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We used quantum-chemical methods to study seven possible
mechanisms of monoamine oxidase (MAO) inhibition by
acetylenic inhibitors, considering neutral, cationic, anionic
and radical mechanisms. MAO is a flavoenzyme responsible
for the metabolism of the important neurotransmitters nor-
adrenaline, serotonin and dopamine. It exists in two isoforms:
MAO A and MAO B. Selective MAO A inhibitors are used in
the treatment of depression, whereas selective MAO B inhib-
itors such as rasagiline and selegiline are used to relieve
symptoms of Parkinson disease. Rasagiline and selegiline are
irreversible MAO B inhibitors, each forming a covalent bond
with the enzyme’s flavin adenine dinucleotide (FAD) cofactor
upon inhibition. Although widely used, they both exhibit nu-
merous adverse effects. Our calculations, performed at the
B3LYP/6-311++G(2d,2p)//B3LYP/6-31+G(d) level of theory,

1. Introduction

Monoamine oxidases (MAOs) are flavoenzymes sited in
the outer mitochondrial membranes of brain, liver, intesti-
nal and placental cells and platelets, which catalyse the oxi-
dation of a large variety of amine neurotransmitters into
the corresponding imines.[1–4] Flavoenzymes typically con-
tain either a flavin mononucleotide (FMN) or a flavin ade-
nine dinucleotide (FAD) cofactor, noncovalently bound to
the apoprotein.[5] In some flavoenzymes the isoalloxazine
ring of the flavin is covalently linked to a His, Cys or Tyr
residue of the polypeptide chain. In MAOs, FAD coenzyme
is covalently bound in an 8α-thioether linkage to Cys397
(Scheme 1), which has been determined to be an absolute
requirement for MAOs to work.[6,7] The enzyme exists in
two isozymic forms – MAO A and MAO B[8] – that differ
in substrate and inhibitor selectivity[9] as well as in tissue
distribution.[10,11] MAO A is mainly responsible for the oxi-
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with application of the CPCM solvent reaction field with ε =
4 to mimic the polar environment, found that a polar anionic
mechanism, involving deprotonation of the inhibitor mole-
cule at the terminal acetylene carbon atom, is the most plaus-
ible. The calculated free energies of activation for rasagiline
and selegiline by this mechanistic pathway are 19.9 and
23.7 kcalmol–1, respectively, in very good agreement with
experimentally determined values of 20.8 and 21.3 kcalmol–1,
respectively. Together with additional experimental and
theoretical work, the results presented here could lead to
better understanding of the nature of MAO inhibition and
possible design of new antiparkinsonians as improved
MAO B inhibitors. Some ideas on the strategy to achieve that
and perspectives for future work are also given.

dation of noradrenaline and serotonin. Imbalances in nor-
adrenaline/serotonin levels are known to cause depression-
like symptoms[12,13] and other mood disorders. Selective in-
hibition of this isoform hence results in elevated noradren-
aline and serotonin concentrations, thus gradually improving
the symptoms of depression. In contrast, MAO B is respon-
sible for the metabolism of the histamine metabolite N-
methylhistamine and the important neurotransmitter dop-
amine.[14–16] The most characteristic feature of Parkinson
disease is progressive cell death of dopaminergic neurons in
the pars compacta of the brain’s substantia nigra, affecting
approximately 70% of cells when symptoms occur.[17] Inhi-
bition of MAO B is therefore a crucial strategy for relief of
symptoms of Parkinson disease.[16,18] Most MAO B inhibi-
tors currently used as antiparkinsonians are irreversible:[19]

that is, a covalent bond between the inhibitor and the en-
zyme is formed, preventing further activity of the enzyme.

Scheme 1. Atom numbering of the flavin moiety responsible for the
catalytic activity of MAO enzymes (R = adenosine diphosphate
group).
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There are two important structural features of MAO B

that are worth noting for assessment of the catalytic/inhibi-
tion mechanism: its active site hydrophobicity and the con-
formation of the flavin.[20–24] The first characteristic is im-
portant for substrate access to the MAO active site, because
MAO substrates are protonated in cytoplasm and exist as
monocations under physiological conditions. Edmondson
and co-workers[23] offered the explanation that, because the
free energy cost associated with the translocation of a
charged moiety into the hydrophobic active site would be
too high, the substrate should enter the enzyme in its neu-
tral form, although the exact mechanism of this initial de-
protonation is not known. This is also one of the reasons
why gas-phase calculations involving MAO active site might
be quite reliable. With regard to the conformation of the
flavin, structural analysis of rasagiline-inhibited MAO B[22]

revealed the flavin moiety to be bent by ca. 30° from planar-
ity around the axis connecting the nitrogen atoms N5 and
N10 of the central ring (Scheme 1). As can be seen later,
this structural feature of the flavin group could also be used
in distinguishing between different MAO inhibition mecha-
nisms in a qualitative way.

The elucidation of the three-dimensional structures of
MAO A[25] and MAO B[20,26] isozymes allowed for investi-
gation of the catalytic mechanism, which is of paramount
importance for development of new inhibitors. Researchers
have tried to interpret the substrate selectivity[23] on the ba-
sis of these structural features and have proposed several
catalytic mechanisms. Moreover, extensive studies on mu-
tant enzymes have been carried out in order to provide bet-
ter understanding of the effect of the internal protein envi-
ronment on MAO catalysis,[7,22,27] but despite huge efforts,
there is at present no consensus on the actual mechanism
of the catalytic step.

Three distinct mechanisms by which MAO might oxidize
substrates have been proposed so far: 1) a hydride mecha-
nism, 2) a radical mechanism, and 3) a polar nucleophilic
mechanism. In other words, it is assumed that the catalytic
rate-limiting step involves one out of heterolytic H– abstrac-
tion in (1), or homolytic H· extraction in (2), or deproton-
ation of H+ in (3), all from the α-carbon atom of the sub-
strate. Common to all mechanisms is that the activating
stage mentioned is performed by the N5 atom on the flavin
(Scheme 1), which is also the site of the irreversible inhibi-
tor attack. Erdem et al.[28] assumed that the hydride mecha-
nism is unlikely to take place, because hydride transfer is
associated with a barrier too high to be readily crossed,[29]

unlike in the amino acid oxidase[30–33] and alcohol ox-
idase[2,34,35] classes of flavoenzymes, for which hydride
mechanisms are suggested. Studies by Miller and Edmond-
son[36] with benzylamine analogues showed that attachment
of electron-withdrawing groups to the para-position of the
benzylamine substrate increases the rate of the reaction in
the case of MAO A, which provides strong experimental
evidence that proton transfer, and not hydride anion ab-
straction, is an integral part of the rate-limiting step. On
the basis of these kinetic and structural data, and the men-
tioned Taft correlation, the authors proposed the polar nu-
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cleophilic mechanism for MAO A,[36] although this has
been disputed in the literature, mostly by Silverman and co-
workers,[37–39] in favour of the radical mechanism. In con-
trast, the Miller and Edmondson study also found that this
effect on the reaction rate is much less effective in the case
of MAO B than in that of MAO A, opening up the possibil-
ity that the two isozymes do not function by the same
mechanism. On the other hand, such different behaviour in
MAO isozymes is in accordance with the radical mecha-
nism proposed by Silverman and co-workers[40–44] in which
the first step is the one-electron transfer from the substrate
amino group to the flavin to form the substrate radical cat-
ion. However, subsequent experiments by Edmondson
et al.,[23,45] as well as related electron paramagnetic reso-
nance (EPR) studies[46] and stopped-flow kinetic determi-
nations,[47,48] failed to provide evidence for any radical in-
termediates. In addition to that, no influence of magnetic
field on the rate of enzyme reduction was observed.[49] A
very probable explanation for kinetic differences between
MAO A and MAO B with different substrates involves con-
sideration of long-range preorganized electrostatics as the
main factor responsible for the catalysis.[50] Another inter-
esting aspect of the study by Miller and Edmondson worth
noting is the large H/D kinetic isotope effect (KIE) of 6–14
determined for MAO B catalysis.[7,36,51–53] Such a large KIE
effect exceeds the contribution of zero-point energy and can
be attributed to tunnelling. Still, the detailed mechanism
of flavin-dependent amine oxidation remains a subject for
additional studies.

All of the mechanisms proposed above address the oxi-
dation of biogenic amines. However, no mechanistic or
computational studies have been performed on the irrevers-
ible acetylenic MAO inhibitors used in practice, such as ras-
agiline and selegiline (Figure 1). Knowledge of the mecha-
nism of MAO inhibition is highly desirable for the design
of new inhibitors, because the most widely used, rasagiline
and selegiline, exhibit some adverse effects.[54,55] The disad-
vantages of selegiline treatment are mainly due to its am-
phetamine-like metabolites. Amphetamines further increase
striatal dopamine levels, which is beneficial for relief of Par-

Figure 1. Structures of the flavin fragment and the irreversible acet-
ylenic inhibitors investigated in this work.
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kinson’s disease symptoms, but can also cause psychological
dependence. In addition to this, selegiline shows lower selec-
tivity for MAO B than rasagiline and is capable of in-
hibiting MAO A in higher doses. This is beneficial for treat-
ment of depression, a nonmotor symptom of Parkinson’s
disease, but on the other hand it results in hypertension,
arrhythmias and hyperthermia. The use of rasagiline is ac-
companied by higher risks of liver function impairment and
melanoma. The design and synthesis of new, safer and more
efficient drugs are thus of significant importance, for which
very detailed insight into the mechanism of inhibition is an
essential requirement.

For these reasons we concentrated our computational
study on the chemical binding of rasagiline and selegiline
to the flavin moiety. The starting point of our study was
the recently reported X-ray crystal structures of human
MAO B irreversibly inhibited by rasagiline[56] or its ana-
logues,[57] as well as with selegiline.[58] These structural de-
terminations revealed that for both inhibitors a covalent
bond between the flavin N5 nitrogen atom and the terminal
acetylenic carbon atom is formed. In fact, to date, essen-
tially all irreversible MAO inhibitors form N5 flavin ad-
ducts, although one notable exception is the flavin C(4a)
adduct formed upon inhibition and ring opening with tran-
ylcypromine.[59] Previous UV/Vis spectroscopy studies on
small model systems by Maycock and co-workers[60] gave
strong evidence that acetylenic inhibitors bind covalently to
the enzyme in about one-to-one proportions. These findings
were later unambiguously confirmed by detailed spectro-
scopic studies performed by Binda and co-workers.[61] On
the basis of spectroscopic data, several researchers pro-
posed that the formed adducts are highly conju-
gated.[23,60,62] Still, the precise natures of the reactions form-
ing the complexes and structural details of bound inhibitors
are as yet unknown, which leaves open the possibility of
several inhibitor activation modes prior to reaction with the
flavin. This is the crucial information for the development
of new antidepressants and antiparkinsonian medications
as more efficient MAO inhibitors and it represents the focus
of the work presented here.

In order to determine in which form the inhibitor attacks
the flavin moiety we propose a mechanism by which the
adduct is formed as follows (Scheme 2). The underlying
idea is that, prior to the chemical bond formation with the
flavin, the inhibitor is firstly activated at the terminal car-
bon atom of the acetylene moiety or at the methylene site
vicinal to the amino group. By activation we assume the
abstraction variously of the hydride anion, the hydrogen
atom or the hydrogen cation (proton) from either of these
two carbon centres, performed either by the enzyme or by
the polar environment. In total, this yields six possible
mechanisms that need to be carefully studied (Scheme 2).
In addition, we also took into account the approach of the
neutral non-activated inhibitor, which is plausible and
serves as a reference reaction.

The reason why we also considered the activation at the
distant methylene centre is because any charge or radical
density generated at this site could be transferred to the
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Scheme 2. Mechanisms of MAO B inhibition with selegiline and
rasagiline. The final charge distributions on the denoted bold-italic
nitrogen and oxygen atom depend on the forms of the inhibitors
considered.

terminal acetylenic carbon atom, predominantly through
resonance effects (Scheme 3), making the latter carbon
spearhead prepared for the attack on flavin. It has to be
said that the resonance stabilization depicted in Scheme 3
does not include resonance participation of the dimeth-
ylamino group or hyperconjugation effects, which all work
towards the stabilization of such activated inhibitors. We
propose that the rate-limiting step of the overall reaction is
the formation of the covalent bond between the N5 atom
of the flavin and the terminal carbon atom of the inhibitor
to produce a covalent inhibitor–flavin adduct, in accord-
ance with the X-ray spectroscopic data.[56–58] The formed
adduct is further stabilized through resonance effects in fla-
vin, as shown in Scheme 2.

Scheme 3. Relevant resonance structures stabilizing the activated
inhibitor produced by the abstraction variously of the hydride
anion, the hydrogen atom or the proton at the methylene site.

Two alternative mechanisms of MAO B inhibition were
proposed by Nakai and co-workers a decade ago.[63] These
authors applied HF/6-31G(d) gas-phase calculations on a
simplified pair of molecules – 3-formyl-2(1H)-iminopyr-
azine (Ib) and the propargylamine derivative IIb
(Scheme 4) – as model compounds for the flavin moiety and
the inhibitor, respectively. Both of their proposed mechan-
istic routes involve the formation of the two cyclic com-
pounds III and IV as final products of the inhibition. Both
reactions would take place, however, with kinetic barriers
over 60 kcalmol–1. In the same work,[63] these barriers were
reduced to 50.3 and 46.9 kcalmol–1, respectively, by em-
ployment of HF/3-21G methodology on the larger systems
Ia and IIa. Still, in any of these ways, both sets of values
are too high for enzymatic reactions to proceed at a signifi-
cant rate, particularly in the context of the experimentally
determined barrier heights for selegiline and rasagiline inhi-
bition reactions – 21.3 and 20.8 kcalmol–1, respec-
tively[58,62] – used throughout this work. In addition, cyclic
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Scheme 4. Structures of the model systems I and II as reactants and the cyclic molecules III and IV as products of MAO B inhibition as
proposed by Nakai et al.[63]

products of the inhibition are not supported by the X-ray
structural analysis discussed above.[56–58] We therefore feel
that the two mechanistic proposals by Nakai and co-
workers play a minor role in the actual inhibition process.

The organization of this article is as follows: in Section 2
we describe the computational methods used, in Section 3
we discuss the results for the assumed mechanisms and in
Section 4 we give conclusions and perspectives for future
studies.

2. Computational Methodology

In order to calculate the free energy profile for the
irreversible MAO B inhibition by rasagiline and selegiline
we truncated the enzyme to the flavin moiety 1 and repre-
sented both inhibitors with the model system N,N-dimethyl-
propargylamine (3, Figure 1). All free energy profiles were
obtained by starting from the optimized adduct and then
artificially stretching the C(inhibitor)–N(flavin) chemical
bond in relaxed 0.1 Å intervals. We assume that the inhibi-
tor–flavin bond formation is the rate-limiting step of the
overall reaction. In this study we did not consider the pre-
ceding inhibitor activation steps involving enzymatic H+, H·

or H– abstraction from the inhibitor.
As a good compromise between accuracy and practi-

cality of the model, all molecular geometries were opti-
mized by the very efficient B3LYP/6-31+G(d) method.
Zero-point vibrational energies (ZPVEs) and thermal cor-
rections were extracted from frequency calculations, ob-
tained at the same level of theory, in which no scaling of
the calculated harmonic vibrational frequencies was ap-
plied. All atomic charges were obtained at the same level
of theory by employment of Natural Bond Orbital (NBO)
analysis.[64] The final single-point energy calculations were
achieved by use of a highly flexible 6-311++G(2d,2p) basis
set with the B3LYP functional and the Boese–Martin for
kinetics (BMK) method.[65] The first functional has fre-
quently been shown in the literature to provide very accu-
rate thermodynamic parameters for simple organic mole-
cules, whereas the BMK approach has been particularly
well parameterized and demonstrated to offer excellent ac-
curacy for kinetic data. To account for the polarization ef-
fects caused by the rest of the enzyme, which are not ex-
plicitly included in our model, we performed single-point
calculations with the conductor-like polarisable continuum
model (CPCM),[66] as employed by Himo and co-
workers.[67,68] This approximation assumes that the enzyme
surroundings are a homogeneous polarisable medium with
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some conventionally defined dielectric constant. We per-
formed calculations at the B3LYP/6-311++G(2d,2p) and
BMK/6-311++G(2d,2p) levels of theory, employing the
usual dielectric constant of ε = 4 and taking the rest
of the parameters for pure water.[67] This gives rise to four
computational models used here: namely B3LYP/6-
311++G(2d,2p)//B3LYP/6-31+G(d) (denoted as M1),
BMK/6-311++G(2d,2p)//B3LYP/6-31+G(d) (M2), (CPCM)/
B3LYP/6-311++G(2d,2p)//B3LYP/6-31+G(d) (M3) and
(CPCM)/BMK/6-311++G(2d,2p)//B3LYP/6-31+G(d) (M4).
Open-shell species were treated with the unrestricted meth-
odology. All thermodynamic parameters that correspond to
the inhibition process are computed as reaction free ener-
gies. All calculations were performed with the Gaussian
09[69] suite of programs.

3. Results and Discussion

The Flavin Moiety and Inhibitors

Before we present the analysis of reaction mechanisms
for MAO inhibition, let us first look at the Lewis/Brønsted
acid–base properties of the isolated flavin fragment 1, the
inhibitor molecules 2R and 2S and the model system 3. The
purpose of this is twofold. Firstly, it should reveal some
interesting inherent features of these compounds, which
govern their reactivity in the enzyme active site, and sec-
ondly it should demonstrate and justify why the truncated
system 3 is a very good model for representing the proper-
ties and reactivities of the two full-sized inhibitors rasagiline
(2R) and selegiline (2S). In the process we consider the affin-
ities of the flavin atoms N5 and O4 (Scheme 1) towards H–,
H· and H+ species, because these hydrogen systems are the
smallest chemical models for larger molecular anions, radi-
cals and cations, respectively. These values should serve as
excellent probes of the reactivities of these two flavin sites,
selected as available for the reaction with the incoming in-
hibitor/substrate in the enzyme. These affinities are calcu-
lated as the free energy changes of reactions (1) and (2).

1 + X � 1X (1)

–ΔG° = GB (X = H+); HIA (X = H–); HAA (X = H·) (2)

GB, HIA and HAA represent the gas-phase basicity, the
hydride ion affinity and the hydrogen atom affinity, respec-
tively, when X corresponds to H+, H– and H·, respectively.
Analogously, we also calculated the energies required to re-
move these three model species from the molecules 2R, 2S
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and 3 to probe their intrinsic susceptibilities to activation
for the inhibition reaction. Similarly to Equation (1), these
are expressed as the changes in the free energy when the
inhibitor molecules variously lose H+, H– or H·. All results
are calculated in the gas phase and in dielectric media with
use of the M1 and M3 models, respectively.

The results of this analysis are presented in Table 1. With
regard to the flavin moiety 1 it turns out that the carbonyl
oxygen is more basic than its imino nitrogen counterpart
by 3.6 kcalmol–1 in the gas phase. This is not surprising
because protonation at the oxygen atom yields the conju-
gate acid, which is more stabilized through cationic reso-
nance than in the case of nitrogen protonation. This could
easily be examined by inspecting the number of the cationic
Lewis resonance structures. In addition, NBO population
analysis reveals that in the neutral form the oxygen atom is
more negative than nitrogen, with the assumption of atomic
charges of –0.57 and –0.31 |e|, respectively. In addition, the
carbonyl oxygen is more exposed to the inhibitor and the
imino nitrogen is slightly more hindered. If these results
were taken per se, they would predict that the cationic in-
hibitor would preferentially attack the oxygen site rather
than the nitrogen atom, contrary to what was observed by
X-ray analysis. However, inclusion of the medium-related
effects reverses this picture. In solution, the imino nitrogen
atom becomes more susceptible to the proton by
0.6 kcal mol–1. We note in passing that solution values are
less exergonic than the gas-phase results, because in the for-
mer case the reactant side in Equation (1) includes a very
favourable contribution of the large solvation energy of the
proton H+. The same also holds for the corresponding HIA
and, partially, the HAA values as presented below.

The situation with the hydride ion (HIAs) and the hydro-
gen atom affinities (HAAs) is less ambiguous than with
proton affinities. In these two instances the flavin imino ni-
trogen is more favoured for the reaction in both phases,
with the relative difference between two sites becoming even
larger on moving to dielectric media. The condensed phase
has very little influence on H· addition reactions, because

Table 1. Gas-phase basicities (GBs), hydride ion affinities (HIAs) and hydrogen atom affinities (HAAs) of the selected flavin sites and
free energies required to abstract the proton, the hydride anion and the hydrogen atom from the acetylene and methylene carbon atoms
in inhibitor molecules as obtained with the computational models M1 and M3.[a,b]

[a] All values are in kcalmol–1. [b] Computational levels of theory are denoted by M1 and M3.
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there is no major charge reorganization involved. Still, the
M3 model finds that the nitrogen N5 atom is over than
10 kcalmol–1 more inclined towards H· attack than the car-
bonyl oxygen. These results therefore convincingly show
that the flavin N5 imino nitrogen atom is the most favoured
site for the inhibitor attack, which is consistent with numer-
ous experiments performed on flavoenzymes.

The question of whether it is more advantageous to acti-
vate the inhibitor at the acetylene or the methylene carbon
atom is even more interesting for MAO inhibition. Let us
first consider deprotonation of the inhibitor to form the
anion. In the gas phase it is slightly easier to remove the
proton at the methylene site in both inhibitors 2R and 2S.
This is a consequence of the stronger anionic effect spread
through the triple C�C bond, which outstrips the strong
acidity of acetylene protons because of a weak C–H bond
strength due to the low p-content in the hybrid sp bonding
orbital. In solution, in contrast, it becomes notably easier
to strip off H+ from the acetylene carbon atom. However,
the difference of a few kcal mol–1 (or just a few pKa units) is
certainly not decisive in determining the mode of inhibitor
activation through the anionic mechanism, but it could be
a dominating effect. Interestingly, the two inhibitors 2R and
2S, as well as the model system 3, exhibit almost identical
solution-phase acidities at the acetylene site, differing only
by 0.2 kcalmol–1, and very closely spaced methylene acidi-
ties (Table 1). Results for the hydride anion and the hydro-
gen atom abstractions strongly favour methylene activation,
the difference in the former case being over 90 kcalmol–1 in
both phases. This is not surprising, because upon H– re-
moval a cationic centre at the methylene site is formed and
is stabilized by the strongly electron-donating ability of the
vicinal dimethylamino group. The same also holds for the
radical activation. This implies that, should the cationic and
radical mechanism be operative in MAO, the corresponding
activation of the inhibitor molecule would occur at the
–CH2– group. Again, what cannot go unnoticed is the fact
that both inhibitors exhibit very similar reactivities in these
two cases, which we had also previously observed for the
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deprotonation. This is in agreement with the experimentally
determined activation free energies for MAO inhibition by
rasagiline and selegiline, which are almost identical with
values of 20.8 and 21.3 kcalmol–1, respectively.[62]

The last thing that should be commented upon is the fact
that the truncated systems 3 provide excellent models for
both inhibitors. It turns out (Table 1) that values for the
molecule 3 very closely match the corresponding data for
the full-sized inhibitors 2R and 2S. This holds in particular
for the most thermodynamically favourable sites for the in-
hibitor activation: namely the acetylene site for proton ab-
straction and the methylene carbon atom for the removal
of H– and H·. We can therefore reasonably conclude that
molecule 3 can be used to model kinetic and thermo-
dynamic features of rasagiline and selegiline in MAO inhi-
bition.

In concluding this section it is worth summarizing that
the simple analysis of the flavin Lewis/Brønsted acidity/ba-
sicity trends reveals that the nitrogen atom N5 is more fav-

Table 2. Thermodynamic and kinetic parameters for the investigated modes of MAO inhibition as obtained with BMK/6-311++G(2d,2p)//
B3LYP/6-31+G(d) (M2) and (CPCM)/BMK/6-311++G(2d,2p)//B3LYP/6-31+G(d) (M4) models. Selected inhibitor–flavin bond lengths
and relevant imaginary frequencies are calculated with B3LYP/6-31+G(d) methodology.[a]

[a] The inhibitors 3b and 3g react with flavin in two steps connected through two transition states. [b] Units: kcalmol–1. [c] Units: Å;
subscripts R, TS and P denote reactants, transition state and products, respectively. [d] Units: cm–1. [e] Experimental data are taken from
ref.[58,62].
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oured over the carbonyl oxygen for any form of inhibitor
attack. Moreover, should the cationic or the radical inhibi-
tion mechanism be operative, the activation of the inhibitor
should occur at the methylene site, whereas deprotonation
of the inhibitor is more favoured at the terminal acetylene
carbon. Still, because the difference in these two free ener-
gies of deprotonation is just a few kcal mol–1, deproton-
ation is equally probable at both reactive carbon centres,
particularly because one can imagine that specific interac-
tions at the enzyme active site can easily change the corre-
sponding pKa values.

Inhibition Reaction

Results obtained for MAO inhibition reactions with the
seven different forms of the model inhibitor 3a–3g
(Scheme 2) are presented in Table 2. These include acti-
vation (ΔG#

act) and reaction free energies (ΔGreact) calculated
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in the gas (M2) and condensed phases (M4), relevant C(ace-
tylene)–N5(flavin) distances, and values of imaginary fre-
quencies in the transition state (νimag) corresponding to the
molecular vibrations connecting reactants with products.
Geometric parameters and charge distributions in different
forms of inhibitors are given in Table 3.

Table 3. Selected geometrical parameters (d, in Å) and NBO-based
atomic charge distributions (q, in |e|) in the isolated inhibitors (in
round brackets) and after binding to the flavin (in square brackets)
obtained with B3LYP/6-31+G(d) model. Total charge on the inhib-
itor molecule is given with qINH.

Inhibi- dC1– dC2– dC3– qINHqC1 qC2 qC3 qN4tor C2 C3 N4

(3a) 1.211 1.480 1.464 –0.25 –0.05 –0.33 –0.54 0.00
[3a] 1.316 1.438 1.432 –0.12 0.04 –0.32 –0.51 0.29
(3b) 1.314 1.466 1.495 0.39 –0.27 –0.18 –0.28 1.00
[3b] 1.212 1.463 1.461 0.13 0.17 –0.35 –0.54 0.42
(3c) 1.213 1.404 1.301 0.03 –0.17 0.17 –0.28 1.00
[3c] 1.295 1.340 1.352 –0.12 –0.11 0.03 –0.44 –0.23
(3d) 1.257 1.474 1.464 0.01 –0.29 –0.32 –0.40 0.00
[3d] 1.211 1.465 1.466 0.13 0.06 –0.33 –0.54 0.23
(3e) 1.229 1.383 1.387 –0.25 –0.12 –0.11 –0.45 0.00
[3e] 1.315 1.322 1.389 –0.07 –0.11 –0.04 –0.50 0.28
(3f) 1.250 1.472 1.498 –0.40 –0.49 –0.32 –0.57 –1.00
[3f] 1.217 1.458 1.479 0.20 –0.10 –0.32 –0.55 0.06
(3g) 1.287 1.354 1.463 –0.62 –0.12 –0.36 –0.57 –1.00
[3g] 1.327 1.317 1.420 –0.03 –0.16 –0.09 –0.53 0.07

The first thing evident from the data in Table 2 is the fact
that inclusion of CPCM environment polarization effects
introduces certain changes into values of thermodynamic
data, but the general picture remains the same. The largest
environmental influence is on the reaction free energies,
which as a rule become more positive or less exergonic after
CPCM correction. This influence is lowest in uncharged
systems: namely in the neutral 3a and the radicals 3e and
3d, where it is 1.8, 2.7 and 6.5 kcal mol–1, respectively. It
increases in charged systems, culminating in 3f, where it al-
ters the gas-phase value by 19.6 kcalmol–1.

The impact of dielectric medium on the activation free
energies is much smaller, ranging from 0.7–6.5 kcalmol–1.
In a majority of cases ΔG#

act values slightly increase after
CPCM correction, but there are few notable exceptions. In
the rest of the text, when discussing kinetic and thermo-
dynamic aspects of the inhibition reactions we use data ob-
tained with CPCM methodology representing the enzyme
environment (model M4). It is also worth noting that the
inhibitors 3a and 3c–3f bind to the flavin in one-step pro-
cesses involving single transition structures, whereas inhibi-
tors 3b and 3g each react in two steps connected with two
transition states.

We start our analysis with the neutral non-activated in-
hibitor 3a. It can attack the flavin N5 atom through a
favourable interaction between the flavin LUMO and the
inhibitor HOMO of the triple bond. The fact that the flavin
acts as an electrophile is evident from the data in Table 3.
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Upon binding, the inhibitor molecule loses some electron
density to the flavin as the total NBO atomic charge on the
former is 0.29 |e|. The charge on the terminal carbon atom
is reduced in half by 0.13 |e| and the triple C1�C2 bond
becomes elongated from 1.211 to 1.316 Å. This excess posi-
tive charge is spread over the rest of the inhibitor molecule
as both C2–C3 and C3–N4 bonds become slightly short-
ened. As the inhibitor approaches, at the C(inhibitor)–
N5(flavin) distance of 4.774 Å a reactive complex almost
10 kcal mol–1 less stable than the separated reactants is
formed (Figure 2). The transition state in this reaction is
very late, with the C–N5 distance reduced to 1.696 Å, being
1.489 Å in the final covalent adduct. The free energy of acti-
vation for this reaction is very large, at 52.5 kcalmol–1.
What is even more unfavourable is that the overall reaction
is largely endergonic, ΔGreact having the highly positive
value of 51.6 kcal mol–1. This means that the formed adduct
is not very long-lasting, because it is much less stable than
the sum of the reactants on the free energy ladder, which
taken all together gives strong evidence that the inhibition
reaction is very unlikely to proceed by this mechanism.
However, we did locate two more stable products formed
upon addition of 3a to the flavin 1: namely the tetracyclic
3a–c1 and the exacyclic 3a–c2 (Scheme 5), which are lower
in energy by 32.9 and 48.7 kcalmol–1, respectively (Fig-
ure 2). The two compounds are analogous to the already
mentioned molecules III and IV of Nakai and co-workers
(Scheme 4),[63] who showed that both cyclization reactions

Figure 2. Reaction profile for the binding of the neutral inhibitor
3a to the flavin 1 to yield the acyclic product 3aP. Energies of other
two cyclic product alternatives 3a–c1 and 3a–c2 are also given. All
values are in kcalmol–1 and were obtained with the M4 model.

Scheme 5. Two possible cyclic products formed upon the addition
of the neutral inhibitor to the flavin moiety.
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are associated with very large barriers (over 60 kcalmol–1)
to be crossed in enzymatic reactions. Because of this, and
because X-ray analysis had revealed acyclic inhibition prod-
ucts, we did not consider any mechanistic aspects involving
these two cyclic compounds. Moreover, although signifi-
cantly more stable than 3aP, both of the cyclic adducts 3a–
c1 and 3a–c2 are less stable than the sums of their building
blocks (Figure 2), implying that both reactions leading to
these products are endergonic. We can therefore reasonably
conclude that attack on the flavin by the non-activated neu-
tral inhibitor is in any event very unlikely to happen.

Let us now switch our attention to two cationic mecha-
nisms, in which the inhibitor is activated by removal of hy-
dride anion (H–) from the terminal acetylene carbon atom
in 3b and from the methylene group in 3c. We have already
reported that it is around 90 kcalmol–1 easier to strip H–

from the methylene centre (Table 1), but the complete
thermodynamic picture of the inhibition reaction is not
more favourable for 3c. Abstraction of the hydride anion
from the methylene site produces a planar 3c cation, which
is very stable per se due to favourable interaction with the
strongly electron-donating vicinal dimethylamino group. As
will become clear later, such resonance stabilization is al-
most completely absent in the related 3b cation. To estimate
the strength of this interaction we performed calculations
in which we rotated the –NMe2 group in 3c around the C–
N bond, while keeping the rest of the geometry frozen. The
electronic energy of this artificial system increased to a
maximum of 69.2 kcal mol–1 [B3LYP/6-31+G(d) model],
corresponding to a dihedral rotation of approximately 90°,
giving a rough estimate of the magnitude of the resonance
stabilization. Interestingly, this very simple consideration
gives a value that matches very well the energy difference
mentioned above required to abstract H– from both carbon
sites in 3b and 3c, which can therefore almost exclusively
be attributed to the resonance effect in both cations. The
resonance stabilization in 3c is further in evidence because
the C3–N4 bond length is greatly reduced from 1.464 Å in
3a to 1.301 Å in 3c. Interestingly, the length of the triple
C�C bond in 3c remains unchanged before and after H–

removal. Therefore, upon formation of a cation, an excess
positive charge remains close to the methylene centre in 3c.
The atomic charge on this carbon atom is increased by as
much as 0.50 |e| after H– abstraction (Table 3). This leaves
the attacking acetylene carbon atom with no charge
[q(C1)3c = 0.03 |e|] to act as a nucleophile in the inhibition.
Moreover, after the binding the total atomic charge on the
inhibitor molecule 3c is increased from 1.00 to –0.23 |e|, im-
plying that 3c took one and a quarter electrons from the
flavin to produce covalent bonding. As will be shown later,
this is an unfavourable situation, because flavin is a pro-
nounced electrophile, so the overall binding of 3c to the
flavin 1 is an endergonic process and thus unlikely to
occur.

To come close to the flavin, it costs 4.8 kcal mol–1 for 3c
to form the reactive complex and an additional
21.9 kcalmol–1 to arrive at the transition state, so the total
activation energy for this mechanism equals 26.7 kcalmol–1.
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After this, 3c binds to the flavin, stabilizing the transition
state structure by just 5.6 kcalmol–1 and restoring much of
its initial electron distribution in the acetylenic region
(Table 3). The resulting flavin adduct is not very stable and
the corresponding reaction free energy is highly positive
[ΔGreact(3c) = 21.1 kcalmol–1]. Although the barrier height
is reasonable and in fair agreement with experimental re-
sults the overall endergonic character of this process makes
it unlikely to take place. As such, we can conclude that the
activation of the inhibitor through the abstraction of the
H– anion at the methylene carbon does not play a signifi-
cant role in MAO inhibition.

On the other hand, cation 3b produced at the acetylene
site is even more electrophilic than 3c, yet not particularly
intrinsically stabilized. Upon H– removal, significant geo-
metric change is imposed only on the triple C–C bond,
which is elongated by 0.1 Å. The cation 3b will therefore be
more likely than 3c to try to bind the flavin to one of its
reactive sites to gain some stabilization afterwards. Interest-
ingly, when approaching the flavin fragment, the cation 3b
first binds to the carbonyl oxygen atom O4 in a trans orien-
tation with the respect to the flavin N5 atom, without any
kinetic barrier (Figure 3). The process is favourable and the
reaction free energy is ΔGreact = –37.2 kcalmol–1 at the M4
level of theory. To position itself for the reaction with the
flavin N5 atom the inhibitor must then rotate around the
carbonyl C=O bond to arrive at the cis oxygen adduct,
which is 4.4 kcalmol–1 less stable than the trans complex.
This process is associated with a barrier height of
10.5 kcalmol–1. Because the flavin nitrogen N5 atom is
more reactive towards cationic inhibitors than carbonyl
oxygen (Table 1), the adduct of 3b with the N5 atom is even
more stable than the two oxygen trans and cis complexes,
by an additional 8.4 and 12.8 kcalmol–1, respectively (Fig-
ure 3). To move from the flavin oxygen to the nitrogen
atom, the cation 3b must surmount a kinetic barrier of
30.0 kcal mol–1. This represents the rate-limiting step of the
whole process. During it, the C(inhibitor)–O4(flavin) bond
length changes from 1.331 Å (reactants) through 1.442 Å

Figure 3. Reaction profile for the reaction between the flavin 1 and
the cation 3b obtained at the (CPCM)/BMK/6-311++G(2d,2p)//
B3LYP/6-31+G(d) level of theory. All values are in kcalmol–1.
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(transition state) to 2.584 Å (products), while the corre-
sponding C(inhibitor)–N5(flavin) bond decreases in the
same manner, taking values of 2.767, 1.722 and 1.366 Å. It
is interesting to note that the carbon–oxygen bond length
in the first complex and the carbon–nitrogen bond length
in the final product are practically identical, being only
slightly larger in the latter case. This is qualitative evidence
that the nitrogen atom, despite being sterically much more
hindered than oxygen, is more reactive than oxygen towards
cationic inhibitors, because the inhibitor can approach it
equally close as it can the oxygen atom. This is consistent
with the already observed intrinsic reactivities of these two
flavin sites (Table 1). The process of MAO inhibition by the
activated compound 3b is thermodynamically feasible and
could occur. The overall reaction is exergonic (ΔGreact =
–45.6 kcalmol–1), but the total activation free energy for
this process – ΔG#

act(3b) = 34.4 kcalmol–1 – is much higher
than the experimentally determined values for rasagiline
and selegiline, of 20.8 and 21.3 kcal mol–1, respectively. This
reduces the probability that the true inhibition reaction pro-
ceeds through this mechanism. As will become apparent
later, there is another inhibition mechanism with overall ex-
ergonic character, but with a barrier height much closer to
those observed experimentally.

Now we will consider radical mechanisms involving the
activated inhibitors 3d and 3e. Just like with cationic inhibi-
tors 3b and 3c, it turns out that the results for isolated mole-
cules suggest that the 3e tautomer should be more reactive,
because it is around 50 kcal mol–1 easier to produce the rad-
ical at the methylene carbon centre than at the terminal
acetylene site. The reason is again the same: favourable par-
ticipation of the vicinal electron-donating dimethylamino
group in 3e. To allow some quantitative measure of this
effect, we repeated the calculation presented for the cationic
inhibitor 3c involving artificial rotation of the –NMe2

group around the C–N bond in 3e. As expected, the reso-
nance effect is not so large in 3e, with a value of
14.2 kcalmol–1. Still, it is further evidenced in the electronic
redistribution upon H· detachment, in which the relevant
C3–N4 and C3–C2 bonds are shortened from 1.464 and
1.480 Å to 1.387 and 1.383 Å, respectively (Table 3). This is
reflected in the change in atomic charges in 3e, in which the
radical centre C3 atom loses 0.22 |e| of its previous electron
density due to the H· removal. Surprisingly, the charge on
the terminal C atom remains the same. Quite interestingly,
when the radical 3d is formed, there is practically no change
in the geometry of the inhibitor. All three relevant chemical
bonds remain almost the same (Table 3), which can also be
said, to a good approximation, for the atomic charges (there
is just some charge redistribution between C1–C2). This is
evidence that the radical 3d is unstable. It is not stabilized
intramolecularly through resonance effects, because its sin-
gly occupied molecular orbital (SOMO) is the sp-hybrid or-
bital, which is colinear with the atoms C1–C3 and perpen-
dicular to the π electron system of the triple bond. There-
fore, analogously to the 3b–3c pair, the radical 3d should
react more readily with the flavin because of its intrinsic
lower stability (Figure 4).
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Figure 4. Reaction profile for the reaction between the radical in-
hibitors 3d and 3e and the flavin 1 obtained at the (CPCM)/BMK/
6-311++G(2d,2p)//B3LYP/6-31+G(d) level of theory. All values are
in kcalmol–1.

The data in Table 2 and the graphical representation in
Figure 4 indeed reveal that the radical 3e is less reactive
than 3d towards the flavin. When the two radical inhibitors
are approaching the flavin, the corresponding reactive com-
plexes see 3e closer to the flavin than 3d. The related
C(inhibitor)–N(flavin) bond lengths are 3.548 and 4.063 Å,
respectively. This is why is takes a little more energy for the
flavin 1 to form a reactive complex with 3e (ΔG =
8.9 kcal mol–1) than with 3d (ΔG = 7.1 kcal mol–1). The dif-
ference in carbon–nitrogen bond lengths is further reduced
in the transition state structures, being 2.160 and 2.323 Å
for 3e and 3d, respectively. Interestingly, these differences
are completely reversed in the formed adducts. The inhibi-
tor 3d binds more strongly to flavin, with the corresponding
C–N distance of 1.356 Å, relative to the 1.440 Å found in
3e. After 3e has bound to the flavin, the terminal C1–C2
bond is further elongated. The charge on the C1 atom de-
creases by 0.18 |e| and the total charge on the inhibitor be-
comes 0.28 |e|, giving strong evidence that 3e acts as a nu-
cleophile in the complexation reaction, which is favourable.
The same change in the atomic electron densities is also
observed for the radical inhibitor 3d, in which case the
charge on the terminal carbon atom changes from 0.01 to
0.13 |e| upon binding and the inhibitor loses 0.23 |e| of its
electron density.

Interestingly, when 3d reacts with the flavin, it completely
restores its geometry from the isolated neutral molecule 3a,
by reducing the triple C1–C2 bond to 1.211 Å, identical to
the case in 3a. In other words, the geometry change in 3a
imposed by the abstraction of H· to form 3d is completely
reestablished upon binding to flavin. During the whole pro-
cess the inner chemical bonds C2–C3 and C3–N4 in 3d also
change within only small ranges of 0.015 and 0.002 Å,
respectively. This is additional evidence that the radical for-
mation in 3d and the binding to the flavin are local events
for this inhibitor.

The radical inhibitor 3e reacts very gently with flavin,
because of its intrinsic high stability. The free energy of acti-
vation for 3e is ΔG#

act = 17.0 kcalmol–1, a bit higher than
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in 3d. The overall reaction is exergonic, but only slightly,
with ΔrG = –2.1 kcal mol–1. Although the kinetic barrier to
this reaction is very low, the change in the reaction free
energy is negligible, which suggests that the whole inhibi-
tion process would be in the equilibrium. This means that
the reverse reaction, in which the formed adduct would de-
compose into its constituting fragments 3e and 1, would be
equally probable as the complex-forming reaction. This is
certainly not the case in the MAO B enzyme, however, be-
cause both rasagiline (2R) and selegiline (2S) are irreversible
inhibitors, meaning that once they covalently bind to flavin
very stable adducts are formed. An inhibition reaction with
the activated methylene-centred radical 3e could therefore
be ruled out as the predominant mechanism of MAO B in-
hibition.

The radical 3d exhibits a very favourable kinetic and
thermodynamic picture of the inhibition. The kinetic bar-
rier is still lower, being just ΔG#

act(3d) = 13.3 kcal mol–1, and
the process of binding is very beneficial, with ΔGreact =
–43.5 kcal mol–1. Of all the mechanisms investigated here,
the inhibition reaction involving molecule 3d displays the
lowest kinetic barrier and second (to 3b) most favourable
exergonic character of the overall reaction. These results
suggest that the inhibition reaction would proceed through
this mechanism. However, there are several reasons why we
do not favour radical involvement in MAO B inhibition re-
actions. First of all, as already mentioned in the Introduc-
tion, several experiments that failed to supply evidence for
radicals or radical intermediates during MAO activity have
been performed. The only exception was provided by recent
spectroscopic studies by Rigby et al.,[70] which suggested the
presence of a tyrosyl radical in partially reduced human
MAO A enzyme. This idea was later abandoned, though,[71]

due to improper techniques used in the previous work.[70]

In addition, the already mentioned Hammett correlation of
MAO activity for a set of para-substituted benzylamines[36]

gives strong evidence for the polar mechanism over the rad-
ical mechanism. Silverman defended his radical mechanistic
proposal by arguing that “if radical intermediates are
formed, they must be very short lived, low in concentration,
or spin paired with another radical”.[39] This could be true
for the catalytic activity of a MAO enzyme, because to per-
form its role of converting amines to imines, the enzyme
needs to abstract two hydrogen atoms from the substrate, a
two-step process, which could in the radical context turn
out to be too fast or too coupled to be experimentally de-
tectable. In the proposed radical inhibition reaction, how-
ever, only one hydrogen atom should be abstracted to acti-
vate the inhibitor. Afterwards, the newly generated com-
pound would attack the flavin moiety to form a very stable
covalent radical adduct. This would allow enough time for
unpaired radical spin density to be detected experimentally,
so it is very likely that the MAO inhibition reaction does
not involve radical species, although the catalytic activity of
this enzyme could perhaps still proceed through a radical
mechanism. It is important to emphasize that our results
do not rule out the possibility of a radical mechanism in a
catalytic step, because there are numerous literature exam-
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ples of enzymes in which catalytic activity and inhibition
are the results of different mechanisms. A second reason
ruling out a radical inhibition mechanism is that all X-ray
analyses and subsequent mechanistic and structural studies
performed on MAO enzymes have established that in this
family of enzymes there are no classical radical initiators to
start the radical reaction. Enzymatic radical reactions are
initially initiated by radical generating systems, exemplified
by various coenzyme B12-dependent enzymes[72,73] or by ri-
bonucleotide reductase.[74–76] Thirdly, we have already dem-
onstrated that the acetylene-centred radical 3d is not very
stable, because it affords no intramolecular stabilization of
the radical centre. This is not surprising because it is well
documented in the literature that radicals with triple bonds
are intrinsically of low stability.[77–91] As such, their genera-
tion is an unfavourable process. Finally, in a very recent
study Erdem and Büyükmenekşe[92] proposed a biradical
mechanism for MAO catalysis, but in the same paper the
authors declared it improbable, on the basis of the obtained
inverse Hammett correlation between the calculated log(k)
values and the substituent σ-constants for a set of nine
para-substituted benzylamine substrates and a subsequent
poor correlation (R = 0.78) between the calculated and ex-
perimentally determined log(k) values. The authors con-
cluded that these results “present negative evidence for the
modelled biradical mechanism”.[92] In finishing this section,
we can say, from the results and arguments presented, that
radical mechanisms of inhibition are not operative in MAO
enzymes. Still, the results offered are useful for comparative
purposes and for the completeness of the study.

We finally focus on two anionic mechanisms, which in-
volve inhibitors activated by proton detachment from
acetylene (3f) and methylene carbons (3g). We have already
demonstrated that their solution free energies of deproton-
ation differ only by 5.5 kcalmol–1 in favour of the acetylene
carbon (Table 1). This difference is too small for clear dis-
tinction between two inhibitor forms. We have also showed
that it is important for a successful inhibitor to have a lot
of negative charge on the acetylenic spearhead to act as a
nucleophile during inhibition. By that argument, the meth-
ylene activated system 3g should be a less potent inhibitor
than its 3f counterpart.

In the deprotonated form 3g carries –0.62 |e| atomic
charge on the terminal carbon atom. This is reduced to only
–0.03 |e| upon binding, which reveals the electrophilic char-
acter of the flavin. In the product the charge on the inhibi-
tor molecule is 0.07 |e|, which means that the flavin mole-
cule accommodates almost a whole electron from the inhib-
itor. Analogously to 3b, the reaction with 3g proceeds in
two steps (Figure 5). In the approach of 3g to the flavin,
at a C1(inhibitor)–N5(flavin) distance of 6.468 Å a reactive
complex is formed. After that, there is a barrier of just
1.0 kcalmol–1 to arrive at the intermediate, which is almost
20 kcal mol–1 more stable than the non-interacting frag-
ments. This complex is characterized by a small terminal
C(inhibitor)–C(9a) bonding distance of 1.560 Å. This is not
surprising, because in the neutral form the flavin carbon
atom C(9a) is significantly positive, with a NBO charge of
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0.19 |e|. The final product of the inhibition is 18.1 kcal mol–1

more stable than the intermediate. To proceed to the former,
3g needs to cross a barrier of 29.0 kcalmol–1. Although the
overall exergonicity of this reaction is very favourable
(ΔGreact = –37.9 kcalmol–1), the calculated barrier is too
much higher than experimentally determined values to give
preference to this mechanism.

Figure 5. Reaction profile for 3g anion obtained with the (CPCM)/
BMK/6-311++G(2d,2p)//B3LYP/6-31+G(d) model. All values are
in kcalmol–1.

With the activated inhibitor 3f, on the other hand, the
inhibition reaction is carried out in one step (Figure 6).
The overall reaction is exergonic by ΔGreact(3f) =
–21.2 kcal mol–1. The formed complex is characterized by a
bonding flavin–inhibitor distance of 1.339 Å. Interestingly,
this is the shortest carbon–nitrogen bond in all adducts in-
vestigated here. Before the attack, the terminal carbon atom
carries –0.40 |e| of negative charge, and almost 90% of the
inhibitor excess negative charge is shared between this and
its neighbouring acetylenic carbon atom, which is very ben-
eficial for the inhibition reaction. NBO analysis shows that,
after binding, the charges on this carbon atom and on the
whole inhibitor molecule are reduced by 0.60 |e| to 0.20 |e|

Figure 6. Reaction profile for the anion 3f obtained with the
(CPCM)/BMK/6-311++G(2d,2p)//B3LYP/6-31+G(d) model. All
values are in kcalmol–1.
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and by 0.94 |e| to 0.06 |e|, respectively. This again shows that
the flavin molecule behaves as an electrophile in the inhibi-
tion process and that it is very ready to accommodate nega-
tive charge. The kinetic barrier connecting reactants and
the product is 23.9 kcalmol–1 at the M4 level of theory, thus
being in very good agreement with the experimentally de-
termined values for rasagiline and selegiline of 20.8 and
21.3 kcal mol–1, respectively (Table 2).

These results suggest that the MAO inhibition process
occurs through a polar anionic mechanism involving the
inhibitor molecule 3f, being activated by deprotonation at
the terminal acetylene site prior to binding to the flavin 1.
This result is consistent with experiments performed by
Miller and Edmondson,[36] who showed that attaching elec-
tron-withdrawing groups to the para-position of the ben-
zylamine substrate increases the rate of the reaction in
MAO A, which gives strong support to a polar mechanism.
The same argument was used by Erdem and
Büyükmenekşe[92] to rule out a biradical catalytic mecha-
nism of MAO enzymes. Additional evidence in favour of
the anionic polar mechanism is the geometry of the flavin
subunit in the formed adduct. Edmondson and co-
workers[22] demonstrated that in the inhibition product the
flavin structure is bent by ca. 30° from planarity around the
axis connecting the N5 and N10 atoms. If we consider the
dihedral angle involving the flavin atoms C(9a)–N(10)–
N(5)–C(4a) it assumes 27.6° for 3f, which is in excellent
agreement with the described experimental result.[22] These
data are also well matched in 3g, where the angle is 29.8°.
In other cases the formed adducts exhibit more planar con-
formations of the flavin fragment, with dihedral angles of
8.2, 0.2, 5.5, 10.9 and 10.3° for 3a–3e, respectively.

The results presented here offer useful guidance for the
design and preparation of new antidepressants and antipar-
kinsonian drugs as MAO inhibitors. We have clearly dem-
onstrated that in any mechanism considered, but in the
most feasible involving inhibitor 3f in particular, the flavin
moiety acts as an electrophile and efficiently accommodates
negative charge from the inhibitor. We believe that this rep-
resents crucial information for both the inhibition and the
catalytic activity of MAO enzymes. Therefore, promotion
of nucleophilicity of the potential MAO inhibitor, while
maintaining the energy cost to activate it by the enzyme as
low as possible, is a promising strategy for more efficient
compounds.

Rasagiline and Selegiline

Rasagiline (2R) and selegiline (2S) are in practical use as
acetylenic MAO B inhibitors for treatment of symptoms of
Parkinson disease. After having established the most likely
inhibition mechanism with model systems, we decided to
apply it to the full-sized inhibitors 2R and 2S, for which
experimentally determined free energies of activation are
known.[58,62] This should serve as further validation for the
proposed anionic mechanism. We again modelled chemical
bond formation between the inhibitor terminal carbon
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atom and the flavin N5 atom in accordance with the deter-
mined X-ray structures.[56–58] Results are presented in
Table 2, whereas the structure of the reactants, products
and transition states for both inhibitors are depicted in Fig-
ure 7.

Figure 7. Structures of reactants, transition states and products for
rasagiline (2R, left) and selegiline (2S, right) reacting with flavin.
Hydrogen atoms on the selegiline were omitted for reasons of clar-
ity.

It turned out that all thermodynamic and geometric data
for both inhibitors 2R and 2S follow what was established
for the model system 3f. In all three cases the overall chemi-
cal reactions are exergonic, ranging from –21.2 kcalmol–1

found for 3f to –21.6 and –26.9 kcalmol–1 calculated for 2S

and 2R, respectively. Geometrical data for all three com-
pounds are also very similar for all stationary points along
the reaction. Rasagiline and selegiline exhibit somewhat
lower free energies of activation than the model system 3f,
at 19.9 and 23.7 kcal mol–1, respectively, in very good agree-
ment with the experimentally determined values of 20.8 and
21.3 kcal mol–1, respectively. The geometries of the flavin
subunits in the formed products are again bent, as calcu-
lated for the model system 3f. The dihedral angles en-
compassing the flavin atoms C(9a)–N(10)–N(5)–C(4a) are
27.1 and 27.4° for 2R and 2S, respectively, which is consis-
tent with the experimental observations of Edmondson and
co-workers[22] mentioned above.

As observed, there is a slight but notable difference of
0.5 kcalmol–1 in the experimentally measured activation
free energies for rasagiline (2R) and selegiline (2S). In terms
of the rate constants, this would imply that 2R should react
with the flavin two to three times more rapidly than 2S. This
suggests that during MAO inhibition a major role is played
by the identical propargylamine components in both inhibi-
tors, but that the function of the rest of the inhibitor mole-
cule is also significant. Interestingly, the calculated acti-
vation free energies for 2R and 2S are lower than for the
truncated inhibitor 3f, in which the aromatic part of the
molecule is missing. It seems that these aromatic fragments
are used by the enzyme to promote the binding of the inhib-

www.eurjoc.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2011, 6419–64336430

itor, most likely through π–π and σ–π noncovalent interac-
tions.

Both of the calculated activation free energies and their
very good agreement with the available experimental data,
the overall exergonic character of the reaction and the flavin
geometries in the end products lend credence to the consid-
ered acetylenic anionic mechanism of MAO–B inhibition.
This information could be useful for the design of new com-
pounds against Parkinson’s disease.

4. Conclusions

In this manuscript we have computationally investigated
the inhibition of the enzyme monoamine oxidase B
(MAO B) by the irreversible inhibitors rasagiline and selegi-
line, which are both in practical use for relief of symptoms
of Parkinson disease. To elucidate the mechanism of the
reaction we truncated the enzyme to the flavin subunit and
represented both inhibitors with the model system N,N-di-
methylpropargylamine. This turned out to be legitimate af-
ter a careful analysis of the intrinsic Brønsted/Lewis acid/
base properties of two reactive sites on the model system
relative to the full-sized inhibitors. The starting points of
our study were X-ray structures that revealed covalent
bonding between the inhibitors’ terminal carbon atoms and
the flavin N5 atom. We assumed that the formation of these
bonds is the rate-limiting step of the inhibition process and
considered seven forms of the inhibitor yielding seven dif-
ferent mechanisms. These include the neutral inhibitor and
six enzymatically initiated systems, formed by H+, H– and
H· abstraction from the terminal acetylene or the distal
methylene groups prior to reaction with the flavin. We
showed that in favourable reactions the flavin reacts as an
electrophile, accommodating excess negative charge from
the inhibitor upon binding.

The calculated reaction profiles were sufficient to differ-
entiate between different reaction pathways and to rule out
or substantiate suggested mechanisms. In terms of the over-
all exergonic character of the reaction, with comparison be-
tween calculated and experimentally determined free ener-
gies of activation, we demonstrated that the polar anionic
mechanism involving inhibitor deprotonated at the acetyl-
ene carbon atom is the most plausible. This mechanism was
additionally validated by inspection of the geometries of the
flavin moieties in the formed adducts, which exhibit distor-
tion from planarity consistent with experimental observa-
tions.[22] Calculations on the full-sized inhibitors rasagiline
and selegiline with the same mechanism yielded free ener-
gies of activation of 19.9 and 23.7 kcalmol–1, respectively,
which are in a very good agreement with experimentally
determined values of 20.8 and 21.3 kcalmol–1, respectively.

The results of this study could be of significant impor-
tance for the pharmaceutical industry in terms of the design
and the synthesis of new antiparkinsonian drugs. This is
important, because both rasagiline and selegiline, although
in wide practical use, display several adverse effects. Esti-
mated revenue of MAO B inhibitors used as antiparkinso-
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nians exceeded four billion dollars in 2009. From the results
presented in this study, we feel that a useful strategy for
the development of new compounds would be to promote
nucleophilicity of the activated inhibitor, while keeping the
energy required for its deprotonation as low as possible. In
addition, inhibitors’ selectivities for MAO A or MAO B iso-
forms should be enhanced. To achieve this purpose one
should proceed with QM/MM studies of these reactants
with suitable thermal averaging and appropriate free energy
calculations.[50] This should be performed in order to model
the reaction more accurately by taking into account the en-
tire enzyme and the surrounding solvent.[93,94] In this work
we did not consider the initial step of enzymatic inhibitor
deprotonation, although it is reasonable to assume that it
does not represent the overall rate-limiting step. It should
be facile, because both the enzyme and the cytoplasm are
proton-rich environments. Still, locating the enzyme proton
acceptor for the incipient step of MAO inhibition remains
a challenge for future studies. This is a difficult task, be-
cause a simple consideration of pKa values of appropriate
ionisable groups is not sufficient. Studies of pKa values of
enzyme active centres are associated with large experimen-
tal difficulties, whereas computational treatment is often
unreliable; it was recently demonstrated, for example, that
ionisation of Glu66 in the hydrophobic site of staphylococ-
cal nuclease is accompanied by local unfolding of the pro-
tein and/or a substantial penetration of water.[95] The main
problem is to capture this change in configuration within
practical simulation times. This proved to be a major chal-
lenge for microscopic calculations,[96,97] which gave a very
large deviation from the observed pKa values of around 20
pKa units.[95]

Additional spectroscopic (NMR, EPR, ESR) and iso-
tope-labelling investigations would be of foremost benefit
to confirm or disprove the mechanism proposed in our
study. From the computational point of view it remains a
major challenge, beside the use of QM/MM methodology,
to calculate H/D nuclear quantum effects by quantization
of nuclear motion.[98] All these efforts might result in deeper
understanding of the catalytic steps and the inhibition reac-
tions of MAO and other flavoenzymes, and ultimately in
the design and the synthesis of new effective inhibitors.
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