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Why does the Y326I 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

Domen Pregeljc,ab Urška Jug,a Janez Mavria and Jernej Stare *a

This work investigates the Y326I point mutation effect on the kinetics of oxidative deamination of

phenylethylamine (PEA) catalyzed by the monoamine oxidase B (MAO B) enzyme. PEA is a neuromodulator

capable of affecting the plasticity of the brain and is responsible for the mood enhancing effect caused by

physical exercise. Due to a similar functionality, PEA is often regarded as an endogenous amphetamine. The

rate limiting step of the deamination was simulated at the multiscale level, employing the Empirical Valence

Bond approach for the quantum treatment of the involved valence states, whereas the environment (solvated

protein) was represented with a classical force field. A comparison of the reaction free energy profiles

delivered by simulation of the reaction in the wild type MAO B and its Y326I mutant yields an increase in the

barrier by 1.06 kcal mol�1 upon mutation, corresponding to a roughly 6-fold decrease in the reaction rate.

This is in excellent agreement with the experimental kinetic studies. Inspection of simulation trajectories

reveals possible sources of the point mutation effect, namely vanishing favorable electrostatic interactions

between PEA and a Tyr326 side chain and an increased amount of water molecules at the active site due

to the replacement of tyrosine by a less spacious isoleucine residue, thereby increasing the dielectric

shielding of the catalytic environment provided by the enzyme.

1. Introduction

The action of monoamine oxidase enzymes (MAOs) in the central
nervous system has been a source of profound experimental and
theoretical research due to their high relevance in the metabolism
of neurotransmitters and therewith associated neurological
disorders and neurodegenerative diseases.1–4 MAOs are flavo-
enzymes, catalyzing the oxidative transformation of monoamines
and thereby regulating the level of neurotransmitters and neuro-
modulators in the central nervous system. Deficient or elevated
activity of MAOs is a potential source of various neuropsychiatric
disorders associated with excessive or insufficient amounts of
neurotransmitters, such as depression, autism and aggressive
behavior.1,2,5,6 In addition, the action of MAOs represents an
inherent source of oxidative stress, leading to the damage and
death of neurons, which can culminate in neurodegenerative
diseases such as Parkinson’s or Alzheimer’s disease.7–9

MAO enzymes exist in two forms, A and B (MAO A, MAO B),
which share about 70% of the sequence identity,10 but differ in
substrate specificity.2,11 However, both MAO A and MAO B
share a wide array of common substrates. It has been accepted
that the catalytic step of amine oxidation includes the cleavage
of a C–H bond at the methylene group vicinal to the amino
group, i.e., the a-C–H bond, accompanied by the hydrogen
transfer to the flavin adenine dinucleotide (FAD) prosthetic
group covalently bound to the cysteine residue.12 While full
consensus on the mechanism of this step has not yet been
reached,13–17 there is growing evidence that it proceeds via the
direct hydride transfer mechanism, as recently demonstrated by
quantum calculations using cluster and QM/MM models18–20

and at least implicitly validated by computational treatments
based on this mechanism.21–27 The assumed reaction scheme is
displayed in Fig. 1.

Enzyme point mutations, i.e. replacement of a given amino
acid residue in the sequence by another residue, represent a
mechanism that provides everlasting changes of biomolecules
and their functionalities, contributing to biological evolution.
In the context of enzyme research, point mutations are a powerful
tool for the understanding of the selectivity and specificity of
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enzymes at an atomic level. Because of the two isoforms, MAO
enzymes are particularly appealing for research based on point
mutations.28–32 It has been shown that point mutations at
several equivalent positions in the sequence effectively reverse
the substrate and inhibitor specificity between MAO A and B.11

Perhaps the most crucial residues in this regard are isoleucine
335 in MAO A and the equivalent tyrosine 326 residue in MAO B.
It has been found that the I335Y mutation of MAO A causes the
enzyme to act like MAO B in terms of specificity, and vice versa
for the reciprocal Y326I mutation of MAO B.11

In this work we scrutinize the Y326I point mutation effect in
MAO B for the decomposition of phenylethylamine (PEA). PEA
is a biogenic monoamine present in the central nervous system.
Although it is chemically similar to monoaminergic neuro-
transmitters such as dopamine, serotonin or noradrenaline, it
primarily functions as a neuromodulator rather than an excitatory
neurotransmitter. PEA per se does not activate dopamine receptors.
Rather than being absorbed by a presynaptic neuron, PEA spends
a significant amount of time in the cerebrospinal fluid, and is thus
capable of reaching and influencing neurons over long distances,
without requiring any synaptic contacts between them. It has been
found that PEA is released in significant quantities during physical
exercise, producing a considerable mood enhancing effect, known
as ‘‘runner’s high’’.33 Due to the effects similar to those of
amphetamine, i.e. blocking the dopamine transporter and hence
increasing the dopamine level at the synaptic gap, PEA is often
regarded as an endogenous amphetamine.34–36 Additionally, it has
been suggested that an increased level of PEA is associated with
schizophrenia.37,38

Similarly to neurotransmitters, PEA is an endogenous sub-
strate of both MAO A and B. In neurons, it is estimated that PEA
has a half-life of about 30 seconds.39,40 Due to its stability –
unlike dopamine41,42 PEA is not prone to autooxidation – it is a
popular research substrate of MAO enzymes.11,31,43–45 Additionally,
several ring-substituted analogs of PEA are available, facilitating the
research of kinetic and mechanistic aspects by exploiting the
electronic structure effects of the substituents.45–47 For the same
reason, another popular research substrate of MAOs is benzyl-
amine which differs from PEA only in that its amino alkyl chain

is shorter by one methylene group.13,44,48–51 However, unlike
PEA, benzylamine is not endogenous and has not been reported
to exhibit neurological effects.

In efforts to acquire an understanding of the functions of
enzymes at an atomic level, molecular simulation represents an
indispensable tool capable of accurately predicting various
properties and providing unique insight into the structure
and chemistry of enzymes. Since biological macromolecules
are in general too complex for analytical treatment, multiscale
simulation is the method of choice for gaining insight into
enzyme catalysis. Previous computational studies of MAO
enzymes utilized multiscale techniques in various forms.17,24

Among the most promising multiscale protocols, the empirical
valence bond (EVB) methodology is a cost-efficient computational
approach specially tuned for the simulation of chemical reactions
in a complex environment, such as enzyme active sites.52–54 EVB
combines the quantum treatment of empirical valence states –
typically reactants and products of a chemical reaction of interest –
and classical representation of the surroundings. Because of the
simplicity of the quantum part the computational formalism is
noticeably less demanding than most of the ‘traditional’ multi-
scale QM/MM protocols which typically quantize electronic struc-
ture. Consequently, EVB allows for substantial thermal averaging
needed for convergent free energy profiles. The reliability of EVB
has been demonstrated by a variety of studies of enzymatic
reactions.53,55–59 Technically, EVB can be classified as a QM/MM
method, with peculiar character of the quantum part.

Recently, we investigated various aspects of the metabolism
of monoamines and catalytic effects of MAOs, by using the EVB
methodology in the first place. The issues addressed in our
studies include a comparison of preorganized electrostatics
between MAO A and B,26 pKa calculations of selected residues
near the active site,26,60 selectivity between MAO A and B for the
decomposition of adrenaline,61 H/D kinetic isotope effects
associated with nuclear quantum effects62 and various simulations
of point mutation effects.21,22 We demonstrated that EVB reliably
predicts the change of free energy barrier and the corresponding
rate constant for various mutants of both MAO A and B, and for
various substrates.

Fig. 1 Scheme of the rate limiting step of phenylethylamine oxidation catalyzed by MAOs and proceeding via the hydride transfer mechanism.
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In essence, this work augments our recent I335Y point
mutation study of MAO A for PEA oxidation,21 by treating the
reciprocal point mutation Y326I in MAO B for the same reaction.
According to the kinetic measurements, the Y326I mutation
results in a slight decrease in the reaction rate relatively to the
wild type (WT) enzyme – the rate constant of 98.4 min�1 in WT
MAO B drops to 27.3 min�1 in the Y326I mutant.11 This corre-
sponds to the barrier elevation from 17.29 to 18.05 kcal mol�1

upon mutation. Interestingly, the observed increase in the barrier
does not follow the reciprocity between MAO A and MAO B found
at the level of substrate and inhibitor specificity on I335Y/Y326I
mutation. If reciprocity also existed at the catalytic level, the
I335Y mutation of MAO A would result in a lower barrier, since it
has been found that PEA oxidation in MAO B is faster than that in
MAO A;11 rather than that, the mutation of both MAO A and B
increases the barrier.11 Since physical interpretation of the I335Y
point mutation effect on the kinetics of MAO A has been devised
in terms of the change in local polarity near the mutated
residue,21 this could potentially suggest that the reciprocal
Y326I mutation of MAO B decreases rather than increases the
barrier, provided that the local polarity at the mutated position
plays the same role in MAO A and B. The challenge remains
whether the EVB simulation can account for the differences
between MAO A and MAO B that prevent the isoenzymes from
being fully reciprocal on the aforementioned mutations.

A special feature of EVB is that the formalism uses empirical
parameters related to the quantum coupling between the
valence states of reactants and products. These parameters
must be acquired empirically by calibration, requiring simulation
of a reference reaction – a reaction of the same mechanism for
which thermodynamic and kinetic parameters are known – to be
performed in advance. While the most popular form of the
reference reaction is either in the gas phase or in aqueous
solution, the choice is arbitrary because of transferability of the
EVB parameters between media.53 Accordingly, in this work we
used the PEA decomposition in WT MAO B as reference and
subsequently applied the calibrated parameters for the same
reaction in the mutated enzyme. In such a way we minimized
the difference between the models and circumvented the issue of
conformational flexibility of the reacting moiety.63 In addition,
such a selection of the reference reaction minimizes the impact
of deprotonation free energy of PEA. Namely, under physiological
conditions PEA predominantly exists in the protonated (R–NH3

+)
form, whereas it undergoes the reaction as a neutral (R–NH2)
molecule. We recently demonstrated that the reaction rate for the
protonated adrenaline substrate is extremely low.64 In order to
make the computed barrier fully comparable with experimental
data, the barrier should be corrected for the free energy of
deprotonation of PEA, because the experimental measurement
includes this correction by definition. This requires that the pKa

value of PEA be estimated within the active site of MAO B, which
is all but a trivial task.65 However, the assumption that the pKa

value of PEA does not change much upon mutation appears to be
reasonable, hence the deprotonation corrections are canceled out
in the present treatment. Our recent study demonstrating that
the pKa value of dopamine is effectively unchanged when moving

the molecule from an aqueous environment to the MAO B active
site supports this reasoning.60

In this work we calculated the reaction profiles for wild type
MAO B and the Y326I mutant by using multiscale simulation
based on empirical valence bond description of the reactive
subsystem and molecular mechanics description of the enzyme
and solvent. Full dimensionality of the enzyme was considered.
An increased activation free energy was found for the mutant,
giving rise to a slower reaction, which is in good agreement
with the experiment. The results contribute to an improved
understanding of the chemical processes involved in the metabolism
of neurotransmitters.

2. Simulation details

Simulations of the rate limiting step of PEA oxidation by WT
MAO B and its Y326I mutant were based on the EVB methodology
in conjunction with the free energy perturbation (FEP) sampling
technique,66,67 as implemented in the Q v. 5.06 program
package.68 A model of solvated MAO B was built on the basis
of the crystal structure acquired from the Protein Data Bank
(code 1GOS)69 and included a spherical simulation cell with a
radius of 30 Å, centered at the reacting nitrogen atom of the
flavin prosthetic group; the cell was filled with water molecules
(Fig. 2). Simulations utilized the OPLS-AA empirical force
field70–72 tuned for both the reactant and product valence states
and proceeded as sequences of molecular dynamics (MD)
simulations in which the system parameters were gradually
converted from reactants to products. The typical length of MD
simulations was 5.1 nanoseconds, which corresponds to 51 FEP
steps of 100 picoseconds. All simulations were performed in
batches of 10 independent runs (replicas) generated from the
same starting structure by randomizing initial velocities. Prior
to reaction simulations the system was equilibrated to 300 K by
approximately 2 nanoseconds of restrained MD during which
the restraints were gradually removed, ultimately keeping a

Fig. 2 A spherical simulation cell of solvated MAO B with the reacting PEA
molecule and the FAD prosthetic group.
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minimal amount of restraints necessary for smooth free energy
profiles, as discussed in our earlier studies.21,63

The applied EVB approach relies on a two-state Hamiltonian
expressed as a 2 � 2 matrix with the diagonal elements
representing the classical Hamiltonians of the valence states
of reactants and products, respectively, whereas the off-diagonal
term corresponds to the coupling between the states and has to
be determined empirically. The other empirical parameter not
included in the original Hamiltonian is the relative shift between
the states representing their difference in heat of formation.
Both the coupling term and the relative shift are obtained by
calibration, a standard procedure of EVB simulations. Calibration
includes a simulation of a reference reaction for which the barrier
and free energy are known in advance (either determined experi-
mentally or computed by first-principles methods). The coupling
term and the relative shift are fitted such that the barrier and
reaction energy delivered from the simulation match the reference
values. As mentioned in the previous section, the tunable EVB
parameters were presently calibrated for the simulations of the
reaction in the WT enzyme such that the experimental barrier of
17.29 kcal mol�1 was reproduced, and then subsequently used for
the calculation of free energy profiles in the mutated enzyme. The
calibrated values of the coupling term and the relative shift are
63.92 and 112.67 kcal mol�1, respectively. The reader is referred to
ref. 21 for further details about the simulations. A thorough review
of the EVB protocol can be found in ref. 53.

The main output of the present simulations are the free
energy profiles from which the activation barrier was deduced
(as average over the 10 replicas). Because the reaction in WT
MAO B was used as reference, simulation in the WT enzyme by
definition reproduces the experimental barrier of 17.29 kcal mol�1;
the change in the barrier when passing from WT to the mutated
enzyme was obtained from simulation of the reaction in
Y326I MAO B. The corresponding change in the reaction rate
constant (k) was obtained by the Eyring–Polanyi equation:

k ¼ kBT

h
exp �DG

z

kBT

� �
, where DG‡ is the free energy barrier, T

is the absolute temperature and kB and h are the Boltzmann
and Planck constant, respectively. Physical origins of the changed
rate upon mutation were attempted to be deduced by inspection
of the simulation trajectories. Visualization and analysis of trajec-
tories were carried out by using the VMD program package.73

The active site of WT and Y326I MAO B is displayed in Fig. 3.

3. Results and discussion

Reaction free energy profiles in the WT enzyme and in the Y326I
mutant are displayed in Fig. 4. Activation barriers and reaction free
energies over the 10 simulation replicas are summarized in
Table 1.

The most illustrative output of the present simulations is the
increase in the free energy barrier for the rate limiting step
of PEA oxidation for MAO B by 1.06 kcal mol�1 on the Y326I
point mutation. While in both cases the profiles exhibit slight
differences between individual replicas, the increase is significant.

The increased barrier corresponds to an about 6-fold decrease in
the reaction rate. Remarkably, the computed increase in the
barrier of 1.06 kcal mol�1 (from 17.29 to 18.35 kcal mol�1) is in
very good agreement with the experimental kinetic measure-
ments in which the observed decrease in the reaction rate upon
mutation converts into a barrier increase of 0.76 kcal mol�1.
Therefore, the simulation can accurately predict the point
mutation effect, as was the case with the related I335Y mutation
in the MAO A enzyme,21 and in several point mutations of
residue Tyr444 in MAO A for noradrenaline decomposition.22

The barriers and reaction free energies slightly vary over the
10 replicas (Table 1), but the increase of the barrier upon
mutation is evident. The average reaction free energy for the
WT enzyme is�1.00 kcal mol�1 whereas for the Y326I mutant is
�0.71 kcal mol�1. The difference is virtually insignificant, but is
consistent with the postulate that in the case of two similar
organic reactions the more exothermic one has a lower barrier.
However, since no experimental data are available for this
particular parameter, this is of little (if any) interpretative value,
especially because the barrier appears to be almost insensitive
to relatively large variations of the reaction free energy.21

It should also be noted that the deviation between profiles is
perceivably larger for products than for the transition state
(Fig. 4 and Table 1) because the profiles have been shifted to a
common origin at the minimum corresponding to the state of
reactants. In fact, most of the deviations are built up in the
transition state region (from slightly before to slightly after the
TS), hence the deviations at the product well are about twice as
large as atop the barrier. This feature is common to our EVB
simulations and has been recently attributed to the poorer
statistics in the transition state region.63

It has been reported that the Tyr326 residue in MAO B and
the equivalently positioned Ile335 residue in MAO A is crucial
for the specificity of both isoenzymes. Namely, on Y326I mutation
MAO B becomes similar to MAO A in terms of specificity for
various substrates and inhibitors, and vice versa for the reciprocal
I335Y mutant of MAO A.11 While computational assessment of
substrate specificity is for various reasons beyond the scope of this
work, we found it interesting that the ‘reciprocity’ between MAO B

Fig. 3 Active site of MAO B with the PEA substrate and the FAD prosthetic
group in ball-and-stick representation together with the residue at position
326 (Tyr in the wild type enzyme and Ile in the mutant).
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and MAO A is not sustained (neither experimentally nor from
simulations) in the case of reaction rates for the same substrate. In
the present case the reaction rate of PEA decomposition decreases
on the Y326I mutation of MAO B, but it also decreases for MAO A
on the I335Y mutation.21 In terms of reaction rates, the afore-
mentioned reciprocal mutations do not effectively turn MAO A
into MAO B and vice versa. However, the fact that the reaction
rate drops upon mutation in both the isoenzymes is in agree-
ment with the view that enzymes are evolutionarily optimized
so that any deliberate mutation of either enzyme is quite
unlikely to further enhance its activity that has been tuned
over millions of years of evolution. Therefore it can be reasonably
assumed that a laboratory-induced mutation will most likely
decrease the catalytic performance of the enzyme, as is presently
the case. Apart from the chemical step, the point mutation also
influences the stability of the Michaelis complex and affinities of
MAO reversible inhibitors. The latter issue is crucial for drug
design. However, the binding issue is to a large extent inde-
pendent of the reactivity and deserves special assessment.
Significant experimental and computational efforts have been
initiated in this direction. For instance, it has been demon-
strated experimentally74 and computationally75 that Y326 is one
of the gating residues in MAO B and has a predominant role in

influencing the binding of the substrates. Nevertheless, regardless
of its effect on the catalytic step, a particular mutation might result
in either increasing or decreasing the efficiency of binding,
because binding is separated from the catalytic efficiency.

In our related study of the I335Y point mutation of MAO A
for PEA decomposition, inspection of simulation trajectories
revealed possible sources of the barrier change due to mutation.
The observed increase in the barrier can be reasonably explained
by the increased local polarity caused by the replacement of Ile335
by Tyr.21 In the present case however, mutation decreases the local
polarity (replacement of Tyr326 by Ile), and no major structural
changes that could be attributed to the decreased polarity are
observed in the trajectories. Specifically, the conformational
alignment between PEA and Phe343 phenyl rings which changed
significantly in the case of MAO A I335Y mutation21 is virtually
unchanged in the present case. On the other hand, the inter-
action between Tyr326 and PEA aromatic rings in the WT enzyme
has a significant face-to-edge character (Fig. 5). As demonstrated
previously,21 this type of interaction stabilizes the transition state
to a larger extent than reactants, contributing to the lowering of
the barrier. Since this interaction is lost upon mutation, it offers a
plausible explanation for the observed increase of the barrier.
Alongside with that, the OH group of Tyr326 acts as a proton
acceptor of the ring hydrogen atoms of PEA, mainly at the p-position
relative to the ethylamino group, facilitating the formation of a weak
C–H� � �O interaction (quasi hydrogen bond; see Fig. 5). Analysis of
the trajectory shows that the C� � �O distance varies between 4.5 and
5.0 Å. This interaction also contributes to the lowering of the
reaction barrier, and is lost upon mutation. Moreover, an inspection
of distances between the reactive C atom of PEA and the Ca atoms of
the surrounding hydrophobic residues (Leu171, Ile199 and
Leu328; see Fig. 5) reveals a slight shift of these residues away
from PEA (by up to 0.5 Å for Ile199) upon mutation, giving more
space for water molecules around the active site of the mutant.
Indeed, a small increase in the number of water molecules in a
radius of 7 Å from the reacting alpha-carbon of the PEA
molecule could be observed upon mutation, i.e. more water
molecules appear to be present in the vicinity of the reacting
moiety in the mutated enzyme. The analysis was made for each
of the 10 simulation replicas. For the WT enzyme, the number

Fig. 4 Reaction free energy profiles for the wild type MAO B and its Y326I mutant with average barriers. Note that in both cases ten profiles were
computed corresponding to ten simulation replicas.

Table 1 Activation barriers (DG‡) and reaction free energies (DGR) (in kcal mol�1)
calculated for 10 simulation replicas of WT MAO B and its Y326I mutant.
Note that the datasets for the WT enzyme and mutant are independent of
one another

Replica

WT MAO B Y326I MAO B

DG‡ DGR DG‡ DGR

1 17.59 �0.71 20.24 1.40
2 16.22 �2.91 18.51 0.27
3 16.30 �1.82 16.16 �2.50
4 17.17 0.33 18.66 �0.27
5 17.04 �0.56 18.17 �0.22
6 18.08 �3.39 18.31 �2.41
7 17.27 �1.22 18.46 1.17
8 18.44 1.12 18.37 �2.02
9 16.75 �0.86 18.13 �3.31
10 18.02 0.01 18.51 0.84
Average 17.29 �1.00 18.35 �0.71
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of water molecules varies between 4.99 and 5.95 over the 10 replicas,
whereas for the Y326 mutant it is between 5.64 and 6.26 water
molecules. Accordingly, the increased amount of water contributes
to the increased shielding of catalytic electrostatic interactions
provided by the enzyme, thereby the reaction environment
becoming more similar to the aqueous solution, which results
in the increased barrier. However, this evidence is not fully
consistent because the count of water molecules depends on
the origin and size of the sphere in which the water molecules
are counted; results may differ with different origin and sphere
radius. Also, the possible explanation – that the smaller size of
Ile (relative to Tyr) in the mutated enzyme allows more water
molecules to enter the active site – is counter-intuitive to the
argument that the hydrophobic Ile residue eventually repels
water molecules from its surroundings.

The changed electrostatics caused by the Y326I point mutation
is reflected in an increased donor� � �acceptor distance in the
C–H� � �N reacting moiety. The average C� � �N distance increases
from 3.03 to 3.06 Å upon mutation, an effect hindering hydride
transfer which is fully consistent with the increased barrier. An
alternative yet quite generalized explanation of the observed
point mutation effect is that the increased barrier is due to entropic
factors and/or a large number of small enthalpic contributions
originating from barely detectable structural changes. However, a
detailed assessment of such effects is far from being trivial and is
beyond the scope of the present investigation.

4. Conclusions

We have elucidated the effect of Y326I point mutation in MAO B on
the rate of decomposition of PEA, an endogenous amphetamine, by
using multiscale EVB simulations. In full agreement with
experimental observations,11 the point mutation slows down
the catalyzed reaction by a factor of six, which corresponds to a

1.06 kcal mol�1 increase in the free energy barrier. An inspection
of trajectories shows evidence that the increased barrier is caused
by the disappearance of electrostatic interactions between the PEA
substrate and the Tyr326 residue. These interactions stabilize the
transition state to a greater extent than the state of reactants, and
hence their disappearance contributes to the elevation of the
barrier. In addition, a slightly larger amount of water molecules
is present near the reacting moiety in the mutant, which shields
the catalytic effect of the enzyme. Another possible explanation is
that the point mutation effect is due to entropic effects or to
several small contributions not detectable by simulations.

The present work addresses the effects that alter the perfor-
mance of an enzyme by barrier changes of up to a few kBT units,
corresponding to a few times changed reaction rates. These changes
may be crucial for life and death of an organism, but in terms of
catalytic power of enzymes they are regarded as very subtle. In
most cases the achievable precision of such simulations is
about 0.5 kcal mol�1. Nevertheless, the methodology appears
to correctly predict the sign and magnitude of the changed
performance of MAO B for PEA decomposition to almost
quantitative precision; it has reportedly been successful in
predicting every single MAO point mutation effect considered
so far.21,22 This implies that the hydride transfer mechanism20

assumed in our studies is correct, although separate studies are
required in order to directly validate the mechanism in the full-
scale enzymatic environment.

The so far successful assessment of point mutation effects is
promising in the context of precision medicine where the genome
variations may contribute to the performance of enzymes and
therewith associated diseases or disorders. Patients with a point
mutation of Y326I will have six times slower decomposition of
PEA, giving rise to considerably increased PEA levels. The
increased PEA levels will be reflected in the blocked dopamine
transporters, and dopamine levels in the synaptic gap will be
increased. One may speculate that long lasting physical activities
such as running that produce additional PEA levels will result in
increased addiction to sport activities for patients with this mutation.
Less active MAO B is expected to cause a lower dopamine
decomposition rate giving rise to decreased production of hydro-
gen peroxide and a lower extent of neurodegeneration.76 In reality
the expression levels of enzymes and transporters may be
changed and dopaminergic synapse requires macroscopic
description at the level of a system of differential equations.
The corresponding methodology has been developed and is
ready to be used.77
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