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Abstract

Monoamine oxidase (MAO, EC 1.4.3.4) is responsible from the oxidation of a variety of amine
neurotransmitters. MAO inhibitors are used for the treatment of depression or Parkinson’s
disease. They also inhibit the catabolism of dietary amines. According to one hypothesis,
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inactivation results from the formation of a covalent adduct to a cysteine residue in the

enzyme. If the adduct is stable enough, the enzyme is inhibited for a long time. After a while,
enzyme can turn to its active form as a result of adduct breakdown by B-elimination. In this
study, the proposed inactivation mechanism was modeled and tested by quantum chemical
calculations. Eight heterocyclic methylthioamine derivatives were selected to represent the
proposed covalent adducts. Activation energies related to their B-elimination reactions were
calculated using ab initio and density functional theory methods. Calculated activation energies
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were in good agreement with the relative stabilities of the hypothetical adducts predicted in

the literature by enzyme inactivation measurements.

Introduction

Monoamine oxidase (MAQO) catalyzes the oxidation of various
amine neurotransmitters, such as serotonin, dopamine and
norepinephrine. It exists as two isozymic forms, MAO-A and
MAO-B'. These two forms display different substrate
and inhibitor specificities. However, it is believed that they
catalyze substrate oxidation by the same mechanism. Compounds
that selectively inhibit MAO-A exhibit antidepressant activity,
whereas the ones that selectively inhibit MAO-B are used in the
treatment of Parkinson’s disease”. MAO inhibitors also inhibit the
catabolism of dietary amines. Other findings showed that MAO-B
inhibitors have neuroprotective and antioxidant effects, as well as
a role in delaying apoptotic neuronal death>,

MAO belongs to a family of enzymes known as flavoenzymes
and the flavin in MAO is covalently attached at the 8a-position to
an enzyme active-site cysteine residue’. It catalyzes the anaerobic
oxidation of amine substrates to the corresponding imines, which
are nonenzymatically hydrolyzed to the corresponding aldehydes.
The flavin is reduced to the hydroquinone and converted back into
the oxidized form by reaction with molecular oxygen, and the
enzyme turns to its native form. Over the years, there have been
extensive efforts to understand the MAO-catalyzed amine-
oxidation mechanism and various mechanisms have been
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proposed so far®'!. Previous computational results'>'* by our

group are in agreement with polar nucleophilic mechanism
proposed by Miller & Edmondson'®> for MAO-A. Still, the
detailed mechanism of amine oxidation by MAO remains a
subject for additional studies.

One approach to study the enzyme mechanisms is to
investigate the inactivation reaction by mechanism-based inacti-
vators. These inactivators are unreactive compounds that have
structural similarity to the substrate or product for the target
enzyme. Such compounds are converted by the normal catalytic
mechanism of the enzyme into reactive species typically by
covalent bond formation, and this causes inactivation of the
enzyme. A mechanism-based inactivator is unreactive and
selective since only the target enzyme is capable of converting
it to the reactive form. Therefore, these compounds are quite
useful in rational design of new drugs.

Silverman et al.'®*' proposed single-electron transfer (SET)
mechanisms for MAO, based on the ring-opening and SET
chemistry observed in chemical model studies of mechanism-
based MAO-B inactivators. Three possible paths (a, b and c¢) were
proposed, as shown in Figure 1. The present study focuses on path
b. The one-electron transfer from the amine to the FAD would
give the amine radical cation (2), which can lose a proton to give
the carbon radical (3). The radical generated by deprotonation can
undergo radical combination with an active-site radical to give a
covalent adduct (4), which decomposes by B-elimination to the
immonium ion (5). Silverman et al.'®*! propose that enzyme
activity is retarded if this hypothetical covalent adduct is much
more stable than that for good substrates. Although the structure
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Figure 1. SET mechanisms proposed by Silverman et al.'o=2!,

of the inactivated enzyme adduct (4) has not known, the X group
in (4) could be either the flavin semiquinone formed in the first
step or an amino acid radical generated from hydrogen atom
transfer from the amino acid to the flavin semiquinone. Two
experiments identified this amino acid to be a cysteine residue®?,
cys365 in MAO-B being a logical candidate®~*. However,
elucidation of the structure of human MAO-B* and MAO-A%%?’
and of rat MAO-A?® by X-ray revealed that there is no cysteine in
the active site; cys365 in MAO-B and the corresponding amino
acid cys374 in MAO-A are on the surface of the protein. Enzyme
activity studies on cys365A%° and cys374A* mutant enzymes
were also conducted but could not clarify the situation. Lu et al.*’
and Vintém et al.*® revised the proposed inactivation mechanism,
suggesting that ‘‘oxidation of, at least, N-cyclopropyl-a-methyl-
benzylamine has to produce an activated species capable of
traveling a distance from the active site prior to becoming
attached to a cysteine residue on the surface of the protein’’.

On the other hand, the data in the literature related to the
influence of thiol groups on the catalytic properties of both MAO-
A and MAO-B are often contradictory?='. In addition,
hypothetical covalent adducts are proposed based only on indirect
measurements and chemical model reactions since it is a
challenging task to trap or isolate such intermediates. Although
quantum chemical modeling studies are quite useful in direct
determination of the relative stabilities of highly reactive species,
only two articles have been reported so far for the understanding
of MAO inactivation mechanism: our previous study on oxygen
containing heptylamines32 and a very recent computational study
on rasagiline and selegiline by Borstnar et al.*>. Therefore, the
aim of the present work is to investigate the relationship between
inhibitory activity and the stability of the proposed covalent
adduct by quantum chemical modeling of the B-elimination
reaction in path b of Figure 1 in order to test the proposed
inactivation mechanism. For this purpose, 5-(aminomethyl)-3-(4-
methoxyphenyl)-2-oxazolidinone  (6), 4-(aminomethyl)-1-(4-
methoxyphenyl)-2-pyrrolidinone (7) and cis- and trans-5-(amino-
methyl)-3-(4-methoxyphenyl)dihydrofuran-2(3H)-one (8), shown
in Figure 2, were utilized because they are known to be time-
dependent selective inhibitors of MAO-B, and extensive chemical
modeling and enzyme inactivation studies are available on these
compounds and their derivatives®* .

Based on enzyme inactivation and chemical model studies
coupled with basic chemical reasoning, relative stability of the
hypothetical covalent adducts (4) of the heterocyclic rings
(oxazolidinone, pyrrolidinone and dihydrofuranone) was pro-
posed to be the result of the electron-withdrawing ability of the
heteroatoms in the heterocyclic rings. The rationale behind this
approach was that the greater the electron-withdrawing effect of
the heterocycle, the greater the stability of the adduct should be,
and this should result in a longer half-life for reactivation.

J Enzyme Inhib Med Chem, 2014; 29(1): 81-86
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Figure 3. Reactions modeled to mimic the dissociation of the
hypothetical enzyme-inhibitor covalent adducts. Both cis and the trans
isomers were modeled for adducts 9-12.

The observed half-lives of reactivation correspond to the electron-
withdrawing power of the heteroatom in the ring**: oxazolidinone
(two heteroatoms, O, N) > dihydrofuranone (oxygen)> pyrrolidi-
none (nitrogen). This order is hypothesized to be parallel to the
relative stability of the proposed covalent adducts. In order to test
this hypothesis, we designed the model adduct molecules (9-15)
and predicted their relative kinetic stabilities directly by
calculating the activation energies and the rate constants of the
B-elimination reaction shown in Figure 3. The enzyme cysteine
residue is simplified and represented by SCH; group, which
enables us to apply time-consuming ab initio and density
functional theory (DFT) calculations. The same approach was
used successfully in our previous work?2. The proposed inductive
effect is considered by incorporating O, N and C atoms in the ring
systematically. The electron-withdrawing ability of the X, Y and Z
atoms in the model compounds follows the order O> N> C. The
location of these atoms was varied with respect to the distance
from the site of enzyme attachment, taking into account that the
strength of inductive effect depends also on the distance. Adduct
models (11), (13) and (14) mimic the hypothetical adducts of
MAO-B inhibitors dihydrofuranone (8), pyrrolidinone (7) and
oxazolidinone (6), respectively, for which experimental results are
available. The remaining model molecules were designed for the
purpose of comparison and deeper understanding of the inactiva-
tion hypothesis.

Methods

Ab initio HF/6-31G* and density functional B3LYP/6-31G*
theories were used throughout this study using Spartan 04 and



DOI: 10.3109/14756366.2012.753882

Quantum chemical modeling of the inhibition mechanism of monoamine oxidase

83

Table 1. The length (A) of breaking and forming bonds for reactants and transition states optimized at B3LYP/6-31G* level and imaginary frequencies

of the transition states.

S

g
X

NH
cs—v. | 10

-

O C-S C-N Imaginary frequency

Adducts X Y zZ Reactant TS Reactant TS TS

9-cis CH, CH, CH, 1.887 2.931 1.446 1.308 i73
9-trans CH, CH, CH, 1.894 2.879 1.444 1.335 i81

10-cis (0] CH, CH, 1.871 - 1.449 - -

10-trans (0} CH, CH, 1.887 2.732 1.445 1.299 195
11-cis CH, CH, (6] 1.852 3.006 1.541 1.308 251
11-trans CH, CH, (6] 1.855 2.951 1.451 1.305 i80
12-cis (6] CH, O 1.873 2.935 1.442 1.302 86
12-trans 0} CH, (6] 1.874 2.732 1.443 1.307 1193
13 CH, N CH, 1.890 2.934 1.444 1.312 i141
14 CH, N (6] 1.846 2.944 1.453 1.307 141
15 0} N (6] 1.868 2.947 1.445 1.303 194

Gaussian 03 softwares*>**. For each reaction shown in Figure 3,
structures of the reactants and the transition states were fully
optimized. Normal mode analysis was performed to characterize
each stationary point. Reactant structures produce all real
frequencies. Transition structures were characterized with one
imaginary vibrational mode corresponding to the stretching
motion of the C-S and C-N bonds of the methylthio amine
fragment. For the purpose of an additional check, intrinsic
reaction coordinate (IRC)* calculation was performed for the
transition structure of the prototype molecule (14), which has
proven that the transition state connects reactant and the product.
Activation energy of each reaction was calculated by subtracting
the energy of the reactant from that of the transition state.
Thermal corrections to the zero-point energy, enthalpy and Gibbs
free energy were calculated at 298.15K and 1 atm. The effect of
aqueous environment of the enzyme surface was also taken into
account using SMS5.4 solvation methodology developed by
Chambers et al.**. Calculated aqueous solvation energies were
added to the gas phase energies, and listed in the tables.

Rate constants were calculated according to the well-known
equation46

k— ky - T . e AGY/RT
h-c

where k is the rate constant, k;, the Boltzmann constant, T the
temperature (298.15K), AG* the free energy of activation, & the
Planck constant, ¢ the concentration (taken as unity) and R the gas
constant.

Prior to ab initio and DFT geometry optimizations,
conformational analysis of each reactant molecule in Figure 3
was performed with semiempirical PM3 and SM5.4 methods
using the conformer distribution facility in Spartan 04. The
stable conformations were listed according to their energies in
aqueous environment. Among them, the lowest energy con-
formation in which amine lone pair electron was antiperiplanar
with respect to the C—S bond was selected, because such an
orientation is known to facilitate the B-elimination reactions.
The selected conformation was then used for the initial geometry
in the optimizations of the reactants and the transition states
using ab initio and DFT.

Results and discussion

During B-elimination step, C—S ¢ bond breaks and C-N 7 bond
forms. These critical bond distances for reactants and transition
states optimized with B3LYP are listed in Table 1. No remarkable
inductive effect of the heteroatoms on these bond lengths was
observed at X, Y and Z positions. The optimized geometries of
the transition states and the reactants are demonstrated in
Supplementary Figures S1 and S2. The optimization of the product
complexes of these reactions is prohibitive due to the presence of
charge separation in gas phase. Therefore, in order to ensure that
the optimized transitions states connect the reactants to the
products, IRC for the adduct (14) was performed as a representative
of the adduct models 9-15, and is shown in Figure 4. The
critical bond distances (C—S and C-N) of the transition state lie
between those of the reactant and the product complex.

According to Silverman, the reason of inactivation of enzyme
is the stability of the intermediate because the more stable the
adduct the slower the rate of return of enzyme. Thus, activation
energy of the dissociation reaction (B-elimination) should exhibit
an inverse relation with the elimination rate and a direct relation
with the duration of elimination. In other words, as the stability of
the intermediate and thus, the elimination time increase,
activation energy increases and the reaction rate decreases.
When MAO-B was inhibited with the heterocyclic inhibitors 6—-8
and then the rate of return of enzyme activity was measured with
dialysis, it was found that the stability order of the adducts was
oxazolidinone (6)> trans-lactone (8-trans)> cis-lacton (8-cis)>
lactam (7)*°. If the hypothesized inactivation mechanism is
correct, then the activation energies for the elimination reactions
of the corresponding adduct models should follow the order:
14 > 11-trans > 11-cis > 13. Therefore, computed activation ener-
gies and rate constants for the elimination reactions of the adduct
models have been evaluated in the light of this experimentally
known trend, and tabulated in Tables 2 and 3.

When Tables 2 and 3 are examined in terms of electronic and
Gibbs free energies, both ab initio and DFT calculations predicted
similar trends. From the activation energies computed with HF/6-
31 G* in the gas phase, the relative order of adduct stability is
found to be 12-trans> 15> 12-cis ~ 11-trans > 11-cis > 14> 10-
cis > 9-trans > 13> 9-cis > 13’ > 10-trans. On the other hand, the
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Transition State

Reactant

Product complex

Figure 4. IRC plot for the dissociation reaction of model adduct 14.

Table 2. Activation energies (kcal/mol) calculated at HF/6-31G* level in gas and aqueous phases, solvation energies (within parentheses)
and calculated rate constants (s~') in aqueous phase.

Adducts AE, AE,q AG, AG,q kag
9-cis 44.8 15.3 (—29.4) 41.8 12.4 (—29.4) 5.45 x 10°
9-trans 493 18.5 (=30.8) 45.9 15.0 (=30.9) 6.80 x 10"
10-cis 51.8 24.4 (—27.4) 48.2 20.9 (~27.3) 3.25x 1073
10-trans 4223 15.2 (=27.2) 39.3 12.1 (=27.2) 9.04 x 10°
11-cis 53.7 21.1 (—32.6) 50.5 17.9 (—32.6) 511x 107!
11-trans 56.3 254 (-30.9) 52.3 21.5 (—30.8) 1.18 x 1073
12-cis 55.0 29.6 (=25.4) 52.3 27.0 (=25.4) 1.11 x 1077
12 trans 60.0 29.9 (=30.1) 56.8 26.7 (=30.1) 1.84x 1077
13 46.9 19.7 (=27.2) 44.4 17.2 (=27.1) 1.66 x 10°
13 42.8 16.0 (—26.8) 40.3 13.5 (—26.8) 8.53 x 107
14 522 25.0 (=27.2) 49.8 22.6 (=27.2) 1.85x 107
15 58.9 35.0 (—23.8) 56.0 32.1 (—23.9) 2.04 x 1071

Table 3. Activation energies (kcal/mol) calculated at B3LYP/6-31G* level in gas and aqueous phases, solvation energies (within
parentheses) and calculated rate constants (s Y in aqueous phase.

Adducts AE, AE,q AG, AG,q kag
9-cis 37.2 15.5 (—21.6) 34.5 12.9 (—21.6) 2.17 x 10°
9-trans 36.5 14.9 (—21.6) 339 12.3 (—21.6) 5.98 x 10°
10-cis - - - - -
10-trans 37.5 20.9 (—16.7) 33.7 17.0 (—=16.7) 2.14 % 10°
11-cis 444 18.6 (—25.7) 41.2 15.5 (—=25.7) 2.70 x 10"
11-trans 39.1 22.1 (—=17.0) 34.8 18.5 (—16.3) 1.70 x 1071
12-cis 43.8 25.5 (—18.3) 40.1 21.8 (—18.3) 6.50x 107
12 trans 48.8 27.8 (—21.0) 44.3 23.3 (—21.0) 5.17x107°
13 39.3 19.5 (—19.8) 36.4 16.6 (—19.8) 421 % 10°
13 36.1 16.8 (—19.3) 335 14.2 (—19.3) 2.42 x 10?
14 453 24.1 (—21.3) 42.0 20.7 (—21.3) 416x 1073

15 455 29.5 (~16.0) 42.0 26.0 (~16.0) 542 %1077
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relative order in aqueous phase is 15> 12-trans =~ 12-cis>14
> 11-trans > 10-cis > 11-cis > 13 > 9-trans > 13’ > 9-cis ~ 10-trans,
which agrees well with experimental observation. The model
intermediate 15 is found to be the most stable intermediate since it
involves three electron-withdrawing atoms (O, N and O at X, Y
and Z positions, respectively). Structure 12 that involves two
oxygen atoms at X and Z positions is the second most stable
intermediate. Structure 10 involving only one oxygen atom at
position X and 9 are found to be the most unstable ones. These
findings are consistent with the inactivation hypothesis proposed
by Silverman et al. 0.

The relative orders obtained from energy computations using
B3LYP/6-31 G* in gas and aqueous phases are found to be 12-
trans > 15 =~ 14> 11-cis > 12-cis > 13 > 11-trans > 9-cis > 9-trans
>10-trans > 13" and 15> 12-trans > 12-cis > 14> 11-trans > 10-
trans >13>11-cis > 13’ > 9-cis >9-trans, respectively. Except
structure 13, the order of adduct stability in aqueous phase is
the same as the experimentally determined order, 14>11-
trans > 11-cis>13, shown in bold face in the former sentence.
On the other hand, it is possible that adduct may have some
flexibility to adopt several conformations inside the enzyme.
Thus, calculations performed with another stable conformation
(13") of the structure 13 revealed that the kinetic stability of
adduct model 13’ is less than 11-cis. The order of stability was
then obtained as 14> 11-trans>11-cis>13" which is in very
good agreement with the result of dialysis. This suggests that the
conformation of an intermediate can be an important factor for the
enzyme inactivation. Considering the inductive effects of O, N
and C atoms at the positions X, Y and Z in the modeled structures,
all model adducts exhibited the expected order of stability as
15>12>14>11-trans>10>11-cis>13'>9. In this sequence,
adduct 12 takes place between 15 and 14. The reason why 12 is
more stable than 14 is that it has two oxygen atoms (X and Z=0)
which are close to o-carbon, whereas 14 has an oxygen atom at
position Z and a nitrogen atom at the position Y which is less
electronegative than oxygen and also further away from o-carbon
atom. Adduct models 10-frans and 11-trans have very close
energies to each other, which is reasonable since each adduct
contains an oxygen atom at the same distance to a-carbon. The
reason why the increased electron-withdrawing ability makes the
enzyme adduct more stable is that it stabilizes the sp3
hybridization of the o-carbon atom™* (Figure 3). Besides, the
electron-withdrawing effect destabilizes the sp® hybridization of
the immonium ion.

Structural features of MAO enzymes emphasize the
hydrophobic nature of the active site composed of aromatic
moieties that include tyrosines in the aromatic cage and the FAD
cofactor. Since the calculated stability trend of adduct models in
the aqueous phase confirms experimental findings, rather than in
the gas phase, it is reasonable to assume that the proposed adducts
can form with residues that are close to the surface of MAOs,
which are expected to be in more hydrophilic environment.
According to Silverman & Hiebert™, cys365 in MAO-B and the
corresponding amino acid cys374 in MAO-A are logical
candidates which are on the surface of the protein. The results
of our calculations in aqueous solution are consistent with this
rationale. However, we propose that another cysteine, cys172 in
the entrance cavity of the crystal structure of MAO-B plays a role
in inhibition through hydrogen-bonding interactions which is
responsible for the inhibitory behavior of p-nitrobenzylamine in
MAO-B"*47. Cys172 is also a reasonable candidate to give a
covalent adduct with oxazolidinones because, if this is the case,
radical 3 (Figure 1) generated by deprotonation via FAD would
travel a shorter distance (11 A) from FAD to cys172 to undergo
radical combination. On the other hand, the radical should travel a
much longer distance (24 A) to reach cys365.

25-28
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Conclusion

Activation energies related to the B-elimination reactions of eight
heterocyclic methylthioamine derivatives were calculated using
ab initio and DFT methods to represent the covalent adducts in
the proposed inactivation mechanism. The adduct models having
stronger electron-withdrawing atoms nearer to o-carbon exhibited
larger activation energies. Calculated activation energies were in
good agreement with the relative stabilities of the hypothetical
adducts predicted in the literature by enzyme inactivation
measurements. These results provide direct evidence and support
the proposed inactivation mechanism. They also suggest that it is
possible to rationally design new and selective inactivators,
simply by incorporation of electron-withdrawing moieties to the
molecules capable of binding to the enzyme.

HF/6-31G* and B3LYP/6-31G* show similar trend in predic-
tion of activation energy of elimination step. For both computa-
tional methods, the calculated elimination rates in aqueous phase
are in good agreement with experimental findings of Silverman
et al.*° Among the molecules in the model set, structure 15 is the
most stable intermediate and 9 is the least stable one in aqueous
phase. From these observations, it can be extracted that results
obtained are independent to computational method and solvent
effect should be considered in calculating the elimination rate.
Another key point is that different conformations of intermediate
may play an important role in determination of stability and
computation of elimination rate as observed in two different
conformations 13 and 13'.

Supplementary material

Supplementary data are available consisting of 3-dimensional
view of the optimized structures, total energies and Gibbs free
energies in gas phase and in aqueous medium.
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