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a b s t r a c t

A new class of serotonin 5-HT1A receptor ligands related to NAN-190, buspirone and aripiprazole has
been designed using our potent 5-HT3 receptor ligands as templates. The designed pyrrolidone
derivatives 10aenwere prepared by means of the straightforward chemistry consisting in the reaction of
the appropriate g-haloester derivatives with the suitable arylpiperazinylalkylamines. The nanomolar 5-
HT1A receptor affinity and the agonist-like profile shown by fused pyrrolidone derivatives 10k,m
stimulated the rationalization of the interaction with an homology model of the 5-HT1A receptor and the
evaluation of their selectivity profiles and the pharmacokinetic properties. Interestingly, the results of
the profiling assays suggested for close congeners 10k,m a significantly divergent binding pattern with
compound 10m showing an appreciable selectivity for 5-HT1AR.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is an important neuro-
transmitter both in central nervous system and in periphery. 5-HT
has to date been shown to bind to distinct receptors subdivided into
14 separate subtypes (5-HT1-7: 5-HT1A-F, 5-HT2A-C, 5-HT3, 5-HT4, 5-
HT5A, 5-HT6, 5-HT7) [1]. The 5-HT1A receptor (5-HT1AR) subtype
pharmacology has been extensively studied by means of a huge
series of developed selective ligands as pharmacological tools (e.g.
s, G-protein coupled recep-
; GABA, gamma aminobutyric
eceptor; EPS, extrapyramidal
rrolidone component; APC,
, central nervous system; CA,
getative reflexes; NT, neuro-
o’s modified eagle medium;
mized potentials for liquid
radient; GB/SA, generalized-
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8-OH-DPAT, 1 and NAN-190, 2 Fig. 1). Although 2 was earlier con-
sidered a selective 5-HT1AR antagonist, evidence was later collected
about its alpha2-adrenergic receptor antagonist properties [2]. 5-
HT1AR agonists and partial agonists are clinically used in the
treatment of anxiety and depression [3]. Buspirone (3, Fig. 1) is an
example of a psychoactive drug used in the treatment of general-
ized anxiety disorder of very mild to moderate intensity without
panic attacks. Compound 3 was reported to behave as 5-HT1AR
partial agonist endowed with moderate 5-HT1AR selectivity (due to
its affinity toward other monoaminergic receptors such as dop-
amine D2 and adrenergic alpha1 and alpha2 receptor subtypes) [4].
Accordingly, the selectivity issue represents a crucial feature in the
development of buspirone-related analogs. Clinically, the inter-
action with 5-HT1AR is also responsible for the lack of undesired
side-effects in some atypical antipsychotic drugs [5]. The seroto-
ninergic system plays a pivotal role in regulation of prefrontal
cortex (PFC) functions, including emotional control, cognitive
behavior and working memory. PFC pyramidal neurons and GABA
interneurons contain a high density of 5-HT1AR and 5-HT2AR. It was
demonstrated in PFC that NMDA receptors channels are the target
of 5-HT1AR and both receptors modulate the excitability of cortical
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Fig. 1. Structures of some relevant serotonin 5-HT1AR ligands.
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neurons thus affecting cognitive functions [6]. Indeed, a variety of
preclinical data has suggested that the 5-HT1AR may be a ther-
apeutic target for the development of improved antipsychotics.
Although the role of 5-HT1AR in antipsychotic drug efficacy profile
is still under debate, 5-HT1AR affinity contributes to the clinical
efficacy of most of the atypical antipsychotics (e.g. clozapine,
olanzapine, aripiprazole, 4 Fig. 1) and contributes to their low EPS
liability [7]. Experimental evidences show that 5-HT1AR activation
attenuates antipsychotic-induced side effects in humans [8].
Accordingly, an associationwas postulated between agonist activity
at 5-HT1AR and anxiolytic or antidepressant effects, improvements
in cognitive and negative symptoms [9], and decreased develop-
ment of EPS in schizophrenia [10]. Furthermore, in vivo studies
demonstrated that activation of 5-HT1AR can play a role in
aripiprazole-mediated behavior in rats [11,12]. Moreover, since
glutamatergic transmission is dysfunctional in schizophrenia and
glutamate release is decreased by 5-HT1AR activation [13], agonist
properties at postsynaptic 5-HT1AR may be relevant to the ther-
apeutic profile of atypical antipsychotic agents, improving negative
symptoms and cognitive deficits [14].

Our earlier interest in the search of new serotoninergic agents
led to development of a series of chemically diverse compounds
endowed with different affinity profiles, selectivity and pharma-
cological properties [15]. Among the multitude of developed 5-HT
receptors ligands, derivatives 5e8 (Fig. 2) based on the pyrroli-
done structure [16], proved to behave as potent 5-HT3R ligands.
These analogs showed different functional profiles ranging from
the antagonist properties of tropane derivatives (compounds 5e8
with Het ¼ endo-tropan-3-yl) to the full range of intrinsic effi-
cacies shown by the quinuclidine derivatives (compounds 5e8
with Het ¼ quinuclidin-3-yl). On the whole, the results obtained
suggested that the basic heterocyclic (endo-tropan-3-yl or quinu-
clidin-3-yl) moiety of compounds 5-8 governs the long range
interaction with the 5-HT3R and the fused pyrrolidone scaffold
Fig. 2. Design of 5-HT1AR ligands 10aen. For the spe
plays a significant role in the modulation of the short range con-
tacts. On the other hand, in the series of 3,4-dihydropyrazino[1,2-a]
indol-1(2H)-one-2-yl series of analogs (exemplified by 9a,b) the 5-
HT1AR affinity appeared to bemodulated by the functionalization at
the arylpiperazine moiety [15c,d].

Taken together, these analyses, prompted us to further explore
5-HT1AR pharmacology. Thus, in the progress of our large program
focused on the medicinal chemistry of 5-HT receptor ligands,
pyrrolidone derivatives 5e8, NAN-190 (2), and compounds 9a,b
were considered as structural templates in the design of new 5-
HT1AR ligands 10 (Fig. 2), in which the basic heterocyclic moiety
employed was the arylpiperazine scaffold widely embodied in
most of the known serotoninergic ligands (e.g. 2 and 4). As the
arylpiperazine scaffold is known to interact with a broad range of
different receptors, our working hypothesis was the possible
modulation of the selectivity by means of the appropriate varia-
tion and combination of three structural components, namely: the
fused pyrrolidone component (FPC), the spacer between piper-
azine and pyrrolidone, and the substituents of the arylpiperazine
component (APC).

The present paper describes the synthesis and the preliminary
pharmacological characterization of 5-HT1AR ligands 10 as well as
the pharmacokinetic properties and the rationalization of the
ligandereceptor interaction of the most interesting compounds of
the series.

2. Results and discussion

2.1. Chemistry

Target pyrrolidone derivatives 10aen were prepared by means
of the simple general procedure (Scheme 1) previously developed
for the synthesis of our tropane 5-HT3R antagonists 5e8 [16]. The
reaction of appropriate g-haloester derivative (11e13) [16] with the
suitable arylpiperazinylalkylamine (14e18) [17] afforded the
expected tricyclic ligand (10aen) in acceptable to good yields.

The structure of compound 10c was confirmed by crystallo-
graphic studies (Fig. 3) and used as an input in the molecular
modeling studies.

2.2. Binding assays, structureeactivity relationships (SARs), and
molecular modeling studies

The newly developed arylpiperazines 10aenwere evaluated for
their potential activity in inhibiting the specific binding of [3H]8-
OH-DPAT [18] (1) to 5-HT1AR in rat hippocampus membranes in
comparisonwith unlabeled 1, and the results of the binding studies
are summarized in Table 1.
cific structure of compounds 10aen see Table 1.



Scheme 1. Synthesis of target compounds 10aen. For the specific structure of com-
pounds 10aen see Table 1. Reagents: (i) C2H5OH.

Table 1
5-HT1AR binding affinities of compounds 10aen.

Compd FPC Spacer AC Ki (nM) � SEMa

10a A e(CH2)3e A 104 � 50
10b B e(CH2)3e A 46 � 21
10c A e(CH2)4e A 15 � 6
10d A e(CH2)4e B 30 � 9
10e B e(CH2)4e A 13 � 1
10f B e(CH2)4e B 31 � 11
10g C e(CH2)4e A 17 � 5
10h C e(CH2)4e B 31 � 10
10i A e(CH2)5e A 20 � 6
10j A e(CH2)5e B 58 � 19
10k B e(CH2)5e A 1.6 � 0.2
10l B e(CH2)5e B 490 � 125
10m C e(CH2)5e A 1.7 � 0.3
10n C e(CH2)5e B 878 � 228
1 e e e 1.2 � 0.2

a Each value is the mean � SEM of 3 independent determinations performed in
duplicate and represents the concentration giving half the maximum inhibition of
[3H]1 (final concentration 0.5 nM) specific binding to rat cerebral hippocampus
membranes.
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In order to better understand the ligand-5-HT1AR interactions
for the compounds herein reported, and aiming at investigating the
binding mode of these new inhibitors, in the absence of a 3D X-ray
structure of the 5-HT1A GPCR, a docking procedure (performedwith
AutoDock [19]) was applied by using a specific homology model of
the 5-HT1AR generated by means of a multiple templates-based
homology modeling approach (see experimental section for
details) [20]. We chose to make use of multiple templates in the
modeling the 5-HT1AR for increasing the quality of the obtained
model [21,22]. Indeed, this method successfully allowed us to
increase the simulation time for minimizing and optimizing the 5-
HT1AR model. The 5-HT1AR affinities shown by compounds 10aen
were found to vary from the submicromolar to the nanomolar
range with a modulation appropriate for structure affinity rela-
tionship analysis. The most outstanding results were obtained with
compounds 10k,m, which are very potent ligands showing Ki val-
ues in the low nanomolar range. In these two arylpiperazine
ligands, the combination of the angularly fused pyrrolidone com-
ponents with the pentamethylene spacer and the 2-
methoxyphenyl arylpiperazine component represents the optimal
scaffold for the interaction with the 5-HT1AR binding site, which
appears to be practically unable to distinguish between compound
10k (Ki ¼ 1.6 nM) and its closely related analog 10m (Ki ¼ 1.7 nM).
Interestingly, our computational studies revealed that 10k and 10m
share virtually identical interactions within 5-HT1AR binding site
(Fig. 4).

Particularly, both compounds can establish a T-shaped inter-
action with the hydrophobic Phe166, and H-bonds with both
Asn217 and Arg244. An additional charge-assisted H-bond can take
place between the protonated piperazine nitrogen and the car-
boxylic moiety of Asp78. This pattern of interaction is in line with
the nanomolar potency of these 5-HT1AR ligands. The proposed
binding modes are also consistent with the experimentally
Fig. 3. Structure of compound 10c found by crystallography. Ellipsoids enclose 50%
probability.
determined lower activity of compounds 10i and 10j (Table 1),
since, when comparedwith 10k and 10m, they only revealed the H-
bond with the Asn217 (Fig. 5).

The alteration of the optimized combination of the above-
mentioned structural components (namely: the angularly fused
pyrrolidone components, the pentamethylene spacer, and the 2-
methoxyphenyl arylpiperazine component) produces a significant
decrease in the 5-HT1AR binding affinity. For instance, the
replacement of the 2-methoxyphenyl arylpiperazine component of
the best ligands 10k,m, with the 2,3-dichlorophenyl counterpart
(as in compounds 10l,n) leads to a dramatic decrease in the 5-
HT1AR binding affinity (10l vs 10k and 10n vs 10m). Docking
studies performed with our arylpiperazine derivatives 10i,k,m,
highlight that the methoxy group of these compounds is accom-
modated into a small binding pocket, which appears to be less
tolerant for the two chlorine atoms of 10j (Fig. 6).

On the other hand, the same 2-methoxyphenyl to 2,3-
dichlorophenyl replacement appears to be well tolerated in the
remaining couples of arylpiperazine ligands reported in Table 1. The
very similar affinity shown by 10bej suggests that apart from the
above cited optimized combination of the structural components, a
broad range of different combinations is recognized by the receptor
with very similar binding energies producing Ki values about one
order of magnitude higher than those shown by the most potent
compounds 10k,m. From another point of view, the 5-HT1AR
binding site appears to be barely discriminating for compounds
bearing the tetramethylene spacer, while it becomesmore sensitive
when the spacer is homologated to the pentamethylene one.
However, when the pentamethylene spacer is combined with the
linearly-fused pyrrolidone moiety as in compounds 10i,j, the 2-
methoxyphenyl to 2,3-dichlorophenyl replacement appears to be
well tolerated as already observed in the tetramethylene



Fig. 4. Interactions of 10k (panel A) and 10m (panel B) with the 5-HT1AR homology model: Only the relevant aminoacidic residues of the binding site are displayed. Compounds 10k
and 10m are represented as sticks. The H-bonds are represented as dashed red lines. For sake of clarity only polar hydrogens of the interacting residues and for protonation of
piperazine N are displayed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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derivatives 10ceh (compare 10i vs 10j). The superimposition of the
computational binding complexes of 10k and 10jwith the receptor
depicted in Fig. 6 clearly evidences the perfect fitting of the pyr-
rolidone component and of the 2-methoxyphenyl arylpiperazine
component of 10k within the two binding cavities of the receptor.

It is noteworthy that the structureeaffinity relationship analysis
in the pentamethylene derivatives reveals a discrepancy between
the 2-methoxyphenyl and the 2,3-dichloromethyl subseries. In fact,
the angularly fused derivatives 10k,m belonging to the 2-
methoxyphenyl subseries are about one order of magnitude more
potent than the corresponding linearly fused 10i, while angularly
fused derivatives 10l,n belonging to the 2,3-dichlorophenyl subs-
eries are about one order of magnitude less potent than the cor-
responding linearly fused 10j.

Finally, in compounds 10a,b based on a trimethylene spacer the
replacement of the angularly-fused pyrrolidone component of 10b
with the linearly-fused counterpart of 10a leads to a negligible
(two-fold) increase in the 5-HT1AR binding affinity.
Fig. 5. Interactions of compounds 10i (panel A) and 10j (panel B) with the 5-HT1AR homo
Compounds 10i and 10j are represented as sticks. The H-bonds are represented as dashed
protonation of piperazine N are displayed. (For interpretation of the references to color in
The most potent compounds binding 5-HT1AR in rat hippo-
campus membranes (i. e. 10k,m) were assayed at Cerep (Poitiers,
France) for their potential interaction with 79 off-target receptors
(see Supplementary material) in order to evaluate the level of the
selectivity reached by these novel arylpiperazine derivatives. The
selected ligands were tested firstly at high concentration (e.g.
10,000 nM) and the receptors interacting at significant extents with
the ligands were considered for further studies at lower concen-
trations (e.g. 100 and 10 nM) and affinity estimation for those
compounds showing significant inhibitions in the low nanomolar
range (Table 2). The profiling assays showed a significantly diver-
gent binding pathway for 10k,m. Very interestingly, 5-HT1AR ligand
10m revealed an appreciable selectivity for the receptor of interest
since it was found to interact with only two off-target receptors
with affinity values in the low nanomolar range (the estimated
affinity values shown for D3, 5-HT2B resulted about one order of
magnitude lower than that shown for 5-HT1AR). On the other hand,
compound 10k was found to interact also with dopamine D2S
logy model: Only the relevant aminoacidic residues of the binding site are displayed.
red lines. For sake of clarity only polar hydrogens of the interacting residues and for
this figure legend, the reader is referred to the web version of this article.)



Fig. 6. Superimposition of the computational complexes of ligands 10k and 10j with
the 5-HT1AR homology model binding site. Ligands are represented as licorice colored
green and brown for 10k and 10j respectively. Protein is represented as transparent
brown surface. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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receptors (e.g. at 100 and 10 nM, 10k produced inhibition values
very similar to those observedwith 5-HT1AR) and, to a lesser extent,
with D3, D4, 5-HT2B, and 5-HT7. Based on these in vitro binding data,
compound 10k can rather be considered a “dirty drug” being
endowed with an in vitro profile highly resembling that of aripi-
prazole [10]. It should be stressed that the divergent binding profile
showed by close congeners 10k,m is accompanied by about the
same affinity for 5-HT1AR. This observation suggests that in GPCR
family the selectivity of ligandereceptor interaction is affected by
very minor structural alterations.

2.3. In vitro 5-HT1AR cellular functional assay

Based on their interesting 5-HT1AR binding affinities, com-
pounds 10k,m were selected for a suitable functional character-
ization in a cellular model. Thus, the agonist-like properties of
10k,m at human 5-HT1A receptors expressed in transfected cell
lines were determined in vitro by measuring a single signal trans-
duction representing inhibition of adenylyl cyclase activity (cAMP)
[23]. Both 10k,m showed agonist-like properties by inhibiting
forskolin-stimulated cAMP accumulation: 100 nM 10k,m inhibited
by 63% and 60% the adenylyl cyclase signals, respectively. Con-
versely, 10k,m were unable to reverse the cAMP response evoked
by 8-OH-DPAT showing no antagonist-like effect in this cellular
system.

2.4. In vivo pharmacokinetic study

Because of their potent interaction with 5-HT1AR and the
promising agonist-like properties, the pharmacokinetic profile of
10k,m was evaluated in mice by using standard protocols and the
Table 2
Interaction of compounds 10k,m with off-target receptors.

10k
Inhibitiona

at 100 nM

10k
Inhibitiona

at 10 nM

10k IC50

(nM)
10m
Inhibitiona

at 100 nM

10m
Inhibitiona

at 10 nM

10m
IC50 (nM)

5-HT2B 70 28 43 65 18 63
5-HT7 65 18 62 42 24 >100
D2S 90 74 3.5 26 NT >100
D3 86 39 24 74 38 31
D4 60 13 65 28 10 >100

a The inhibition studies were performed at Cerep (Poitiers, France)
results are summarized in Table 3. Both compounds are charac-
terized by a very high volume of distribution, being approx 20 and
80 times the theoretical total body water in mice, respectively, and
by a high clearance, being their Cl values approx 2 and 4-fold the
normal hepatic blood flow in mice [24]. Nevertheless, their abso-
lute oral bioavailability was found to bemoderate for 10k (20%) and
relatively high for 10m (45%), suggesting a relatively good
absorption from the gastrointestinal tract.

2.5. In vivo safety assays

Compounds 10k,mwere evaluated in the Irwin test [25] in order
to obtain preliminary data about the safety of compounds. In
summary, male CD1 mice (n ¼ 3/group) were dosed with 10k,m up
to 80 mg/kg, and kept under observation for the suitable time after
drug administration. Analysis of the results showed that neither
10k nor 10m affected the behavioral and physiological state of mice
as assessed by evaluating 43 different parameters categorized into
5 fundamental activities: Central Activity (CA), Central Reactivity
(CR), Neurovegetative Reflexes (NR), Neuromotor Tonus (NT), and
Autonomic System (AS).

3. Conclusion

A new series of 5-HT1AR ligands was designed using our pyr-
rolidone 5-HT3R ligands 5e8, compounds 9a,b, NAN-190, buspir-
one, and aripiprazole as templates. Target derivatives 10aen were
prepared by means of the straightforward chemistry (previously
developed for the synthesis of our tropane 5-HT3R antagonists 5e
8) based on the reaction of the appropriate g-haloester deriva-
tives with the proper arylpiperazinylalkylamines. Among the
newly-synthesized compounds, 10k,m revealed 5-HT1AR affinity
values in the low nanomolar range that were easily rationalized in
terms of interaction with an homology model of the 5-HT1AR.
Moreover, profiling assays revealed for the close congeners 10k,m a
significantly divergent binding pattern. In particular, compound
10m showed an appreciable selectivity for 5-HT1AR, while 10k
appeared to be a “dirty drug” showing an in vitro profile, which
resembles that of aripiprazole. In cellular functional studies, fused
pyrrolidone derivatives 10k,m showed clear-cut agonist-like pro-
files. The combination of these results with both the safety profile
emerged from the Irwin test results and the reasonable pharma-
cokinetic profiles suggested that the biological features of arylpi-
perazine derivatives could be tailored by means of an appropriate
chemical design in order to obtain dirty drugs or cleaner agents
following the specific needs.

4. Experimental

4.1. Chemistry

4.1.1. General procedures
All chemicals used were of reagent grade. Yields refer to purified

products and are not optimized. Melting points were determined in
open capillaries on a Gallenkamp apparatus and are uncorrected.
Merck silica gel 60 (230e400 mesh) was used for column chro-
matography. Merck TLC plates, silica gel 60 F254 were used for TLC.
1H NMR spectra were recorded by means of a Bruker AC 200, a
Varian Mercury-300, or a Bruker DRX 400 AVANCE spectrometers
in the indicated solvents (TMS as internal standard); the values of
the chemical shifts are expressed in ppm and the coupling con-
stants (J) in Hz. Mass spectra were recorded on either a Thermo-
Finnigan LCQ-Deca or an Agilent 1100 LC/MSD. The purity of
compounds 10aen was assessed by RP-HPLC and was found to be
higher than 95%. An Agilent 1100 Series system equipped with a



Table 3
Pharmacokinetic parameters of compounds 10k,m in mice.

Compd Route Dose (mg/kg) Cl (mL/h/kg) Vz (mL/kg) t1/2 (h) AUC 0-t (h*ng/mL) AUC inf (h*ng/mL) F% Cmax (ng/mL) Tmax (h)

10k IV 2 9540 17552 1.3 207 210 e e e

10k PO 10 e e 4.7 212 325 20 56 0.3
10m IV 2 26400 58708 1.5 70 76 e e e

10m PO 10 e e 4.5 157 239 45 35 1.0
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Lichrocart 125-4 (4 � 125 mm, Purospher Star RP-18C, 5 mm) col-
umn was used in the HPLC analysis with acetonitrile-water-
methanol (80:10:10) as the mobile phase at a flow rate of 0.5 mL/
min. UV detection was achieved at 254 nm.

4.1.2. General procedure for the synthesis of compounds 10aen
A mixture of the appropriate g-haloester derivative (11e13, 1.0

equivalent) in ethanol with the suitable arylpiperazinylalkylamine
(14e18, 2.0 equivalents) was heated under reflux for the appro-
priate time (the reaction was monitored by TLC). The reaction
mixture was concentrated under reduced pressure and the residue
was partitioned between dichloromethane and water. The organic
layer was dried over sodium sulfate and concentrated under
reduced pressure. Purification of the residue by flash-
chromatography with the appropriate eluent gave the corre-
sponding target arylpiperazine derivative (10aen).

4.1.3. 2-[3-[4-(2-Methoxyphenyl)piperazin-1-yl]propyl]-2,3-
dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (10a)

This compound was prepared from g-chloroester 11 [16] (0.10 g,
0.40 mmol) and 3-[4-(2-methoxyphenyl)piperazin-1-yl]propan-1-
amine [17a] (14, 0.20 g, 0.80 mmol, reaction time ¼ 9 h) and
purified by flash-chromatography with ethyl acetate-triethylamine
(9:1) as the eluent to obtain pure 10a as a white solid (0.13 g, yield
78%). An analytical sample was obtained by recrystallization from
n-hexane-dichloromethane (mp 118e119 �C). 1H NMR (400 MHz,
CDCl3): 1.98 (m, 2H), 2.52 (t, J ¼ 7.3, 2H), 2.65 (m, 4H), 3.05 (m, 4H),
3.78 (t, J ¼ 7.1, 2H), 3.83 (s, 3H), 4.61 (s, 2H), 6.82e6.98 (m, 4H), 7.61
(m,1H), 7.81 (m,1H), 7.99 (d, J¼ 8.2,1H), 8.13 (d, J¼ 8.4,1H), 8.60 (s,
1H). MS (ESI): m/z 417 (M þ Hþ).

4.1.4. 2-[3-[4-(2-Methoxyphenyl)piperazin-1-yl]propyl]-2,3-
dihydro-1H-benzo[e]isoindol-1-one (10b)

This compound was synthesized from g-bromoester 12 [16]
(0.13 g, 0.44 mmol) and amine 14 [17a] (0.22 g, 0.89 mmol, reac-
tion time ¼ 6 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10b as a
pale yellow glassy solid (0.12 g, yield 65%). 1H NMR (200 MHz,
CDCl3): 1.97 (m, 2H), 2.52 (t, J ¼ 7.3, 2H), 2.66 (m, 4H), 3.11 (m, 4H),
3.74 (t, J ¼ 7.0, 2H), 3.83 (s, 3H), 4.46 (s, 2H), 6.81e6.99 (m 4H),
7.50e7.68 (m, 3H), 7.88e7.98 (m, 2H), 9.25 (d, J ¼ 8.1, 1H). MS (ESI):
m/z 416 (M þ Hþ).

4.1.5. 2-[4-[4-(2-Methoxyphenyl)piperazin-1-yl]butyl]-2,3-
dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (10c)

This compound was synthesized from g-chloroester 11 [16]
(0.12 g, 0.48 mmol) and 4-[4-(2-methoxyphenyl)piperazin-1-yl]
butan-1-amine [17a] (15, 0.32 g, 1.2 mmol, reaction time ¼ 18 h)
and purified by flash-chromatography with ethyl acetate-
triethylamine (9:1) as the eluent to obtain pure 10c as a white
solid (0.16 g, yield 77%). An analytical sample was obtained by
recrystallization from n-hexane-dichloromethane (mp 124e
125 �C). 1H NMR (200 MHz, CDCl3): 1.51e1.83 (m, 4H), 2.43 (t,
J ¼ 7.2, 2H), 2.59 (m, 4H), 3.03 (m, 4H), 3.71 (t, J ¼ 7.0, 2H), 3.80 (s,
3H), 4.53 (s, 2H), 6.78e6.97 (m, 4H), 7.56 (t, J ¼ 7.3, 1H), 7.77 (t,
J¼ 7.3, 1H), 7.94 (d, J ¼ 8.0, 1H). 8.09 (d, J ¼ 8.5, 1H), 8.55 (s, 1H). MS
(ESI): m/z 431 (M þ Hþ).

4.1.6. 2-[4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butyl]-2,3-
dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (10d)

This compound was synthesized from g-chloroester 11 [16]
(0.10 g, 0.40 mmol) and 4-[4-(2,3-dichlorophenyl)piperazin-1-yl]
butan-1-amine [17b] (16, 0.24 g, 0.80 mmol, reaction time ¼ 6 h)
and purified by flash-chromatography with ethyl acetate-
triethylamine (8:2) as the eluent to obtain pure 10d as a white
solid (0.13 g, yield 70%). An analytical sample was obtained by
recrystallization from n-hexane-dichloromethane (mp 154e
155 �C). 1H NMR (400 MHz, CDCl3): 1.58e1.85 (m, 4H), 2.48 (t,
J ¼ 7.3, 2H), 2.62 (m, 4H), 3.04 (m, 4H), 3.76 (t, J ¼ 7.1, 2H), 4.59 (s,
2H), 6.93 (m, 1H), 7.12 (m, 2H), 7.62 (t, J ¼ 7.4, 1H), 7.83 (t, J ¼ 7.0,
1H), 8.07 (d, J ¼ 8.2, 1H), 8.14 (d, J ¼ 8.4, 1H), 8.60 (s, 1H). MS (ESI):
m/z 469 (M þ Hþ).

4.1.7. 2-[4-[4-(2-Methoxyphenyl)piperazin-1-yl]butyl]-2,3-
dihydro-1H-benzo[e]isoindol-1-one (10e)

This compound was synthesized from g-bromoester 12 [16]
(0.18 g, 0.61 mmol) and amine 15 [17a] (0.32 g, 1.2 mmol, reac-
tion time ¼ 5 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10e as a
pale yellow oil, which crystallized on standing (0.14 g, yield 53%).
An analytical sample was obtained by recrystallization from n-
hexane-dichloromethane (mp 128e129 �C). 1H NMR (400 MHz,
CDCl3): 1.60e1.79 (m, 4H), 2.48 (t, J¼ 7.2, 2H), 2.65 (m, 4H), 3.08 (m,
4H), 3.75 (t, J¼ 7.0, 2H), 3.84 (s, 3H), 4.42 (s, 2H), 6.82e6.98 (m, 4H),
7.45e7.65 (m, 3H), 7.91e7.95 (m, 2H), 9.25 (d, J ¼ 8.2, 1H). MS (ESI):
m/z 430 (M þ Hþ).

4.1.8. 2-[4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butyl]-2,3-
dihydro-1H-benzo[e]isoindol-1-one (10f)

This compound was synthesized from g-bromoester 12 [16]
(0.18 g, 0.61 mmol) and amine 16 [17b] (0.37 g, 1.2 mmol, reaction
time ¼ 6 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (8:2) as the eluent to obtain pure 10f as a pale
yellow oil, which crystallized on standing (0.075 g, yield 26%, mp
92e93 �C). 1H NMR (200 MHz, CDCl3): 1.58e1.82 (m, 4H), 2.47 (t,
J ¼ 7.4, 2H), 2.62 (m, 4H), 3.04 (m, 4H), 3.72 (t, J ¼ 7.1, 2H), 4.45 (s,
2H), 6.93 (m,1H), 7.12 (m, 2H), 7.48-7.68 (m, 3H), 7.90 (d, J¼ 8.1,1H),
7.98 (d, J¼ 8.4, 1H). 9.23 (d, J¼ 9.0, 1H). MS (ESI):m/z 468 (MþHþ).

4.1.9. 4-Chloro-2-[4-[4-(2-methoxyphenyl)piperazin-1-yl]butyl]-
2,3-dihydro-1H-pyrrolo[3,4-c]quinolin-1-one (10g)

This compoundwas prepared from g-bromoester 13 [16] (0.41 g,
1.25 mmol) with amine 15 [17a] (0.66 g, 2.5 mmol, reaction
time ¼ 6 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to give compound 10g as a
pale yellow oil, which crystallized on standing (0.27 g, yield 46%,
mp 126e127 �C). 1H NMR (200 MHz, CDCl3): 1.57e1.86 (m, 4H),
2.46 (t, J ¼ 7.2, 2H), 2.63 (m, 4H), 3.06 (m, 4H), 3.72 (t, J ¼ 6.9, 2H),
3.81 (s, 3H), 4.47 (s, 2H), 6.80e6.99 (m, 4H), 7.63e7.81 (m, 2H), 8.06
(d, J ¼ 8.1, 1H), 8.98 (d, J ¼ 7.9, 1H). MS (ESI): m/z 465 (M þ Hþ).
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4.1.10. 4-Chloro-2-[4-[4-(2,3-dichlorophenyl)piperazin-1-yl]butyl]-
2,3-dihydro-1H-pyrrolo[3,4-c]quinolin-1-one (10h)

This compoundwas prepared from g-bromoester 13 [16] (0.41 g,
1.25 mmol) with amine 16 [17b] (0.75 g, 2.5 mmol, reaction
time ¼ 6 h) and purified by flash-chromatography with ethyl ace-
tate as the eluent to obtain compound 10h as a white solid (0.28 g,
yield 45%). An analytical sample was obtained by recrystallization
from n-hexane-dichloromethane (mp 140e141 �C). 1H NMR
(200 MHz, CDCl3): 1.55e1.88 (m, 4H), 2.47 (t, J ¼ 7.2, 2H), 2.62 (m,
4H), 3.05 (m, 4H), 3.76 (t, J ¼ 7.0, 2H), 4.52 (s, 2H), 6.92 (m, 1H), 7.13
(m, 2H), 7.66e7.85 (m, 2H), 8.11 (d, J ¼ 8.4, 1H), 9.03 (d, J ¼ 8.5, 1H).
MS (ESI): m/z 503 (M þ Hþ).

4.1.11. 2-[5-[4-(2-Methoxyphenyl)piperazin-1-yl]pentyl]-2,3-
dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (10i)

This compound was synthesized from g-chloroester 11 [16]
(0.10 g, 0.40 mmol) and 5-[4-(2-methoxyphenyl)piperazin-1-yl]
pentan-1-amine [17c] (17, 0.22 g, 0.80 mmol, reaction time ¼ 21 h)
and purified by flash-chromatography with ethyl acetate-
triethylamine (9:1) as the eluent to obtain pure 10i as a pale yel-
low oil (0.14 g, yield 79%). An analytical sample was obtained by
recrystallization from n-hexane-dichloromethane (mp 116e
118 �C). 1H NMR (200 MHz, CDCl3): 1.34e1.78 (m, 6H), 2.38 (t,
J ¼ 7.4, 2H), 2.58 (m, 4H), 3.04 (m, 4H), 3.69 (t, J ¼ 7.1, 2H), 3.81 (s,
3H), 4.53 (s, 2H), 6.78-6.98 (m, 4H), 7.57 (t, J ¼ 7.3, 1H), 7.78 (t,
J ¼ 7.1, 1H), 7.95 (d, J ¼ 8.6, 1H), 8.10 (d, J ¼ 8.5, 1H), 8.56 (s, 1H). MS
(ESI): m/z 445 (M þ Hþ).

4.1.12. 2-[5-[4-(2,3-Dichlorophenyl)piperazin-1-yl]pentyl]-2,3-
dihydro-1H-pyrrolo[3,4-b]quinolin-1-one (10j)

This compound was synthesized from g-chloroester 11 [16]
(0.10 g, 0.40 mmol) and 5-[4-(2,3-dichlorophenyl)piperazin-1-yl]
pentan-1-amine [17b] (18, 0.25 g, 0.79 mmol, reaction time ¼ 24 h)
and purified by flash-chromatography with ethyl acetate-
triethylamine (8:2) as the eluent to obtain pure 10j as a pale yel-
low oil, which crystallized on standing (0.13 g, yield 67%). An ana-
lytical sample was obtained by recrystallization from n-hexane-
dichloromethane (mp 93e95 �C). 1H NMR (200 MHz, CDCl3): 1.38e
1.84 (m, 6H), 2.40 (t, J ¼ 7.3, 2H), 2.59 (m, 4H), 3.02 (m, 4H), 3.72 (t,
J ¼ 7.1, 2H), 4.56 (s, 2H), 6.90 (m, 1H), 7.11 (m, 2H), 7.60 (t, J ¼ 7.6,
1H), 7.81 (t, J¼ 7.8, 1H), 7.98 (d, J¼ 7.8, 1H), 8.12 (d, J¼ 8.5, 1H), 8.59
(s, 1H). MS (ESI): m/z 483 (M þ Hþ).

4.1.13. 2-[5-[4-(2-Methoxyphenyl)piperazin-1-yl]pentyl]-2,3-
dihydro-1H-benzo[e]isoindol-1-one (10k)

This compound was synthesized from g-bromoester 12 [16]
(4.1 g, 14 mmol) and amine 17 [17c] (7.8 g, 28 mmol, reaction
time ¼ 6 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10k as a
pale yellow glassy solid (2.6 g, yield 42%). 1H NMR (200 MHz,
CDCl3): 1.34e1.81 (m, 6H), 2.40 (t, J¼ 7.4, 2H), 2.62 (m, 4H), 3.05 (m,
4H), 3.67 (t, J ¼ 7.1, 2H), 3.83 (s, 3H), 4.41 (s, 2H), 6.80e7.01 (m, 4H),
7.44e7.67 (m, 3H), 7.86e7.97 (m, 2H), 9.24 (d, J ¼ 8.2, 1H). MS (ESI):
m/z 444 (M þ Hþ5.

4.1.14. 2-[5-[4-(2,3-Dichlorophenyl)piperazin-1-yl]pentyl]-2,3-
dihydro-1H-benzo[e]isoindol-1-one (10l)

This compoundwas prepared from g-bromoester 12 [16] (0.12 g,
0.41 mmol) and amine 18 [17b] (0.26 g, 0.82 mmol, reaction
time ¼ 12 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10l as a pale
yellow oil, which crystallized on standing (0.080 g, yield 40%, mp
90e91 �C). 1H NMR (200 MHz, CDCl3): 1.42e1.82 (m, 6H), 2.41 (t,
J ¼ 7.3, 2H), 2.60 (m, 4H), 3.02 (m, 4H), 3.70 (t, J ¼ 7.2, 2H), 4.43 (s,
2H), 6.88 (m, 1H), 7.09 (m, 2H), 7.46e7.67 (m, 3H), 7.87e7.98 (m,
2H), 9.24 (d, J ¼ 8.3, 1H). MS (ESI): m/z 482 (M þ Hþ).
4.1.15. 4-Chloro-2-[5-[4-(2-methoxyphenyl)piperazin-1-yl]pentyl]-
2,3-dihydro-1H-pyrrolo[3,4-c]quinolin-1-one (10m)

This compound was synthesized from g-bromoester 13 [16]
(12 g, 36.5 mmol) and amine 17 [17c] (20 g, 72 mmol, reaction
time ¼ 6 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10m as a
pale glassy solid (2.5 g, yield 14%). 1H NMR (200MHz, CDCl3): 1.35e
1.85 (m, 6H), 2.42 (t, J ¼ 7.3, 2H), 2.64 (m, 4H), 3.07 (m, 4H), 3.70 (t,
J ¼ 7.2, 2H), 3.83 (s, 3H), 4.47 (s, 2H), 6.80e7.00 (m, 4H), 7.63-7.82
(m, 2H), 8.07 (d, J ¼ 8.5, 1H), 9.01 (d, J ¼ 8.1, 1H). MS (ESI): m/z 479
(M þ Hþ).

4.1.16. 4-Chloro-2-[5-[4-(2,3-dichlorophenyl)piperazin-1-yl]
pentyl]-2,3-dihydro-1H-pyrrolo[3,4-c]quinolin-1-one (10n)

This compound was prepared from g-bromoester 13 [16] (0.10 g,
0.30 mmol) and amine 18 [17b] (0.19 g, 0.61 mmol, reaction
time ¼ 5 h) and purified by flash-chromatography with ethyl
acetate-triethylamine (9:1) as the eluent to obtain pure 10n as a
white solid (0.092 g, yield 59%). An analytical sample was obtained
by recrystallization from ethyl acetate-dichloromethane (mp 181e
182 �C). 1H NMR (200 MHz, CDCl3): 1.43e1.86 (m, 6H), 2.42 (t,
J ¼ 7.3, 2H), 2.61 (m, 4H), 3.03 (m, 4H), 3.73 (t, J ¼ 7.2, 2H), 4.50 (s,
2H), 6.90 (m, 1H), 7.12 (m, 2H), 7.66-7.84 (m, 2H), 8.11 (d, J ¼ 8.6,
1H), 9.05 (d, J ¼ 8.0, 1H). MS (ESI): m/z 517 (M þ Hþ).

4.2. X-ray crystallography

Single crystals of compound 10c were submitted to X-ray data
collection on a Siemens P4 diffractometer with a graphite mono-
chromated Mo-Ka radiation (l ¼ 0.71073�A) at 293 K. The structure
was solved by direct methods implemented in SHELXS-97 program
[26]. The refinement was carried out by full-matrix anisotropic
least-squares on F2 for all reflections for non-H atoms by means of
the SHELXL-97 program [27]. Crystallographic data (excluding
structure factors) for the structure solved in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication CCDC 877453. Copies of the data can be
obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; (fax: þ 44 (0) 1223 336 033; or e-mail:
deposit@ccdc.cam.ac.uk).

4.3. In vitro pharmacological studies

4.3.1. Binding assays
Male Wistar rats (Charles River Italia, Calco, CO, Italy) weighing

200e250 g were used. Animal care and handling throughout the
experimental procedures were in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC).

Rats were sacrificed by decapitation, brains were rapidly dis-
sected and hippocampi were used for binding assay preparation
according to Hall et al. [18] Crude membranes were diluted in the
binding buffer (Tris-Cl 50 mM, pH 7.4) in order to obtain the final
protein concentration.

[3H]8-OH-DPAT specific binding was measured in 0.5 mL total
volume. Aliquots (50 mL) of tissue suspension (3 mg/mL protein
concentration) were incubated with 50 mL of 0.5 nM labeled ligand
(Perkin Elmer Life and Analytical Sciences), and different concen-
trations of the compound under investigation. Five to eight con-
centrations of each compound were assayed, each performed in
duplicate. The incubation was performed in polypropylene test
tubes at 37 �C for 10 min. The bound radioligand was separated by
rapid filtration on glass fiber Whatman GF/C filters. Filtrates were
washed four times with 4mL of cold binding buffer, before the filter
disks were transferred in minivials filled with 4 mL of Ultima Gold
(Perkin Elmer Life and Analytical Sciences).

mailto:deposit@ccdc.cam.ac.uk
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The specific binding of [3H]8-OH-DPAT (final concentration
0.5 nM) was defined as the difference between the total binding
and the nonspecific binding determined in the presence of 10 mM5-
HT and represented about 80e85% of the total binding.

Competition experiments were analyzed by the “Allfit” program
[28] to obtain the concentration of unlabeled drug that caused 50%
inhibition of [3H]8-OH-DPAT specific binding (IC50). Apparent
affinity constants (Ki) were derived from the IC50 values according
to the Cheng and Prusoff equation [Ki ¼ IC50/(1 þ L/Kd)] [29].

The binding of compounds 10k,m to human recombinant D2S
receptors expressed in HEK-293 cells was assayed following
described methods [30]. The specific binding of [3H] spiperone
(final concentration 0.3 nM; incubation 22 �C for 1 h) was deter-
mined as the difference between the total binding and the non-
specific binding determined in the presence of 1.0 mM unlabeled
(þ)-butaclamol.

4.3.2. 5-HT1AR cellular functional assays
Cyclic AMP accumulation was determined in CHO cells trans-

fected with the human 5-HT1AR receptor as previously described
[31]. Briefly, cells were incubated (22 �C for 15 min) with com-
pounds 10k or 10m in DMEM,10mMHEPES,100mM forskolin, and
100 mM 3-isobutyl-1-methylxanthine (IBMX). The reaction was
stopped by aspiration of themedium and addition of 0.1 N HCl. Data
were expressed as % of the response obtained with 100 nM 8-OH-
DPAT (agonist effect) and/or as % of inhibition of control 10 nM 8-
OH-DPAT stimulus (antagonist effect).

4.4. In vivo pharmacokinetic studies

Male CD1 mice (20e30 g; Charles River Labs, France) were fas-
ted overnight prior to dosing. Two groups of mice (n ¼ 3) were
dosed intravenously (iv) at 2 mg/kg with both 10k,m. Sampling
time points were 5, 15, 30, 60, 120, 240, 360, and 1440 min after iv
administration of each tested compound. Two additional groups of
mice (n ¼ 3) were dosed orally at 10 mg/kg. Sampling time points
were 15, 30, 60, 120, 240, 360, 480 and 1440 min after oral
administration of each tested compound. Blood was drawn by a
cardiac puncture at each time point and collected in tubes coated
with lithium heparin, mixed gently, then kept on ice and centri-
fuged at 2500 g for 15 min at 4 �C, within 1 h of collection. Plasma
was then harvested and stored at �20 �C prior to analysis.

4.5. In vivo safety assay (Irwin test)

General behavioral observations were recorded by camera. Male
CD1 mice (n ¼ 3/group; Harlan, S.Pietro al Natisone, UD, Italy) were
dosed orally with 10k,m up to 80 mg/kg. Compounds were sus-
pended in a solution containing 0.1% Tween 80 þ 0.5% methyl
cellulose (SigmaeAldrich, Milan) and administered in a volume of
10 mL/kg. Animals were kept under observation for a total time of
24 h after a single oral administration of drugs.

4.6. Molecular modeling

4.6.1. Homology modeling
The sequence of rat 5-HT1AR was taken in fasta format from the

UniProtKB (entry P19327) [32]. The template selection was per-
formed by HOMER-A (HOmology ModellER) using automatic tem-
plate search method (version 1.3) [33]. In the automatic template
selection mode the web-server application searched for a template
structure for the modeling of the target sequence using the PDB-
BLAST protocol [34]. This procedure was performed in two steps:
in the first step, the target sequence was used as a seed to construct
an exhaustive sequence profile on the non-redundant protein
sequence database. In the second step, the previously obtained
profile was used to scan the PDB database of known protein struc-
ture for possible templates. Usage of the exhaustive profile drasti-
cally increases the probability to find a suitable template structure
[35]. Following this approach three best templates with higher
sequence identitywere selected in order to build the 3D structure of
the 5-HT1AR. The sequences of hb2-adrenergic receptor (Protein
Data Bank code 2RH1; sequence identity of chain A 36.9%), tb1-
adrenergic receptor (2VT4; sequence identity of chain B 29.7%)
and hA2A adenosine receptor (3EML; sequence identity of chain A
22.7%) were imported into Prime [36] and aligned to the query
sequence. Subsequently, these templates 3Dstructures alignedwere
used for “Comparative Modeling” methods implemented in Prime.
Since we alignedmultiple templates, which in Prime can be used in
several ways to build a model, we specified, in the “build structure
step”, which method was used for building the 5-HT1AR 3D struc-
ture. Consensusmodel optionwas employed tobuild themodel; this
option allowed us to take into account all the previously selected
templates since the model was built as an average of all templates.
The obtainedmodel was submitted to refinement protocol in Prime
environment. In particular, we have performed a side-chains opti-
mization and loops refinement by Prime and default settings were
employed. Further structure optimization was carried out by Mac-
roModel application implemented in Maestro [37] suite 2011 using
the Optimized Potentials for Liquid Simulations-all atom (OPLS-AA)
force field 2005 [38]. The solvent effects were simulated using the
analytical Generalized-Born/Surface-Area (GB/SA) model [39], and
no cutoff for non-bonded interactions was selected. Polak-Ribierè
Conjugate Gradient (PRCG) method with 100,000 maximum iter-
ations and 0.001 gradient convergence threshold was employed.
Moreover, the minimized 5-HT1AR homology model was submitted
to Protein Preparation Wizard Workflow implemented in Maestro
suite 2011 [40]. This protocol allowed us to obtain a reasonable
starting structure of the receptor for our molecular docking calcu-
lations, by a series of computational steps. In particular, we per-
formed three steps in order to: i) addmissed hydrogens; ii) optimize
the orientation of hydroxyl groups, Asn, and Gln, and the proto-
nation state of His; and iii) perform a constrained refinement with
the impref utility, setting the max root-mean-square deviation
(RMSD) of 0.30 �A. The impref utility consists of a cycles of energy
minimizations based on the impact molecular mechanics engine
and on the OPLS_2005 force field.

The modeled protein was validated by Ramachandran plot (see
Supplementary material) generated by RAMPAGE webserver [41].
The residues of protein were for 82.4% (336 amino acids) in the
favored region of the plot, 17.2% (70 amino acids not involved in the
binding site) of the residues lie in additional allowed region and
only 0.5% (2 amino acids not involved in the binding site) of the
residues were located in the disallowed region as depicted in. The
results of RAMPAGE webserver revealed that over 99% of the resi-
dues of our 5-HT1AR refined model sit in the allowed regions of
Ramachandran Plot. This value is more than the cut-off value
(96.1%) defined for the most reliable models [42]. Consequently, the
stereo chemical quality of our 5-HT1AR homology model was found
acceptable displaying a very low percentage of residues having phi/
psi angles in outlier region.

4.6.2. Ligand setup
Starting from our experimental X-ray data the structures of the

ligands used in the docking simulations were generated by means
of Macmolplt [43], and were optimized by means of GAMESS [44].
Ligand Optimizations and partial atomic point charges calculations
were performed with RHF and 6-31g* as basis set. All the relevant
torsion angles were treated as rotatable during the docking process,
thus allowing a search of the conformational space.
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4.6.3. Receptor setup
The homology model of 5-HT1AR was setup for docking as fol-

lows: receptor was prepared by protein preparation wizard proto-
col implemented in Maestro as described in the homology
modeling section, and Kollman united-atom partial charges were
as-signed. The ADDSOL utility of AutoDock was used to add sol-
vation parameters to the protein structures, and the grid maps
representing the proteins in the docking process were calculated
using AutoGrid. The grids, one for each atom type in the inhibitor
plus one for the electrostatic interactions, were chosen to be large
enough to include not only the hypothetical channel binding site
sites but also a significant part of the protein around it. As a con-
sequence, the dimensions of the grid maps were 100 � 100 � 100
points, with a grid-point spacing of 0.375 �A.

4.6.4. Docking calculations
All the docked compounds were subjected to 256 independent

runs of docking simulations by means of the AutoDock 4.2 [19]
using the Lamarckian genetic algorithm and through a protocol
with an initial population of 300 randomly placed individuals, a
maximum number of 50 million energy evaluations, a mutation
rate of 0.02, a crossover rate of 0.80, and an elitism value of 1. The
pseudo-Solis and Wets algorithm with a maximum of 300 inter-
actions was applied for the local search. 256 independent docking
runs were carried out for each ligand, and the resulting con-
formations that differed by less than 2.0�A in positional RMSD were
clustered together. Cluster analysis was performed by selecting the
lowest energy solution of the most populated cluster. The lowest
energy solutions resulting from the docking calculations in each
case belong to the most populated cluster; the most populated
clusters were taken into account for their consistency with exper-
imental data. All estimated binding energies was in agreement with
the nanomolar range of the biological data. All protonated con-
formations were optimized and the point charges were obtained by
means of ab-initio calculations, and then used into the docking
simulations.
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