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Abstract: Monoamine oxidases (MAOs) catalyze the degradation of a very broad range of biogenic
and dietary amines including many neurotransmitters in the brain, whose imbalance is extensively
linked with the biochemical pathology of various neurological disorders, and are, accordingly, used as
primary pharmacological targets to treat these debilitating cognitive diseases. Still, despite this
practical significance, the precise molecular mechanism underlying the irreversible MAQO inhibition
with clinically used propargylamine inhibitors rasagiline and selegiline is still not unambiguously
determined, which hinders the rational design of improved inhibitors devoid of side effects current
drugs are experiencing. To address this challenge, we present empirical valence bond QM/MM
simulations of the rate-limiting step of the MAO inhibition involving the hydride anion transfer
from the inhibitor x-carbon onto the N5 atom of the flavin adenin dinucleotide (FAD) cofactor.
The proposed mechanism is strongly supported by the obtained free energy profiles, which confirm
a higher reactivity of selegiline over rasagiline, while the calculated difference in the activation Gibbs
energies of AAGY = 3.1 kcal mol ™! is found to be in very good agreement with that from the measured
literature kipn,c¢ values that predict a 1.7 kcal mol~! higher selegiline reactivity. Given the similarity
with the hydride transfer mechanism during the MAO catalytic activity, these results verify that
both rasagiline and selegiline are mechanism-based irreversible inhibitors and offer guidelines in
designing new and improved inhibitors, which are all clinically employed in treating a variety of
neuropsychiatric and neurodegenerative conditions.

Keywords: irreversible inhibition; monoamine oxidase; hydride transfer; antiparkinsonian drugs;
neurodegeneration; flavoenzymes

1. Introduction

Monoamine oxidases (MAOs) are flavoenzymes that metabolize a wide range of biogenic and
dietary amines, including monoamine neurotransmitters, such as dopamine, serotonin, and adrenaline,
in both the central nervous system and peripheral tissues [1]. Proper degradation of these molecules is
responsible for the stable function of synaptic neurotransmission, resulting in a healthy brain condition.
Since different concentrations of these small monoaminergic neurotransmitters influence our mood and
emotions, as well as the control of motor, perceptual, and cognitive functions, any imbalance in their
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concentration leads to the development and progression of a number of, if not all, neuropsychiatric
and neurological diseases.

There are two known isoforms of the MAO enzyme—MAO A and MAO B [2,3]—which share
around 70% sequence identity and the same FAD cofactor covalently attached at a conserved cysteine
residue [4]. Their active site cavities are placed deep inside the enzyme, and differ in volume and shape
between isoforms [5], which results in different substrate and inhibitor affinities [6]. The chemical
reaction catalyzed by both MAO isoforms involves the oxidation of the amine moiety via oxidative
cleavage of the substrate x-CH bond which consequently generates an imine intermediate. This step
is accomplished by the reduction of FAD to FADH, that is followed by reoxidation back to FAD
with molecular oxygen and a simultaneous H;O; release. The imine intermediate is hydrolyzed
nonenzymatically to the corresponding aldehyde and ammonia (with primary amines) or a substituted
amine (from secondary amines) [7]. The overall catalytic MAO reaction is given as:

H o
MAO
R NHp + HO + Oy ———= A\ + NHy + H0
H

All products of the MAO-mediated reactions are highly reactive species, and include a number of
potentially neurotoxic agents [8-10]. Because of that, constant excessive activity of MAO enzymes
may lead to mitochondrial damages which lead to the cell damage and dysfunction, resulting in
neurodegenerative disturbances. These premises are the main reason why MAQO inhibition is recognized
as an important tool in the therapy of various psychiatric and neurological diseases, ranging from
mood disorders to Parkinson’s (PD) [11] and Alzheimer’s diseases (AD). Additional studies on MAO
knock-out mice [12,13] have revealed that the inactivation of this enzyme produces a number of
functional and behavioral changes, some of which are interesting for therapeutical use. The modulation
of the brain and behavior induced by MAO inhibitors [14] made the design of new and more potent
MAQ inhibitors—one of the central topics of interest for both academia and industry over the last
60 years [15-20].

First discovered MAO inhibitors were the nonselective reversible inhibitors ipronazid [21] and
phenelzine, yet these compounds were shown to be associated with diverse adverse effects, including
fatal liver toxicity [22] and the so-called “cheese reaction”, consisting of severe, potentially lethal
hypertensive crises following the consumption of foods rich in amine tyramine [23], such as cheese
and red wine. These side effects are mainly produced by intestinal MAO A inhibition, since the
tyramine oxidation occurs exclusively by intestinal MAO A, which prompted research to develop
and characterize selective inhibitors. Along these premises, selective MAO B inhibitors, such as
selegiline (SEL) and rasagiline (RAS) (Figure 1), do not have such high incidence for fatal side effects,
which warrants their use without the restriction of a low-tyramine diet [24].
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Figure 1. Chemical structure of the MAO B irreversible inhibitors and the FAD cofactor discussed in
this work. The relevant atom labeling used throughout the text is also indicated.

Inhibiting MAO B prolongs the half-life of dopamine in neurosynapses and extends its
neurotransmission effect for the improvement of motor symptoms. In addition, it also prevents
the MAO B-mediated oxidative damages in neurons [25,26], further prompted by the fact that more
than 80% of MAO in the human brain is of the B subtype [27]. Despite the facts listed above, MAO B
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inhibition drugs are still connected with significant adverse effects [27,28]. Furthermore, it is worth
stressing that these two drugs are used only in symptomatic therapy, and they do not treat the cause of
disease as dopaminergic agonists and L-DOPA. These facts underline the necessity for the design of
new and more potent compounds devoid of any side reactions.

The majority of MAO inhibitors in the current use are mechanism-based irreversible
inhibitors [11,29]. These drugs form a covalent bond with the enzyme, preventing further catalytic
activity, which is the most successful way of inhibiting MAO B in vivo [30,31]. Selegiline (L-deprenyl,
SEL) was the first such irreversible drug to be commercially used and has been on the market since the
late 1980s [32]. Its adduct with the N5 atom on FAD has been identified both chemically [33] and in the
crystal structure of the inhibited MAO B [34,35]. However, SEL is linked with a variety of side effects,
mainly caused by its major L-amphetamine-like metabolite, which can cause appetite suppression,
insomnia, and increased irritability [36,37]. In addition to that, amphetamines inhibit dopamine’s
transport to vesicles [38,39], which potentiate autooxidation in the cytoplasm [40]. This process
provides an additional source of the reactive oxygen species.

On the other hand, its propargyl analogue rasagiline (RAS) [41] was introduced to the market in
the first decade of the last century. RAS features the same mechanism of action, but, unlike SEL, it has
a much more favorable degradation inside of the human body. Not only are its metabolites linked with
significantly less side effects, they also behave in a neuroprotective way [42,43]. The main metabolic
product of RAS, 1-aminoindane, is proven to increase neuron life span, thus allowing a lower daily
dose. All these reasons explain why RAS is widely used nowadays.

Clinical practice confirmed that propargylamine MAO B inhibitors are effective and safe
medications that provide symptomatic benefits for PD patients from early to late stages of disease [44].
Because of this reason, a broad spectrum of therapeutic possibilities has been developed. Solutions
such as the transdermal administration, as well as prodrugs which are converted to active inhibitors
by brain enzymes that avoid problems with the lipophilicity, are promising directions for the future.

Over recent years, researchers developed many classes of potent and more selective
compounds [45-50]. Additionally, many efforts were involved in understanding structural differences
between MAO isoforms [51] that affect their selectivities. However, for a rational prediction of more
effective systems, the details of a precise chemical mechanism of the inhibition reaction are crucial,
and those are still missing. This would enable researchers to design mechanism-based drugs as
transition-state analogues that are likely to improve the selectivity and efficacy in neurodegenerative
diseases, which might allow for the use of lower therapeutic doses, thus strongly diminishing possible
adverse effects.

In our recent work [52], we performed molecular dynamics simulations [53] to investigate
the binding of SEL and RAS within the MAO B active site and identified residues predominantly
responsible for the successful binding. In addition, the calculated MM-GBSA binding free-energies
effectively reproduced a trend in the measured K; and 1C5 data, and thus confirmed that SEL binds
better due to its bigger size and flexibility, allowing it to optimize hydrophobic C-H--m and -7t
interactions with residues throughout both of the enzyme’s cavities, particularly with FAD, GIn206
and four active site tyrosines (Tyr435, Tyr398, Tyr60, Tyr326). In this way, SEL is able to overcome
a larger ability of RAS to form hydrogen bonds that only position it in less reactive orientations for
the subsequent inhibition reaction. More importantly, this was followed by the quantum mechanics
(QM) cluster calculations [54] at the DFT level, which revealed that the MAO inactivation proceeded
through a three-step reaction, where, in the rate-limiting first step, the MAO enzyme used the FAD’s
N5 atom to abstract a hydride anion from the inhibitor’s a-CH; group (Figure 2), being in a full
analogy with the MAO catalytic mechanism [55-58], thus confirming that both SEL and RAS are
mechanism-based inhibitors. The complete reaction profile led from the bound inhibitors to the
corresponding N5(FAD)-adducts, the latter being in excellent agreement with the crystallographic
data on the inhibited enzyme, and further confirmed a better reactivity of SEL through both its lower
activation barrier and higher overall exergonicity [52]. Still, although the obtained relative difference
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in the activation free energies among inhibitors of AAG* = 1.2 kcal mol~! was found to be in excellent
agreement with the measured kinqct values, which predicts a difference of AAGtgxp = 1.7 kcal mol~!,
the absolute values of AG¥(SEL) = 27.9 kcal mol~! and AG¥(RAS) = 29.1 kcal mol~! clearly exceeded
those predicted experimentally, although these were significantly lower than those calculated for
several alternative mechanistic scenarios. Still, the overestimated barriers are most likely due to the
known limitations of the employed cluster calculations that consider only a truncated part of the
enzyme; while the rest of the enzyme environment was accounted through the polarized continuum
approximation [59-66], requiring a fully featured treatment of the solvated enzymatic surroundings,
which is known to significantly affect the active site, mainly via electrostatic interactions. To overcome
these, here, we utilized the multiscale QM/MM approach, where the quantum subsystem was described
by the Empirical Valence Bond (EVB) methodology [67] in conjunction with an all-atom classical
representation of the hydrated enzyme. The purpose of this work was to attain a much better absolute
agreement in the calculated kinetic parameters with experimentally measured data, thus further
confirming the validity of the proposed hydride transfer mechanism in the case of the clinically
employed inhibitors selegiline and rasagiline.
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Figure 2. The initial rate-limiting step and the corresponding Empirical Valence Bond (EVB) states for

the irreversible inhibition of MAO enzymes with propargylamine inhibitors based on a direct hydride

abstraction studied here, which ultimately results in the inhibitor—-FAD flavocyanine adduct as shown
in ref. [52].

2. Results and Discussion

Selegiline is a weak base with the experimentally determined pK, value of 7.44 for the protonation
of its amino group in the aqueous solution [68]. This indicates that, under physiological conditions
of pH = 7.4, selegiline assumes a practically equal population of its unionized and monocationic
protonation states. While we were not able to locate the corresponding literature data for rasagiline,
we can assume that its pK, value should be roughly the same. Our earlier mechanistic proposal
required unionized inhibitors to undergo the MAO inhibition [52], since it is significantly easier
to detach the hydride anion from the neutral system and generate the carbocation, than it is from
the already monocationic system that is transformed into dicationic compounds upon the hydride
abstraction. This is justified considering the mentioned pK, value for selegiline being close to the
physiological pH value, but also knowing the hydrophobic nature of the MAO active site, which was
clearly demonstrated experimentally [5,34] and confirmed computationally [69]. Once placed within
such a hydrophobic environment, the amino groups within investigated inhibitors will likely experience
a reduced basicity making their unionized analogues the predominant protonation forms prior to
reacting with the FAD cofactor. Even if that would not be the case, such a deprotonation can easily be
achieved by the active site water molecules with a cost of only a few kcal mol~! [69,70]. In this context,
we utilized neutral SEL and RAS in all subsequent calculations, and our DFT results with implicit SMD
solvation for their aqueous phase reactivity are presented in Table 1.
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Table 1. Relative Gibbs free energies for the relevant states of the reference aqueous-phase hydride
abstraction reaction among rasagiline or selegiline and lumiflavin calculated at the (SMD)/M06-2X/6-31
+ G(d,p) level of theory. The derived EVB off-diagonal coupling term (H;;) and the solution-phase shift
(otg) are also presented. All values are in kcal mol 1.

Reactant Transition

Inhibitor Complex State Intermediate H;; o
Rasagiline 0.0 30.60 19.18 44.34 106.7
Selegiline 0.0 31.11 17.29 43.59 80.40

In a reference reaction between each inhibitor and lumiflavin in water (Table 1), the investigated
hydride abstraction reaction was a one-step process, which started from the unionized reactants and
resulted in the carbocationic inhibitor at the C(x) position and the anionic cofactor featuring a newly
formed N(5)-H bond (Figure 2). Interestingly, the reaction was kinetically slightly more favorable
for RAS, as its activation free energy was, by AAG = 0.51 kcal mol~!, lower than that for SEL. In the
transition state structure, the transferring hydride anion was placed between the leaving «-carbon and
the accepting N5 atom, with bond distances of 1.45 and 1.22 A for RAS, respectively, being similar at
1.43 and 1.23 A in SEL, in the same order. Specifically, this resulted in the activation free energy for
this process of 30.6 kcal mol~! in RAS (Vimag = 1351i cm™1), which increased to 31.1 kcal mol~! in SEL
(Vimag = 13901 cm™!). The latter suggests a moderately higher reactivity for RAS in the aqueous solution,
which would be different from the trend observed within the MAO B active site. Still, it is very likely
that a much simpler and highly polar aqueous environment favors hydride abstraction from a system
with a more polar secondary amine moiety in its immediate vicinity, as in RAS, than with a more
hydrophobic tertiary amine, as in SEL. Nevertheless, the thermodynamic picture of the investigated
reaction is in line with the expected situation in the enzyme, as the overall reaction free energy was,
by AAGR = 2.1 kcal mol™!, more favorable for SEL. Subsequently, the same reacting system was
immersed in the explicit aqueous solution and submitted to the free-energy calculations with the
Q5 software, in order to derive the off-diagonal coupling term (H;;) and the solution-phase shift («g)
for each inhibitor (see the Materials and Methods section later), to be utilized in the corresponding
simulations within the enzyme environment (Table 1).

The reaction profiles for the reaction in the MAO B active site are presented in Figure 3. Given that
each profile consisted of 10 distinct trajectories, corresponding to different initial inhibitor configurations,
we can safely state that all performed simulations were well-converged and pointed to consistent
conclusions. The calculated activation free energies of AG*(RAS) =27.6 and AG*(SEL) = 24.5 kcal mol ™!
indicated a higher reactivity of SEL, being in excellent agreement with the determined kjn,c¢ values of
0.99 min~! for SEL [71] and 0.0533 min~! for RAS [72]. Even more so, these experimental parameters
translated to a difference in the activation free energy of 1.7 kcal mol~! in favor of SEL, which was
nicely matched by our calculations of AAG* = 3.1 kcal mol~! here, thus lending to a strong credence to
the presented results. In line with that, the calculated reaction free energies also favored the inhibition
reaction with SEL, as the hydride abstraction was significantly more exergonic with that inhibitor
(AAGR = —8.2 kcal mol ™). Interestingly, these value were between 5 and 12 kcal mol~! more exergonic
than those in water (Table 1), suggesting that the charged intermediates formed upon the H™ transfer,
were better stabilized within the enzyme than in the aqueous solution, as already seen with several
MAO substrates [55-58].

On the other hand, if we consider the calculated activation free energies between the aqueous
solution and the enzyme environment, we observe that MAO B lowered the inactivation barrier by
2.97 kcal mol~! for RAS, and as much as 6.64 kcal mol ™! for SEL (Figure 4). By employing the transition
state theory, the corresponding increase in the reaction rate constant could, therefore, be estimated
to between 2 and 5 orders of magnitude at room temperature, meaning that the reaction within the
enzyme proceeded significantly faster relative to the reaction in water. To put these numbers in
a proper context, let us mention that our earlier work demonstrated that the catalytic effect of the
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MAO B enzyme was much larger—by 9 orders of magnitude for the MAO B catalyzed dopamine
degradation [56], relative to the same process in water, which is reasonable given that the structure of
the enzyme is evolutionally optimized for its physiological catalytic role, rather than for its irreversible
inactivation. In this context, it is interesting to note that the active site of MAO B facilitated the
inhibition reaction with SEL much more, which was able to make use of the enzyme environment
to overcome its lower intrinsic hydride-abstraction tendency over RAS, as evidenced with results in
a pure aqueous solution (Table 1). This again confirms an earlier observation [52] that, for a successful
design of novel inhibitors based on the propargylamine functionality, it is likely to be beneficial to
have a tertiary instead of a secondary amino group within the structure.

30

25| rasagiline selegiline

20

15

10

free energy [kcal/mol]

AG¥ = 27.63 + 0.31 kcal/mol AGY = 24.47 + 0.47 keal/mol
N AGy =13.92 +0.36 kcal/mol | / AGyp=5.65+0.36 kcal/mol
200  -100 0 100 200 -200  -100 0 100 200
reaction coordinate [kcal/mol]

Figure 3. Free energy profiles for the irreversible inhibition of MAO B with rasagiline (left) and
selegiline (right). The reaction coordinate is defined as the energy difference between EVB states 2 and
1 and is commonly used in displaying EVB free energy profiles.

lle199 m
‘ Tyr326 ! lle199

Figure 4. Transition state structures of the MAO B active site with the reacting rasagiline (RAS, left)
and selegiline (SEL, right). The flavin cofactor is denoted by FAD. The transferring hydride ion is
located about halfway between the reactive C(c) atom of each inhibitor and the N5 atom on flavin.

Lastly, let us reiterate that a full chemical process leading from bound inhibitors to the final
inhibitor-FAD complex involves three steps [52], which would all need to be considered if a complete
thermodynamic picture is desired. Still, the insight obtained here for the rate-limiting first step is
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already very informative and illustrative, while providing important guidelines in the design of more
effective and potent MAO irreversible inhibitors.

3. Materials and Methods

To calibrate our Empirical Valence Bond simulations of the enzyme inhibition reaction,
we performed the corresponding simulation of the nonenzymatic hydride transfer reaction in the
aqueous solution, which represented the reference process. The tunable EVB parameters, namely the
relative shift of potentials representing the reactant and product valence states () and the coupling
parameter between these valence states (H;;), were obtained by fitting to the activation (AGt) and
reaction (AGR) free energies obtained from the QM calculations in water solution, which is a valid
approach due to the demonstrated phase-independence of the EVB parameters [73]. The fitted EVB
parameters were then applied to the reaction simulation carried out in the fully featured environment
of the solvated MAO B enzyme (see below) to yield the free energy profiles presented here.

For the mentioned QM calculations in water, the structure of the FAD cofactor was truncated
to the lumiflavin (LMF) moiety (Figure 2, with the -CH;-S-Enzyme fragment replaced by —-CHj),
while SEL and RAS were considered in full. The QM reaction energetics were calculated using the
MO06-2X/6-31 + G(d,p) level of theory with the SMD implicit solvation employing parameters for
pure water, also used to obtain thermal corrections without the scaling factors, so that all computed
values corresponded to Gibbs free energies at a room temperature of 298.15 K and a normal pressure
of 1 atm. The validity of the obtained transition state structures was confirmed by the frequency
analysis (Vimag = 1351i cem™! for RAS and 1390i cm™! for SEL) and the intrinsic reaction coordinate
(IRC) calculations. The reaction free energy was calculated as the difference between the energy of
the reactants complex and the transient intermediate point on the products reaction coordinate path
in which the hydrided LMFH™ moiety remained planar, in line with our previous reports [56,74-76].
All QM calculations were performed using the Gaussian 16 program package [77].

The starting points for our EVB simulations were the coordinates of the MAO B enzyme in complex
with the bound NYP inhibitor (PDB ID: 1GOS) [34]. The inhibitor was removed, but its position in
this structure served as a reference point for the initial manual positioning of RAS and SEL into the
active site (Figure 5) using the UCSF Chimera program [78]. The protein model included one subunit
of the dimeric MAO B enclosed in a simulation sphere, with a 30 A radius, centered at the reactive N5
atom of the FAD cofactor. Such a setup encompassed the vast majority of the protein—either RAS or
SEL—and 1662 TIP3P water molecules. All protein atoms outside this sphere were kept restrained to
their starting positions by applying a 200 kcal mol~! A=2 harmonic restraint. The simulations were
built around the OPLS-AA force field [79], with the ligand parameters acquired by the ffld_server
utility and assisted by the Maestro v. 11.7 graphical interface [80]. The charges of the ligand atoms were
determined by fitting to the electrostatic potential computed by QM calculations on the HF/6-31G(d)
level of theory according to the RESP scheme, as implemented in AmberTools18 [81]—all in line with
our previous reports [56-58,69,70,74-76,82,83].

The system was first equilibrated in several distinct steps, by slowly increasing both the temperature
(starting at 1 K and ending at 300 K) and the time-step (from 0.1 to 1 fs), as well as gradually removing
the restraints. An additional equilibration step of 10 ns was carried out at 300 K with minimal position
restraints. Such an equilibrated structure was used as the starting point for the subsequent simulations,
which employed standard EVB procedure based on the free energy perturbation/umbrella sampling
(FEP/US) approach [67,84,85]. In the case of FEP, the force fields which describe the valence states of
reactants and the products (Figure 2) must first be established. This force field was appropriately tuned
to allow for the breaking and formation of bonds, by replacing the harmonic potentials of the C-H and
N-H bonds with Morse functions, as well as substituting the 12-6 Lennard-Jones potential with a less
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restrictive Buckingham-type nonbonding potential on the three reacting atoms. The reactants were
then converted to the products in a series of mapping steps, using a mapping potential of the type [84]:

em =A€7 + (1 = A)er

where the force field of the reactants (e1) was gradually transformed into the force field of the products
(g2) via the coupling parameter lambda (A). In our case, the initial structure was equilibrated at A = 0.5
(i.e., a structure in the vicinity of the transition state). Thus, the subsequent FEP procedure was carried
out starting at A = 0.5 and finishing at either A = 0 or A = 1, corresponding to reactants or the products
of the hydride abstraction reaction (Figure 2), and yielding 51 mapping steps. Each mapping step
was 100 ps long, totaling in 5.1 ns. Since the simulations were carried out in 10 independent replicas,
corresponding to different initial conformations of each inhibitor (each of which was first additionally
equilibrated for 100 ps), this gave us 51 ns of the total simulation time. All simulations were subject
to a cut-off of 10 A for nonbonded interactions, except for the atoms in the EVB region (RAS or SEL
and the flavin moiety), which were subject to a much extended cut-off of 99 A. Beyond that point,
the electrostatic interactions were treated with the local reaction field method. All FEP simulations
employed minimal restraints, necessary to obtain smooth free energy profiles, as discussed in our
previous studies [82,83], including a position restraint of 0.5 kcal mol~! A~2 within the EVB region,
with an additional restraint on the distance between the reacting inhibitor carbon (Ce) and FAD
nitrogen (N5) atoms (5.0 kcal mol~! A2 for distances greater than 3 A).

%ftx

Figure 5. The structure of the hydrated MAO B with rasagiline (in red) and selegiline (in violet) placed
in the active site. The position of the FAD cofactor is also shown in the stick representation.

A similar protocol was employed to generate EVB simulations in the aqueous solution, where the
equilibration runs were somewhat shorter, due to the smaller complexity of the environment compared
to the enzyme. The spherical simulation cell consisted of 3768 and 3762 water molecules for RAS and
SEL, respectively, and included the truncated lumiflavin moiety (LFN). The starting structures for all
simulations were generated using the gprep5 module, while all EVB molecular dynamics simulations
were carried out using the gdyn5 module of the Q program v. 5.06 [86], with its gfep5 module used for
the analysis of the trajectories and the VMD program [87] for their visualization. All calculations were
carried out at the AZzman Computing Center of the National Institute of Chemistry (Ljubljana, Slovenia).
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4. Conclusions

In this work, we performed a multiscale computational analysis of the initial rate-limiting step
of the irreversible inhibition of the MAO B enzyme by clinical inhibitors rasagiline and selegiline,
involving the hydride anion transfer from the inhibitor C(x) atom to the flavin co-factor N5 atom,
by using the state-of-the-art Empirical Valence Bond (EVB) QM/MM treatment. By properly including
fully featured solvated enzymatic environment, well converged free energy profiles were obtained that
gave the activation free energies of AGHRAS) = 27.6 and AGH(SEL) = 24.5 kcal mol™!. The computed
values underline a higher reactivity of SEL, being in excellent agreement with the kit data and the
experimentally determined AAG* = 1.7 kcal mol~! that point to the same conclusion. In line with
that, the calculated reaction free energies also favor the inhibition reaction with SEL, as the hydride
abstraction is significantly more exergonic with that inhibitor (AAGg = —8.2 kcal mol™?).

The obtained results strongly support the validity of the proposed hydride ion transfer as the
likely mechanism for the irreversible inhibition of MAO B with propargylamine inhibitors. In this way,
the acquired insight firmly confirms that both rasagiline and selegiline are mechanism-based inhibitors,
being strongly in line with experiments. The present study represents one of only a few attempts to
elucidate a molecular basis for the inhibition pathway of MAO enzymes, which bears a significant
relevance for neurology. In addition, the discussion presented here offers guidelines for a rational
design of new and more effective inhibitors, which are all clinically employed in treating a variety
of neuropsychiatric and neurodegenerative conditions. Additionally, such improved transition state
analogues are likely to be associated with less adverse effects, thus allowing for lower daily doses,
tying in with some of the most prominent challenges of modern medicine.
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Abbreviations

AD Alzheimer’s disease

DFT density functional theory

EVB empirical valence bond

FAD flavin adenin dinucleotide

FEP free energy perturbation

LRF local reaction field

MAO monoamine oxidase

MM-GBSA molecular mechanics-generalized Born and surface area
PD Parkinson’s disease

oM quantum mechanics

OM/MM quantum mechanics/molecular mechanics
RAS rasagiline

SEL selegiline

Us umbrella sampling

References

1.  Grimsby, ]J.; Lan, N.C.; Neve, R.; Chen, K; Shih, ].C. Tissue distribution of human monoamine oxidase A and
B mRNA. J. Neurochem. 1990, 55, 1166-1169. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1471-4159.1990.tb03121.x
http://www.ncbi.nlm.nih.gov/pubmed/2398352

Int. ]. Mol. Sci. 2020, 21, 6151 10 0of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Shih, J.C.; Chen, K.; Ridd, M.]. Monoamine oxidase: From genes to hehavior. Annu. Rev. Neurosci. 1999, 22,
197-217. [CrossRef] [PubMed]

Westlund, K.N.; Denney, R.M.; Kochersperger, L.M.; Rose, R.M.; Abell, C.W. Distinct monoamine oxidase A
and B populations in primate brain. Science 1985, 230, 181-183. [CrossRef]

Weyler, W.; Hsu, Y.P.P; Breakafield, X.O. Biochemistry and genetics of monoamine-oxidase. Pharmacol. Ther.
1990, 47, 391-417. [CrossRef]

De Colibus, L.; Li, M.; Binda, C.; Lustig, A.; Edmondson, D.E.; Mattevi, A. Three-dimensional structure of
human monoamine oxidase A: Relation to the structures of rat MAO A and human MAO B. Proc. Natl. Acad.
Sci. USA 2005, 102, 12684-12689. [CrossRef]

Fowler, C.J.; Tipton, K.F. On the substrate specificities of 2 forms of monoamine oxidase. J. Pharm. Pharmacol.
1984, 36, 111-115. [CrossRef]

Gaweska, H.; Fitzpatrick, P.F. Structures and mechanism of the monoamine oxidase family. Biomol. Concepts
2011, 2, 365-377. [CrossRef]

Deshwal, S.; Di Sante, M.; Di Lisa, E; Kaludercic, N. Emerging role of monoamine oxidase as a therapeutic
target for cardiovascular disease. Curr. Opin. Pharmacol. 2017, 33, 64—69. [CrossRef]

Jenner, P. Oxidative stress in Parkinson’s disease. Ann. Neurol. 2003, 53, S26-S38. [CrossRef]

Pavlin, M.; Repi¢, M.; Vianello, R.; Mavri, J. The chemistry of neurodegeneration: Kinetic data and their
implications. Mol Neurobiol. 2016, 53, 3400-3415. [CrossRef]

Youdim, M.B.; Edmondson, D.E.; Tipton, K.F. The therapeutic potential of monoamine oxidase inhibitors.
Nat. Rev. Neurosci. 2006, 7, 295-309. [CrossRef] [PubMed]

Dubrovina, N.I; Popova, N.K.; Gilinskii, M.A.; Tomilenko, R.A.; Seif, I. Acquisition and extinction of
a conditioned passive avoidance reflex in mice with genetic knockout of monoamine oxidase A. Neurosci.
Behav. Physiol. 2006, 36, 335-339. [CrossRef]

Lee, M.; Chen, K.; Shih, ]J.C.; Hiroi, N. MAO-B knockout mice exhibit deficient habituation of locomotor
activity but normal nicotine intake. Genes Brain Behav. 2004, 3, 216-227. [CrossRef] [PubMed]

Bortolato, M.; Shih, J.C. Behavioral outcomes of monoamine oxidase deficiency: Preclinical and clinical
evidence. Int. Rev. Neurobiol. 2011, 100, 13-42. [PubMed]

Tripathi, A.C.; Upadhyay, S.; Paliwal, S.; Saraf, S.K. Privileged scaffolds as MAO inhibitors: Retrospect and
prospects. Eur. ]. Med. Chem 2018, 145, 445-497. [CrossRef]

Monte, C.; D’Ascenzio, M.; Guglielmi, P.; Mancini, V.; Carradori, S. Opening new scenarios for human MAO
inhibitors. Cent. Nerv. Syst. Agents Med. Chem. 2016, 16, 98-104. [CrossRef]

Finberg, ] PM.; Rabey, ] M. Inhibitors of MAO-A and MAO-B in psychiatry and neurology. Front. Pharmacol
2016, 7, 340. [CrossRef]

Di Giovanni, G.; Svob Strac, D.; Sole, M.; Unzeta, M.; Tipton, K.F; Miick-Seler, D.; Bolea, I; Della Corte, L.;
Nikolac Perkovi¢, M.; Pivac, N.; et al. Monoaminergic and histaminergic strategies and treatments in brain
diseases. Front. Neurosci. 2016, 10, 541. [CrossRef]

Riederer, P; Miiller, T. Monoamine oxidase-B inhibitors in the treatment of Parkinson’s disease:
Clinical-Pharmacological aspects. |. Neural Transm. 2018, 125, 1751-1757. [CrossRef]

Tipton, K.F; Davey, G.P.; McDonald, A.G. Kinetic behavior and reversible inhibition of monoamine
oxidases-enzymes that many want dead. Int. Rev. Neurobiol. 2011, 100, 43-64.

Fox, H.H.; Gibas, ].T. Synthetic tuberculostats. V. Alkylidene derivatives of isonicotinylhydrazine. J. Org. Chem.
1953, 18, 983-989. [CrossRef]

Saura, ].; Nadal, E.; van den Berg, B.; Vila, M.; Bombi, J.A.; Mahy, N. Localization of monoamine oxidases in
human peripheral tissues. Life Sci. 1996, 59, 1341-1349. [CrossRef]

Asatoor, A.M.; Levi, A.].; Milne, M.D. Tranylcypromine and cheese. Lancet 1963, 282, 733-734. [CrossRef]
Sz5ko, E.; Riederer, P; Vécsei, L.; Magyar, K. Pharmacological aspects of the neuroprotective effects of
irreversible MAO-B inhibitors, selegiline and rasagiline, in Parkinson’s disease. ]. Neural Transm. 2018, 125,
1735-1749. [CrossRef]

Schapira, A.H. Progress in neuroprotection in Parkinson’s disease. Eur. J. Neurol. 2008, 15, 5-13. [CrossRef]
[PubMed]

Weinreb, O.; Amit, T.; Bar-Am, O.; Youdim, M.B. Rasagiline: A novel anti-Parkinsonian monoamine oxidase-B
inhibitor with neuroprotective activity. Prog. Neurobiol. 2010, 92, 330-344. [CrossRef]


http://dx.doi.org/10.1146/annurev.neuro.22.1.197
http://www.ncbi.nlm.nih.gov/pubmed/10202537
http://dx.doi.org/10.1126/science.3875898
http://dx.doi.org/10.1016/0163-7258(90)90064-9
http://dx.doi.org/10.1073/pnas.0505975102
http://dx.doi.org/10.1111/j.2042-7158.1984.tb03004.x
http://dx.doi.org/10.1515/BMC.2011.030
http://dx.doi.org/10.1016/j.coph.2017.04.003
http://dx.doi.org/10.1002/ana.10483
http://dx.doi.org/10.1007/s12035-015-9284-1
http://dx.doi.org/10.1038/nrn1883
http://www.ncbi.nlm.nih.gov/pubmed/16552415
http://dx.doi.org/10.1007/s11055-006-0022-z
http://dx.doi.org/10.1111/j.1601-1848.2004.00074.x
http://www.ncbi.nlm.nih.gov/pubmed/15248867
http://www.ncbi.nlm.nih.gov/pubmed/21971001
http://dx.doi.org/10.1016/j.ejmech.2018.01.003
http://dx.doi.org/10.2174/1871524915666150831141705
http://dx.doi.org/10.3389/fphar.2016.00340
http://dx.doi.org/10.3389/fnins.2016.00541
http://dx.doi.org/10.1007/s00702-018-1876-2
http://dx.doi.org/10.1021/jo50014a012
http://dx.doi.org/10.1016/0024-3205(96)00459-6
http://dx.doi.org/10.1016/S0140-6736(63)90368-4
http://dx.doi.org/10.1007/s00702-018-1853-9
http://dx.doi.org/10.1111/j.1468-1331.2008.02055.x
http://www.ncbi.nlm.nih.gov/pubmed/18353131
http://dx.doi.org/10.1016/j.pneurobio.2010.06.008

Int. ]. Mol. Sci. 2020, 21, 6151 110f13

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Saura Marti, J.; Kettler, R.; Da Prada, M.; Richards, ].G. Molecular neuroanatomy of MAO-A and MAO-B.
J. Neural Transm. Suppl. 1990, 32, 49-53.

Binda, C.; Milczek, E.M.; Bonivento, D.; Wang, J.; Mattevi, A.; Edmondson, D.E. Lights and shadows on
monoamine oxidase inhibition in neuroprotective pharmacological therapies. Curr. Top. Med. Chem. 2011,
11, 2788-2796. [CrossRef]

Ramsay, R.R. Inhibitor design for monoamine oxidases. Curr. Pharm. Des. 2013, 19, 2529-2539. [CrossRef]
Ramsay, R.R. Molecular aspects of monoamine oxidase B. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2016,
69, 81-89. [CrossRef]

De Cesco, S.; Kurian, J.; Dufresne, C.; Mittermaier, A.K.; Moitessier, N. Covalent inhibitors design and
discovery. Eur. ]. Med. Chem. 2017, 138, 96-114. [CrossRef] [PubMed]

Knoll, J. () Deprenyl (Selegiline): Past, present and future. Neurobiology 2000, 8, 179-199.

Chuang, H.YK., Patek, D.R; Hellerma, L. Mitochondrial monoamine oxidase-inactivation by
pargyline-adduct formation. J. Biol. Chem. 1974, 249, 2381-2384.

Binda, C.; Newton-Vinson, P.; Hubalek, F.; Edmondson, D.E.; Mattevi, A. Structure of human monoamine
oxidase B, a drug target for the treatment of neurological disorders. Nat. Struct. Biol. 2002, 9, 22-26.
[CrossRef]

Edmondson, D.E; Binda, C.; Wang, J.; Upadhyay, A K.; Mattevi, A. Molecular and mechanistic properties of
the membrane-bound mitochondrial monoamine oxidases. Biochemistry 2009, 48, 4220-4230. [CrossRef]
Kamada, T.; Chow, T.; Hiroi, T.; Imaoka, S.; Morimoto, K.; Ohde, H.; Funae, Y. Metabolism of selegiline
hydrochloride, a selective monoamine b-type inhibitor, in human liver microsomes. Drug Metab.
Pharmacokinet. 2002, 17, 199-206. [CrossRef]

Chen, J.J.; Swope, D.M. Clinical pharmacology of rasagiline: A novel, second generation propargylamine for
the treatment of Parkinson disease. J. Clin. Pharmacol. 2005, 45, 878-894. [CrossRef]

Simmons, S.J.; Leyrer-Jackson, ]. M.; Oliver, C.E,; Hicks, C.; Muschamp, ].W.; Rawls, S.M.; Olive, M.E. DARK
classics in chemical neuroscience: cathinone-derived psychostimulants. ACS Chem. Neurosci. 2018, 9,
2379-2394. [CrossRef] [PubMed]

dela Pena, I.; Gevorkiana, R.; Shi, W.-X. Psychostimulants affect dopamine transmission through both
dopamine transporter-dependent and independent mechanisms. Eur. ]J. Pharmacol. 2015, 764, 562-570.
[CrossRef] [PubMed]

Umek, N.; Gersak, B.; Vintar, N.; Sostari¢, M.; Mavri, J. Dopamine autoxidation is controlled by acidic pH.
Front. Mol. Neurosci. 2018, 11, 467. [CrossRef] [PubMed]

Mandel, S.; Weinreb, O.; Amit, T.; Youdim, M.B. Mechanism of neuroprotective action of the anti-Parkinson
drug rasagiline and its derivatives. Brain Res. Rev. 2005, 48, 379-387. [CrossRef]

Azzaro, A].; Ziemniak, J.; Kemper, E.; Campbell, B.].; VanDenBerg, C. Pharmacokinetics and absolute
bioavailability of selegiline following treatment of healthy subjects with the selegiline transdermal system (6
mg/24 h): A comparison with oral selegiline capsules. |. Clin. Pharmacol. 2007, 47, 1256-1267. [CrossRef]
[PubMed]

Zhuo, C.; Zhu, X,; Jiang, R;; Ji, F; Su, Z.; Xue, R.; Zhou, Y. Comparison for efficacy and tolerability among ten
drugs for treatment of Parkinson’s disease: A network meta-analysis. Sci. Rep. 2017, 7, 45865. [CrossRef]
[PubMed]

Robakis, D.; Fahn, S. Defining the role of the monoamine oxidase-B inhibitors for Parkinson’s disease.
CNS Drugs 2015, 29, 433-441. [CrossRef] [PubMed]

Pisani, L.; Farina, R.; Nicolotti, O.; Gadaleta, D.; Soto-Otero, R.; Catto, M.; Di Braccio, M.; Mendez-Alvarez, E.;
Carotti, A. In silico design of novel 2H-chromen-2-one derivatives as potent and selective MAO-B inhibitors.
Eur. |. Med. Chem. 2015, 89, 98-105. [CrossRef]

Pisani, L.; Farina, R.; Catto, M.; Iacobazzi, RM.; Nicolotti, O.; Cellamare, S.; Mangiatordi, G.F,;
Denora, N.; Soto-Otero, R.; Siragusa, L.; et al. Exploring basic tail modifications of coumarin based
dual acetylcholinesterase-monoamineoxidase B inhibitors: Identification of water-soluble, brain permeant
neuroprotective multitarget agents. J. Med. Chem. 2016, 59, 6791-6806. [CrossRef]

Gokhan-Kelekgi, N.; Koyunogluy, S.; Yabanoglu, S.; Yelekei, K.; Ozgen, oF Ucar, G.; Erol, K.; Kendj, E.;
Yesilada, A. Newpyrazoline bearing 4(3H)-quinazolinone inhibitors of monoamine oxidase: Synthesis,
biological evaluation, and structural determinants of MAO-A and MAO-B selectivity. Bioorg. Med. Chem.
2009, 17, 675-689. [CrossRef]


http://dx.doi.org/10.2174/156802611798184355
http://dx.doi.org/10.2174/1381612811319140004
http://dx.doi.org/10.1016/j.pnpbp.2016.02.005
http://dx.doi.org/10.1016/j.ejmech.2017.06.019
http://www.ncbi.nlm.nih.gov/pubmed/28651155
http://dx.doi.org/10.1038/nsb732
http://dx.doi.org/10.1021/bi900413g
http://dx.doi.org/10.2133/dmpk.17.199
http://dx.doi.org/10.1177/0091270005277935
http://dx.doi.org/10.1021/acschemneuro.8b00147
http://www.ncbi.nlm.nih.gov/pubmed/29714473
http://dx.doi.org/10.1016/j.ejphar.2015.07.044
http://www.ncbi.nlm.nih.gov/pubmed/26209364
http://dx.doi.org/10.3389/fnmol.2018.00467
http://www.ncbi.nlm.nih.gov/pubmed/30618616
http://dx.doi.org/10.1016/j.brainresrev.2004.12.027
http://dx.doi.org/10.1177/0091270007304779
http://www.ncbi.nlm.nih.gov/pubmed/17715422
http://dx.doi.org/10.1038/srep45865
http://www.ncbi.nlm.nih.gov/pubmed/28374775
http://dx.doi.org/10.1007/s40263-015-0249-8
http://www.ncbi.nlm.nih.gov/pubmed/26164425
http://dx.doi.org/10.1016/j.ejmech.2014.10.029
http://dx.doi.org/10.1021/acs.jmedchem.6b00562
http://dx.doi.org/10.1016/j.bmc.2008.11.068

Int. ]. Mol. Sci. 2020, 21, 6151 12 0f13

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang, Z.-M.; Li, X.-M.; Xue, G.-M.; Xu, W.; Wang, X.-B.; Kong, L.-Y. Synthesis and evaluation of 6-substituted
3-arylcoumarin derivatives as multifunctional acetylcholinesterase/ monoamine oxidase B dual inhibitors for
the treatment of Alzheimer’s disease. RSC Adv. 2015, 5, 104122-104137. [CrossRef]

Matos, M ].; Vifia, D.; Quezada, E.; Picciau, C.; Delogu, G.; Orallo, F; Santana, L.; Uriarte, E. A new series of
3-phenylcoumarins as potent and selective MAO-B inhibitors. Bioorg. Med. Chem. Lett. 2009, 19, 3268-3270.
[CrossRef]

Matos, M.].; Vifia, D.; Janeiro, P.; Borges, E; Santana, L.; Uriarte, E. New halogenated 3-phenylcoumarins as
potent and selective MAO-B inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 5157-5160. [CrossRef]
Mangiatordi, G.F.; Alberga, D.; Pisani, L.; Gadaleta, D.; Trisciuzzi, D.; Farina, R.; Carotti, A.; Lattanzi, G.;
Catto, M.; Nicolotti, O. A rational approach to elucidate human monoamine oxidase molecular selectivity.
Eur. J. Pharm. Sci. 2017, 101, 90-99. [CrossRef] [PubMed]

Tandari¢, T.; Vianello, R. Computational insight into the mechanism of the irreversible inhibition of
monoamine oxidase enzymes by the antiparkinsonian propargylamine inhibitors rasagiline and selegiline.
ACS Chem. Neurosci. 2019, 10, 3532-3542. [CrossRef] [PubMed]

De Vivo, M.; Masetti, M.; Bottegoni, G.; Cavalli, A. Role of molecular dynamics and related methods in drug
discovery. J. Med. Chem. 2016, 59, 4035-4061. [CrossRef]

Hofer, T.S.; de Visser, S.P. Quantum mechanical/molecular mechanical approaches for the investigation of
chemical systems-recent developments and advanced applications. Front. Chem. 2018, 6, 375. [CrossRef]
[PubMed]

Vianello, R.; Repi¢, M.; Mavri, ]. How are biogenic amines metabolized by monoamine oxidases? Eur. J. Org.
Chem. 2012, 7057-7065. [CrossRef]

Repi¢, M.; Vianello, R.; Purg, M.; Duarte, F,; Bauer, P.; Kamerlin, S.C.L.; Mavri, J. Empirical valence bond
simulations of the hydride transfer step in the monoamine oxidase B catalyzed metabolism of dopamine.
Proteins Struct. Funct. Bioinform. 2014, 82, 3347-3355. [CrossRef] [PubMed]

Marsavelski, A.; Vianello, R. What a difference a methyl group makes: The selectivity of monoamine oxidase
B towards histamine and N-methylhistamine. Chem. Eur. . 2017, 23, 2915-2925. [CrossRef]

Poberznik, M.; Purg, M.; Repi¢, M.; Mavri, J.; Vianello, R. Empirical valence bond simulations of the hydride-
transfer step in the monoamine oxidase A catalyzed metabolism of noradrenaline. J. Phys. Chem. B 2016, 120,
11419-11427. [CrossRef]

Siegbahn, P.E.M.; Himo, F. Recent developments of the quantum chemical cluster approach for modeling
enzyme reactions. J. Biol. Inorg. Chem. 2009, 14, 643-651. [CrossRef]

Himo, F. Recent trends in quantum chemical modeling of enzymatic reactions. J. Am. Chem. Soc. 2017, 139,
6780-6786. [CrossRef]

Siegbahn, P.E.M.; Himo, F. The quantum chemical cluster approach for modeling enzyme reactions.
WIREs Comput. Mol. Sci. 2011, 1, 323-336. [CrossRef]

Patton, G.C.; Stenmark, P.; Gollapalli, D.R.; Sevastik, R.; Kursula, P.; Flodin, S.; Schuler, H.; Swales, C.T.;
Eklund, H.; Himo, E; et al. Cofactor mobility determines reaction outcome in the IMPDH and GMPR (3-o)8
barrel enzymes. Nat. Chem. Biol. 2011, 7, 950-958. [CrossRef]

Blomberg, M.R.A.; Borowski, T.; Himo, F; Liao, R.-Z.; Siegbahn, P.E.M. Quantum chemical studies of
mechanisms for metalloenzymes. Chem. Rev. 2014, 114, 3601-3658. [CrossRef] [PubMed]

Quesne, M.G.; Borowski, T.; de Visser, S.P. Quantum mechanics/molecular mechanics modeling of enzymatic
processes: Caveats and breakthroughs. Chem. Eur. ]. 2016, 22, 2562-2581. [CrossRef] [PubMed]

Sousa, S.E; Ribeiro, A.J.M.; Neves, R PP; Bras, N.F,; Cerqueira, N.M.ES.A.; Fernandes, P.A.; Ramos, M.]J.
Application of quantum mechanics/molecular mechanics methods in the study of enzymatic reaction
mechanisms. WIREs Comput. Mol. Sci. 2017, 7, €1281. [CrossRef]

Quesne, M.G.; Silveri, F,; de Leeuw, N.H.; Catlow, C.R.A. Advances in sustainable catalysis: A computational
perspective. Front. Chem. 2019, 7, 182. [CrossRef]

Kamerlin, S.C.L.; Warshel, A. The EVB as a quantitative tool for formulating simulations and analyzing
biological and chemical reactions. Faraday Discuss. 2010, 145, 71-106. [CrossRef]

Volgyi, G.; Ruiz, R.; Box, K.; Comer, J.; Bosch, E.; Takacs-Novak, K. Potentiometric and spectrophotometric pKa
determination of water-insoluble compounds: Validation study in a new cosolvent system. Anal. Chim. Acta
2007, 583, 418-428. [CrossRef]


http://dx.doi.org/10.1039/C5RA22296F
http://dx.doi.org/10.1016/j.bmcl.2009.04.085
http://dx.doi.org/10.1016/j.bmcl.2010.07.013
http://dx.doi.org/10.1016/j.ejps.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28188911
http://dx.doi.org/10.1021/acschemneuro.9b00147
http://www.ncbi.nlm.nih.gov/pubmed/31264403
http://dx.doi.org/10.1021/acs.jmedchem.5b01684
http://dx.doi.org/10.3389/fchem.2018.00357
http://www.ncbi.nlm.nih.gov/pubmed/30271768
http://dx.doi.org/10.1002/ejoc.201201122
http://dx.doi.org/10.1002/prot.24690
http://www.ncbi.nlm.nih.gov/pubmed/25220264
http://dx.doi.org/10.1002/chem.201605430
http://dx.doi.org/10.1021/acs.jpcb.6b09011
http://dx.doi.org/10.1007/s00775-009-0511-y
http://dx.doi.org/10.1021/jacs.7b02671
http://dx.doi.org/10.1002/wcms.13
http://dx.doi.org/10.1038/nchembio.693
http://dx.doi.org/10.1021/cr400388t
http://www.ncbi.nlm.nih.gov/pubmed/24410477
http://dx.doi.org/10.1002/chem.201503802
http://www.ncbi.nlm.nih.gov/pubmed/26696271
http://dx.doi.org/10.1002/wcms.1281
http://dx.doi.org/10.3389/fchem.2019.00182
http://dx.doi.org/10.1039/B907354J
http://dx.doi.org/10.1016/j.aca.2006.10.015

Int. ]. Mol. Sci. 2020, 21, 6151 13 0f 13

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

Borstnar, R.; Repi¢, M.; Kamerlin, S.C.L.; Vianello, R.; Mavri, J]. Computational study of the pKa values of
potential catalytic residues in the active site of monoamine oxidase, B. J. Chem. Theory Comput. 2012, 8,
3864-3870. [CrossRef]

Pregeljc, D.; Jug, U.; Mavri, |.; Stare, ]. Why does the Y326] mutant of monoamine oxidase B decompose
an endogenous amphetamine at a slower rate than the wild type enzyme? Reaction step elucidated by
multiscale molecular simulations. Phys. Chem. Chem. Phys. 2018, 20, 4181-4188. [CrossRef]

Ramsay, R.R.; Albreht, A. Kinetics, mechanism, and inhibition of monoamine oxidase. J. Neural Transm. 2018,
125,1659-1683. [CrossRef] [PubMed]

Hubalek, E; Binda, C.; Li, M.; Herzig, Y.; Sterling, J.; Youdim, M.B.; Mattevi, A.; Edmondson, D.E. Inactivation
of purified human recombinant monoamine oxidases A and B by rasagiline and its analogues. J. Med. Chem.
2004, 47, 1760-1766. [CrossRef] [PubMed]

Hong, G.; Rosta, E.; Warshel, A. Using the Constrained DFT Approach in generating diabatic surfaces and
off diagonal empirical valence bond terms for modeling reactions in condensed phases. Phys. Chem. B 2006,
110, 39-19570. [CrossRef] [PubMed]

Oanca, G.; Stare, ].; Vianello, R; Mavri, J. Multiscale simulation of monoamine oxidase catalyzed
decomposition of phenylethylamine analogs. Eur. . Pharmacol. 2017, 817, 46-50. [CrossRef]

Prah, A.; Fran¢iskovi¢, E.; Mavri, J.; Stare, ]. Electrostatics as the driving force behind the catalytic function
of the monoamine oxidase a enzyme confirmed by quantum computations. ACS Catal. 2019, 9, 1231-1240.
[CrossRef]

Oanca, G,; Stare, J.; Mavri, ]. How fast monoamine oxidases decompose adrenaline? Kinetics of isoenzymes
A and B evaluated by empirical valence bond simulation. Proteins 2017, 85, 2170-2178. [CrossRef]

Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.;
Barone, V.; Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Fox. Gaussian, Inc.: Wallingford,
CT, USA, 2016.

Pettersen, E.F,; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF
chimera-a visualization system for exploratory research and analysis. J. Comp. Chem. 2004, 25, 1605-1612.
[CrossRef]

Jorgensen, W.L.; Maxwell, D.S.; TiradoRives, J. Development and testing of the OPLS all-atom force field
on conformational energetics and properties of organic liquids. J. Am. Chem. Soc. 1996, 118, 11225-11236.
[CrossRef]

Schrodinger Release 2020-2: Maestro; Schrodinger, LLC: New York, NY, USA, 2020.

Case, D.A.; Ben-Shalom, 1.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cruzeiro, V.W.D.; Darden, T.A.;
Duke, R.E.; Ghoreishi, D.; Gilson, M.K.; et al. AMBER 2018; University of California: San Francisco, CA,
USA, 2018.

Oanca, G.; Purg, M.; Mavri, ].; Shih, J.C.; Stare, J. Insights into enzyme point mutation effect by molecular
simulation: Phenylethylamine oxidation catalyzed by monoamine oxidase. Phys. Chem. Chem. Phys. 2016,
18, 13346-13356. [CrossRef]

Stare, ]. Complete sampling of an enzyme reaction pathway: A lesson from gas phase simulations. RSC Adv.
2017, 7, 8740-8754. [CrossRef]

Warshel, A.; Sharma, PK,; Kato, M.; Xiang, Y.; Liu, H.B.; Olsson, M.H.M. Electrostatic basis for enzyme
catalysis. Chem. Rev. 2006, 106, 3210-3235. [CrossRef] [PubMed]

Villa, J.; Warshel, A. Energetics and dynamics of enzymatic reactions. J. Phys. Chem. B 2001, 105, 7887-7907.
Marelius, J.; Kolmodin, K.; Feierberg, I.; Aqvist, J. A molecular dynamics program for free energy calculations
and empirical valence bond simulations in biomolecular systems. J. Mol. Graph. Model. 1998, 16, 213-225.
[CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD-visual molecular dynamics. J. Mol. Graph. 1996, 14, 33-38.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/ct300119u
http://dx.doi.org/10.1039/C7CP07069A
http://dx.doi.org/10.1007/s00702-018-1861-9
http://www.ncbi.nlm.nih.gov/pubmed/29516165
http://dx.doi.org/10.1021/jm0310885
http://www.ncbi.nlm.nih.gov/pubmed/15027867
http://dx.doi.org/10.1021/jp0625199
http://www.ncbi.nlm.nih.gov/pubmed/17004821
http://dx.doi.org/10.1016/j.ejphar.2017.05.061
http://dx.doi.org/10.1021/acscatal.8b04045
http://dx.doi.org/10.1002/prot.25374
http://dx.doi.org/10.1002/jcc.20084
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1039/C6CP00098C
http://dx.doi.org/10.1039/C6RA27894A
http://dx.doi.org/10.1021/cr0503106
http://www.ncbi.nlm.nih.gov/pubmed/16895325
http://dx.doi.org/10.1016/S1093-3263(98)80006-5
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References

