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Insight into the Functional and Structural Properties of 3-
Arylcoumarin as an Interesting Scaffold in Monoamine

Oxidase B Inhibition

Maria Jodo Matos,*™ Santiago Vilar,™ " Verénica Garcia-Morales, Nicholas P. Tatonetti,”’

Eugenio Uriarte,” Lourdes Santana,™

The design, synthesis, pharmacological evaluation, and theo-
retical studies of a new series of halogenated 3-arylcoumarins
were carried out with the aim of finding new structural and
biological features. This series displays several alkyl, hydroxy,
halogen, and/or alkoxy groups in both benzene rings of the
3-arylcoumarin scaffold. Most of the compounds studied show
high affinity and selectivity for the human monoamine oxida-
se B (hMAO-B) isoenzyme, with ICs, values in the low nanomo-
lar and picomolar range. Most of the evaluated compounds
display higher MAO-B inhibitory activity and selectivity than se-

Introduction

Neurological diseases are considered as one of the important
challenges in medicine because of the complexity, frequency
of occurrence, and progressive development of these patholo-
gies. Among these are the neurodegenerative disorders, such
as Alzheimer's disease (AD) and Parkinson’s disease (PD)."?
Their treatment still relies largely on replacing the missing dop-
amine (DA) without any targeting. L-DOPA, a DA prodrug, and
drugs modifying the DA levels, such as dopaminic receptor ag-
onists, muscarinic receptor agonists, catechol-O-methyltransfer-
ase (COMT) inhibitors, and selective monoamine oxidase
type B inhibitors (MAOI-B) are commonly used to treat neuro-
degenerative diseases."™ Moreover, MAOI-B, such as selegiline,
show neuroprotective effects mediated by a pathway that is
unrelated to the MAQ inhibition.” Novel strategies to treat PD
also focus on the formation of a-synuclein fibrils and the differ-
ent possibilities to maintain the native protein by considering
chaperone activity,” fibril proteolysis through autophagic sys-
tems,” and pathways of phosphorylation.”!

MAO is an important flavin-containing enzyme which cata-
lyzes the oxidative deamination of monoamines and is locat-
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legiline (the reference compound). Coumarin 12 (3-(3-bromo-
phenyl)-6-methylcoumarin) is the most active compound
(ICso=134 pm), being 140-fold more active than selegiline and
showing the highest specificity for h(MAO-B. To better under-
stand the structure-activity relationships, docking experiments
were carried out on human monoamine oxidase (A and B)
structures. Finally, the prediction of passive blood-brain parti-
tioning, based on in silico derived physicochemical descriptors,
was performed.

ed in the outer mitochondrial membrane of neurons and other
cells." These enzymes are responsible for catalyzing the oxi-
dative deamination of neurotransmitters and dietary amines,
to regulate the intracellular levels of biogenic amines in the
brain and the peripheral tissues."” Therefore, they play an im-
portant role in the inactivation of neurotransmitters and are
often targeted when dysregulation of neurotransmitter levels
occurs, as is the case for neurodegenerative disorders. The
physiological properties determine the clinical interest of
MAOI. MAOI-A (for example, clorgyline and moclobemide) are
used in the treatment of depression and anxiety,"? whereas
MAOI-B (such as selegiline and rasagiline) have been applied

to PD therapy (Figure 1).1%
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Figure 1. Chemical structures of MAOI-A (clorgyline and moclobemide) and
MAOI-B (selegiline and rasagiline). I: irreversible, R: reversible.

In recent years, interest in selective hMAOI-B has significant-
ly intensified because of the discovery that expression levels of
this isoenzyme in neuronal tissue increase fourfold with age.
This results in an increase of DA metabolism, as well as of the
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production of hydrogen peroxide (H,0,). This fact could cause
oxidative stress and may play a relevant role in the etiology of
neurodegenerative diseases.”” This research has resulted in
a significant number of compounds with different structural
scaffolds."®'” Additionally, the description of the crystal struc-
ture of the two MAO isoforms by Binda and co-workers has
provided relevant information about the selective interactions
and the pharmacophoric requirements needed for the design
of potent and selective inhibitors.'®2?

The presence of MAO in the brain cells means that MAOIs
must be able to reach and cross the blood-brain barrier (BBB),
which prevents the access of polar molecules to the brain. The
distribution of compounds between the blood and brain is
a very important consideration for new drug candidates. The
prediction of passive blood-brain partitioning based on in
silico derived physicochemical descriptors is an interesting
tool.”® Due to the issues described above, in the last few
years, a broad consensus has been reached concerning the ne-
cessity for the research of new, more potent, and less toxic
MAO-B selective inhibitors.

Coumarin is a natural product that can be found in the
roots, leaves, flowers, or fruits of various families of angio-
sperms, such as Apiaceae, Rutaceae, Asteraceae, and Umbellifer-
ae. Derivatives of this benzopyrone are of pharmaceutical in-
terest because they have shown different biological activities.
Work has been done that describes the coumarins as anticanc-
er, anti-inflammatory, antimicrobial, cardioprotective, vasorelax-
ant, and antioxidant agents.*” Therefore, the coumarin nucleus
emerged in the 1990s as a promising scaffold for MAO inhibi-
tors.””) Structure-selectivity relationship studies about coumar-
in derivatives suggested that the selectivity was mainly deter-
mined by the nature of the linkage between the coumarin and
the lipophilic aryl groups.” Furthermore, several coumarins
showing significant MAO inhibitory activity (Figure 2) have
been reported. Some of them have been suggested as poten-
tial drugs against neurodegenerative diseases.”””

%o oo

,( LU 53439 (R) (MAOI-B)

Figure 2. Structures of known coumarin-based MAOIs (esuprone and
LU53439).

esuprone (R) (MAOI-A)

Our research group has been able to present 3-arylcoumar-
ins (coumarin-stilbene hybrids; Figure 3) that show a high se-
lectivity and affinity to the MAO-B isoenzyme.”®>” These re-
sults encouraged us to synthesize and study the MAO inhibito-
ry activity of new analogues, in which a variety of groups with
different sizes or different electronic and lipophilic properties
were introduced in both aromatic rings. Our intention is to
clarify the influence of the substitution pattern on the MAO in-
hibitory activity and selectivity of the 3-arylcoumarin skeleton.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

To analyze the structure requirements for the MAO activity
shown by our compounds, we carried out docking experi-
ments on models based on hMAO-A and hMAO-B. After con-
sidering the interesting preliminary results, our research group
is still looking for more active and selective MAOIs.

coumarin trans-stilbene

%{—J

o
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Figure 3. General chemical structure of the synthesized stilbene-coumarin
hybrid scaffold.

Results
Chemistry

The coumarin derivatives 1-25 were efficiently synthesized ac-
cording to the protocol outlined in Scheme 1. The detailed
chemical structures of the compounds are organized in
Table 1. The general reaction conditions and the compound
characterizations are described below in the Experimental Sec-
tion.

Perkin condensation of different ortho-hydroxybenzalde-
hydes with the appropriate arylacetic acid, by using N,N'-dicy-
clohexylcarbodiimide (DCC) as a dehydrating agent,***% af-
forded the 3-arylcoumarins 1-3, 5-8, and 11-15.2%3**! Treat-
ment of 4-(methoxyphenyl)-6-methylcoumarin (7) and 3-(me-
thoxyphenyl)-6-methylcoumarin  (8)“” with N-bromosuccini-
mide (NBS) in CCl, heated at reflux, by using 22-
azobisisobutyronitrile (AIBN) as a catalyst,*” afforded the bro-
momethoxy derivatives 9 and 10, respectively. In addition,
compounds 4, 16, and 17 were obtained by acidic hydrolysis
of the respective methoxy derivatives 3, 14, and 15, by using
hydriodic acid (57 %) in the presence of acetic acid and acetic
anhydride.®® Finally, the Williamson reaction of hydroxycou-
marins 16 and 17 with chloroacetone, 2-chloroacetyl chloride,
or cyclopentyl bromide™” gave the corresponding ethers 18-
20 and 21-23, respectively. Due to their reactivity, compounds
20 and 23 were converted into 24 and 25 in presence of H,0.

Pharmacology: in vitro inhibition of MAO

The biological evaluation of the test drugs on hMAO activity
was investigated by measuring their effects on the production
of hydrogen peroxide (H,0,) from p-tyramine (a common sub-
strate for hMAO-A and hMAO-B), by using the Amplex Red
MAO assay kit (Molecular Probes Inc., Eugene, OR, USA) and
microsomal MAO isoforms prepared from insect cells (BTI-TN-
5B1-4) infected with recombinant baculovirus containing com-
plementary DNA (cDNA) inserts for hMAO-A or hMAO-B

(Sigma-Aldrich Quimica S.A., Alcobendas, Spain).*? The pro-
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Scheme 1. Reagents and conditions: a) DCC, DMSO, 110°C, 24 h, 60-83 %; b) HI, AcOH, Ac,0, reflux, 3 h, 80-89 %; c) NBS, AIBN, CCl,, reflux, 18 h, 41-51%;

d) chloroacetone or cyclopentyl bromide or 2-chloroacetyl chloride, K,CO;, aceto

ne, reflux, 16-24 h, 63-83 %; e) H,0~ 100%. DCC: N,N'-dicyclohexylcarbodi-

imide; DMSO: dimethylsulfoxide; NBS: N-bromosuccinimide; AIBN: 2,2’-azobisisobutyronitrile; CCl,: carbon tetrachloride.

duction of H,0, catalyzed by the two MAO isoforms can be de-
tected by using 10-acetyl-3,7-dihydroxyphenoxazine (Amplex
Red reagent), a nonfluorescent and highly sensitive probe that
reacts with H,0, in the presence of horseradish peroxidase to
produce a fluorescent product, resorufin. The new compounds
and reference inhibitors were unable to react directly with the
Amplex Red reagent, which indicates that these drugs do not
interfere with the measurements. On the other hand, in our ex-
periments and under our experimental conditions, hMAO-A
displayed a Michaelis constant (Ky) equal to 457.17 +38.62 um
and a maximum reaction velocity (V,,.,) with the control group
of 185.67 £12.06 nmol p-tyraminemin~' mg protein~', whereas
hMAO-B showed a K, value of 220.33+32.80 um and a V.,
value of 24.3241.97 nmol p-tyraminemin~'mg protein™' (n=
5). Most of the tested compounds concentration-dependently
inhibited this enzymatic control activity (Table 1).

Reversibility experiments were performed to evaluate the
type of inhibition for derivative 12, the most active compound
in the series (Table 2). An effective dilution method was
used,” and selegiline (irreversible inhibitor) and isatin (reversi-
ble inhibitor) were taken are standards.””

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

To further examine the binding mode of 12 to MAO-B, the
possibility that 12 acts as a competitive inhibitor of this
enzyme was explored. For this purpose, Lineweaver-Burk plots
were constructed for the inhibition of MAO-B by 12. The initial
catalytic rates of MAO-B were measured at five different con-
centrations (10-1000 um) of the substrate, p-tyramine. These
measurements were carried out in the absence and presence
of four different concentrations of 12 (0.05-10 nm). The Line-
weaver-Burk plots obtained in this manner are shown in
Figure 4. The results show that the sets of Lineweaver-Burk
plots constructed for the inhibition of MAO-B have a linear
trend intersecting at the x axis. This indicates that the inhibi-
tion of the MAO-B enzyme by 12 is noncompetitive and thus
provides further support that 12 is a reversible MAO-B inhibi-
tor.

Prediction of passive blood-brain partitioning

Compounds designed to be effective in the central nervous
system (CNS) should be able to cross the BBB to reach the
therapeutic target. It has been shown that compounds with
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Table 1. Structure and in vitro hMAO-A and hMAO-B inhibitory activity of the synthesized derivatives 1-25
and the reference compound selegiline.

ICso [nm]™
Compd R R? R¥ R* hMAO-A hMAO-B S|®!
1 H H H H - 118104800 > 8.5
2 CH, H H H e 283.75+19.90 >352
3 OCH, H H H —d 413.25+60.50 > 24214
4 OH H H H 2989042020 3390+£230 8.8
5 CH, H H CH, - 0.31+0.02 >333333
6 CH,4 H CH, H e 15.0140.83 > 66679
7 CH,4 H H OCH, _d 13.0540.90 > 7663
8 CH, H OCH, H - 0.80-0.05 > 125000
9 CH,4 H Br OCH, —d 0.7440.02 > 1358701
10 CH,4 H OCH, Br _d 3.2540.17 > 312509
1 CH,4 H H Br e 0.387+£0.026 > 2583719
12 CH, H Br H el 0.134-+0.009 > 7460459
13 CH, Br H H e 4340290 >239
14 OCH, H H Br [ 0.32+0.017 >312500
15 OCH, H Br H - 0.6540.035 > 153846
16 OH H H Br 12830+ 660 320417 387
17 OH H Br H -d 8.0+043 >12500"
18 C;H;0, H H Br - el -
19 C,H,0 H H Br - 7020 + 380 > 14
20 C,H,0,Cl H H Br n.e. n.e. -
21 C3Hs0, H Br H - 1480+79 >689
22 CsH,O H Br H 44290+ 2400 1790+ 96 25
23 C,H,0,Cl H Br H n.e. n.e. -
24 C,H,0,4 H H Br 12660+ 840 7.01+0.47 1809
25 C,H;0;4 H Br H - 24+0.14 >370379
seleg. - - - - 6725041020 19.60+0.86 3431
[a] Values are the mean £ SEM from five experiments (n=5); n.e.: not evaluated due to compound instability.
[b] Selectivity index: MAO-B selectivity ratios [ICsywao-)/[ICsomaos)] for the inhibitory effects of both new com-
pounds and reference inhibitors. [c] Inactive at 100 um (highest concentration tested); at higher concentrations,
the compounds precipitate. [d] Values obtained under the assumption that the corresponding ICs, value
against MAO-A is the highest concentration tested (100 um). [e] 100 um inhibits the corresponding hMAO activ-
ity by ~40-45%; at higher concentrations, the compounds precipitate.

a logarithm of the ratio of the concentration of the compound

in the brain and in the blood (logBB) of less than —1 are
poorly distributed in the brain, whereas molecules with
logBB>0.3 can readily cross the BBB.*** The distribution of
compounds 1-25 between the blood and the brain was calcu-
lated through a discriminant equation extracted from a model
recently published.”® The equation discriminates between

Table 2. Reversibility results of hMAO-B inhibition by derivative 12 and
reference inhibitors.

Compd Concentration Slope [%]®

12 0.150 nm 26.53+1.77
selegiline 20 nm 8.51+0.62
isatin 33 um 67.80+7.54

[a] Measured as fluorescence in atomic units over time. Percentage values
represent the mean +SEM of five experiments (n=5) relative to control;
data show recovery of hMAO-B activity after dilution.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

compounds with logBB values
by using a cutoff of 0.3 (see
Equation (1) in the Experimental
Section section). The topological
polar surface area (TPSA) and
the logarithm of the octanol/
water partition coefficient
(log Py were calculated and
their values were substituted
into Equation (1). If the result in
the equation is greater than 0,
the compounds are predicted to
have logBB>0.3, which means
that the compounds readily
cross the BBB.">* If the result is
less than 0, the compounds
could still cross the BBB but with
logBB < 0.3. The majority of the
compounds were predicted to
cross the BBB (Table 3). To better
understand the overall proper-
ties of the described com-
pounds, the theoretical predic-
tion of other absorption, distri-
bution, metabolism and excre-
tion (ADME) properties (molecu-
lar weight, log$S value, number
of hydrogen donors and accept-
ors) of all of the studied com-
pounds (1-25) was carried out
and is presented in Table 3.

Molecular docking studies in
hMAO-B

Molecular docking calculations
were performed to detect the
most likely ligand—protein con-
formation for the 3-arylcoumarin

0.008
-~ 0nm
- 0.05nm
=+ 0.1nMm
E 0.006 A 1nv
- -0~ 10 nm
2 0.004
c
>
~0.002
0.000 T T 1
0.00 0.05 0.10 0.15

1/[substrate] / um"

Figure 4. Lineweaver-Burk plots of the catalytic rates of human MAO-B in
the absence (@) and presence of various concentrations of 12: 0.05 nm (H),
0.1 nM (A), 1 nM (A) and 10 nm (O). The catalytic rates (V) are expressed as
nmol product formed min~' (mg protein)~".
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Table 3. Molecular descriptors (TPSA and log P, included in Equation (1), log BB prediction for the compounds included in the study, and other calculat-
ed theoretical descriptors.”
Compd log Py TPSA Value in Eq. (1) logBB>0.3 Other descriptors

a_acc a_don lip_druglike lip_violation log$S m.r. M, [Da]
1 3.881 26.300 0.927 + 1 0 1 0 —4.55 6.63 222.24
2 4.216 26.300 1.100 + 1 0 1 0 —5.02 7.08 236.27
3 3.874 35.530 0.668 + 2 0 1 0 —4.60 7.27 252.27
4 3.61 46.530 0.227 + 2 1 1 0 —4.19 6.76 238.24
5 4.514 26.300 1.254 + 1 0 1 0 —5.50 7.52 250.30
6 4.551 26.300 1.273 + 1 0 1 0 —5.50 7.52 250.30
7 4172 35.530 0.822 + 2 0 1 0 —5.07 7.72 266.30
8 4.209 35.530 0.841 + 2 0 1 0 —5.07 7.72 266.30
9 5.005 35.530 1.252 + 2 0 1 0 —6.16 8.47 345.19
10 5.005 35.530 1.252 + 2 0 1 0 —6.16 8.47 345.19
1 5.014 26.300 1.512 + 1 0 1 0 —6.11 7.82 315.17
12 5.051 26.300 1.531 + 1 0 1 0 —6.11 7.82 315.17
13 5.012 26.300 1.51 + 1 0 1 0 —6.11 7.82 315.17
14 4.672 35.530 1.080 + 2 0 1 0 —5.69 8.01 331.16
15 4.709 35.530 1.099 + 2 0 1 0 —5.69 8.01 331.16
16 4.408 46.530 0.639 + 2 1 1 0 —5.28 7.50 317.14
17 4.445 46.530 0.658 + 2 1 1 0 —5.28 7.50 317.14
18 4.353 52.600 0.442 + 3 0 1 0 —6.03 9.02 373.20
19 6.209 35.530 1.873 + 2 0 1 1 —6.65 9.67 385.26
20 5.077 52.600 0.816 + 3 0 1 0 —6.84 9.06 393.62
21 4.39 52.600 0.462 + 3 0 1 0 —6.03 9.02 373.20
22 6.246 35.530 1.892 + 2 0 1 1 —6.65 9.67 385.26
23 5.114 52.600 0.835 + 3 0 1 0 —6.84 9.06 393.62
24 4.298 75.660 —0.225 — 2 0 1 0 —5.95 8.63 37417
25 4.335 75.660 —0.206 — 2 0 1 0 —5.95 8.63 37417
[a] log P, log of the octanol/water partition coefficient; TPSA: topological polar surface area; a_acc: number of H-bond acceptor atoms; a_don: number
of H-bond donor atoms; lip_druglike=1 if lip_violation < 2; lip_violation: number of violations of Lipinski’s rule; logS: log of the aqueous solubility [m];
m.r.: molecular refractivity.

derivatives. By following a similar docking protocol recently
published,®" the crystal structure of the hMAO-B in complex
with

7-(3-chlorobenzyl)oxycoumarin-4-carboxaldehyde (C17; Protein
Data Bank (PDB): 2V60)*” was used to dock the compounds
under study. Water molecules were deleted, with the exception
of the water molecule establishing a hydrogen bond with the
crystallographic ligand. The docking simulations were carried
out by using the QM-polarized ligand docking module in the
Schrodinger package (see the Experimental Section for a de-
tailed description). We performed a re-docking validation by
using the co-crystallized C17 (PDB: 2V60), as well as the crys-
tallized ligands from other hMAO-B structures (PDB: 10J9,
10JA, 10JD, 2BK3, 2V5Z, 2V61, 2XFN, 3PO7, and 4A79)."¥ The
root-mean-square deviation (RMSD) of the heavy-atom coordi-
nates between the calculated and crystallized poses was evalu-
ated. The RMSD showed a value of 0.26 for the coumarin de-
rivative C17 in the hMAO-B 2V60 structure (Table 4 and Fig-
ure 5a).

Once the protocol was validated, we also carried out molec-
ular docking calculations for the compounds of the synthe-
sized series in the hMAO-B. Two of the most active compounds
with substitutions at position 6 of the coumarin ring and meta
or para positions in the 3-aryl ring were considered to be rep-
resentative of the study (compounds 12 and 14, Figure 5b-d).
The most favorable docking poses according to the energy

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. RMSD values for the most stable poses calculated through QM-
polarized docking with different co-crystallized ligands for hMAO-B (re-
docking validation).

PDB code RMSD PDB code RMSD
2V60 0.26 2V5Z 145
2XFN 0.77 2BK3 1.51
10J9 0.85 10JA 1.90
10JD 1.29 3PO7 2.66
2V61 1.38 4A79 2.68

score (E,.qe) Were retrieved for all of the compounds. As was
reported previously for this type of compound,®'=* docking
simulations in hMAO-B showed that the coumarin ring is ori-
ented toward the bottom of the binding pocket in the majori-
ty of the docked coumarin derivatives. This fact showed the
preference of this type of compound to adopt the described
binding conformation (Figure 5). The phenyl ring in the benzo-
pyrone system interacts with the flavin adenine dinucleotide
(FAD) cofactor, Tyr60, Tyr398, Tyr435, and Phe343 through
van der Waals and hydrophobic interactions. The 3-aryl frag-
ment is directed toward the hydrophobic area in the entrance
cavity, which establishes hydrophobic and van der Waals inter-
actions mainly with residues Trp119, Leu164, Leu167, Phe168,
l1e199, and lle316 for compound 12 (the best compound of
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Figure 5. a) Comparison of the co-crystallized ligand C17 (colored by element, green carbon atoms) in the crystal
hMAO-B (PDB: 2V60) and the most stable pose retrieved by the docking calculation (red). The FAD cofactor is col-
ored in yellow and the water molecule is in blue. b) Comparison of the most stable binding modes for com-
pounds 12 and 14 (colored by element, gray carbon atoms) against the co-crystallized compound C17 in the crys-
tal hMAO-B (colored by element, green carbon atoms). ¢) Analysis of the most stable pose of compound 12 into
the hMAO-B pocket. The hydrogen bond between Cys172 and the oxygen atom in the carbonyl group and the
arene-H interactions with Leu171 and 1le199 are represented in white. GIn206 and Cys172 (violet) establish

van der Waals interactions with the ligand. Leu328 and Pro104 (red) interact with compound 12 through hydro-
phobic forces. Residues that establish both hydrophobic and van der Waals interactions with the ligand are col-
ored in orange. d) The most stable binding mode for compound 14 in hMAO-B. The hydrogen bond between
Cys172 and the coumarin and the arene-H interactions are represented in white. The binding pocket is colored ac-
cording to the residue property: the hydrophobic residues are colored in red and the hydrophilic residues are col-

ored in green.

the presented series). The analysis of the binding mode for
compounds 12 and 14 also showed that the ligand conforma-
tions are stabilized by a hydrogen bond between Cys172 and
the oxygen atom in the carbonyl group of the coumarin ring.
However, the H-bond angle is not optimum due to the fact
that Cys172 also interacts through an intramolecular hydrogen
bond with Phe168. Protein structure minimization by using the
Prime module™ optimized the hydrogen position and showed
the cited hydrogen bond. In both compounds, Leu171 and
lle199 establish an arene-H interaction with the coumarin ring
and the 3-aryl ring, respectively. The ligands also establish Cou-
lomb interactions with the FAD cofactor and some residues,
such as Glu84, Phe103, Leu171, 1le198, 1le199, Tyr326, and
Tyr398. This fact supports the usefulness of the described pro-
tocol to analyze the binding mode of this type of coumarin de-
rivative. However, the most stable ligand conformation could
be highly dependent on the nature of the substituents in the
3-aryl ring, as well as the coumarin nucleus.

In this article, we also studied hMAO selectivity by using in
silico evidence. We used the hMAO-A crystal structure (PDB:
2Z5X) to dock compounds 11 and 12. Water molecules within
5 R from the co-crystallized ligand were retained in the calcula-
tion. The RMSD between the theoretical and the crystallized
conformations for the ligand harmine was 0.49 A. Compound
12 was placed in a similar area to the co-crystallized ligand
(Figure 6a). However, unlike the harmine ligand, the pose for

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

compound 12 determined by
docking did not show any H-
bond contacts with any water
molecules. This fact could ex-
plain the difference in hMAO-A

activity between the com-
pounds. A similar pose was
found for compound 11 (Fig-
ure 6b). Moreover, to further

study the hMAO-A activity, com-
pound 24 was also investigated
by docking. No water molecules
were retained in the cavity be-
cause of the larger size of the
compound. The docking pose is
in agreement with the previous
calculation (Figure 6b). However,
the oxyacetic acid chain at posi-
tion 6 is placed deeply in the
cavity. The carboxylate oxygen
atom replaced a water molecule
and established a hydrogen
bond with Tyr197, which could
stabilize the ligand conformation
(Figure 6b). However, this con-
formation would have to dis-
place some water molecules
present in the crystal structure
that establish an important H-
bond network with the protein,
and this process could be ener-
getically unfavorable and limiting to the ligand binding poten-
tial.

We also analyzed binding energy values extracted from the
docking calculations. The docking showed better affinities for
the hMAO-B isoenzyme. The different ligand-protein com-
plexes were optimized by using the Prime module.*”’ The mo-
lecular mechanics with generalized Born and surface area sol-
vation (MM-GBSA) free energy of binding for the new synthe-
sized compounds was calibrated with experimental plCs,
values through linear regression (r=0.24 and r=0.43 for
hMAO-A and hMAO-B, respectively). Table 5 shows the MAO-A/
B predicted plCy, values for the most active compounds.

Discussion

All of the described coumarins in this report (compounds 1-
25) were efficiently synthesized and evaluated for their ability
to inhibit the A and B isoforms of hMAO. The corresponding
IC5, values and hMAO-B selectivity ratios, [ICsomao-al/[1Csomao-s)l
are shown in Table 1. The chemical structures of the newly de-
signed compounds, as well as the biological and docking re-
sults, can help us with an interesting structure-activity rela-
tionship (SAR) study. A theoretical prediction, based on in silico
derived physicochemical descriptors, of the BBB crossing was
carried out, and the results also encouraged us to explore the
potential of this chemical family as drug candidates. The ma-
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Figure 6. a) Comparison of the co-crystallized ligand harmine (colored by el-
ement, green carbon atoms) in hMAO-A (PDB: 2Z5X) and the pose retrieved
by the docking calculation for compound 12 (orange carbon atoms). The
ligand harmine establishes H-bond interactions with two water molecules,
whereas compound 12 did not yield H-bond interactions. The residues that
contribute the most to the interaction (sum of Coulomb, van der Waals, and
H-bonding scores) with the ligand are colored in purple. b) Comparison of
the binding modes for compounds 11 (pink carbon atoms) and 24 (aqua-
marine carbon atoms) in hMAO-A. The carbonyl group in the oxyacetic acid
chain at position 6 of compound 24 establishes an H bond with the Tyr197
residue.

jority of the compounds were predicted to cross the BBB, ac-
cording to the theoretical model. The model is very simple and
explains the BBB crossing through passive diffusion without
taking into account other phenomena, such as active transport
mechanisms or the action of efflux pumps. Different authors
developing quantitative structure-activity relationship (QSPR)
models to evaluate the blood-brain partition coefficient have
found the logarithm of the octanol/water partition coefficient
and polar surface area to be good descriptors to explain this
property.*>*®*" |n addition, we have calculated other molecu-
lar descriptors that are important in ADME properties, such as
aqueous solubility. Although many drugs on the market have
a log$ value greater than —4, our compounds still present ac-

ceptable ranges of solubility with an average logS=-5.7. In
addition, we did not find violations of Lipinski’s rule (molecular
weight, logP, number of hydrogen donors and acceptors) for
almost all the compounds (23 out of 25). As MAO inhibitors
have to pass different membranes and reach the CNS, this sup-
ports the potential of these derivatives as drug candidates.

From the experimental results, it can be observed that most
of the tested compounds are selective inhibitors against the
hMAO-B isoenzyme, with 1Cs, values in the low nanomolar and
picomolar range. In fact, only compound 18 proved to be inac-
tive against both isoenzymes. Of the 23 tested compounds, 14
presented similar or better IC;, values against hMAO-B than
that of the selegiline (IC5,=19.60 nm, reference hMAO-B inhibi-
tor), with a much better selectivity profile. Thus, compounds 5,
8,9, 11, 12, 14, and 15 proved to inhibit selectively the B iso-
form of the hMAO enzyme, with extremely good inhibitory ac-
tivities in the picomolar range. Compound 1, the 3-arylcoumar-
in skeleton, presented hMAO-B activity (ICs,=11.81 um). This
was the inspiration to continue with the synthesis of new de-
rivatives presenting this scaffold. The presence of one methyl
group at position 6 (compound 2) increased the hMAO-B activ-
ity 40-fold and maintained the excellent selectivity (ICs, hMAO-
B =284 nm). The presence of a methoxy group at the same po-
sition afforded compound 3, which showed similar MAOI-B ac-
tivity to compound 2 (IC;, hMAO-B=413 nm). The hydrolysis
of that methoxy group into a hydroxy one (compound 4) re-
sulted in a significant loss of activity against hMAO-B (IC5,=
3.39 pum). Nevertheless, compound 4 was still a better inhibitor
of MAO-B than the nonsubstituted 3-phenylcoumarin (com-
pound 1). According to this data, derivatives substituted at po-
sition 6 were explored in the current work. According to previ-
ous work,?®3% it was the very interesting profile of compound
9, with a methoxy group at position 4 and a bromine atom at
position 3 of the 3-aryl group, which made us have a special
interest for the bromine derivatives. Also based on previous
work®3 and the IC,, values of compounds 11-13 against the
hMAO-B enzyme, the meta and para positions proved to be
the most favorable points to substitute. Therefore, further ex-
perimental work was developed by taking this information
into account.

Four of the most active compounds are the new coumarin
derivatives 11, 12, 14, and 15, with IC;, values against hMAO-B
between 134 and 650 pm. Compounds 11 and 12, with differ-
ent positions of the bromine
atom linked in the 3-aryl ring,

compounds in the series.”!

Table 5. MM-GBSA free energy of binding and experimental/calculated plCs, values for the five most active

present a methyl group at posi-
tion6 of the scaffold. Com-
pounds 14 and 15 have the

hMAO-A hMAO-B | . bstituti

Compd Eying [kcalmol™1 plCs, Compd Eying [kcal mol™'] plCy, same 3-aryl ring substitution

obsd calcd obsd caled pattern and present a methoxy
5 —55.34 - 476 5 ~66.19 9.51 7.29 group at position 6. The pres-
1 —64.86 - 488 1 -80.10 9.41 8.23 ence of a bromine atom in the
12 —60.43 - 4.83 12 —82.98 9.87 8.42 3-ary| ring (compounds 11 and
14 —61.89 - 4.84 14 —85.57 9.49 8.59 12) improves the activity, relative
15 —65.38 - 4.88 15 —82.40 9.19 8.38

to that with a methyl group

by using the new synthesized series.

[a] Calculated plCs, values are provided through the respective equations calibrated for h(MAO-A and hMAO-B

(compounds 5 and 6) or a me-
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thoxy group (compounds 7 and
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8) at the same position. So, it can be inferred that the presence
of an electron-withdrawing atom (bromine atom) instead of an
electron-donating group (methyl or methoxy) at those posi-
tions is an important modification to improve the activity.
Based on these new results and keeping the bromine atom in
the meta or para position, we decided to explore deeply the
importance of the nature of the substitution at position 6. Ten
new derivatives (compounds 16-25) were synthesized with
the aim of introducing groups with different physicochemical
properties at position 6 of the coumarin moiety.

Compounds 16 and 17, obtained by hydrolysis of the 6-me-
thoxy derivatives 14 and 15, showed a certain loss of activity.
These compounds are still good candidates, with 1Cs, values
against hMAO-B of 32 and 8 nwm, respectively. Having these hy-
droxy derivatives as starting materials, Williamson type reac-
tions were carried out to obtain compounds 18-23. The bio-
logical results did not significantly improve, but some interest-
ing data were found. Both the 6-(2-oxopropoxy) derivatives 18
and 21 and the 6-cyclopentyloxy derivatives 19 and 22 signifi-
cantly lost the inhibitory activity and selectivity against hMAO-
B. Compounds 24 and 25, with only one carboxylic acid func-
tion on their structure, presented a very interesting activity
profile, with activities against hMAO-B between 2 and 7 nm
(compare with compounds 18 and 21, respectively). Neverthe-
less, compound 24, with the bromine atom in the para posi-
tion, lost selectivity against this isoform.

In the reversibility and irreversibility tests, h(MAO-B inhibition
was assessed to be reversible in the presence of compound 12
(the most active compound, 1C;;=134 pm) as shown by the
enzyme activity restoration after dilution of the control. How-
ever, data obtained for compound 12 showed that its degree
of reversibility is lower than that described for isatin. Com-
pound 12 was shown to be a noncompetitive inhibitor with
global *=0.97 for the sets of Lineweaver-Burk plots con-
structed for the inhibition of MAO-B.

We performed docking calculations to better understand the
experimental results and support the structure-activity rela-
tionship study. Based on the docking results, we have pro-
posed a general hMAO-B binding conformation that orients
the coumarin ring toward the FAD cofactor, whereas the 3-aryl
ring is directed toward the entrance hydrophobic cavity. This is
in accordance with the observation that small substituents at
position 6 are better tolerated than bulky substituents. An in-
crease of the size of the substituents at position 6 in com-
pounds 18-25 led to a loss of hMAO-B activity. A possible
cause could be the lack of space in the binding cavity, with
the disruption of the proposed binding mode and possible
shift of the coumarin nucleus toward the hydrophobic cavity.
On the other hand, polar substituents with the ability to estab-
lish hydrogen bonds, such as hydroxy groups, could cause an
opposite shift of the coumarin ring toward the FAD cofactor.
This shift would cause disruption of some hydrophobic interac-
tions between the 3-aryl ring and the hydrophobic entrance
cavity. In fact, docking analysis of compounds 16 and 17 with
a hydroxy substituent at position 6 showed the possibility of
establishing a hydrogen bond with the FAD cofactor to be fa-
vorable for compound binding. However, this conformation
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could cause, at the same time, a decrease in the hydrophobic
interaction contribution by the 3-aryl fragment. Similar docking
results could explain the different potency shown by com-
pounds 1 and 2 against hMAO-B (ICs, values of 11.81 and
0.284 um, respectively). The docking retrieved a pose for com-
pound 1 slightly shifted toward the FAD that could diminish
the contribution of the hydrophobic interactions to the bind-
ing with the entrance cavity. However, the coumarin ring for
compound 2 is placed in a very similar manner to that for
compounds 12 and 14 (Figure 5), which allows a better fit for
the 3-aryl ring in the hydrophobic cavity.

The 3-aryl ortho-bromine-substituted derivatives have experi-
mentally shown a decrease of activity because the meta- or
para-bromine-substituted compounds show a better accom-
modation in the hydrophobic cavity.®" In fact, the bromine
atom in the ortho position showed a shorter distance to the
carbonyl oxygen atom of Phel168. Docking analysis suggests
that polar substituents at the ortho position of the 3-aryl ring,
such as hydroxy groups, could improve the hMAO-B activity
relative to hydrophobic substituents. Compound 13 with a bro-
mine atom in the ortho position showed an ICs, value of
4.34 um, whereas a similar compound with a hydroxy substitu-
ent was recently reported to have an improved activity (IC5,=
0.12 um).B" Contrarily, polar substituents at the meta and para
positions are not as appropriate for the activity as hydrophobic
substitutions. This fact corroborates the information that was
also recently reported by our research group.®"”

Selectivity of this type of compound toward hMAO-B has
also been studied to show the ability of the compounds to rec-
ognize the pocket in hMAO-B, whereas a more limited binding
has been found against hMAO-A. On one hand, compounds 11
and 12 did not show H-bond interactions with hMAO-A. On
the other hand, and although compound 24 showed the capa-
bility of shifting some water molecules placed deeply in the
cavity through the establishment of a hydrogen bond with
Tyr197, this overall process could energetically limit the
ligand-protein binding. Both isoenzymes differ in some resi-
dues in the pocket that affect selectively the binding of the
studied coumarins.

Conclusions

In this study, a general and efficient synthesis of a new series
of 3-arylcoumarins was developed by using Perkin, hydrolysis,
and Williamson reactions. Determination of hMAO isoform ac-
tivity was carried out, and the majority of the compounds ex-
hibited selectivity for the hMAO-B isoenzyme with high affinity,
in the range of nano- and picomolar concentrations. Com-
pound 12 is more than 140-fold more active than selegiline
(reference compound) against the MAO-B isoenzyme and
shows advantages from the selectivity (more than 200-fold
more selective than selegiline) and reversibility point of view
(it is a noncompetitive inhibitor of MAO-B). Molecular docking
studies were performed to establish the nature of the interac-
tion between the studied compounds and the hMAO enzymes,
which led to a rationalization of the structure-activity relation-
ship for the synthesized series. Additionally, prediction of
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blood-brain partitioning through a QSPR model showed the
great potential of this type of compound to cross the BBB and
act in the CNS. The results encourage further exploration of
the potential of this chemical family as drug candidates for the
treatment of Parkinson’s disease.

Experimental Section
General methods

Starting materials and reagents were obtained from commercial
suppliers (Sigma-Aldrich) and were used without further purifica-
tion. Melting points (mp) are uncorrected and were determined
with a Reichert Kofler thermopan or in capillary tubes in a Buchi
510 apparatus. '"H NMR (300 MHz) and *C NMR (75.4 MHz) spectra
were recorder with a Bruker AMX spectrometer with [Dg]DMSO or
CDCl; as the solvent. Chemical shifts (3) are expressed in parts per
million (ppm) by using tetramethylsilane (TMS) as an internal stan-
dard. Coupling constants (J) are expressed in hertz (Hz). Spin multi-
plicities are given as s (singlet), d (doublet), dd (doublet of dou-
blets), and m (multiplet). Mass spectrometry was carried out with
a Kratos MS-50 or a Varian MAT-711 spectrometer. Elemental analy-
ses were performed by a Perkin-Elmer 240B microanalyzer and are
within £0.4% of calculated values in all cases. The analytical re-
sults are >98% purity for all compounds. Flash chromatography
(FC) was performed on silica gel (Merck 60, 230-400 mesh); analyti-
cal TLC was performed on pre-coated silica gel plates (Merck 60
F254). Organic solutions were dried over anhydrous sodium sulfate.
Concentration and evaporation of the solvent after reaction or ex-
traction was carried out on a rotary evaporator (Biichi Rotavapor)
operating under reduced pressure.

Synthesis

General procedure for the preparation of 3-phenylcoumarins 2,
3, 5-8, and 11-15: A solution of 2-hydroxy-5-methylbenzaldehyde
or 2-hydroxy-5-methoxybenzaldehyde (7.34 mmol) and the corre-
sponding phenylacetic acid (9.18 mmol) in DMSO (15 mL) was pre-
pared. DCC (11.46 mmol) was added and the mixture was heated
in an oil bath at 110°C for 24 h. Ice (100 mL) and acetic acid
(10 mL) were added to the reaction mixture. After being kept at
room temperature for 2 h, the mixture was extracted with diethyl
ether (3x25 mL). The organic layer was extracted with sodium bi-
carbonate solution (50 mL, 5%) and then water (20 mL). The sol-
vent was evaporated under vacuum and the dry residue was puri-
fied by FC (hexane/ethyl acetate, 9:1).

3-(4-Bromophenyl)-6-methylcoumarin (11): White solid; vyield
62%; mp: 197-198°C; 'H NMR (300 MHz; CDCl,): 6=2.44 (s, 3H;
CH,), 7.24 (dd, J=7.9, J=1.6Hz, 1H; H7), 736 (dd, /=79, J=
1.7 Hz, 2H; H5, H8), 7.56-7.62 (m, 4H; H2, H3', H5', H6'), 7.78 ppm
(s, TH; H4); *CNMR (75 MHz; CDCly): 6=20.8, 116.2, 119.2, 123.0,
127.0, 127.7, 130.1, 1316, 1328, 133.7, 1343, 1399, 151.7,
160.5 ppm; MS (El, 70 eV): m/z (%): 317 (18), 316 (99), 315 (19) M+
HI*, 314 (100) [M*], 288 (34), 287 (22), 286 (34), 285 (17), 179 (17),
178 (36), 152 (9), 118 (14), 89 (11), 76 (12); elemental analysis: calcd
for C,¢H;,BrO,: C 60.98, H 3.52; found: C 61.00, H 3.56.

3-(3-Bromophenyl)-6-methylcoumarin (12): White solid; yield
65%; mp: 159-160°C; 'H NMR (300 MHz; CDCl)): 6=2.45 (s, 3H;
CH,), 7.25-7.30 (m, 2H; H7, H8), 7.36 (dd, J=7.9, J=2.1 Hz, 2H;
H4', H5'), 7.56 (dd, /=7.8, J=2.2Hz, 1H; H6'), 7.68 (d, /=2.0 Hz,
1H; H5), 7.80 (s, 1H; H4), 7.86 ppm (t, J=1.8 Hz, 1H; H2'); *C NMR
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(75 MHz; CDCly)): 6=20.8, 116.2, 119.1, 122.4, 127.2, 127.8, 129.9,
131.4,131.7, 132.9, 134.3, 136.7, 140.4, 140.6, 151.7, 160.3 ppm; MS
(El, 70 eV): m/z (%): 317 (18), 316 (99), 315 (19) [M+H]*, 314 (100)
[M*]1, 286 (34), 285 (17), 179 (17), 178 (36), 152 (9), 118 (14), 89 (11),
76 (12); elemental analysis: calcd for C;¢H,,BrO,: C 60.98, H 3.52;
found: C 60.94, H 3.49.

3-(4-Bromophenyl)-6-methoxycoumarin (14): White solid; yield
70%; mp: 174-175°C; 'H NMR (300 MHz; CDCly)): 6=3.88 (s, 3H;
OCH,), 6.99 (d, J=2.8 Hz, 1H; H5), 7.13 (dd, J=9.1, J=3.0Hz, 1H;
H7), 7.29 (d, J=9.1 Hz, 1H; H8), 7.54-7.60 (m, 4H; H2', H3, H5’,
H6'), 7.79 ppm (s, TH; H4); *CNMR (75 MHz; CDCl,): 6=55.8,
109.9, 117.5, 119.5, 119.8, 123.2, 127.5, 130.1, 131.6, 133.6, 139.8,
148.0, 156.2, 160.4 ppm; MS (El, 70 eV): m/z (%): 333 (17), 332 (99),
331 (17) IM+H]", 330 (100) [M*]1, 304 (14), 302 (14), 261 (11) 259
(11), 180 (12), 152 (55), 126 (20), 76 (11); elemental analysis: calcd
for C;¢H,,BrO;: C 58.03, H 3.35; found: C 57.97, H 3.30.

3-(3-Bromophenyl)-6-methoxycoumarin (15): White solid; yield
72%; mp: 151-152°C; '"H NMR (300 MHz; CDCly): 6=3.91 (s, 3H;
CH,), 7.02 (d, J=29Hz, 1H; H5), 7.17 (dd, J=8.0, /=29 Hz, 1H;
H7), 7.34 (dd, J=10.0, J=3.9 Hz, 2H; H4', H5"), 7.57 (dd, J=9.8, J=
2.8 Hz, 1H; H6'), 7.70 (d, J=7.7, 1H; H8), 7.82 (s, 1H; H4), 7.78 ppm
(t, J=1.8Hz, 1H; H2); *CNMR (75 MHz; CDCly): 6=55.7, 110.0,
117.5, 119.7, 120.0, 122.5, 127.1, 127.3, 129.9, 131.4, 131.8, 136.7,
140.3, 148.1, 156.2, 160.3 ppm; MS (El, 70 eV): m/z (%): 333 (17),
332 (99), 331 (18) [M+H]*, 330 (100) [M*], 304 (14), 302 (14), 180
(14), 152 (44), 126 (16); elemental analysis: calcd for C,sH;;BrO;: C
58.03, H 3.35; found: C 58.07, H 3.40.

General procedure for the preparation of 3-(bromomethoxyphe-
nyl)coumarins 9 and 10: A solution of 3-(methoxyphenyl)coumar-
ins 7 or 8 (3.76 mmol), NBS (4.51 mmol), and AIBN (cat.) in CCl,
(5 mL) was stirred and heated at reflux for 18 h. The resulting solu-
tion was filtered to remove the succinimide. The solvent was
evaporated under vacuum and purified by FC (hexane/ethyl ace-
tate, 95:5) to obtain compounds 9 and 10 in yields of 41 and 51 %,
respectively.®”

General procedure for the preparation of hydroxy-3-phenylcou-
marins 4, 16, and 17: A solution of substituted 6-methoxy-3-phe-
nylcoumarin 3, 14, or 15 (0.50 mmol) in acetic acid (5 mL) and
acetic anhydride (5mL), at 0°C, was prepared. Hydriodic acid
(57%, 10 mL) was added dropwise. The mixture was stirred, under
reflux temperature, for 3 h. The solvent was evaporated under
vacuum, and the dry residue was purified by CH;CN crystallization
to yield 4, 16, or 17, respectively.

3-(4-Bromophenyl)-6-hydroxycoumarin (16): White solid; yield
859%; mp: 224-225°C; "H NMR (300 MHz; [DJDMSO): 6 =7.04-7.13
(m, 2H; H5, H8), 7.30 (dd, J=8.7, J=2.6 Hz, 1H; H7), 7.63-7.74 (m,
4H; H2', H3', H5, H6'), 8.24 (s, 1H; H4), 9.82 ppm (s, 1H, OH);
BBCNMR (75 MHz; [DgIDMSO): 6 =113.1, 117.3, 120.4, 120.5, 122.3,
126.1, 131.1, 131.6, 134.5, 141.4, 146.9, 154.3, 160.2 ppm; MS (El,
70 eV): m/z (%): 319 (19), 318 (99), 317 (19) [M+HI", 316 (100)
[M*], 290 (58), 288 (60), 181 (19), 153 (12), 152 (44), 126 (15), 118
(11), 76 (14); elemental analysis: calcd for C,sH,BrO;: C 56.81, H
2.86; found: C 56.77, H 2.81.

3-(3-Bromophenyl)-6-hydroxycoumarin (17): White solid; yield
89%; mp: 219-220°C; 'HNMR (300 MHz; [D¢]DMSO): 6 =7.06 (t,
J=8.8Hz, 2H; H5, H8), 7.28 (d, /=89 Hz, 1H; H7), 7.42 (td, J=8.6,
J=2.4Hz, 1H; HY), 7.61 (dd, J=8.0, J=1.3 Hz, 1H; H4'), 7.73 (dd,
J=7.8,J=1.4Hz, 1H; H6'), 7.93 (d, J=1.5Hz, 1H; H2'), 8.26 (s, TH;
H4), 9.80 ppm (s, 1H; OH); *C NMR (75 MHz; [DJDMSO): 6 =113.2,
117.3, 120.3, 120.6, 121.9, 125.7, 128.0, 130.7, 131.5, 131.6, 137.6,
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142.0, 146.9, 154.3, 160.2 ppm; MS (El, 70 eV): m/z (%): 319 (16),
318 (99), 317 (18) IM+HI™, 316 (100) [M*], 290 (55), 288 (57), 181
(27) 153 (17), 152 (50), 151 (13), 126 (16), 119 (17), 76 (14), 71 (15),
69 (12), 57 (24), 55 (16); elemental analysis: calcd for C;sHsBrO;:
C 56.81, H 2.86; found: C 56.86, H 2.90.

General procedure for the preparation of 6-(2-oxopropoxy)-3-
phenylcoumarins 18 and 21: Chloroacetone (0.25 mmol) was
added to a suspension of anhydrous K,CO; (0.25 mmol) and the
corresponding hydroxycoumarin 16 or 17 (0.13 mmol) in anhy-
drous acetone (3 mL). The suspension was stirred, at reflux temper-
ature, for 16 h. The mixture was cooled and the precipitate was re-
covered by filtration and washed with anhydrous acetone (3%
40 mL). The solvent was evaporated under vacuum and the dry
residue was purified by FC (hexane/ethyl acetate, 85:15) to obtain
18 and 21, respectively.

3-(4-Bromophenyl)-6-(2-oxopropoxy)coumarin (18): White solid;
yield 81%; mp: 157-158°C; "H NMR (300 MHz; CDCl,): 6 =2.35 (s,
3H; CH,), 4.66 (s, 2H; CH,), 6.98 (d, J=2.9 Hz, 1H; H5), 7.20 (dd, J=
9.1, J=29Hz, 1H; H7), 7.30 (d, J=9.1 Hz, 1H; H8), 7.55-7.67 (m,
4H; H2, H3', H5, H6), 7.79 ppm (s, 1H; H4); CNMR (75 MHz;
CDCly): 6=26.6, 73.5, 111.1, 117.9, 119.8, 119.9, 123.4, 127.9, 130.1,
131.7, 133.4, 1394, 148.6, 154.3, 160.2, 204.6 ppm; MS (El, 70 eV):
m/z (%): 376 (11), 375 (72), 374 (100), 373 (73) [M+H]*, 372 (99)
[M*1, 332 (28), 331 (87), 330 (30), 329 (88), 302 (28), 301 (54), 245
(31), 164 (48), 163 (78), 152 (84), 151 (19), 126 (48); elemental anal-
ysis: calcd for CigH,3BrO,: C 57.93, H 3.51; found: C 57.87, H 3.47.

3-(3-Bromophenyl)-6-(2-oxopropoxy)coumarin (21): White solid;
yield 83%; mp: 167-168°C; 'H NMR (300 MHz; CDCl,): 6=2.30 (s,
3H; CH,), 4.61 (s, 3H; CH,), 6.94 (d, J=3.0 Hz, 1H; H5), 7.15 (dd, J=
9.1, J=2.0Hz, 1H; H7), 7.33 (dd, J=8.1, J=2.4 Hz, 2H; H4', HY'),
7.53 (d, J/=9.1 Hz, 1H; H8), 7.66 (dd, J=8.2, J=23 Hz, 1H; H6),
7.75 (t, J=2.5Hz, 1H; H2), 7.83 ppm (s, 1H; H4);*C NMR (75 MHz;
CDCly): 6=26.6, 73.5, 111.1, 117.9, 119.8, 119.9, 122.5, 127.2, 127.5,
130.0, 131.4, 132.0, 136.5, 139.9, 148.6, 154.3, 160.1, 204.5 ppm; MS
(El, 70 eV): m/z (%): 375 (20), 374 (100), 373 (21) [M+H]", 372 (100)
[M*1, 331 (43), 329 (43), 301 (15) 273 (10), 164 (17), 163 (31), 152
(30), 126 (13); elemental analysis: calcd for C,gH,3BrO,: C 57.93, H
3.51; found: C 57.88, H 3.47.

Preparation of 6-(2-cyclopentyloxy)-3-phenylcoumarins 19 and
22: Cyclopentyl bromide (0.25 mmol) was added to a suspension
of anhydrous K,CO; (0.25 mmol) and the corresponding 6-hydroxy-
coumarin 16 or 17 (0.13 mmol) in anhydrous acetone (3.0 mL). The
suspension was stirred, at reflux temperature, for 24 h. The mixture
was cooled and the precipitate was recovered by filtration and
washed with anhydrous acetone (3x40mL). The solvent was
evaporated under vacuum, and the dry residue was purified by FC
(hexane/ethyl acetate, 9:1) to obtain 19 or 22, respectively.

3-(4-Bromophenyl)-6-(cyclopentyloxy)coumarin (19): White solid;
yield 63%; mp: 164-165°C; 'H NMR (300 MHz; CDCl,): 0=1.27-
1.41 (m, 4H; 2xH3", 2xH4"), 1.49-1.72 (m, 2H; 2xH5"), 1.77-2.29
(m, 2H; 2xH2"), 438 (m, 1H; H1"), 6.96 (d, J=2.7 Hz, 1H; H5),
7.15 (dd, J=9.1, J=2.7 Hz, 2H; H7, H8), 7.2-7.38 (m, 2H; H2', HE')
7.44-7.67 (m, 2H; H3, H5), 7.76 ppm (s, TH; H4); CNMR
(75 MHz; CDCly): 6=24.0, 32.8, 80.1, 111.9, 117.5, 119.8, 120.9,
123.0, 123.1, 127.3, 130.2, 131.6, 133.7, 139.9, 147.8, 154.7 ppm; MS
(El, 70 eV): m/z (%): 387 (6), 386 (25), 385 (6) [M+H]*, 384 (25)
[M*1, 319 (22), 318 (100), 317 (24), 316 (99), 290 (41) 288 (42), 181
(11), 152 (38); elemental analysis: calcd for C,H,,BrO;: C 62.35, H
4.45; found: C 62.40, H 4.49.
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3-(3-Bromophenyl)-6-(cyclopentyloxy)coumarin (22): White solid;
yield 65%; mp: 228-229°C; 'H NMR (300 MHz; CDCl;): 6 =1.57-
1.99 (m, 8H; 2xH2", 2xH3", 2xH4", 2xH5"), 477 (m, TH; H1"),
6.95 (d, J=3.0 Hz, 2H; H5), 7.05 (dd, /=8.8, J=2.7 Hz, 2H; H7, H8),
7.24-7.35 (m, 2H; H4', H5), 7.53 (m, 1H; H6'), 7.76 (s, TH; H4),
7.84 ppm (t, J=2.0 Hz, 1H; H2); *C NMR (75 MHz; CDCl3): 6 =24.0,
32.7, 80.1, 111.9, 1175, 119.7, 121.0, 1225, 127.0, 127.3, 129.9,
131.4, 131.7, 136.8, 140.4, 147.8, 154.7, 160.4 ppm; MS (El, 70 eV):
m/z (%): 387 (11), 386 (45), 385 (12) [M+HI*, 384 (45) [M*], 319
(19), 318 (100), 317 (22), 316 (100), 290 (27) 288 (27), 152 (11); ele-
mental analysis: calcd for C,H,,BrO;: C 62.35, H 4.45; found:
C62.30, H 4.39.

Preparation of 2-[(3-phenylcoumarin-6-yl)oxylacetyl chlorides 20
and 23: 2-Chloroacetyl chloride (0.25 mmol) was added to a sus-
pension of anhydrous K,CO,; (0.25 mmol) and the corresponding
6-hydroxycoumarin 16 or 17 (0.13 mmol) in anhydrous acetone
(3.0 mL). The suspension was stirred, at reflux temperature, for
24 h. The mixture was cooled and the precipitate was recovered
by filtration and washed with anhydrous acetone (3x40 mL). The
solvent was evaporated under vacuum, and the dry residue was
purified by FC (hexane/ethyl acetate, 8:2) to obtain 20 or 23, re-
spectively.

2-[(3-(4-Bromophenyl)coumarin-6-yl)oxylacetyl chloride (20):
White solid; yield 63%; mp: 118-119°C; "H NMR (300 MHz; CDCls):
0=5.52 (s, 2H; CH,), 7.07 (d, J=2.5 Hz, 1H; H5), 7.19 (d, J=8.3 Hz,
1H; H8), 7.26 (dd, /=8.8, J=2.4 Hz, 1H; H7), 7.60-7.72 (m, 4H; H2',
H3’, H5', H6'), 8.20 ppm (s, 1H; H4); *C NMR (75 MHz; CDCl,): 6=
89.0, 113.1, 117.2, 120.4, 122.3, 126.1, 131.0, 1314, 131.6, 1344,
141.3, 146.8, 154.3, 160.2, 169.0 ppm; MS (El, 70 eV): m/z (%): 393
(10) [M+HI*, 392 (50) [M*1, 319 (14), 318 (82), 317 (15), 316 (82),
297 (11) 295 (11), 290 (42), 288 (43), 216 (13), 214 (13), 181 (16),
172 (48), 171 (26), 170 (50), 169 (24), 152 (30), 126 (24), 118 (11), 90
(20), 89 (13); elemental analysis: calcd for C;;H,,BrClO,: C 51.87,
H 2.56; found: C 51.79, H 2.52.

2-[(3-(3-Bromophenyl)coumarin-6-yl)oxylacetyl chloride (23):
White solid; yield 66 %; mp: 157-158°C; "H NMR (300 MHz; CDCls):
0=>5.04 (s, 2H; CH,), 7.05 (d, J=3.0 Hz, 1H; H5), 7.25 (dd, /=8.0,
J=3.5Hz, 1H; H7), 7.40 (d, J/=8.0 Hz, 1H; H8), 7.58-7.63 (m, 2H;
H4', H5'), 7.72 (dd, J=7.6, J=1.2Hz, 1H; H6'), 791 (d, J=1.3 Hz,
1H; H2), 8.24 ppm (s, 1H; H4); *C NMR (75 MHz; CDCl,): 6 =65.5,
112.6, 113.2, 117.3, 120.2, 120.6, 121.9, 125.7, 128.1, 130.8, 131.7,
137.6, 142.0, 146.9, 154.3, 160.2, 169.5 ppm; MS (El, 70 eV): m/z (%):
393 (10) [M+HI1*, 392 (50) [M*]1, 391 (17), 390 (86), 389 (17), 388
(86), 319 (16), 318 (99), 317 (29), 316 (100), 315 (13), 290 (53), 289
(19), 288 (54), 181 (21), 153 (17), 152 (60), 126 (23), 119 (16); ele-
mental analysis: calcd for C;H,,BrClO,: C 51.87, H 2.56; found:
C51.82, H 2.52.

Preparation of 2-[(3-phenylcoumarin-6-yl)oxylacetic acids 24
and 25: Compounds 24 and 25 were obtained from the respective
acetyl chlorides 20 and 23 in contact with the atmosphere, due to
their instability.

2-[(3-(4-Bromophenyl)coumarin-6-yl)oxylacetic acid (24): White
solid; yield 100%; mp: 118-119°C; 'H NMR (300 MHz; CDCl,): 6 =
4.60 (s, 2H; CH,), 7.08 (d, J=2.7 Hz, 1H; H5), 7.21 (d, J=8.3 Hz, 1H;
H8), 7.29 (dd, J=8.4, J=2.6 Hz, 1H; H7), 7.64-7.75 (m, 4H; H2,
H3', H5', H6'), 822 (s, 1H; H4), 9.81 ppm (s, TH; OH); *C NMR
(75 MHz; CDCly): 6=66.0, 114.0, 117.3, 120.9, 122.4, 126.5, 131.3,
131.5, 132.0, 134.6, 141.5, 147.0, 154.5, 160.3, 171.8 ppm. MS (El,
70 eV): m/z (%): 375 (10), 374 (32) [M+H]", 373 (100) [M*], 319
(14), 181 (16), 171 (26), 126 (24), 118 (11), 90 (20), 89 (13); elemental
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analysis: calcd for C;;H11BrOs: C 54.42, H 2.96; found: C 54.43,
H 2.98.

2-[(3-(3-Bromophenyl)coumarin-6-yl)oxylacetic acid (25): White
solid; yield 100%; mp: 157-158°C; "H NMR (300 MHz; CDCl,): 6=
4.83 (s, 2H; CH,), 7.00 (d, J=2.9 Hz, 1H; H5), 7.05 (dd, /=8.1, J=
2.8 Hz, 1H; H7), 7.25 (d, J=8.2 Hz, 1H; H8), 7.36-7.43 (m, 1H; H5'),
7.57-7.60 (m, 1H; H4), 7.70 (dd, J=7.8, J=1.1 Hz, TH; H6’), 7.90 (t,
J=1.6Hz, 1H; H2), 823 (s, TH; H4), 979 ppm (s, 1H; OH);
3C NMR (75 MHz; CDCL,): 6=63.4, 112.3, 114.9, 118.1, 120.8, 121.6,
122.2, 125.9, 1284, 131.2, 132.3, 137.9, 142.5, 148.4, 155.3, 162.1,
172.3 ppm; MS (El, 70 eV): m/z (%): 375 (10), 374 (32) IM+HI1*, 373
(100) [M™1, 319 (14), 181 (16), 152 (20), 126 (23), 119 (16); elemen-
tal analysis: calcd for C,;H,,BrOs: C 54.42, H 2.96; found: C 54.41,
H2.97.

Determination of the MAO isoform in vitro activity

Briefly, sodium phosphate buffer (0.1 mL, 0.05m, pH 7.4) containing
different concentrations of the test drugs (new compounds or ref-
erence inhibitors) in various concentrations and adequate amounts
of recombinant hMAO-A or hMAO-B required and adjusted to
obtain under our experimental conditions the same reaction veloc-
ity, that is, to oxidize (in the control group) the same concentration
of substrate, 165 pmol of p-tyramine per min (hMAO-A: 1.1 pg pro-
tein; specific activity: 150 nmol of p-tyramine oxidized to p-hy-
droxyphenylacetaldehyde min~' (mg protein)™'; hMAO-B: 7.5 pg
protein; specific activity: 22 nmol of p-tyramine transformed
min~ (mg protein)~', were incubated for 15 min at 37°C in a flat-
black-bottomed 96-well microtest plate, placed in a dark fluorime-
ter chamber. After this incubation period, the reaction was started
by adding (final concentrations) 200 um Amplex Red reagent,
1UmL™" horseradish peroxidase, and 1 mm p-tyramine. The pro-
duction of H,0, and, consequently, of resorufin was quantified at
37°C in a multidetection microplate fluorescence reader (FLX800,
Bio-Tek Instruments Inc., Winooski, VT, USA) based on the fluores-
cence generated (excitation, 545 nm, emission, 590 nm) over
a 15 min period, in which the fluorescence increased linearly.

Control experiments were carried out simultaneously by replacing
the test drugs (new compounds and reference inhibitors) with ap-
propriate dilutions of the vehicles. In addition, the possible capaci-
ty of the above test drugs to modify the fluorescence generated in
the reaction mixture due to nonenzymatic inhibition (for example,
by directly reacting with Amplex Red reagent) was determined by
adding these drugs to solutions containing only the Amplex Red
reagent in a sodium phosphate buffer. To determine the kinetic pa-
rameters of hMAO-A and hMAO-B (K, and V,,,), the corresponding
enzymatic activity of both isoforms was evaluated (under the ex-
perimental conditions described above) in the presence of
a number (a wide range) of p-tyramine concentrations.

The specific fluorescence emission (used to obtain the final results)
was calculated after subtraction of the background activity, which
was determined from vials containing all components except the
hMAO isoforms, which were replaced by a sodium phosphate
buffer solution. Under our experimental conditions, this back-
ground activity was practically negligible.

MAO activity of the test compounds and reference inhibitors is ex-
pressed as ICs, values, that is, the concentration of each drug re-
quired to produce a 50% decrease on the control value activity of
the isoforms MAO. The corresponding ICs, values were calculated
by using the Origin 5.0 software (Microcal Software Inc., Northamp-
ton, MA, USA), from the equations of the lines obtained by linear
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regression (methods least squares) of the resulting points to repre-
sent the log of the molar concentration of the test compound
(x axis) versus the percentage inhibition of the control MAO activity
achieved with corresponding concentrations of each compound
(y axis). This linear regression was performed by using data ob-
tained with 4-6 concentrations of each test compound capable of
inhibiting the control enzyme activity of the MAO isoenzymes by
between 20 and 80%. Also, the [ICsomao-al/[ICsomaos)] ratio was cal-
culated as an indicator of the rate of selectivity in the inhibition of
both isoforms.

Determination of inhibition mode

To evaluate whether compound 12 is a reversible or irreversible
hMAO-B inhibitor, a dilution method was used."® A 100x concen-
tration of the enzyme used in the above-described experiments
was incubated with a concentration of inhibitor equivalent to 10-
fold the ICs, value. After 30 min, the mixture was diluted 100-fold
into reaction buffer containing Amplex Red reagent, horseradish
peroxidase, and p-tyramine, and the reaction was monitored for
15 min. Reversible inhibitors show linear progress with a slope
equal to ~91% of the slope of the control sample, whereas irrever-
sible inhibition reaches only ~9% of this slope. Control tests were
carried out by pre-incubating and diluting the enzyme in the ab-
sence of inhibitor.

Construction of Lineweaver-Burk plots

Sets of Lineweaver-Burk plots were constructed for the inhibition
of MAO-B by a selected inhibitor, compound 12. The initial MAO
catalytic rates were measured at five different p-tyramine concen-
trations (10-1000 um), firstly in the absence of inhibitor and then
in the presence of four different concentrations of 12 (0.05-10 nm).
The concentration of recombinant human MAO-B used for these
measurements was 7.5 ug of protein [specific activity: 22 (nmol
p-tyramine transformed) min~' (mg protein)~']. All enzymatic reac-
tions and measurements were carried out as described above.
Linear regression analysis was performed by using GraphPad Prism
software >

Prediction of passive blood-brain partitioning and calculation
of molecular descriptors

The procedure to calculate the theoretical logBB value (the loga-
rithm of the ratio of the concentration of the compound in the
brain and in the blood) was described with more detail in a previ-
ous publication.”” We prepared the ligands with the LigPrep
module.”*** The protonation state was established with lonizer at
pH 7. After calculating the atomic charges with the Gasteiger
(PEOE) model, we calculated the topological polar surface area
(TPSA) descriptors and the logP,,,, value with MOE 2011.10 soft-
ware.”® The descriptor values were introduced in Equation (1), as
described by Vilar et al.,”? in which N is the number of compounds
used in the training set of the model developed to extract the dis-
criminant equation, U is the Wilks statistic, F is the Fisher ratio, and
p is the significance level.

log BBclass = 0.5159 x log P,,,)—0.0277 x TPSA—0.3462 (1)

N =307 U=0.70 F(2,304) = 63.79 p < 0.0001
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If the result in the equation is >0, the compounds are predicted
to have a logBB>0.3, which means that the compounds readily
cross the blood-brain barrier.* If the result is <0, the compounds
could still cross the blood-brain barrier but with logBB<0.3. We
also carried out the calculation of other molecular descriptors with
the MOE 2011.10 software,®® such as pharmacophore atom-type
descriptors, atom counts, and physical properties.

Molecular docking simulations

Molecular docking simulations were carried out by using the
Schrédinger 2011 package.®

hMAO-B

Ligand dataset preparation: The dataset was composed of 23
coumarin derivatives and different ligands belonging to hMAO-B
crystal structures (PDB: 10J9, 10JA, 10JD, 2BK3, 2V5Z, 2V60, 2V61,
2XFN, 3PO7, and 4A79).“® Different protonation states at pH 7.0+
2.0 by using Epik and tautomers were generated with the LigPrep
module.®¥ All of the structures were optimized by using the OPLS_
2005 force field.

Protein structure preparation: We preprocessed the crystal struc-
ture of hMAO-B in complex with a coumarin derivative (PDB code:
2V60) by using the Protein Preparation Workflow in the Schréding-
er package.” A water molecule establishing a hydrogen bond
with the co-crystallized ligand was retained. Hydrogen atoms were
added through this procedure and minimized with the OPLS_2005
force field, and heavy atoms were constrained. H-bonding optimi-
zation was carried out and included the reorientation of hydroxy
groups, the water molecule, and the amide groups of Asn and GIn
residues. The protonation states of His, Asp, and Glu residues were
also optimized.

Receptor grid generation: A receptor grid was calculated by
using a van der Waals scaling factor of 1.0 with a partial charge
cutoff of 0.25. The grid was centered in the co-crystallized coumar-
in derivative C17 with an outer box length of 20 A.

QM-polarized ligand docking procedure: In the first step of the
QM-polarized docking,”” we docked the ligands to hMAO-B (PDB:
2V60) by using the Standard Precision level (SP scoring function) of
Glide,® and three poses for each ligand were retained. Next, polar-
ization of the ligand charges by the receptor was calculated. Quan-
tum mechanical calculations by using Jaguar with the 6-31G*/
LACVP* basis set, B3LYP density functional, and Ultrafine SCF accu-
racy level are carried out to determine the partial charges on the
ligand atoms inside the protein pocket. In the third step, we re-
docked the ligands with the new charges by using the Extra Preci-
sion (XP) mode, and three poses were retained for each ligand.
Ligand van der Waals scaling was 0.8. The selection of the final
pose was made by taking into account the energy score (E.oqe)
that combines the energy grid score, GlideScore, and internal
strain energy used in the conformational search. We also analyzed
binding energy values by using the Prime module.”’!

hMAO-A

A similar treatment was carried out for the hMAO-A crystal struc-
ture with the ligand harmine (PDB: 2Z5X).
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