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AbstractÐExperimental and theoretical physico-chemical methods were used to investigate the interaction between several reversible
monoamine oxidase A inhibitors in the oxazolidinone series and the active site of the enzyme. Phenyloxazolidinones include toloxatone
and analogues, among which be¯oxatone was selected as drug candidate for the treatment of depression. Identi®cation of the forces
responsible for the crystal cohesion of be¯oxatone reveals functional groups that could interact withmonoamine oxidase. Calculation of
electronic properties of those compounds using ab initio molecular orbital methods lead to a description of the mode of interaction
between be¯oxatone and the cofactor of the enzyme. Electronic absorption spectroscopy measurements con®rm the hypothesis of a pri-
vileged interaction of phenyloxazolidinone-type inhibitors with the ¯avin cofactor of MAO. Additional sites of interaction with the
protein core of MAO A are also examined with regard to the primary structure of the enzyme. As a result of this work, a model is pro-
posed for the reversible inhibition ofMAOAby be¯oxatone via long distance, reversible interactionswith the ¯avin adenine dinucleotide
(FAD) cofactor of the enzyme and with speci®c amino acids of the active site. This model is partially corroborated by experimental evi-
dence and should be helpful in designing new potent inhibitors ofmonoamine oxidase.# 1999 Elsevier Science Ltd. All rights reserved.

Introduction

Monoamine oxidase (MAO, EC 1.4.3.4) is a ¯avo-
enzyme located in the outer mitochondrial membrane
responsible for oxidative deamination of many endo-
genous and exogenous monoamines. There are two
major isoforms, MAO A and MAO B, distinguishable
by their substrate speci®city and their amino acid
sequences.1,2 Monoamine oxidase inhibitors (MAOIs)
were the ®rst class of drugs to be introduced for the
treatment of depression. The irreversible nature as well
as the non-speci®city of those inhibitors are thought to
be associated with their unfavorable side e�ect pro®le.3

Over the past few years, e�orts have been directed to the
design, synthesis and study of new reversible and selec-
tive MAOIs leading to compounds such as toloxatone,4

moclobemide,5 brofaromine,6 and more recently be¯ox-
atone7,8 (Fig. 1). Those compounds and others4 block
selectively MAO A2 and do not form a covalent bond
with the MAO enzyme,3 they are acting via a reversible

and competitive inhibitory mechanism. These MAO A
inhibitors retain antidepressant e�ects in animal models
and are devoid of severe food and drug incompatibilities
induced by ®rst generation MAOIs.

Toloxatone and be¯oxatone, belonging to the phenyl-
oxazolidinone chemical family, structurally di�er from
the other MAOIs by the absence of an amino function.
Indeed, this particularity is essential for reversibility as
it has been shown by mechanistic studies that irrever-
sible inhibitors generate reactive species trapped by
MAO via strong covalent bonding with the enzyme.9±11

In order to explain the reversibility of these new gen-
eration inhibitors, a program was engaged to elucidate
their mechanism of action at the molecular level, as a
con®rmation of previous studies.12±16

In this paper, we ®rst discuss the molecular structure of
be¯oxatone and some analogues as deduced from X-ray
di�raction of monocrystals, in order to identify the for-
ces responsible for the crystal cohesion. This structural
approach is completed by conformational scanning
allowing evaluation of torsions around the freely rotat-
ing bonds of the lateral butoxy chain of be¯oxatone in
order to evaluate the ¯exibility of this moiety with
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regard to the steric hindrance of the active site and
position the tri¯uorohydroxyl group interacting with
the receptor. Then, the electronic properties of the
molecule, i.e. electron densities, molecular electrostatic
potential (MEP), atomic charges, delocalization e�ects,
and charge transfer are computed by ab initio molecular
orbital (MO) calculations. Electronic absorption spec-
troscopy of phenyloxazolidinone analogues of be¯ox-
atone and ribo¯avin con®rm the possibility of a
privileged interaction of be¯oxatone with the ¯avin
cofactor of monoamine oxidase. These arguments sug-
gest that this reversible inhibitor of MAO A interacts
with the ¯avin adenine dinucleotide (FAD) cofactor of
the enzyme through reversible, long distance interac-
tions as have been determined for other molecules with
related properties.12±16

Additional sites of interaction with the protein core of
MAO A revealed by the structure±activity relationships
have also been examined with regard to the primary
structure of the enzyme. The possibility of a speci®c
interaction of the tri¯uorohydroxyl group with a histi-
dine residue of MAO A in a hydrophobic pocket, was
examined using statistical analysis of the primary
sequence of the enzyme, combined with the determina-
tion of the molecular lipophilic potential (MLP) of
be¯oxatone.

As a result of this work, a model is proposed for the
reversible inhibition of MAO by be¯oxatone via (i) long
distance, reversible interactions with the FAD cofactor of
the enzyme and (ii) intermolecular hydrogen bonds with
speci®c amino acids in a hydrophobic pocket of the active
site. The fact that be¯oxatone is engaged in a molecular
association with MAO A through a double attachment at
a primary and a secondary binding site could explain the
great a�nity and potency of this compound.

Results and Discussion

The CNSMedicinal Chemistry Department of SyntheÂ labo
Recherche synthesized be¯oxatone and the phenylox-
azolidinones discussed in this paper. The synthesis of

these molecules and their biological properties have
been described.4,7,8

Restricted structure±a�nity relationships among this ser-
ies of compounds are summarized in Table 1 and Figure 2.
The in¯uence of the nature and length of the lateral
alkoxy chain as well as the stereochemical requirements
are illustrated for several analogues of be¯oxatone with
respect to the inhibition of MAO A and MAO B.

Figure 1. Chemical structure of the main reversible MAO A inhibitors.

Table 1. Main structure a�nity results for the phenyloxazolidinone

series. The a�nity is expressed in terms of K1 for the two forms A and

B of MAO

R R0 Con®guration
at position 4

Ki A
(nM)

Ki B
(nM)

CH3 R 2.5 222

CH3 R 28 16

CH3 R 6.1 1460

CH3 R 9.3 31

CH3 R 2.4 4

CH3 CH3 R 130 769

H R 13 9.2

CH3 R 53 2

1684 J. Wouters et al. / Bioorg. Med. Chem. 7 (1999) 1683±1693



X-ray structural analysis

A complete X-ray three-dimensional structure analysis
of several phenyloxazolidin-2-one derivatives (Fig. 3)
was performed in order to determine the main structural
parameters, which might confer biological activity to
be¯oxatone. Our discussion will be based on the search
for common structural features able to explain the a�-
nity of those compounds for MAO A.

Atomic numbering follows the one adopted in Table 4.
A detailed description of the crystallographic parameters
and experimental conditions of the structural study of
molecules I, II, and V have already been presented.17,18

The main structural features of compound III and IV are
given in Table 2. A representation of their molecular
structures is given in Figure 4 as an ORTEP plot.19

Compound IV (the racemic mixture of III) crystallizes
with two independent molecules in the asymmetric unit.
Bond lengths, valence and torsion angles de®ning the
structures are given in Tables 3 and 4.

The discussion of the molecular conformation, espe-
cially the spatial position of the essential hydroxyl
group in be¯oxatone and the relative orientation of the
phenyl and oxazolidinone rings, is based on the selected
torsion angles given in Table 4.

Geometry of the phenyloxazolidinone moiety

The C(2)±N(8) and C(2)±O(3) bonds (Table 3) are
always shorter than standard Csp3±N and Csp3±O bonds
(1.469(10) AÊ and 1.432(13) AÊ , respectively) indicating
electronic delocalization along N(8)±C(2)±O(3). The
nitrogen atom N(8) presents an sp2 hybridization as the
sum of the valence angles around this atom is close to
360� (Table 3).

Figure 3. Chemical structure of be¯oxatone and some of its analogues.
The atomic numbering adopted for oxazolidinones is given in Table 4.

Figure 2. Structure-a�nity relationships for selected phenylox-
azolidinones.

Table 2. Main crystallographic data concerning compounds III and IV

III IV

Crystal data
C15H18NO5F3 C15H18NO5F3

Mw � 349:3 Mw � 349:3
Prisms Colorless prisms
0.22�0.22�10 mm 0.29�0.25�0.24 mm

Monclinic Monclinic
P21 P21
a � 13:591(1) AÊ a � 18:668(3) AÊ

b � 13:003(1) AÊ b � 8:879(2) AÊ

c � 19:519(1) AÊ c � 10:226(1) AÊ

b=100.94(5)� b=102.69(1)�
V � 1652:1 AÊ 3 V � 1653:6 AÊ 3

Z � 2 Z � 4
Density=1.40 mg mÿ3 Density=1.40 mg mÿ3

F�000� � 728 F�000� � 728
m=0.99 m=0.84
T � 298 K T � 298 K

Data collection
l=1.54179 AÊ (Cu Ka) l=0.71073 AÊ (Mo Ka)
ymax=72� ymax=26�
o/2y scan o/y scan
4501 independent re¯ections 3015 independent re¯ections
3012 re¯ections (I>2.5s) 1302 re¯ections (I>2.5s)

Re®nement
R(F)=0.039 R(F)=0.077
wR(F)=0.103 wR�F� � 0:209
S � 0:98 S � 1:07
(�/s)max=0.028 (�/s)max=0.001
�rmin[e/AÊ 3]=ÿ0.22 �rmin[e/AÊ

3]=ÿ0.35
�rmax[e/AÊ

3]=0.16 �rmax[e/AÊ
3]=0.56

Figure 4. Molecular structure (ORTEP19 view) of molecules III and IV.
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The oxazolidinone ring is almost planar in all the mole-
cules studied. For be¯oxatone, the maximal deviation
from the mean plane containing the atoms C(2),
O(3), C(4), C(7), N(8) is ÿ0.018(2) and ÿ0.029(3) AÊ for
the carbon C(4), for the two molecules in the asymmetric
unit, respectively.

This oxazolidinone ring is also coplanar with the adja-
cent phenyl ring as deduced from the C(2)±N(8)±C(9)±
C(10) torsion angle close to 180� (Table 4). A con-
formational analysis (ab initio, RHF-LCAO-MO-SCF)
performed on toloxatone and 5(R)-methoxymethyl-3-
((4-methoxy)-phenyl)-oxazolidin-2-one (II) around the
C(9)±N(8) bond reveals that the coplanarity between the
oxazolidinone ring and the phenyl (C(9)±N(8)=0 or
180�) corresponds to an energetically stable situation.12,16

Stability of this planar geometry may result from con-
jugation between the two rings and/or formation of a
intramolecular pseudo-hydrogen bridge involving O(1)
and C(14) as observed in the crystalline state (e.g. O(1)
� � �C(14)=2.867(7) AÊ in structure II).

The lateral 5(R)-methoxymethyl chain adopts two
stable eclipsed conformations with a O(3)±C(4)±C(5)±
O(6) torsion angle (Table 4) of +60� or ÿ60�.

Conformation of the lateral chain

In all the alkoxyphenyloxazolidinone derivatives stud-
ied, the O(15) oxygen atom is sp2 hybridized, the C(12)±
O(15)±C(16) (v4 in Table 3) being close to 120� and the
C(12)±O(15) bond length being around 1.37 AÊ . The
C(11)±C(12)±O(15)±C(16) torsion angle is close to 0 or
180� and thus prolong the planar delocalized phenylox-
azolidinone entity. For be¯oxatone, the lateral tri-
¯uorobutoxy chain adopts an extended ttg
conformation: trans for C(17)±(C(11)±C(12)±O(15)±
C(16) and C(12)±O(15)±C(16)±C(17) (torsion angles
close to 0 and 180�) and gauche (g+) for C(17)±C(18)
(O(15)±C(16)±C(17)±C(12) (torsion angle around +60�,
Table 4). In order to determine a (bio)active conforma-
tion for this molecule, it is important to determine
whether this conformation results from special packing
constraints. This point will be discussed in the next part of
this work. It is interesting to note that structures III
(be¯oxatone) and IV adopt similar conformations
although in di�erentmolecular environments. In fact, they
only di�er by the value (180 or 0�) of the torsion angle
around C(16)±O(15) (Table 4). This di�erence, however
greatly a�ects the relative positions of the OH and CF3

groups versus the phenyloxazolidinone part of the mol-
ecule and will be taken into account when establishing a
pharmacophore for this family of MAOA inhibitors.

Table 4. Selected torsion angles among substituted phenyloxazolidinones. The numbering scheme is presenteda

Torsion angles (�) I II 5-(R) toxatone

C(2)±O(3)±C(4)±C(5) ÿ114.1 (2) ÿ119.0 (6) ÿ118.4 (2)
O(3)±C(4)±C(5)±O(6) 63.2 (3) 61.5 (7) 67.3 (2)
C(2)±N(8)±C(9)±C(14) ÿ13.9 (4) 17.4 (9) 2.4 (3)
C(2)±N(8)±C(9)±C(10) 167.6 (2) ÿ165.2 (6) ÿ177.2 (2)
C(11)±C(12)±O(15)±C(16) 2.5 (4) ÿ1.5 (9) ±

Torsion angles (�) III Mol 100 III Mol 200 IV V
C(2)±O(3)±C(4)±C(5) ÿ117.9 (2) ÿ117.8 (2) ÿ129.3 (5) ÿ130.9 (3)
O(3)±C(4)±C(5)±O(6) ÿ63 (2) 60.0 (3) ÿ70.9 (6) 60.1 (3)
C(2)±N(8)±C(9)±C(10) ÿ179.6 (2) 161.3 (2) ÿ169.0 (5) ÿ168.7 (3)
C(7)±N(8)±C(9)±C(10) ÿ1.6 (2) ÿ16.9 (2) 1.9 (6) 5.4 (4)
C(11)±C(12)±O(15)±C(16) 170.2 (16) ÿ171.0 (2) ÿ4.9 (7) 174.8 (3)
C(12)±O(15)±C(16)±C(17) ÿ169.2 (2) 170.7 (2) ÿ179.5 (4) ÿ172.2 (3)
O(15)±C(16)±C(17)±C(18) 68.8 (3) 67.2 (4) 64.1 (6) ÿ169.2 (2)
C(16)±C(17)±C(18)±O(19) 67.3 (2) 68.0 (4) 60.2 (6) ÿ56.7 (3)
C(16)±C(17)±C(18)±C(20) ÿ172.2 (3) ÿ174.9 (3) ÿ177.8 (5) ÿ178.4 (3)

a Mol 100 and Mol 200 stand for molecule one and molecule two, respectively, in the asymmetric unit.

Table 3. Selected bond lengths (AÊ ) and valence angles (�) observed in

the crystal structures of I±V for the common phenyloxazolidinone

moiety

I II III IV V

I1 (A) 1.218 1.187 1.219 1.212 1.199 1.202
I2 (A) 1.344 1.345 1.354 1.347 1.354 1.362
I3 (A) 1.340 1.368 1.353 1.360 1.350 1.365
I4 (A) 1.423 1.417 1.427 1.427 1.421 1.410
I5 (A) 1.372 1.361 1.375 1.381 1.372 1.374
v1 (�) 111.7 111.2 112.5 112.1 111.7 112.1
v2 (�) 126.1 126.0 125.9 126.1 126.1 125.0
v3 (�) 121.8 122.5 121.6 121.9 121.7 122.7
v4 (�) 117.5 118.0 115.5 117.2 117.9 118.9
Va (�) 359.6 359.7 360.0 360.1 359.5 359.8

a V=v1+v2+v3.
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The analogue of be¯oxatone for which the CF3 group is
substituted by a methyl group (V) adopts an all trans
conformation (Table 4).

Crystal packing

Analysis of the crystal packing of be¯oxatone shows
that important p±p type interactions between the phenyl
rings stabilize the structure in its solid state (Fig. 5). The
coplanarity of the phenyl oxazolidinone moiety of the
molecules allows optimal van der Waals interactions.
The mean distances, ca. 3.5 AÊ , between two molecules
parallely stacked (Fig. 5a) are shorter than the sum of
the van der Waals (vdW) radii, 3.70 AÊ , obtained by the
sum of the vdW radii of two phenyl carbon atoms. The
stability of such observed dimeric structures (Fig. 5b)
results mainly from p-type interactions and is increased
by the presence of intermolecular hydrogen bonds: the
lateral tri¯uorobutoxy chain of one molecule folds up to
form an intermolecular hydrogen bond between the hy-
droxyl group of one molecule and the carbonyl of the
oxazolidinone moiety of another. The crystal packing
analysis for the analogues of be¯oxatone con®rms the
role played by the lateral chain in terms of inter-
molecular interactions and overall packing cohesion.
The main intermolecular hydrogen bonds are listed in
Table 5.

This brief overview of the forces responsible for the
crystal cohesion clearly reveals the functional groups of
be¯oxatone (and its analogues) that could be involved
during interaction with another molecule, in particular
the phenyloxazolidinone moiety of the molecule that
could interact through p±p type van der Waals forces,
the carbonyl oxygen (O1) and the hydroxyl group of the

lateral chain which could participate in intermolecular
hydrogen bonds.

Theoretical conformational analysis

The molecular geometry obtained by X-ray di�raction
might not correspond to the only stable conformation
of a molecule. In order to evaluate the ¯exibility of the
lateral chain of be¯oxatone and position the tri-
¯uorohydroxyl group with respect to the planar phenyl
oxazolidinone moiety, the conformational space
obtained by torsions around the freely rotating bonds of
this lateral chain has been investigated using the semi-
empirical MO AM1 method. The rigid rotor approx-
imation can be applied in this case since C(16)±C(17)
and C(17)±C(18) are single bonds. This analysis (Fig. 6)
may help to position the essential groups of be¯oxatone
into the enzyme pocket and gives insight into the steric
hindrance at the active site of monoamine oxidase A.
The 2-D iso-energy map displays successive contours
with an interval of 0.5 kcal/mol. The zone where the
energy is greater than 10kcal/mol corresponds to for-
bidden conformations. The geometry observed in the
crystalline state corresponds to low energy conformations.

Depending on the substitution, the lateral chain pos-
sesses more or less conformational freedom.20 As a
general rule, two forbidden areas appear at T1=0�,
T2=0� and/or T1=120�, T2=0�. They correspond to
conformations for which steric interactions are strong
and as a consequence, they have little chance to exist in
the active site of the protein. Among the conformers
studied, only the trans (T1=180�) g+ (T2=+60�) is
equally accessible to all the molecules. This geometry has
been retained as `consensus' conformation and selected
for the modeling of the interaction with MAO A.

Compound V of Figure 3 (S con®guration of the OH
function of the butoxy chain) presents an all trans con-
formation for the lateral chain in the crystal state and
does not adopt this `consensus' conformation. However,
superposition of the phenyloxazolidinone fragment of
III, IV, and V allows the essential OH groups to occupy
the same position in space.

Figure 5. Crystal packing and molecular conformational in the struc-
ture of be¯oxatone (III). Dimeric structure viewed parallel (a) and
perpendicular (b) to the planar phenyloxazolidinone moiety.

Table 5. Main intermolecular hydrogen bonds among the substituted

phenyloxazolidinones studied (III±VII)a,b

D-H. . .A D. . .A (AÊ ) H. . .A (AÊ ) D-H. . .A (�)

III
(19)±H(19). . .O(1)a 2.748(4) 1.969 162.1
O(19)±H(19). . .O(1)b 2.769(4) 1.755 173.4

IV
O(19)±H(19). . .O(6)i 2.758(7) 1.634 128.9

V
O(19)±H(19). . .O(19)ii 2.850(4) 2.080 174.0

a The numbering scheme is the same as in Table 2.
b The pre®xMol 100 andMol 200 stand for molecule one and molecule
two, respectively, in the asymmetric unit; a=Mol 100, b = Mol 200,
i=1ÿx, ÿy, lÿz, ii=1/2ÿx, 2ÿy, 1/2+z.
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This structural information will be incorporated in a
model of interaction with the binding site of mono-
amine oxidase A. Electronic (molecular orbital energy
and topology, molecular electrostatic potential (MEP))
and lipophilicity properties (log kw, molecular lipophilic
potential (MLP)) of be¯oxatone are now analyzed in
order to further investigate the interaction of reversible
inhibitors of MAO A with the enzyme.

Electronic properties analysis

The importance of a planar electron rich moiety for
MAO A reversible inhibition has been emphasized in
previous studies of several families of molecules (phenyl
oxazolidinones, b-carbolines, brofaromine, . . .).12±16

Calculation of electronic properties of those electron
rich fragments suggested the possibility of a privileged
interaction (charge transfer) of the inhibitors with the
isoalloxazine ring of the ¯avin cofactor of MAO, which
is also planar and known to be electron acceptor (Fig.
7). The strength of the molecular association is corre-
lated with the energy of the HOMO (Highest Occupied
Molecular Orbital) of the inhibitor: the better the elec-
trons of the inhibitor can be transferred to the ¯avin,
the stronger the interaction.14 Like toloxatone and other
reversible MAO A inhibitors, be¯oxatone contains a
large planar electron-rich fragment that may engage a
similar interaction with the ¯avin cofactor of the
enzyme. This hypothesis is supported by the calculation,

through ab initio MO methods of the electronic prop-
erties of ¯avin and be¯oxatone which clearly shows the
possibility of overlap between the HOMO of the donor
of electrons, be¯oxatone, and the Lowest Unoccupied
Molecular Orbital (LUMO) of ¯avin.16

A priori, this interaction with the ¯avin should be better
than in the case of toloxatone as the energy of the
HOMO of be¯oxatone, ÿ6.18 eV, is signi®cantly less
negative (i.e. it retains less electrons) than that of
toloxatone, ÿ6.40 eV.

At 1.75 AÊ above the phenyloxazolidinone plane, the
molecular electrostatic potential (MEP) of be¯oxatone
is similar to that of other reversible inhibitors of MAO
A and is complementary with that of ¯avin, con®rming
our ®rst interaction model.12±14,20 The shape of the
MEP calculated around be¯oxatone (Fig. 8) reveals
modi®cations introduced by the 4,4,4-tri¯uoro-3(R)-hy-
droxy-butoxy chain on the electrostatic properties of
phenyloxazolidinones. In addition to the attractive
regions already present in toloxatone (ÿ60 kcal/mol
generated by the carbonyl oxygen O(1) and ÿ45 kcal/
mol for the intracyclic O(3) oxygen atom) a new attrac-
tive potential well (ÿ25 kcal/mol) is induced by the hy-
droxyl function of the butoxy chain. An additional site
of interaction is thus present there what was already
implicit from the X-ray di�raction analysis (possibility
of additional H bonds within the binding site of MAO).

Figure 6. Conformational analysis (AM1) around the C(16)±C(17) (T1) and C(17)±C(18) (T2) bonds in be¯oxatone. The energy (kcal/mol) is
determined for each conformer (15� steps for T1 and T2). In the isocontour map, allowed regions (from 0 to 10 kcal/mol, 0.5� kcal/mol steps) are
presented by dashed lines and forbidden regions (>10kcal/mol) by solid lines. Conformations corresponding to the solid state structure are marked
by a cross.

1688 J. Wouters et al. / Bioorg. Med. Chem. 7 (1999) 1683±1693



Analysis of lipophilicity

The measured (reverse-phase high pressure liquid
chromatography, RP-HPLC) lipophilicity of be¯ox-
atone, expressed as log kw is 2.45, which means that the
molecule is hydrophobic. A detailed analysis of this
property in a series of phenyloxazolidinones clearly
revealed that the lipophilicity alone is not su�cient to
explain the variations of a�nity for MAO A.21 Hydro-
phobicity however plays a major role in MAO B inhi-
bition. Others have studied this point among di�erent

MAO ligands.22,23 The molecular lipophilicity potential
(MLP) is useful in that it re¯ects the anisotropy of the
lipophilicity property of a molecule and reveals poten-
tial interaction sites between a ligand and its receptor.
Computed on be¯oxatone, the MLP underlines the
lipophilic character of the molecule, in agreement with
the value of log kw.

21 Two hydrophilic regions appear
around be¯oxatone, the ®rst generated by the two oxy-
gen atoms of the oxazolidinone ring and the second
corresponding to the OH group of the lateral tri-
¯uorobutoxy chain. Both regions of the inhibitor will
correspond to polar residues in the receptor site of the
enzyme.

Electronic absorption spectra

Complexation of ribo¯avin by di�erent analogues of
be¯oxatone is clearly demonstrated in solution and
leads to a 1:1 charge transfer complex characterized by
a new absorption band at 492 nm. The experimental
protocol was the same as in previous studies.12±15

Introduction of an alkoxy group on the phenyl ring of
phenyloxazolidinones induce a redshift of the absorp-
tion band (lmax) characteristic of the intermolecular
electron transfer in the complex, as could be expected by
the lower ionization potential of those molecules (vide
supra energy of the HOMO).

Complexation constants (Kc) were deduced from a
Foster±Hammick±Wardley plot24,25 (data not shown).
The fact that those constants are of the same order of
magnitude for the three di�erent butoxy substituted
phenyl oxazolidinones and that they present the same
value of lmax, whatever the substitution, strongly sug-
gests that only the phenyloxazolidinone part of the
molecules is involved in complexation of the ¯avin ring.
Moreover, in solution, introduction of this butoxy chain
diminishes complexation (Kc is signi®cantly smaller than

Figure 7. Model of reversible inhibition of MAO A.12±16 The molecular association between the reversible inhibitors (D) like phenyloxazolidinones
or b-carbolines and the ¯avin cofactor (A) results from (i) a net transfer of electrons (eÿ, charge transfer between hashed surfaces) and (ii) the
complementary of molecular electrostatic potentials (d+ and dÿ) generated by the two partners (A and D) of the complex.

Figure 8. Molecular electrostatic potential (MEP) calculated around
be¯oxatone. Two views at 90� are presented.
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for toloxatone) and implicitly demonstrates the need of
an additional anchoring site in the active site of MAO A
in order to account for the better a�nity for those
compounds for the protein.

Analysis of the primary structure of monoamine oxidase

Monoamine oxidase (MAO, ¯avin containing amine
oxidase, EC 1.4.3.4) occurs as two separate gene prod-
ucts, MAO A and MAO B, which share about 70%
sequence homology as found by sequencing their
respective cDNAs.1,2 Both forms contain the FAD (¯a-
vin adenine dinucleotide) cofactor covalently bound to
the protein via a thioether linkage to a cystein (Cys
406).26 Statistical analysis of the primary sequence of
monoamine oxidase (structure identity, physicochemical
properties, hydrophobicity, Eisenberg analysis, HCA),
determination of its secondary structure by IR spec-
troscopy27 and comparison with the three dimensional
structure of several ¯avoproteins20 (glutation reductase,
thioredoxin reductase, p-hydroxybenzoate hydroxylase)
have been performed. And recent results come from
mutagenesis studies.28±33

In addition to a primary binding site corresponding to
the phenyloxazolidinone part of be¯oxatone (charge
transfer interaction with the isoalloxazine ring of the
FAD cofactor and hydrogen bonds between the oxazo-
lidinone ring into the active site) it is reasonable to
postulate additional stabilization by the protein with
phenyloxazolidinone-type inhibitors. In particular,
hydrogen bonds must help to stabilize the position of
the OH group of the lateral butoxy chain. To be con-
sistent with the speci®c biological pro®le of be¯oxatone,
this interaction with MAO must involve an amino acid
located in a region of the sequence responsible for the
speci®city of the protein. We postulate a speci®c inter-
action of this OH group with a histidine residue. Indeed,
this residue is often implicated in hydrogen bonds at
active sites of proteins and its amphoteric character may
explain the fact that transformation of the hydroxyl
group of be¯oxatone into a carbonyl function only
slightly a�ects the a�nity and speci®city for MAO A.7

The preference for a histidine is also motivated by
arguments found in the literature. In particular the cru-
cial role played by this residue in MAO has been
demonstrated by kinetic studies and chemical modi®ca-
tion experiments,34 His148 could be a good candidate.
The choice of His148 comes from the analysis of the
primary sequence of monoamine oxidase. This residue is
the only histidine conserved among all known sequences
of MAO A and speci®cally replaced by another residue
in MAO B. His148 is also close to Cys165. This cysteine
is essential for the activity of MAO as deduced from
mutagenesis.28

The speci®c substitution of histidine 148 by a leucine in
the sequences of MAO B may explain the more impor-
tant role of lipophilicity for MAO B inhibition. More-
over His148 is located in a globally hydrophobic
segment of the protein as deduced by hydrophobicity
plots compatible with the MLP pro®le of be¯oxatone.

Interaction model

The diagram presented in Figure 9 illustrates the model of
interaction between oxazolidinones and the FAD cofac-
tor, including structural, electronic and hydrophobicity
properties of those molecules. It incorporates results
available for the protein (sequence analysis, mutagenesis
results). This model illustrates our hypothesis of double
attachment of be¯oxatone to MAO A and shows anchor-
ing sites to the protein. These postulated enzyme-inhibitor
interactions are reversible (charge transfer, hydrogen
bonding) and agree well with the biological pro®le of the
molecule. The improved inhibition of MAO A by be¯ox-
atone versus toloxatone is explained by the possibility of
additional stabilization of the 4,4,4-tri¯uoro-3(R)-hy-
droxy-butoxy chain. Quantitative determination of the
relative positions of the di�erent elements de®ned in this
model is possible thanks to the steric and electronic
descriptors presented in this work.

Conclusion

Analysis of the forces responsible for the crystal cohesion
clearly reveals the functional groups of be¯oxatone (and
its analogues) which could interact with the MAO
active site, in particular the phenyloxazolidinone moiety
of the molecule which could interact through p±p type van
der Waals forces and the hydroxyl group of the lateral
chain which could participate in intermolecular hydrogen
bonds. The importance of a planar electron rich moiety
for MAO A inhibition has already been emphasized in
previous reports for phenyloxazolidinones, including
toloxatone, and reversible inhibitors belonging to other
families.12±14 The increased inhibitory potency observed
with be¯oxatone compared to toloxatone can be attrib-
uted to additional speci®c interactions with the protein.

The structural characterization of the substituted phe-
nyloxazolidinones has been completed by conforma-
tional calculations and quantitative steric descriptors
have been deduced.

Calculation of the electronic properties (molecular
orbital topologies and energies) of those compounds
using ab initio molecular orbital methods led to a
description of a primary interaction between be¯ox-
atone and the cofactor of the enzyme. Electronic
absorption spectroscopy measurements con®rmed the
possibility of a privileged interaction of this inhibitor
with the ¯avin cofactor of MAO.

Additional sites of interaction with the protein core of
MAO A, revealed by structure±activity relationships,
electronic (molecular electrostatic potential), and lipo-
philicity properties, were also examined with regard to
the primary structure of the enzyme.

As a result of this work, a model is proposed (Fig. 9) for
the reversible inhibition of MAO by phenyloxa-
zolidinones via long distance, reversible interactions
with the enzyme. It is assumed that be¯oxatone is
engaged in a molecular association with MAO A
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through a double attachment at a primary and secon-
dary binding site: (i) stabilization of the phenyloxa-
zolidinone (charge transfer interaction with the
isoalloxazine ring of the ¯avin cofactor and hydrogen
bonds involving the oxazolidinone ring) and (ii) speci®c
interaction of the lateral chain (stabilization of a hydroxyl
by H bonding) within a hydrophobic pocket.

This model should be helpful in designing new potent
reversible MAO A inhibitors.

Experimental

X-ray di�raction

Cell parameters were obtained by least-square re®ne-
ment of 25, medium-angle re¯ections. Intensities col-
lected on an Enraf±Nonius CAD-4 di�ractometer were
corrected for Lorentz and polarization e�ects. The

structures were solved by direct methods using the
SHELXS86 program.35 The re®nement was performed
with SHELXL,36 by full-matrix least-squares on F. The
molecular geometry analysis was carried out with the X-
ray program.37,38 The stereoscopic view drawings of the
molecular conformation and crystal packing were gen-
erated by the ORTEP program.19

Ab initio molecular orbital method

The molecular orbital topology, that is, pattern of the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), and the
electronic properties of be¯oxatone, that is, p-overlap
populations, atomic charges, and molecular electrostatic
orbitals (MEP) were obtained at the non-empirical
Restricted Hartree-Fock (RHF) LCAO-MO-SCF (lin-
ear combination of atomic orbitals-molecular orbitals-
self consistent ®eld) level of electronic theory. At this
level, one considers the independent motion of a single

Figure 9. Proposed model of reversible inhibition of MAO A by be¯oxatone. *Stabilization of the phenyloxazolidinone (charge transfer interaction
with the isoalloxazine ring of the ¯avin cofactor and hydrogen bonds involving the oxazolidinone ring) and **speci®c interaction of the lateral chain
(stabilization of a hydroxyl by a histidine) within a hydrophobic pocket. The increased potency of be¯oxatone is explained by the possibility of
additional interactions with the protein that are not possible for toloxatone.
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electron in the electrostatic ®eld of ®xed nuclei and
averaged Coulomb and exchange ®elds due to other
electrons. This level of the theory results in the tradi-
tional molecular orbital (MO) language.

The atomic coordinates of the heavy atoms considered
in our calculations are obtained by the crystallographic
resolution of the structures of lumi¯avin20 and be¯ox-
atone; all H-atoms were located at standard positions
(bond lengths, valence and torsion angles) from their
carrier atoms. The generation of the electron charge
density two-dimensional iso-contour maps was per-
formed with the Moplot (Molecular Orbital Plot) sub-
program39 available within the Motecc (Modern
Techniques in Computational Chemistry) package.40

All computations were carried out using the Gaussian92
programs41 adapted to a IBM Risc 6000 computer sys-
tem. Exploring the conformational space was limited to
allow rotation around the ¯exible single bonds of the
lateral butoxy chain of be¯oxatone. The stability of the
other moieties of the molecules was discussed elsewhere.
Conformational calculations were performed using the
semi-empirical quantum mechanical molecular orbital
(MO) AM1 method developed by Dewar.42 The good
performance of this method for conformational analysis
problems has been largely documented. Iso-contour
energy maps were obtained by systematic variation of
the torsion angles 1 and 2 (increment between two cal-
culations: 15�) using the AM1 facilities with the para-
meters as available within the Gaussian.41 The 2D iso-
contour maps were drawn with an in-house device-
independent contouring program CPS (Contouring
Plotting System)42 developed in Fortran with the IBM
graPHIGS software.40

Electronic absorption spectroscopy

The spectrophotometric measurements were carried out
with a UVIKON 930 (Kontron instruments) spectro-
photometer and a thermostatic cell holder adapted for
1 cm cells. Circulating water maintained the holder at
constant temperature. Glass cells of 1 cm pathlength
were used. Spectra were recorded with the UVIKON
930 Scan program. The products were dissolved in a
phosphate bu�er (pH 6, ionic strength=2 � 10ÿ1 M).
The concentrations of the di�erent MAOIs ranged from
3.3� 10ÿ2 to 1.5� 10ÿ1M depending on the solubility of
the compounds. ((3-Amino butoxy) phenyl)-5-methoxy-
methyloxazolidin-2-one derivatives were used because
they are more soluble than the corresponding hydroxyl
substituted compounds. The concentration of ribo¯avin
was maintained constant and of the order of 1.5 � 10ÿ4.
The temperature range was 0±10� C.

Biochemistry

The in vitro MAO activity was measured in rat whole
brain homogenates using [14C]-5-HT (serotonin) as sub-
strate for MAOA or [14C]-PEA (phenylethylamine) as
substrate for MAOB following a published procedure.43

Preparation of homogenates. Male Sprague±Dawley rats
weighing 125±300 g were used. After sacri®ce by

decapitation, the brain was rapidly removed, weighed
and homogenized in a bu�er solution (Na2HPO4/
NaH2PO4, 0.1 M, pH 7.4) at 4�C using an Ultra Turrax
(or Polytron) homogenizer at maximum speed for 10 s.
The composition of the homogenates was 1 g tissue/
20mL bu�er.

Reaction mixture. MAO activity was measured in test-
tubes containing 500 mL of a reaction mixture of the
following composition: 100 mL homogenate, 100 mL
substrate, 50 mL test compound (or 50 mL H2O for con-
trols and blanks), 250 mL bu�er (qsp for 500 mL). The
homogenate was preincubated 20min at 37�C with the
bu�er, with or without (controls and blanks) the test
compound and the reaction started by adding the sub-
strate and incubating with stirring at 37�C for 5min
([14C]-5-HT, 65 mM) or 1min ([14C]-PEA, 40 mM).

Acidi®cation and extraction of metabolites. The reaction
was stopped by precipitating the proteins with 200mL
4N HCl and by placing the test-tubes in ice. Blanks
were obtained by precipitating the proteins before add-
ing the substrate. The metabolites formed were extrac-
ted with 7mL of a (v/v) toluene/ethyl acetate mixture.
The test-tubes were shaken 10±15min, frozen, and 7mL
of the upper (organic) phase removed. This sample was
shaken 5min and the radioactivity counted by liquid
scintillation in 8±10mL of a toluene/2.5 diphenyloxazole
mixture (4 g lÿ1).

Results. The mean values for controls and assays with
test compound were calculated after subtraction of the
mean values of the corresponding blanks. The percen-
tages inhibition was calculated by comparing the mean
values of assays with the test compound, with those of
controls and the graphic representation of percentage
inhibition versus concentration of the test compound
gave the IC50 (concentration of test compound that
reduces MAO activity by 50%) and corresponding Ki.
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