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The proposed polar nucleophilic mechanism of MAO was investigated using quantum chemical
calculations employing the semi-empirical PM3 method. In order to mimic the reaction at the
enzyme’s active site, the reactions between the flavin and the p-substituted benzylamine substrate
analogs were modeled. Activation energies and rate constants of all the reactions were calculated and
compared with the published experimental data. The results showed that electron-withdrawing groups
at the para position of benzylamine increase the reaction rate. A good correlation between the log
of the calculated rate constants and the electronic parameter (r) of the substituent was obtained. These
results agree with the previous kinetic experiments on the effect of p-substituents on the reduction
of MAO-A by benzylamine analogs. In addition, the calculated rate constants showed a correlation
with the rate of reduction of the flavin in MAO-A. In order to verify the results obtained from the PM3
method single-point B3LYP/6-31G*//PM3 calculations were performed. These results demonstrated
a strong reduction in the activation energy for the reaction of benzylamine derivatives having electron-
withdrawing substituents, which is in agreement with the PM3 calculations and the previous experimental
QSAR study. PM3 and B3LYP/6-31G* energy surfaces were obtained for the overall reaction
of benzylamine with flavin. Results suggest that PM3 is a reasonable method for studying this kind
of reaction. These theoretical findings support the proposed polar nucleophilic mechanism for MAO-A.

Introduction

MAO catalyzes the oxidation of various amine neurotransmitters,
such as serotonin, dopamine and norepinephrine.1 It exists as
two isozymic forms, MAO-A and MAO-B.2,3 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.4 Other
findings showed that MAO-B inhibitors have neuroprotective5

and antioxidant effects,6 as well as a role in delaying apoptotic
neuronal death.7

MAO is a flavoenzyme in which the flavin is covalently attached
at the 8a-methyl group to an enzyme active-site cysteine residue.8

It catalyzes the anaerobic oxidation of amine substrates to
the corresponding imines, which are hydrolyzed to aldehydes
nonenzymatically. The flavin is reduced to the hydroquinone and
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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. Four basic
mechanisms have been proposed so far9: a hydride mechanism,
a carbanion mechanism, an addition–elimination (nucleophilic)
mechanism, and a radical mechanism. According to the hydride
mechanism, a hydride ion from the a-C of the amine migrates to
the N5 atom of the flavin. This is unlikely to occur, because hydride
transfer is a high-energy process. The carbanion mechanism
involves the abstraction of an a-proton by an active-site base
residue, forming a carbanion. This mechanism does not appear
to be a favorable process, because the a-H is not acidic enough;
the pKa is greater than 30. In the addition–elimination mechanism
proposed previously, the amine nitrogen atom of the substrate
attacks one of the electrophilic sites of the flavin: C2, C4a, or
N5. This step is followed by deprotonation and b-elimination
with an active-site base residue. Silverman9 argues against this
because such a mechanism may violate the principle of microscopic
reversibility. Silverman’s groups10a proposed radical mechanisms
for MAO-B. According to Silverman, a one-electron transfer
from the amino group to the flavin would give the amine radical
cation, which can lose a proton to give the carbon radical. Since
the pKa of the a-proton of an amine radical is about 10, the
enzyme can remove this proton readily. The radical generated
by deprotonation can be oxidized further by a second electron
transfer or by radical combination with an active-site radical
followed by b-elimination to the immonium ion. The basis for
this mechanism is derived from single-electron-transfer (SET)
chemistry observed in the oxidation of amines and also from
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ring-opening and SET chemistry observed in chemical model
studies of MAO-B.1 The argument against this mechanism was
the failure to detect a radical intermediate species of catalytic
significance in either MAO-A or MAO-B, but very recently,
Rigby et al.10b presented spectroscopic evidence consistent with
the presence of a stable tyrosyl radical in partially reduced human
MAO-A. Other negative evidence is that a single electron transfer
from the amine substrate to the flavin is thermodynamically
unfavorable.11 However, Silverman upholds the argument that the
intrinsic binding, which could distort the bonds of amine and
flavin, would lower the redox potentials of the amine and the
flavin.4,9,12 According to a number of arguments, large apparent
barriers to electron transfer might not prevent the reaction in an
enzyme active site.9b

Recently, elucidation of the structure of human MAO-B13a and
rat MAO-A13b by X-ray has provided new insights into the MAO
mechanism. According to the crystal structure, there is no active-
site base residue that could facilitate proton abstraction from the
a-C of the amine. On the basis of this result, Silverman12 revised
the radical mechanism, and Edmondson14 revised the addition–
elimination mechanism. In both of these modified mechanisms,
the base that can abstract the a-proton of the amine is the N5
atom of the flavin instead of an active-site base residue. Thus, the
flavin itself acts as the base (Fig. 1 and Fig. 2).

Fig. 1 Modified polar nucleophilic mechanism proposed by Miller and
Edmondson.14

Fig. 2 Modified radical mechanism proposed by Silverman et al.12

Miller and Edmondson14 determined the reaction rates and
binding affinities of 17 p-substituted benzylamine analogues with
recombinant human liver MAO-A by steady-state and stopped-
flow kinetic experiments. SAR analysis shows a strong correlation
between the rate of flavin reduction and electronic effects (r) of the
substituent, such that electron-withdrawing substituents increase
the rate of flavin reduction with a large positive q value. In addition,
they found large deuterium kinetic isotope effects. In a similar
study15 on mitochondrial bovine liver MAO-B, quantitative-
structure–activity-relationship derived from the reaction rates
of a series of p-and m-substituted benzylamine analogues with
MAO-B shows no apparent dependence of the limiting rate of
flavin reduction on the electronic properties of the substituent.
These results strongly support a proton-abstraction mechanism
involving an a-C–H bond cleavage. The data are inconsistent with
a direct H atom abstraction or hydride transfer mechanism, but are
consistent with the aminium cation radical mechanism proposed
by Silverman, as well as the polar nucleophilic mechanism put
forward by Edmondson. In order to clarify these findings and the
enzyme mechanism, we performed quantum chemical modeling
of the uncatalyzed reactions of p-substituted benzylamines with
the flavin ring, shown in Fig. 1. It is not possible to perform
quantum chemical calculations on the enzyme because of the
size of the system. Besides, information about the simple flavin-
catalyzed reaction is also required to gain a deeper understanding
of the enzyme catalysis. Therefore, we chose the reaction that
occurs between the flavin, e.g., the isoalloxazine ring and the p-
substituted benzylamines to investigate the simple flavin-catalyzed
reaction.

The enzyme reaction is expected to follow the general mecha-
nism shown below.

E-FADox + S � E-FADox–S
→ E-FADred–imine → E-FADred + imine

Initially, the enzyme, E-FADox, binds to the substrate, S, to form
the enzyme–substrate complex, E-FADox–S (reactant complex).
Then the reaction takes place between FAD and the substrate.
FAD is reduced while the amine substrate is converted to the
imine. At first, a product complex, E-FADred–imine, is formed, and
then the complex dissociates. In accordance with this mechanism,
we performed geometry optimizations for the stationary points
along the reaction coordinate of the polar mechanism shown
in Fig. 1. The geometries and the energies of the substituted
benzylamines, p-X (X = H, OCH3, OH, N(CH3)2, F, Cl, Br, I,
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CF3, NO2), the flavin, their reactant complexes, their transition-
state structures, their product complexes, and the products were
calculated.

Although a considerable amount of work has been accumulated
in the literature, the mechanism of amine oxidation by MAO is
still not completely understood. The majority of the published
work16–41 involves experimental techniques such as isotopic la-
beling and kinetic measurements,16–18 efforts for isolating and
detecting reactive intermediates,19–25 studies on mechanism-based
inactivators,26–40 and mutation studies.12 Besides, there are a few
articles that involve structure–activity relationships (SAR)41–43 and
theoretical44 work. On the other hand, theoretical methods based
on quantum chemical calculations can also supply important
information and are widely used in elucidating various reaction
mechanisms, but no such report exists in the literature for the
MAO mechanism, except a thermodynamic reaction profiling
related to Alzheimer’s disease.44c Therefore, the present work
is aimed at the investigation of the recently proposed polar
mechanism of MAO by taking advantage of quantum chemical
calculations. Modeling the radical mechanism is our ongoing
work and will be published separately. For the proposed polar
mechanism, we have run calculations using the semiempirical
PM345 method. Semiempirical methods are intended for studying
large molecular systems of chemical or biological interest because
of the low cost. One of our future goals is to be able to
examine the enzymatic reaction directly using a hybrid quantum
mechanics and molecular mechanics (QM/MM) approach. Due
to the large size of the system, the use of high-level ab initio
and or density functional theory as the QM part would be
prohibitive. On the other hand, QM/MM calculations that use
semiempirical molecular orbital methods as the QM part are
computationally very attractive and have been applied to several
enzymes46 including a few flavin-containing enzymes.47 Although
semiempirical methods are fast, they are not as reliable as time-
consuming ab initio and DFT methods. Therefore we have done
some test calculations using DFT methodology to verify the
results of the PM3 model. It is known that molecular density
functional calculations give remarkably accurate results for mole-
cular structures and electronic properties. Furthermore, since they
take electron correlation effects into account, the DFT results are
of a quality comparable to the conventional post Hartree–Fock
treatments.

Although semiempirical methods cannot produce reliable re-
sults for the quantitative treatment of molecular properties
and energies, the anticipated errors are expected to be in the
same direction of the discussed physical effect.48 Therefore, the
computed trends in a chemical family or their modification
through a perturbation are, in general, correctly reproduced by
semiempirical methods. Thus, in this study, we investigate the
trend in the reaction rate with respect to p-substitution by various
groups, which is expected to produce qualitatively reliable results.
The correlation of calculated rates with the experimental rates of
the enzyme is a reasonable approach to test the mechanism. Ridder
et al.47a,b applied a similar approach to other flavoenzymes, using a
semiempirical method in a combined QM/MM study. Among
semiempirical methods, PM3 method was used successfully in
modeling various enzyme reactions in the literature,46b–g including
also FAD containing enzymes.47c,d Therefore, we have chosen PM3
method to investigate the mechanism of MAO.

Methodology

The Gaussian 98 program package49 was used for all calculations.
For the reaction of benzylamine with isoalloxazine ring, geome-
tries of the reactants, products, and transition states were fully
optimized using the semiempirical PM3,45 ab initio HF/6-31G*
theories, and a hybrid DFT (B3LYP functionals50 with the 6-31G*
basis set) method. Transition-state structures were characterized
with one imaginary frequency corresponding to the stretching
motion of the bonds being broken or formed. IRC (intrinsic
reaction coordinate)51 calculations were also performed for all
transition-state structures, and the structures corresponding to
the reactant complex and the product complex were identified.
These were further optimized to obtain the reactant complex and
the product complex structures.

For p-X-substituted benzylamines (X = H, OCH3, OH,
N(CH3)2, F, Cl, Br, I, CF3, NO2), thermodynamic calculations were
performed with the PM3 method at two different temperatures,
10.9 ◦C and at 25 ◦C which were used in experimental work. Rate
constants were calculated according to the well-known equation52:

k = kbT
hc

e−DG∗/RT

where k = rate constant, kb = Boltzmann constant, T =
temperature, DG* = free energy of activation, h = Planck constant,
c = concentration (taken as unity), R = gas constant.

Single-point energy calculations at the B3LYP/6-31G* level
using PM3 geometries were also employed for comparison.

Results and discussion

1. PM3 Calculations

Structures and energies. Since the optimized structures related
to the reactions of p-substituted benzylamines are very similar to
those of benzylamine, only the reactions of benzylamine will be
discussed in this section.

The modified polar nucleophilic (or addition–elimination)
mechanism14 in Fig. 1 consists of two steps. The first step is the
addition reaction in which the formation of a flavin 4a adduct, 3,
is proposed to occur by the attack of nonbonding electrons of the
amine, 1, to the 4a carbon of the flavin, 2. This attack increases the
basicity of the isoalloxazine ring at the N5 position of the flavin.
A concerted transfer of the benzyl proton to the N5 of flavin is
thus facilitated. The second step is the elimination to produce the
imonium ion, 4, and the reduced flavin, 5, which is then reoxidized
by molecular oxygen.

In order to model the bimolecular polar mechanism in Fig. 1,
we optimized the structures of the reactants, reactant complexes,
transition states, adducts, and products shown in Fig. 3(a) and
(b). Important geometrical parameters of the optimized structures
for the reaction of benzylamine with flavin are given in Table 1.
Similar structural features were also observed for the reactions of
p-substituted benzylamines; therefore, their values are not given.
All the dihedral angles in isolated oxidized FAD are very close
to 0◦ or 180◦ (only two of them are given), indicating that it
has a planar structure. However, reduced FAD is bent by about
25◦ out of that plane; dihedral angles are around 155◦ and 25◦.
These results are in agreement with earlier reports.53 In the reactant
complex, an intermolecular H-bond between N11 and the proton
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Fig. 3 (a) 3-D view of the PM3 optimized structures for the reactants and products. (b) 3-D view of the PM3 optimized structures; reactant complex,
transition states, adduct, and product complex.
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Table 1 Selected geometrical parameters of the optimized structures for the polar reaction of benzylamine with flavin, calculated at PM3 level

Amine FAD Iminium ion FAD− Reactant complex TS1 Adduct TS2 Product complex

Distances/Å
N1–C10a 1.317 1.358 1.322 1.319 1.313 1.324 1.339
C10a–C4a 1.469 1.395 1.468 1.503 1.505 1.447 1.413
C4a–N5 1.307 1.450 1.309 1.427 1.474 1.455 1.459
N5–H15 0.995 5.973 1.328 1.001 0.997 1.000
H15–C14 1.070 1.110 1.477 2.561 2.906 3.251
C14–N11 1.476 1.320 1.494 1.439 1.369 1.322 1.304
N11–C4a 5.597 1.729 1.716 2.247 3.714
C14–C17 1.500 1.435 1.498 1.464 1.440 1.453 1.453
Bond angles/◦

C4a–N5–C5a 120.1 114.5 119.9 118.1 116.4 116.5 115.1
C4a–N5–H15 58.6 101.0 111.3 111.5 108.3
N5–C4a–N11 107.2 103.2 110.8 105.8 67.9
N5–H15–C14 90.0 128.2 101.3 107.2 58.1
H15–C14–N11 107.8 108.0 96.0 82.9 83.9 98.9
C14–N11–C4a 100.8 107.1 114.1 111.2 70.8
H16–C14–N11 118.8 107.7 114.6 119.1 119.0 116.0
Dihedral angles/◦

C6–C5a–N5–C4a 180.0 157.4 180.0 −177.2 −160.5 −167.4 174.9
C5a–N5–C4a–C4 180.0 −155.4 180.0 −145.0 −163.2 −170.6 −176.2
C5a–N5–H15–C14 −106.6 −109.9 −97.5 −94.7 −123.9
N5–H15–C14–N11 51.7 −3.3 −13.8 −11.2 −115.0
N5–H15–C14–C17 32.7 175.6 120.3 108.7 112.6 85.7
H15–C14–C17–C18 −36.8 −96.1 −94.4 −89.7 −20.5
N5–C4a–N11–C14 129.7 20.0 37.5 38.7 −35.4
C4a–N11–C14–H15 −75.6 −10.0 −13.5 −13.5 32.9
H16–C14–C17–C18 0.0 −154.7 153.3 171.3 173.8 4.8

of N10 is observed, which holds the two molecules together. In
the first transition state (TS1), a five-membered ring structure
involving C4a, N5, H15, C14, N11 forms. This ring is almost
orthogonal to the planes of the flavin and the substrate as shown
in TS1 (side view). The phenyl groups in TS1, adduct, and TS2 are
directed towards the benzene moiety of the flavin to increase p–p
interaction.

The H15–C14 bond length in the reactant complex is 1.11 Å.
It stretches to 1.48 Å in TS1 and is broken in the adduct, while
the N5–H15 distance shortens to 1.33 Å and 1.00 Å in TS1 and
in the adduct, respectively, confirming the removal of a-H by
the N5 atom of flavin. In parallel to this, the N11–C4a distance
decreases to 1.73 Å in TS1 and to 1.71 Å in the adduct; the C4a–
N5 distance increases from 1.31 Å to 1.43 Å and 1.47 Å along
the reaction coordinate from the reactant to TS1 and the adduct.
These changes are consistent with the bond-breaking and bond-
forming processes in the first step shown in Fig. 1. In the second
step, as a new p-bond forms between C14 and N11, the single
bond between N11 and C4a is broken. This is observed from
the shortening of the C14–N11 and the elongation of N11–C4a
distances in TS2 relative to the ones in the adduct. The unusually
long bond distance of N11–C4a in the adduct can be due to the
steric constrains exerted by the isoalloxazine ring. The predicted
bond angles, and especially the large value of C14–N11–C4a,
also indicate the importance of steric repulsions in the adduct.
Furthermore, flavin ring is bent by about 20◦ from planarity to
overcome these repulsions.

Mulliken atomic charges of the selected atoms for each sta-
tionary point are given in Table 2. One can easily observe
that the negative charge on C14 increases gradually along the
first step of the reaction path and then decreases again at the
second step since these electrons form a p-bond between C14
and N11 with the concomitant dissociation of the adduct. This

feature of the reaction pathway, together with the observed
changes in the geometrical parameters, show the formation of
the adduct, indicating that the present model is in agreement with
an addition–elimination type of mechanism as proposed by Miller
and Edmondson.14 In TS1 and adduct, the developing negative
charge on C14 is delocalized over the substrate benzene ring,
mainly at the ortho and para positions. In TS1, the atomic charge
on H15 being transferred is +0.33, indicating that it really migrates
as a proton. The total electronic charge on the flavin ring increases
gradually along the reaction coordinate as expected. In the first
step of the reaction, (from the reactant complex to the adduct),
0.21e of charge is transferred, whereas in the adduct dissociation
step charge transfer is larger (0.51e). Overall, a net charge transfer
of 0.73e is accomplished in going from the reactant complex to
the product complex.

Energies of the optimized structures for the reaction of ben-
zylamine and flavin are given in Table 3. Potential energy versus
reaction coordinate diagram is shown in Fig. 4.

At the early stages of the reaction, a reactant complex (ES) is
formed between the flavin and the benzylamine. The proposed
polar mechanism involves two steps. The first step, in which the a-
C–H bond is cleaved to produce an unstable covalent adduct, has
a higher activation energy, including ZPE, than the second step
by 40.976 kcal mol−1 (Table 3). Therefore, a-proton abstraction is
the rate-determining step, which is in accordance with the results
of Edmondson et al.14 They reported that the deuterium kinetic
isotope effects on kcat, kred, K cat/Km, and K red/K s varied between
6 and 13 in a,a-[2H]benzylamines for both MAO-A and MAO-
B, depending on the substrate. Formation of the adduct is a
highly endothermic step (34.937 kcal mol−1), and therefore the
structure of TS1 and TS2 resemble that of the adduct, which
is consistent with the Hammond postulate. The adduct is quite
unstable, only 2.687 and 10.402 kcal mol−1 lower in energy than
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Table 2 Mulliken charges for selected atoms calculated from PM3 optimization

Atoms Reactant complex TS1 Adduct TS2 Product complex

N1 −0.288 −0.270 −0.241 −0.303 −0.331
C2 0.339 0.326 0.323 0.328 0.334
N3 −0.168 −0.196 −0.171 −0.179 −0.120
C4 0.343 0.267 0.278 0.333 0.370
C4a −0.184 −0.124 −0.347 −0.613 −0.608
N5 0.110 −.218 0.041 0.133 0.170
C5a −0.150 0.002 −0.089 −0.096 −0.164
C6 −0.090 −0.185 −0.185 −0.220 −0.201
C7 −0.235 −0.169 −0.165 −0.175 −0.215
C8 −0.120 −0.201 −0.190 −0.207 −0.166
C9 −0.240 −0.173 −0.177 −0.189 −0.223
C9a −0.067 −0.201 −0.155 −0.139 −0.062
N10 0.095 0.165 0.118 −0.071 0.090
C10a 0.023 −0.036 −0.011 0.084 0.138
N11 −0.094 0.577 0.880 0.572 0.281
H12 0.064 0.048 0.014 0.096 0.078
H13 0.082 0.056 0.027 0.109 0.237
C14 −.0223 −0.746 −0.904 −0.368 −0.237
H15 0.175 0.331 0.163 0.109 0.084
H16 0.134 0.235 0.283 0.263 0.354
C17 −0.147 0.024 0.099 −0.100 −0.169
C18 −0.168 −0.252 −0.279 −0.173 −0.109
C19 −0.190 −0.153 −0.145 −0.176 −0.203
C20 −0.182 −0.219 −0.241 −0.161 −0.135
C21 −0.192 −0.163 −0.158 −0.189 −0.196
C22 −0.181 −0.208 −0.227 −0.143 −0.147
Total flavin ring −0.067 −0.482 (−0.151)a −0.281 −0.741 −0.793

a Charge of H15 was included.

Table 3 Total energies (Eel), activation energies (DE*), reaction energies
(DE), and binding energy (DEb) (kcal mol−1) including zero point
vibrational energy (ZPE) corrections, calculated from PM3 optimizations

Eel Eel + ZPE

Flavin,FAD, (E) −13.850 80.282
Benzylamine (S) 19.821 109.991
Flavin anion, FAD− −90.640 11.003
Benzyl immonium (P) 194.546 271.771
Reactant complex (RC) 0.859 188.597
First transition state (TS1) 47.974 233.936
Adduct 33.551 223.534
Second transition state (TS2) 38.230 226.221
Product complex (PC) 17.920 206.032
DE1* (ETS1 − EE + S) 42.003 43.663
DE2* (ETS2 − Eadduct) 4.679 2.687
DE1 (Eadduct − Ereactant complex) 32.692 34.937
DE2 (Eproduct complex − Eadduct) −15.631 −17.502
DE (Eproduct complex − EE + S) 11.949 15.759
DEb (EE + S − Ereactant complex) 5.112 1.676

TS2 and TS1, respectively. As the adduct forms it can easily
pass the low-energy barrier of 2.687 kcal mol−1 and dissociate
into the products. Therefore, the experimental detection of the
adduct is a challenging task. Using a rapid-scanning stopped
flow apparatus, Miller and Edmondson14 collected time-resolved
absorption spectra during the anaerobic reduction of MAO-
A and MAO-B. They found no evidence for the formation of
any spectrally detectable intermediate, including the formation
of either anionic or neutral flavin semiquinone or a flavin 4a
adduct. They concluded that, if a chromogenic intermediate is
formed during the reduction of MAO, its concentration must be
less than 5% of the sum of the concentrations of the oxidized
and reduced flavin to escape detection. However, flavin C4a

Fig. 4 Calculated potential energy surface with the PM3 method.
Energies include ZPE corrections and are relative to E + S. E + S represents
flavin (FAD) + benzylamine; RC represents the reactant complex; PC
represents product complex; E + P represents flavin anion (FAD −) +
benzyl immonium cation.

nucleophile adducts were identified in both model systems and
in other flavoenzyme systems.54a Recent structural data show that
the C4a adduct also forms upon inhibition of MAO-B with trans-
2-phenylcyclopropylamine.54b,c

The energies of the separated products (4 and 5 in Fig. 1) have
been predicted to be very high. This is because the charged species
are destabilized in the gaseous phase for which the calculations
have been performed. We tested this situation by repeating
the calculations including the aqueous solvation effect. As we
expected, the energies of the products decreased to reasonable
values. In order to obtain more realistic results, the energy of
the product complex was used instead of those of the separate
products in calculating the reaction energies in Table 3. The
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second step is exothermic by 17.502 kcal mol−1, and the overall
reaction is endothermic by 15.759 kcal mol−1.

It is known that semiempirical calculations are not suitable
for absolute activation energy calculations. Calculated values
are usually (but not always) larger than experimental activation
energies.55 For example, in proton-transfer reactions, PM3 barriers
of activation are about 5–10 kcal mol−1 higher than ab initio
results.56 Since the semiempirical theories are not good enough
to produce the activation energies, the energies obtained here can
only be considered qualitatively, but not with their absolute values.

Rate constants and substituent effects. Edmondson and co-
workers applied steady-state and stopped-flow kinetic experiments
and determined the limiting rate of enzyme reduction, kred, for
p-substituted benzylamine analogues using recombinant human
liver MAO-A14 at 10.9 ◦C and mitochondrial bovine liver MAO-
B15 at 25 ◦C. The concentration of the amine substrate was
held at least 10-fold higher than that of the enzyme to ensure
pseudo-first-order kinetic behavior during these experiments.
To compare the results of our computational study with these
experiments we calculated the first-order rate constants. Because
the experiments were performed at two different temperatures,
thermal corrections to Gibbs free energies were included in
thermodynamic calculations. The rate constants obtained at
10.9 ◦C were compared with the results of MAO-A and the ones

Table 4 Free energies of activation, DG*/kcal mol−1 for the reactions of
p-substituted benzylamine derivatives with flavin, calculated from PM3
methoda

p-Substituent t = 10.9 ◦C t = 25 ◦C

N(CH3)2 50.106 49.527
OH 49.804 50.155
OCH3 49.942 50.307
H 49.742 50.013
F 49.317 49.665
Cl 49.285 49.643
Br 49.439 49.808
I 49.279 49.639
CF3 48.821 49.121
NO2 48.106 48.553

a DG* was calculated as the free energy of TS1—the free energy of the
reactant complex.

at 25 ◦C were compared with those of MAO-B. For the oxidation
of various p-substituted benzylamines, free energies of activation
used in the calculation of the rate constants are given in Table 4.
Calculated and the experimental rate constants, together with the
Hammett substituent parameters, r, are listed in Table 5.

The effect of the substituent electronic parameters on the rate
of flavin reduction has been examined. As it can be observed
from Table 4 and Table 5, electron-withdrawing substituents p-
NO2 and p-CF3, decrease the free energy of activation by about
1–1.6 kcal mol−1 relative to benzylamine and thus enhance the
rate of a-C–H bond cleavage. The effect of the substituents has
been further investigated by comparing the Mulliken charges and
the bond distances of the critical atoms in the transition-state
structures. As we discussed above, a negative charge develops
at C14 in the transition state. In the optimized transition-
state structures for p-NO2- and p-CF3-benzylamines, the electron
density at C14 is higher (−0.752) than that for p-N(CH3)2-,
p-OH-, and p-OCH3-substituted ones (−0.734, −0.736, and
−0.736, respectively). Meanwhile, the positive charge on H15
increases in p-NO2- and p-CF3-benzylamines (0.337 and 0.335,
respectively) relative to the charge in p-N(CH3)2-, p-OH-, and
p-OCH3-substituted ones (0.328, 0.329, and 0.329, respectively).
In parallel to this, the negative charge on flavin N5 increases
in p-NO2- (−0.227) and p-CF3- (−0.224) substituted substrates
relative to those that are p-N(CH3)2- (−0.212), p-OH- (−0.214),
and p-OCH3- (−0.214) substituted. Thus, in p-NO2- and p-CF3-
benzylamines, the a-H exhibits more acidic character and the flavin
N5 is more basic, which facilitates the deprotonation step relative
to the electron-donating groups at the p-position. In addition,
the increase in reaction rate is governed with the stabilization of
the transition state for p-NO2- and p-CF3-benzylamines because
the developing negative charge at C14 is delocalized over the
benzene ring as a result of the electron-withdrawing effect of
the p-substituents. This situation has been observed from the
shortening of the C14–C17 bond distance as the substituent
electron-withdrawing character increases. For example, in the
transition-state structures of p-N(CH3)2-, p-OH-, p-OCH3-, p-
H-, p-CF3- and p-NO2-benzylamines the C14–C17 distances are
1.465, 1.466, 1.466, 1.464, 1.460, and 1.457 Å, respectively. In
relation with this, N11–C4a distances also decrease with electron-
withdrawing power of the substituent (1.740, 1.733, 1.736, 1.716,
1.659, and 1.636, respectively)

Table 5 Experimental and calculated rate constants (s−1), and electronic parameters of the substituents, r, for the reactions of the p-substituted
benzylamines with flavin, calculated from PM3 method

Experimental kred Calculated kred

p-Substituent r MAO-A Ref. 14 MAO-B Ref. 15 ka t = 10.9 ◦C kb t = 25 ◦C

N(CH3)2 −0.63 0.041 2.467 1.65 30.62
OH −0.38 0.057 1.950 2.81 10.61
OCH3 −0.12 0.013 6.083 2.20 8.21
H 0.00 0.024 12.667 3.14 13.48
F 0.15 0.049 10.000 6.67 24.26
Cl 0.24 0.132 5.133 7.06 25.17
Br 0.26 0.195 2.050 5.37 19.06
I 0.28 0.313 — 7.14 25.34
CF3 0.53 0.668 0.1920 15.95 60.76
NO2 0.81 0.207 0.063 57.03 158.54

a Calculated k × 10−26. b Calculated k × 10−25.
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Table 6 Statistical output of the correlation analysis shown in Fig. 5 and
Fig. 6

Case Equation ra F b Pc Nd

Fig. 5 y = 1.00x + 0.66 0.93 49.22 1.11 × 10−4 10
Fig. 6 y = 0.04x − 0.09 0.93 43.84 2.98 × 10−4 9

a Represents the correlation coefficient. b The F value is a statistical term
relating the residuals of each point to the fitted line to the residuals of each
line to the mean value. The higher the F value, the better the fit. c The
significance is calculated from the P value and represents the fractional
chance that the derived correlation is meaningless. d Represents the number
of data points used in the regression.

Linear regression analysis of log k as a function of substituent
parameter gave a good correlation (r = 0.93) with r as shown
in Fig. 5. The statistical output of this analysis was tabulated
in Table 6. These results are in very good agreement with the
linear regression analysis of Miller and Edmondson14 for the
substituent effect on MAO-A reduction rates. They reported a
correlation coefficient of 0.89 after excluding some anomalously
behaving substituents, such as OH, N(CH3)2, NO2, and acetyl.
These substituents are unique in that they can serve as p-electron
donors or acceptors. Furthermore, these four anomalously be-
having benzylamine analogues also exhibit a correlation of flavin
reduction rates with r, yielding a correlation coefficient of 0.99.
Since very similar results have been obtained for the substituent
effect with the MAO-A reduction rates and with the theoretically
modeled polar mechanism, the mechanism of amine oxidation by
MAO-A seems to be in accordance with the polar nucleophilic
mechanism.

Fig. 5 Plot of calculated log k versus Hammett substituent parameter, r.

We performed another linear regression analysis of the limiting
rate of flavin reduction in MAO-A, kred, with the calculated rate
constants of the theoretically modeled polar mechanism at 10.9 ◦C
(Fig. 6). A good correlation with r = 0.93 was obtained when the
data point belonging to p-NO2-benzylamine was excluded since
this point was observed as an outlier with the standardized residual
value of 2.66 in our statistical analysis. (Number of outliers lower
than 10% of the general data are classically accepted in the
literature as a threshold limit value for outliers’ extraction.) The
reason for NO2 to be an outlier is that its experimental reduction
rate is much smaller (Table 5) than the expected value when strong
electron-withdrawing nature of this substituent is considered.
Therefore, this data point was excluded in the experimental QSAR

Fig. 6 Plot of calculated k versus the experimental rate of flavin reduction.

analysis14 as discussed in the previous paragraph. The statistical
significance of our correlation analysis is also given in Table 6. The
correlation between the experimentally derived rate constants with
those of the calculated ones is good enough to reveal that MAO-A
most probably operates with a polar nucleophilic mechanism.

We have attempted a similar regression analysis of the limiting
rate of flavin reduction in MAO-B, kred, at 25 ◦C, with the calculated
rate constants of the theoretically modeled polar mechanism. Since
the two isozymic forms, MAO-A and MAO-B, are thought to
oxidize their substrates with the same mechanism, we expected
to get a similar correlation. To our surprise, we obtained a very
low correlation. This finding can be interpreted in two different
ways: (1) The mechanism of amine oxidation by MAO-A and
MAO-B may not be the same, and the function of MAO-B may
follow a different mechanism than the polar one, e.g.; the radical
mechanism. This proposal requires evidence, but Silverman, the
defender of the radical mechanism, used MAO-B and not MAO-
A in many of his published works. (2) If the two isozymic
enzymes operate with the same mechanism as expected, the lack
of correlation between MAO-B reduction rates and the calculated
values for the polar mechanism may be the result of insufficient
modeling of the steric constraints of the bound substrate in the
active site of MAO-B. Such steric constraints are known to be
dominating in MAO-B.41,57 One of our future goals is to investigate
this situation using a QM/MM type of modeling of MAO-B
catalysis.

2. DFT and ab initio calculations

In order to test PM3 results, the following calculations were
done sequentially: i. We calculated the activation energies for
the reactions of p-substituted benzylamines using single-point
B3LYP/6-31G* calculations on the PM3 optimized geometries,
in order to investigate the substituent effect. ii. Stationary points
on the PM3 energy surface were re-calculated by single-point
energies at the B3LYP/6-31G* and B3LYP/6-31 + G** levels.
iii. Geometry optimizations and IRC calculations were carried out
at the B3LYP/6-31G* level to map out the potential energy surface
for the reaction of benzylamine with flavin. iv. The structure of
the adduct and TS2 were optimized at the HF/6-31G* level, and
the activation barrier was predicted.

Activation energies calculated by single-point energies at
the B3LYP/6-31G* level are given in Table 7. Although these
activation energies do not show a direct relationship with the
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Table 7 Total electronic energies and activation energiesa ,b, au, obtained from single point B3LYP/6-31G*//PM3 calculations

Reactant complex TS

p-Substituent Eel ZPEb Eel ZPEb DE* DE* + ZPE

N(CH3)2 −1215.034338 0.371913 −1214.930536 0.368377 0.103803 0.100267 (62.918)
OH −1156.289979 0.303795 −1156.185643 0.301594 0.104335 0.10214 (64.089)
OCH3 −1195.595728 0.330230 −1195.492024 0.328186 0.103704 0.101660 (63.792)
H −1081.080193 0.299184 −1080.971379 0.296352 0.108814 0.10592 (66.503)
F −1180.308226 0.291568 −1180.203172 0.289598 0.105055 0.103085 (64.686)
Cl −1540.668902 0.289112 −1540.564573 0.287167 0.104328 0.102383 (64.246)
Br −3652.177670 0.288719 −3652.073195 0.286779 0.104475 0.102535 (64.341)
CF3 −1418.102020 0.305713 −1418.006643 0.303535 0.095377 0.093199 (58.482)
NO2 −1285.560269 0.301861 −1285.471322 0.300548 0.088946 0.088933 (55.806)

a Unit in parenthesis is kcal mol−1. b ZPE values obtained from PM3 harmonic vibrations were used.

electronic nature of the p-substituent (because geometries were
not optimized), there is an apparent reduction in the activation
energies of p-NO2 and p-CF3 susbtituted benzylamines. This result
is in agreement with the predictions of PM3.

The potential energy surface obtained from single-point energy
calculations at the B3LYP/6-31G* and B3LYP/6-31+G** levels
on PM3 geometries is given in Fig. 7. Both calculations produced
very similar results. The striking feature of these surfaces is
that the adduct is extremely unstable and there is no barrier
for the dissociation of the adduct. To investigate this feature in
detail, we fully optimized the geometry of TS1 at the B3LYP/6-
31G* level. Reactant and product complexes were obtained
upon optimizing the identified structures from IRC calculations.
The calculated B3LYP/6-31G* potential energy surface and the
optimized geometries are shown in Fig. 8 and 9, respectively.

Fig. 7 Calculated potential energy surface with the single-point
B3LYP/6-31G*//PM3 and B3LYP/6-31+G**//PM3 (in parentheses)
methods. Energies include ZPE corrections calculated from PM3. E +
S represents flavin (FAD) + benzylamine; RC represents the reactant
complex; PC represents product complex; E + P represents flavin anion
(FAD −) + benzyl immonium cation.

Overall, the potential energy surface resembles the PM3 surface
with the exception that no minimum corresponding to the adduct
was located at B3LYP/6-31G* level. All our attempts to optimize
an adduct structure have failed. It seems that this is related
with the nature of the transition state because the N11–C4a
distance is much longer (by 1.1 Å) than the distance in the PM3
transition state and the forming N5–H15 bond is 0.3 Å shorter

Fig. 8 3-D view of the B3LYP/6-31G* optimized structures; reactant
complex, transition state, and product complex.

Fig. 9 Calculated potential energy surface at the B3LYP/6-31G* level.
Energies include ZPE corrections and are relative to E + S. E + S represents
flavin (FAD) + benzylamine; RC represents the reactant complex; PC
represents product complex; E + P represents flavin anion (FAD −) +
benzyl immonium cation.
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Table 8 Selected geometrical parameters of the optimized structures for the polar reaction of benzylamine with flavin, calculated at B3LYP/6-31G*
level

Amine FAD Iminium ion FAD− Reactant complex TS Product complex

Distances/Å
N1–C10a 1.372 1.335 1.370 1.312 1.319
C10a–C4a 1.466 1.382 1.465 1.435 1.406
C4a–N5 1.298 1.429 1.297 1.361 1.414
N5–H15 1.014 3.035 1.182 1.018
H15–C14 1.096 1.099 1.491 2.647
C14–N11 1.474 1.309 1.465 1.384 1.329
N11–C4a 3.131 2.804 2.894
C14–C17 1.519 1.425 1.519 1.460 1.446
Bond angles/◦

C4a–N5–C5a 119.0 118.3 118.9 117.5 117.5
C4a–N5–H15 94.4 109.3 110.7
N5–C4a–N11 96.4 82.9 75.2
N5–H15–C14 126.1 154.2 65.9
H15–C14–N11 107.3 106.8 100.6 99.2
C14–N11–C4a 106.3 88.6 84.5
H16–C14–N11 107.3 114.8 113.6 114.9 114.9
Dihedral angles/◦

C6–C5a–N5–C4a 180.0 159.4 179.8 176.9 162.9
C5a–N5–C4a–C4 180.0 −155.0 179.3 −175.8 −161.4
C5a–N5–H15–C14 −131.8 −93.4 −119.4
N5–H15–C14–N11 −17.7 −27.0 −83.6
N5–H15–C14–C17 104.5 98.6 54.0
H15–C14–C17–C18 32.7 −97.8 −87.6 −106.6
N5–C4a–N11–C14 −37.3 7.7 −10.2
C4a–N11–C14–H15 25.0 1.1 28.4
H16–C14–C17–C18 0.0 −33.6 172.3 −178.8

than the breaking H15–C14 bond (Table 8). The remaining
characteristics of the transition state resemble closely the first
transition state of the PM3 surface. Imaginary frequencies are
1782i and 1054i cm−1 for PM3 and B3LYP/6-31G*, respectively.
The atoms, which contribute to the imaginary harmonic frequency,
are the same in each transition structure. The geometrical change
at C14 and N11 from a tetrahedral to a nearly planar structure
accompanies the bond-formation and bond-cleavage, indicating
the delocalization of the negative charge. This is observed in
both transition structures, but is more pronounced in the TS of
B3LYP/6-31G*. Thus, the transition state on the B3LYP/6-31G*
surface corresponds to the first transition state on the PM3 surface,
but it is a later TS, since H15 is closer to N5 in comparison to the
case in the TS1 of the PM3 surface. Analogously, charge transfer
from benzylamine to flavin is 0.26e more than the transfer in the
first step of PM3 (Tables 2 and 9). However, it is 0.25e less than the
overall charge transfer in PM3 because N11 is not as close to C4a
as in the TS1 of the PM3 surface. It is expected that a shorter N11–
C4a distance will enhance the charge transfer from amine N11 to
C4a of the flavin and favor the formation of an adduct as well.
A strong electron-withdrawing group should decrease N11–C4a
distance as observed from PM3 calculations. For example, when
a formyl group was replaced by the phenyl ring of benzylamine,
N11–C4a distance in TS predicted by B3LYP/6-31G* calculations
has decreased to 2.61 Å because of the relatively small size of the
formyl group and its electron-withdrawing character.

Zheng and Bruice46g investigated the dehalogenation mech-
anism of 4-chlorobenzoyl CoA by 4-chlorobenzoyl CoA de-
halogenase by modeling the nonenzymatic nucleophilic aro-
matic substitution (SNAr) reaction between 4-Cl-Ph-CO-SCH3

and CH3COO−. Similar to our case, they could not locate a
Meisenheimer intermediate (r-complex) on the HF/6-31G* and

Table 9 Mulliken charges for selected atoms calculated from B3LYP/6-
31G* optimization

Atoms
Reactant
Complex TS

Product
Complex

N1 −0.589 −0.597 −0.603
C2 0.706 0.691 0.682
N3 −0.683 −0.685 −0.683
C4 0.642 0.596 0.550
C4a 0.230 0.212 0.178
N5 −0.533 −0.678 −0.768
C5a 0.249 0.281 0.324
C6 −0.156 −0.168 −0.198
C7 −0.136 −0.135 −0.139
C8 −0.128 −0.131 −0.134
C9 −0.180 −0.191 −0.197
C9a 0.404 0.395 0.366
N10 −0.758 −0.781 −0.772
C10a 0.584 0.556 0.514
N11 −0.751 −0.683 −0.683
H12 0.307 0.344 0.364
H13 0.329 0.369 0.400
C14 −0.203 −0.221 0.053
H15 0.162 0.315 0.348
H16 0.132 0.197 0.178
C17 0.139 0.203 0.186
C18 −0.189 −0.188 −0.183
C19 −0.137 −0.128 −0.125
C20 −0.131 −0.130 −0.122
C21 −0.130 −0.122 −0.127
C22 −0.181 −0.193 −0.175
Total flavin ring −0.010 −0.443 (−0.128)a −0.483

a Charge of H15 was included.

B3LYP/6-311+G** surfaces. However, a very shallow minimum
corresponding to a Meisenheimer intermediate was located on the
PM3 surface. They suggested that the Meisenheimer intermediate
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could become much more stable in the active site where the nega-
tive charge in the Meisenheimer intermediate could be effectively
stabilized by the amide hydrogens of Phe64 and Gly114. Indeed,
Xu et al.,46a found a metastable Meisenheimer intermediate
stabilized by hydrogen bonds with the expected amide hydrogens,
in a QM/MM study calculated at the PM3/CHARMM level.
In addition, Dong et al.58 were able to obtain a stable Meisen-
heimer intermediate in HF and DFT optimizations with electron-
withdrawing fluoro/nitro-substituents. These results indicated
that the PM3 method was more accurate relative to DFT results
for such SNAr reactions. The nucleophilic addition reaction that
we study is quite similar to the SNAr reaction discussed above in
the way that a negative charge develops at the transition state and
in the adduct. Thus, it seems that PM3 results mimic the overall
reaction path better than DFT calculations.

In order to check the existence of an adduct at a different level of
theory, especially when diffuse functions are included in the basis
set, we employed HF/6-31G* and HF/6-31++G* optimizations.
Indeed, both levels found adduct structures which are very similar
in geometry, having the critical N11–C4a and C14–N11 bond
lengths as 1.52 Å and 1.53 Å, respectively, with some distortions
in the flavin ring. However, this adduct is quite unstable and it
dissociates very easily to give the reduced flavin and immonium
cation. We were also able to locate a transition structure for the
elimination step at the HF/6-31G* level. The dissociation barrier
is extremely low; 1.92 and 3.14 kcal mol−1 with and without ZPE
correction, respectively. The PM3 prediction (2.69 kcal mol−1) for
the same barrier is in perfect agreement with the HF/6-31G* level.

Since the first step is the rate-determining step with a high
activation energy, the reaction rate depends on the stability of the
adduct. Although such an intermediate is very unstable according
to the gas phase calculations, it is likely that it may become much
more stable in the active site where the charge in the adduct can be
effectively stabilized by the favorable interactions supplied by the
amino acid residues or backbones. Besides, the structure of the
flavin ring in MAO is bent approximately 30◦ from planarity,54c

whereas the aromatic isoalloxazine ring of free flavin is planar. Bent
flavin in MAO is expected to facilitate the formation of the C4a
adduct since such a flavin structure would diminish the repulsions
of the approaching substrate.

Energies related to the optimized structures on the B3LYP/6-
31G* surface (Fig. 9) are given in Table 10. Except for the
absence of an intermediate, the remaining features resemble
closely the PM3 surface (Fig. 4). Both PM3 and B3LYP/6-31G*
calculations predict an endothermic reaction with DE values of
12.6 and 15.8 kcal mol−1, respectively. The energy barrier predicted
by B3LYP/6-31G* calculations is about 20 kcal mol−1 lower
than the initial barrier calculated by the PM3 method. PM3
probably overestimated this barrier, since semiempirical methods
give artificially large activation energies, especially for proton
transfers.46c,47b,56 The gas-phase activation barrier (22 kcal mol−1)
calculated at B3LYP/6-31G* level reveals that such a reaction
can occur under normal conditions. However, it is likely that the
same reaction can take place much faster in the enzyme active
site. The MAO substrate cavity has the shape of an elongated disc
perpendicular to the flavin ring. The amino acid residues lining the
substrate cavity are mostly aromatic and aliphatic, which provides
a hydrophobic environment. The more polar area where the amine
would preferentially bind is the area of the cavity that is near the

Table 10 Total electronic energies (Eel), activation energy (DE*), reaction
energy (DE), and binding energy (DEb) in atomic unitsa including zero
point vibrational energy (ZPE) corrections, calculated from B3LYP/6-
31G* optimization

Eel Eel + ZPE

Flavin,FAD, (E) −754.167069 −754.010113
Benzylamine (S) −326.906415 −326.759766
Flavin anion, FAD− −754.831936 −754.665479
Benzyl immonium (P) −326.074382 −325.937659
Reactant complex (RC) −1081.080596 −1080.775851
Transition state (TS) −1081.034233 −1080.734516
Product complex (PC) −1081.054902 −1080.749779
DE* (ETS1 − EE + S) 0.039250 0.035363

(24.629) (22.190)
DE (Eproduct complex − EE + S) 0.018582 0.020101

(11.660) (12.613)
Eb (EE + S − Ereactant complex) 0.007112 0.005971

(4.463) (3.747)

a Unit in parenthesis is kcal mol−1.

flavin site. This situation would position the amine substrate in a
productive binding orientation for catalytic oxidation. There are
two tyrosyl residues that are approximately perpendicular to the
flavin and parallel to one another and function as an “aromatic
cage” at the active site.54c The amine group of the substrate must
approach the flavin through this path. The catalytic significance
of the aromatic cage is still not completely understood. According
to Edmondson et al.,54c one possible function of this aromatic
cage is to orient the amine substrate to the flavin. The aromatic
cage may also enhance the nucleophilicity of the amine functional
group, hence increasing the reactivity of amine towards flavin.
This possibility is under theoretical investigation by our group.
Besides, p-stacking interactions with the aromatic side-chains may
be important if the substrate involves an aromatic ring, such as in
benzylamine. For the p-substituted benzylamine substrates used in
this work, the influence of the enzyme active site discussed above
is likely to be similar for all substrates since they differ from one
another only at the para position.

Conclusion

PM3 calculations for the polar nucleophilic mechanism show that
electron-withdrawing groups at the para position of benzylamine
increase the reaction rate. A good correlation was obtained
between the log of calculated rate constants and the electronic
parameter (r) of the substituent. These results agree with the
previous kinetic experiments on the effect of p-substituents on
the reduction of MAO-A by benzylamine analogs, which has a
q value of +2. In addition, our calculated rate constants for the
polar nucleophilic mechanism showed a correlation with the rate
of flavin reduction in MAO-A but no correlation with that in
MAO-B. These theoretical findings support the proposed polar
nucleophilic mechanism for MAO-A. It is expected that this
conclusion is correct because it does not rely on quantitative
accuracy. The correlation with experimental data also indicates
the performance of PM3 for this type of reaction. On the other
hand, the reason for the lack of correlation between theory and
experiment for the MAO-B data may be the lack of consideration
of steric constraints on the orientation of the aromatic ring of the
substrate exerted by the side groups at the active site. The fact that
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these steric factors may be dominant over electronic factors for
MAO-B catalysis is suggested by available structural data.54b

We have also checked the performance of PM3 on the same
reaction. Test calculations using DFT and ab initio theories
produced results that were in agreement with the PM3 results,
indicating that PM3 could be used to investigate this kind
of reaction in the active site of enzymes. The only significant
difference is that the intermediate is more stable on the PM3
potential energy surface. It is possible that the intermediate can
become more stable in the active site.

Nonexistence of an intermediate on the B3LYP/6-31G* energy
surface implies that adduct formation and dissociation may
occur in the same step, accompanying proton transfer. Thus,
nucleophilic addition, elimination, and proton transfer take place
in an asynchronous, concerted fashion. However, it may also imply
that electron transfer from benzylamine to flavin might take place
without formation and successive cleavage of the N11–C4a bond.
If this is the case, an asynchronous concerted SET mechanism
proposed by Silverman (Fig. 2) may also be operating. Further
work is required to distinguish between these two possibilities.
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