is ~240 µM (57) while the
corresponding value for MAO A is ~12 µM (78). Thus, under normal cellular conditions, MAO
A is operating at saturating concentrations of O2 while MAO B is probably less than half
saturated. The molecular basis for this difference is still unknown. Unpublished structural data
show Xe (a proposed probe of O2 binding sites in enzymes) to bind to MAO B both in the
substrate cavity and in the entrance cavity (Figure 7). These data suggest the path for O2 to
approach the reduced flavin is the entrance and substrate cavities in MAO B.

Stopped-flow experiments with bovine MAO B show that the reduced enzyme reacts with
O2 in a second-order manner with a rate constant of 3.6×105 M−1 min−1 that is 10-fold slower
than that where the imine product is still bound (2×106 M−1 min−1) (79). This oxygen rate
acceleration in MAO by product is presumably due to the stabilizing effect of the protonated
imine on the formation of superoxide anion (see below) in the first step of the oxygen reaction,
analogous to the role of an active site histidine residue in glucose oxidase (80) (Scheme 7).
Ramsay (78) has found that the MAO A rate of reaction with O2 is accelerated by the presence
of substrate to achieve a rate similar to that observed with MAO B. The reaction of reduced
flavin coenzymes with O2 is still an active area of investigation, especially among the
flavoenzyme oxidase class where the reaction product is H2O2. From a structural view, both
MAO A and MAO B contain lysine residues hydrogen bonded via an intervening H2O molecule
to the N(5) position of their respective flavin coenzymes. This feature is also observed in the
structures of a number of flavoenzyme oxidases. The mechanistic significance of this linkage
has been suggested to be involved in the O2 reaction (81).

It is now generally accepted that the reaction of triplet O2 with singlet ground state reduced
flavin must involve a rate limiting single electron transfer to form flavin semiquinone (the
neutral form) and superoxide anion (82). This mechanism circumvents classical symmetry
rules in such chemical reactions and has been investigated in detail with glucose oxidase
(80). The reaction can then proceed via two different mechanisms (Scheme 7). One is the
recombination of the radical pair to form the C(4a) flavin peroxide which would subsequently
release H2O2 and the oxidized coenzyme. This intermediate is formed in the flavoenzyme
hydroxylase family (83) and has recently been observed in flavoenzyme oxidases (84,85). The
other possibility is the reaction of superoxide with the flavin neutral radical to form H2O2 and
oxidized flavin in a proton-coupled electron transfer step without an intermediate covalent
linkage. Theoretical calculations for such a mechanism have been published (81) and recent
experimental work on monomeric sarcosine oxidase supports these calculations. For example,
mutagenesis of the H2O-bonded lysine residue to the flavin results in a dramatic reduction of
the rate for O2 reoxidation of the reduced flavin (86). These results suggest that the reactions
of MAO with O2 will be vigorously investigated and will be important for fully explaining
how these membrane-bound enzymes function in their oxidative half-reactions.
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Figure 1.
Ribbon diagram showing the three-dimensional structures of human MAO A (24), human
MAO B (25) and rat MAO A (26). All structures are oriented with the C-terminal trans-
membrane helices pointing downwards. The FAD cofactor is in yellow ball-and-stick
representation. Active site cavity in each enzyme molecule is drawn as a gray surface. The
cavity-shaping loop (residues 210–216 in human and rat MAO A and the corresponding
residues 201–207 in human MAO B) is highlighted in cyan. The loop lining the entrance cavity
space in human MAO B (residues 99–110) (27) is featured in blue. The corresponding residues
in rat and human MAO A adopt the same conformation. The cavities were calculated with
VOIDOO (28) and the structural representations produced with Pymol (www.pymol.org).

Edmondson et al. Page 16

Biochemistry. Author manuscript; available in PMC 2010 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.pymol.org


Figure 2.
Relative conformations of the isoalloxazine rings of the 8α-S-cysteinylFAD coenzymes in
human MAO B and MAO A (top). For comparison, the ring conformation of the FAD cofactor
of Rhodotorula gracilus D-amino acid oxidase is also shown (below). These structures are
taken from coordinates deposited in the PDB with codes: 1OJA, 2Z5X, and 1C0K, respectively.
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Figure 3.
Distances calculated from X-ray structures and determined from analysis of DEER dipolar
couplings between the flavin cofactors (orange) and between the pargyline analogue spin labels
(green). The positions of the pargyline spin labels in each active site are based on super-
positions with the known structures of pargyline covalent adducts (blue).
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Figure 4.
Active site cavity and inhibitor binding in MAO A and MAO B. The protein molecule is rotated
approximately 180° with respect to the orientation of Figure 1 (i.e. with the C-terminal α-helix
pointing upwards). In the top panel, among the known structures of human MAO B in complex
with various inhibitors (Figure 5), that with isatin (27) has been chosen to be compared with
binding of harmine to human MAO A because they are both non-covalent inhibitors of similar
size and binding affinity (MAO B-isatin Ki = 3 µM, MAO A-harmine Ki = 0.6 µM). In the
bottom panel the structures of human and rat MAO A in complex with clorgyline are compared.
The flavin and inhibitor molecules are in yellow and black ball-and-stick representation,
respectively. The Tyr side chains beside the flavin (Tyr407 and Tyr444 in MAO A, Tyr398

Edmondson et al. Page 19

Biochemistry. Author manuscript; available in PMC 2010 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Tyr435 in MAO B) form the conserved “aromatic sandwich” (41). Among the other active
site residues, Phe208 (Ile199 in MAO B) and Ile335 (Tyr326 in MAO B) are drawn to highlight
their role in determining substrate/inhibitor specificity between MAO A and MAO B (see text).
The PDB codes for each structure are in parentheses. The cavity-shaping loop (residue 210–
216 in MAO A) is colored in cyan as in Figure 1. The cavities were calculated with VOIDOO
(28) and the pictures were produced with Bobscript (42) and Raster3D (43).

Edmondson et al. Page 20

Biochemistry. Author manuscript; available in PMC 2010 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Comparison of active site cavity structures of human MAO B in different enzyme-inhibitor
complexes. The PDB codes for each structure are in parentheses. The protein molecule is
rotated approximately 90° around an axis perpendicular to the plane of picture with respect to
Figure 4. The residues lining the cavity are in gray ball-and-stick with carbon, oxygen, nitrogen
and sulfur atoms in black, red, blue and yellow, respectively. Water molecules included in the
cavity are represented as green spheres. The flavin is in yellow and the inhibitor molecule is
in blue.
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Figure 6.
Location of three bound Xe atoms in the entrance cavity and substrate cavity of human MAO
B (only one monomeric unit is shown). Xenon is denoted as dark yellow spheres. FAD is in
yellow. The substrate binding domain is in red, FAD binding domain in blue, and the membrane
binding domain in green. The substrate and entrance cavities of MAO B are in cyan.
Unpublished data from this laboratory.
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Scheme 1.
General Reaction Scheme for MAO Catalysis.
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Scheme 2.
Structures of MAO B-Specific Inhibitors.
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Scheme 3.
Proposed Mechanism for Mofegiline Inhibition of Human MAO B
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Scheme 4.
General Mechanisms for C-H Bond Cleavage Reactions in Flavoenzymes.
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Scheme 5.
Reaction of Rimoldi’s Amine with MAO B.
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Scheme 6.
Proposed Polar Nucleophilic Mechanism for the Reductive Half Reaction of MAO Catalysis.
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Scheme 7.
Proposed Mechanisms for O2 Reaction in the Oxidative Half Reaction of MAO Catalysis.
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Table 1
Turnover numbers for the oxidation of naturally-occurring amine neurotransmitters by purified human MAO A and
MAO B.a

Amine Substrate
MAO A MAO B

kcat (min−1) Km (µM) kcat (min−1) Km (µM)

Serotonin 198 (183) 295 ± 46 61 (33) 2,270 ± 310

Dopamine 75 (71) 240 ± 43 277 (65) 128 ± 16

Histamine Ki = 2.1 mM b 3.5 (2.0)c ~ 4,000

N-Methylhistamine Ki > 15 mM b 35 (17) 166 ± 8.1

a
kcat values at saturating concentrations of organic substrate and of O2. Values in parenthesis are for saturating amine levels at air saturation. All data

are determined following the rate of O2 uptake polarographically.

b
Histamines are poorly oxidized by MAO A and the Ki values listed are competitive inhibition constants with kynuramine as substrate. A histamine

kcat value of 0.6 min−1 is found and N-Me-histamine is oxidized with a kcat value of ~0.1 min−1. Both values were determined at saturating amine
concentrations at air saturation.

c
Values determined at 5 mM substrate concentrations.
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