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The pharmacophore model of in house potent and selective a7 nAChR positive allosteric modulators is
reported. The model was used to fish out commercially-available compounds from corporate 3D dat-
abases. As a result, novel a7 positive modulator chemotypes were identified. A rat full PK profile of a rep-
resentative compound is also described.
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Compound 6
Nicotinic acetylcholine receptors (nAChRs) belong to the Cys-
loop receptor superfamily of cationic ligand-gated ion channels.
Functional receptors are made of five subunits assembled from
17 known homologous polypeptide family members (a1–10,
b1–4, c, d, and e). Neuronal nAChRs are expressed throughout
the peripheral and the central nervous system as well as in non-
neuronal tissues. The a7 nAChRs are homopentamers containing
the a7 subunit, characterized by rapid activation and desensitiza-
tion following exposure to agonists, high Ca2+ permeability,1,2

selective activation by choline3 and blockade by a-bungarotoxin
and methyllycaconitine. Neuronal nicotinic receptors play impor-
tant roles in modulating neurotransmission, cognition, sensory
gating and anxiety.4 In particular, the a7 nAChR receptor is a ther-
apeutic target for schizophrenia as suggested by linkage studies
demonstrating an association between the a7 locus and a sensory
gating deficit, a major schizophrenia endophenotype.5 Considering
that receptor activation by agonists including acetylcholine and
nicotine is followed by rapid desensitization of the receptor,
chronic treatment with agonists may result in tolerance/functional
blockade of the receptor.6 An alternative approach is represented
by the use of positive allosteric modulators (PAM) to enhance
receptor function elicited by the endogenous ligand without di-
rectly activating or desensitizing the receptor. Several positive
modulator chemotypes had been reported in the literature,7 three
of these have also been characterized in vivo: PNU-1205968 from
ll rights reserved.

.M. Capelli).
Pfizer, ‘compound 6’9 from the University of California and
NS173810 from Neurosearch ( Fig. 1). These compounds demon-
strated activity in a number of animal models and, hence, they
are of potential value to treat a variety of disorders like Alzheimer’s
disease, inflammation and schizophrenia.

We approached the identification of novel PAMs initially
through the screening of in house compound collections with the
use of a FLIPR (Fluorescent Imaging Plate Reader) Ca2+ assay based
on a GH4C1 cell line stably expressing the human a7 nAChR pro-
duced as described in.11,12

As a result, novel chemotypes belonging to the chemical class of
phthalazinones, pyridazinones and quinazolines (lead series) were
ClCF3
NS1738

Figure 1. a7 positive modulators characterized in vivo animal models.
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Figure 2. Representative in house a7 positive modulators identified by FLIPR focused screening activities.
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identified. Representative compounds from these series are shown
in Figure 2. These derivatives exhibited good potency and potenti-
ation in the in vitro FLIPR assay (Table 1).
Table 1
In vitro potency and potentiation of representatives a7 positive modulators reported
in Figure 2 and PNU-120596

Compds Potency
pEC50

a
Potentiation
Asym_maxb (%)

ACD-log Pc

PNU-120596 6.8 (±0.2) 114 (±23) 1.5
1 8.7 (±0.1) 129 (±20) 1.7
2 8.7 (±0.1) 107 (±13) 1.5
3 8.5 (±0.3) 136 (±29) 2.4
4 8.0 (±0.2) 136 (±27) 2.4
5 8.2 (±0.3) 102 (±3) 4.7
6 8.1 (±0.4) 135 (±28) 3.1
7 8.0 (±0.1) 132 (±16) 2.1
8 8.0 (±0.3) 150 (±39) 2.9
9 7.5* (±0.2) 96 (±6) 2.5

10 7.6* (±0.3) 108 (±12) 4.0
11 7.6* (±0.2) 126 (±37) 4.7
12 7.6 (±0.4) 93 (±9) 4.5

a Values are means of at least three experiments, except for * where n = 2;
standard deviation is given in parentheses. Results were achieved in agreement to
the procedure described in Ref. 11.

b Asym_max is expressed as percentage (%) of the fitted potentiation compared to
an unpublished GSK internal positive modulator standard.

c Calculated log P with ACD v.11.
A further characterization of these compounds was performed
using whole-cell voltage-clamp electrophysiology on the same cell
line. Receptor activity was evoked in response to 100 lM acetyl-
choline in the absence and presence of increasing concentrations
of test compound.12 Electrophysiological examination of com-
pound 1 showed a pEC50 of 8.4, a value in good agreement with
FLIPR data ( Fig. 3). In addition, these derivatives demonstrated
selectivity over other nicotinic subtypes, like a1 involved in the
electromechanical coupling of nerve and muscle, and the 5-HT3

receptor, a member of the superfamily of cys-loop ligand-gated
ion channels like nicotinic receptors, for which antagonist treat-
ment could be associated with serious gastrointestinal adverse ef-
fects. This is exemplified by compound 1 which showed pIC50 =
6.1 ± 0.3 (n = 10), pIC50 = 6 ± 0.2 (n = 3), and pIC50 = 5.1 ± 0.08
(n = 2) when tested in antagonist mode using a FLIPR assay with
human a1 TE671, human a3 IMR32 and human 5-HT3 receptor cell
line, respectively.

As shown in Table 1, some derivatives are characterized by high
calculated lipophilicity and poor solubility as exemplified by com-
pound 5 (equilibrium water solubility <1 lg/mL) and compound 11
(equilibrium water solubility = 0 lg/mL); moreover these struc-
tures showed high MW and flexible side-chains resulting in poor
starting points for a medicinal chemistry exploration.

Despite the SAR information generated on these derivatives
(e.g., the crucial role of the carbonyl group/quinazoline nitrogen
–N1– in the core, the importance of the lipophilic pendant groups
and the need for an acidic hydrogen in the chain), it was not
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Figure 3. Whole-cell voltage-clamp recordings and concentration–response curve
from a7-GH4C1 cells. (A) ACh-induced currents recorded from a cell in the absence
(left panel) and presence of the indicated concentrations (middle and right panels)
of compound 1. (B) Electrophysiological concentration–response curve (CRC) for
derivative 1. The vertical axis reports the ‘Normalized Charge’ parameter, the charge
measured during 100 lM ACh application in the presence of increasing concentra-
tions of compound 1, normalized to the response elicited in the same cell by the
application of ACh alone. Data points were fitted to the Hill equation. Each data
point represents the means ± sem of up to six cells. The pEC50 value was 8.4 and the
maximum activated current as % of ACh-evoked current was 690% at 100 nM.

Figure 4. Pharmacophore model generated with the compounds 1–12. All the
structures are shown fitted to the model. Color coding of the pharmacophoric
features: green, H-bond acceptor; purple, HB-donor; cyan, hydrophobic region.
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possible to achieve the desired parameters for a full progression of
this series.

Accordingly, despite the existence of these potent in vitro
structures, it was crucial to identify new and more tractable
chemotypes.

Pharmacophore modeling was extensively applied as part of
an integrated medicinal and computational chemistry strategy
aimed at this objective. A small set of the newly identified struc-
tures and characterized by high potency in the a7 positive mod-
ulator FLIPR assay (pEC50 >7.5) was selected to build the model
assuming that they bind to the a7 receptor with a common
binding mode according to the available SAR. Representative
examples of the compounds included in the study are shown
in Table 1.

All pharmacophore modeling work was performed with pro-
gram Catalyst.13 Ligand conformational searches were carried out
using the FAST routine (max 255 conformations), while common-
feature alignments were performed using the HipHop algorithm
implemented in Catalyst.13 Standard Catalyst pharmacophore fea-
tures (H-bond acceptor, H-bond donor, aromatic rings, hydropho-
bic groups) were selected according to the SAR data available in
house for these compound series. Among the different top scoring
pharmacophore solutions generated by the program, the most sat-
isfactory models were chosen according to the quality of ligand
conformations, the RMS deviation of the ligand conformations to
pharmacophore features and common volumes. In Figure 4 the
best pharmacophore model obtained is shown superimposed with
some representative compounds included in the study. The model
consists of an HB-donor mapped by the side chain amide NH moi-
ety (purple spheres), an HB-acceptor (green spheres) mapped by
the carbonyl group in the core and of three hydrophobic regions
(cyan spheres).

The model is qualitatively consistent with the SAR data avail-
able for this compound series and its ability to identify novel
chemotypes was assessed by running in silico screening exercises
on a random set of corporate database compounds seeded with
some phthalazinone/pyridazinones/quinazolines derivatives not
included in the model generation.14

Subsequently, the best pharmacophore solution was used to
carry out in silico screening exercises following two approaches.

In the first approach, the model was used to search a 3D data-
base of commercially-available compounds using Catalyst. About
6000 structures mapping the pharmacophore were retrieved. Sub-
sequently, they were prioritized according to their fit to the phar-
macophore model, calculated with the Citest routine distributed
with Catalyst. The shape similarity of their best mapping confor-
mations was then calculated with the use of ROCS15 with respect
to that of the best mapping conformations of the compounds used
to generate the pharmacophore model ( Fig. 3). The Tanimoto
(shape) similarity threshold was set to 0.7. The ranked list of com-
pounds was subsequently pruned with the use of a statistical mod-
el of CNS brain penetration developed in house, leading to a final
list of 104 compounds purchased.

In the second approach, the shape of the best mapping confor-
mations of five representative scaffolds used to generate the model
was exploited to carry out a pure shape-based search within a 3D
database of commercially-available compounds with the use of
ROCS. The 1000 top scoring derivative hitlist was then pruned
using the same CNS brain penetration model mentioned above. Fi-
nally, the hitlist compounds belonging to the lead series chemical
class were removed with the use of structural filters16 leading to a
final set of 91 compounds purchased and then tested in the a7
FLIPR assay.

In a third in silico screening exercise, 424 representative a7 po-
sitive modulators, including 32% lead series analogues, were
parameterized with the use of 3D Mill pharmacophoric hashed fin-
gerprints17 and a 3D similarity search was run in the database of
commercially-available compounds described in the same way.
The hitlist compounds were ranked according to their similarity
assessed by Tanimoto * Hamming index.18 As a result, 110 deriva-
tives, passing also the CNS brain penetration filter, were purchased.

The derivatives selected with the three methods described were
then tested in the FLIPR assay in concentration response curve
(CRC) mode as summarized in Table 2.

As shown, the use of the pure pharmacophore shape-based
search was very effective in fishing out novel a7 positive modula-
tors as judged by the high hit rate and the number of distinct
chemotypes found which were structurally unrelated to the deriv-
atives used to build the model. In addition, there is no overlap
among the three different hitlists. In light of these results, it seems
reasonable to conclude that compounds need to map only a subset
of the five pharmacophoric features to achieve pEC50 values be-
tween 5 and 6.



Table 2
Performance of the pharmacophore approaches used to carry out the in silico
screening exercises of commercially-available compounds

Search method # of
activesa

Hit rate (%) No. of
chemotypesb

1. 3D pharmacophore
query + shape

7 6.7 5

2. Shape-based
pharmacophore

13 14 12

3. 3D pharmacophore
similarity

3 3 3

a Number of a7 positive modulators characterized by FLIPR pEC50 >5.
b Number of Ward clusters.19

Figure 5. Alignment of compound 15 (stick, colored by atom type) to the
pharmacophore model. For comparison, one of the derivative utilized to build the
model (compound 11, ball and stick, orange) is also shown.
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Among the derivatives fished out by the pure shape-based phar-
macophore search, a promising chemical series exemplified by
compounds 13 and 14 (Table 3) was selected for further
characterization.

These derivatives are structurally unrelated to the compounds
used to build the model, which demonstrates the value of this lead
hopping exercise. Subsequently, further commercial analogues of
this novel chemotype were fished out from in house collection
using a 2D similarity search (1024 Daylight 2D hashed fingerprints,
Tanimoto index P0.85). This exercise resulted in particular in the
identification of the close analogue 15, more potent than the refer-
ence compounds (13 and 14, Table 3) upon the introduction of the
methyl group at ortho position of the side chain phenyl ring. The
alignment of the newly identified derivate 15 to the pharmaco-
phore model in comparison to derivative 11 is reported in Figure
5. Compound 15 completely misses one of the pharmacophoric
points, suggesting the potential to further increase the in vitro po-
tency of these derivatives with an appropriate decoration of the
scaffold.

The selectivity profile of derivative 15 versus a1 nAChR
(pIC50 = 6.0 ± 0.3, n = 5), a3 nAChR (pIC50 = 5.6 ± 0.6, n = 4), a4
nAChR (pIC50 = 6.0 ± 0, n = 3), and 5-HT3 receptor (pIC50 = 6.0 ± 0.5,
n = 4) was acceptable for a screening hit. Furthermore, considering
the low affinity values of these off-target receptors, it might be pos-
sible to further optimize the selectivity window of this series during
lead optimization activities. In addition, 15 was characterized by a
promising in vitro PK profile exemplified by intrinsic clearance
(Cli) in human and rat microsomes of 0.6 and 4.1 mL/mg/g, respec-
tively; P450 IC50 were greater than 5 lM in CYP1A2-ER, CYP2C9-
FCA, CYP2C19-BMC, CYP3A4-7BQ P450_isoforms (Cypex). In light
of these data, this compound was progressed to in vivo PK studies.20
Table 3
In vitro potency and potentiation of the a7 positive modulators fished out from
commercial sources with the pharmacophore model

SN

N

O

O

R1

R2

H

Compds R1,R2 Potency
pEC50

a
Potentiation
Asym_maxb (%)

13 Me, H 5.9 (±0.4) 62 (±26)
14 F, H 5.9* (±0.5) 40 (±1)
15 Me, Me 6.8 (±0.3) 96 (±15)

a Values are means of at least three experiments, except for * where n = 2;
standard deviation is given in parentheses.

b Asym_max is expressed as % fitted potentiation compared to the same internal
positive modulator standard used to normalize the values reported in Table 1.
Following oral administration formulated in 1% methylcellulose and
dosed at 3 mg/kg to the male rat, compound 15 showed very low
systemic exposure (AUC0-t �ca. 2 ng h/mL). The hepatic clearance
was high (in agreement with the rat in vitro Cli) and approaching
the rat liver blood flow (77 mL/min/kg). As a result of the high hepa-
tic Cl and low systemic exposure, the estimated bioavailability was
very low (<1%). All brain samples were below the quantitation limit;
therefore brain penetration could not be determined. These data
show that the PK profile of this novel hit was sub-optimal. This
was potentially due to metabolic liability points present in the scaf-
fold which need to be appropriately protected.

In summary, a first series of potent and selective a7 positive
allosteric modulators were identified by screening in house diver-
sity. These structures allowed the construction of a novel pharma-
cophore model for a7 PAMs and to use the derived knowledge to
define novel positive modulator templates with the use of lead
hopping techniques.
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