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Abstract
Two distinct families of small molecules were discovered as novel α7 nicotinic acetylcholine
receptor (nAChR) antagonists by pharmacophore-based virtual screening. These novel antagonists
exhibited selectivity for the neuronal α7 subtype over other nAChRs and good brain penetration.
Neuroprotection was demonstrated by representative compounds 7i and 8 in a mouse seizure-like
behavior model induced by the nerve agent diisopropylfluorophosphate (DFP). These novel
nAChR antagonists have potential use as antidote for organophosphorus nerve agent intoxication.

Keywords
Nicotinic acetylcholine receptors; α7 antagonists; Pharmacophore; Neuroprotection

Nicotinic acetylcholine receptors (nAChRs) belong to the Cys-loop subfamily of pentameric
ligand-gated ion channels and can be classified into muscle-type and neuronal subtypes. The
neuronal nAChRs comprise twelve subunits (α2–α10 and β2–β4) with different
arrangements, while the muscle-type is consisted of four subunits in a single arrangement of
α1γα1β1δ (γ is replaced by ε in the adult).1 Two major neuronal receptors α4β2 and α7 have
been identified in the central nervous system.2,3 The neuronal α7 nAChR has been proposed
as a potential therapeutic target for a broad range of neurodegenerative and psychiatric
diseases, including Alzheimer's disease, schizophrenia, anxiety, and epilepsy.4–8 A variety
of selective partial and full agonists have been developed for the α7 nAChR as potential
therapeutics.4 Several α7 nAChR selective agonists (e.g., TC-5619 and MEM-3454) have
advanced to clinical trials for Alzheimer's disease and schizophrenia.9–11

Although extensive efforts have been taken to identify selective α7 nAChR agonists, the
development of α7 selective antagonists is relatively limited. Naturally derived compounds
have been reported as α7 selective antagonists. For example, the krait Bungarus multicinctus
derived peptide toxin α-bungarotoxin (α-BTX) and the seeds of Delphinum isolated
nonpetide toxin methyllycaconitine (MLA) are two frequently used α7 selective antagonists.
12,13 Unfortunately, α-BTX is a potent antagonist for muscle-type nAChRs as well, and both
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compounds also inhibit nAChR subtypes α9 and α9α10.4,14 Nevertheless, subtype-selective
antagonists are valuable tools to define the roles played by α7 nAChRs in the physiological
and pathophysiological processes. Moreover, α7 nAChR selective antagonists recently have
been explored as potential treatments for non-small cell lung cancer,15 and for
organophosphorus nerve agent intoxication.16 Exposure to nerve agents, as part of military
or terrorist activities, or due to chronic low-level exposure to pesticides, has devastating
health consequences. Clearly, there is a need for better α7 antagonists to probe the receptor's
pharmacological functions in the brain and potential clinical uses.

In our effort to search for novel α7 nAChR selective ligands, we developed three
dimensional (3D) pharmacophore models and conducted ligand-based virtual screening. Six
potent and selective α7 ligands were selected as the training set for the pharmacophore
model (Fig. 1).17–20 The structures of all compounds were built with Molecular Operating
Environment (MOE).21 Energy minimization was conducted for the protonated forms using
AM1 since all these compounds could be protonated at physiological conditions (pH 7.4).
Flexible structural alignments were performed to identify the common chemical features
responsible for the α7 receptor binding using the Flexible Alignment module within MOE.
This alignment method uses a stochastic search algorithm to simultaneously explore the
conformation space of all compounds in the training set. This operation generated several
scores to quantify the quality of each alignment with lower scores indicating better
alignments. In our study, the alignment with the lowest S score was selected for the 3D
pharmacophore development. A six-point pharmacophore model was obtained based on the
unified scheme within MOE (Fig. 2). Feature F1 is a hydrogen bond acceptor with radius 1.5
Å. Feature F2 is a cation atom (radius: 1.0 Å)—the basic nitrogen, which exists in most
known nAChR ligands. Features F3 and F4 are characterized as aromatic rings with radius
1.5 Å. Features F5 and F6 cover hydrophobic regions (radius: 1.0 Å).

The pharmacophore model was used to screen compounds assembled from different sources.
In order to remove unwanted structures and accelerate the process of virtual screening,
extended Lipinski's rules22 and three functional group filters were applied before the
pharmacophore-based database searching. The work-flow is shown in Fig. 3. Extended
Lipinski's rules include seven filters: 100 < molecular weight ≤ 500, −2 ≤ Clog P ≤ 5,
number of hydrogen bond donors ≤5, number of hydrogen bond acceptors ≤10, topological
polar surface area ≤120 Å2, number of rings ≤5, and number of rotatable bonds ≤10. These
property filters were chosen to eliminate compounds that lacked sufficient drug-like
properties to become drugs. Compounds that passed the above criteria were subjected to
three functional group filters: absence of reactive groups, number of non-fluorine halogen
atoms ≤4, and number of basic nitrogen atoms ≤1. Reactive groups are defined according to
the Oprea set, including heteroatom–heteroatom single bonds, acyl halides, sulfonyl halides,
perhalo ketone, and Michael acceptors, as identified previously.23 These groups can
interfere with high-throughput biochemical screening assays and therefore often appear as
false positives. The halogen filter was chosen to avoid pesticides that often contain many
(>4) non-fluorine halogen atoms.24 The majority of known nAChR ligands contain a
nitrogen atom protonated at physiological conditions (pH 7.4), and this nitrogen atom has
been shown to be involved in extensive cation–π interactions between ligand and receptor.
25,26 A basic nitrogen filter was selected to remove compounds that lack this chemical
feature. This filter greatly reduced the size of the compound database and therefore
improved the speed of conformer generation and pharmacophore matching. Altogether,
compounds violating ≥2 Lipinski's rules or any functional group filters were eliminated
from our selection. The resulting compounds were subjected to conformation sampling
using the Conformational Import Module, a high-throughput method to generate 3D low-
energy conformers in MOE. Recent studies revealed that this method performed as well as
the established Catalyst FAST module.27 The ensemble of conformers were then screened
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by the six-point pharmacophore model by enabling exact match of features F1–F4 and
partial match of features F5 and F6.

The consequent hits were subjected to database diversity and clustering analyses with the
aim to remove close analogs and maximize the chemotypes of the selected compounds for
biological tests. The MDL MACCS fingerprints implemented in MOE were calculated for
all compounds and fingerprint-based clustering was carried out by using the Tanimoto
coefficient (0.85) as a measure of fingerprint similarity. No more than three representative
compounds in the same cluster were selected for the final collection. About 300 compounds
were acquired from different commercial sources for in vitro biological screening, including
compounds from Maybridge, Chembridge, Enamine. The binding affinity of these
compounds for the native α7 nAChR in rat brain membranes was measured using previously
reported methods with [125I]α-BTX as the radioligand.28

From the preliminary screening, various chemotypes were found to exhibit ≥50% inhibition
on the α7 nAChR in this assay. Two of them (compound 7 and 8, Tables 1 and 2) exhibited
low micromolar inhibition on brain α7 nAChR with an IC50 of 1.6 μM and 2.9 μM,
respectively (Fig. 4). The structures of 7 and 8 were confirmed by UPLC–HRMS and found
to have purities of 98% and 97%. Several analogs of 7 and 8 with different substitutions at
positions of R1, R2, R3, and R4 were identified by substructure searches or chemical
synthesis (Tables 1 and 2). Structure–activity relationships (SARs) were developed for both
compounds using the binding assay. For example, substitution (e.g., methyl and chlorine) at
R3 is tolerated for analogs of compound 7. Both benzyl (7i) and isobutyl (7k) at R1 were
more favorable than the more flexible phenethyl (7d). For analogs of compound 8, a bulky
benzyl group at R1 yielded more potent receptor binding than a less bulky methyl or free
base (8 vs 8h and 8i). More hydrophobic substitutions at R3 improved receptor binding (8f
vs 8h). The R4 position tolerated different substitutions (e.g., hydrogen and halogen).

The functional activity of representative compounds (7, 7i, and 8) was determined by
electrophysiological experiments on Xenopus oocytes expressing human α7 nAChR.29

These three compounds were found to inhibit acetylcholine-evoked receptor responses in a
dose-dependent manner, suggesting the subject compounds are α7 nAChR antagonists (Fig.
5). The IC50 values of 7, 7i, and 8 are 11.9 μM, 3.7 μM, 18.9 μM, respectively. The α7
functional potency was 6–8-fold lower than the affinity estimated from human α7 receptor
binding, and this difference may come from interspecies variation (rat vs human), or
variability in receptors (native vs recombinant), or due to technical aspects of the functional
assay in the oocyte expression system.30

Although all training set compounds act as partial or full agonists for the α7 receptor, the
resulting hits from pharmacophore-based virtual screening were shown to be α7 antagonists.
Structural overlap of training compounds (e.g., 2) with hit compounds (7 and 8) revealed
that all training compounds lack bulky substitutions (e.g., benzyl) at R1 (Fig. 6). Efforts
were taken to investigate if the bulky R1 group contributes to the functionality of these novel
α7 antagonists. Compounds with less bulky substitutions at R1 were synthesized and
biologically assayed (Table 2).31 Compared with benzyl substitution (8), less bulky groups
at R1 like methyl (8h) or hydrogen (8i) completely abolished the binding affinity to the α7
nAChR, suggesting the benzyl group at R1 is an important structural feature that confers
receptor binding potency for compound 8 and its analogs.

The selectivity of compounds 7 and 8 were measured using previously reported methods on
three other receptors: neuronal α4β2 nAChRs, muscle-type nAChRs, and 5HT3 receptors
(Fig. 7).32–34 Briefly, the binding affinity for the α4β2 receptor was performed on rat
cortical membranes using [3H]epibatidine as the radioligand.34 The muscle-type nAChR
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binding was determined using human TE671 cells with [125I]α-BTX as the radioligand.33

5HT3 binding was measured on recombinant CHO cells expressing human 5HT3 receptor
using [3H]BRL 43694 as the radioligand.32 The orthosteric binding sites of the α7 nAChR
and the 5HT3 receptor share a high degree of homology, therefore ligands for α7 nAChR
and 5HT3 ligands frequently exhibit cross-activity. At 10 μM, compound 7 exhibited 82.5%
binding to the α7 receptor and 18.8% and 8.4% binding to the neuronal α4β2 and the 5HT3
receptor, respectively. Similarly, compound 8 showed binding affinities of 82.5% to α7,
1.3% to α4β2, and 14.3% to 5HT3. Meanwhile, both compounds exhibited no detectable
binding to the muscle-type nAChR at 10 μM. Taken together, these results demonstrated the
selectivity of compounds 7 and 8 for the α7 receptor over α4β2, muscle-type nicotinic, and
5HT3 receptors.

Agents useful for probing the physiological functions of neuronal nAChRs must efficiently
penetrate the brain. Compounds 7i and 8 were tested in male C57Bl/6 mice (n ≥3 per time
point) for blood–brain penetration after cassette dosing at 10 mg/kg (Fig. 8) via
intraperitoneal (ip) administration.35 Brain and blood samples were collected at specific time
points after drug administration. The area under the curve (AUC) ratios of brain to plasma
were 2.8 and 3.1 for compounds 7i and 8, respectively, suggesting good brain penetration
for both compounds. Compound 8 achieved high concentration in brain (9 μM). Cassette
dosing of compounds can lead to incorrect estimates of plasma drug levels by drug–drug
interactions such as at the level of Cytochrome P450 enzymes or by interfering with
transporter systems. In order to eliminate this possible artifact we dosed compound 7i
individually to mice using the same protocol and very similar levels of drug were found. The
biphasic nature of the drug plasma and brain levels would suggest some type of secondary
uptake mechanism as is seen for drugs that are eliminated from the blood in part by the bile
system and therefore available in the intestine to be taken up into the circulation a second
time.

The acetylcholine receptors (AChRs) are activated by acetylcholine (ACh), which is
hydrolyzed to choline by acetylcholineesterase (AChE). When AChE is irreversibly
inhibited by organophosphorus nerve agents like DFP and sarin, the uncontrolled
accumulation of ACh at peripheral and central muscarinic AChRs (mAChRs) and nAChRs
causes the cholinergic syndrome. This syndrome is characterized by sweating, pupillary
constriction, convulsions, tachycardia, and eventually death. The mainstay treatment for
nerve agent intoxication is the mAChR antagonist atropine together with an oxime
reactivator of AChE (e.g., pralidoxime). This treatment regimen does not directly target
nicotinic receptors although both mAChRs and nAChRs are involved in nerve agent
toxicity. In this study, the new nAChR antagonists 7i and 8 were tested in a DFP toxicity
animal model to investigate their anti-seizure activity (Table 3).36,37 Compared with the
DFP controls, pretreatment with compounds 7i and 8 antagonized DFP-induced seizure-like
behaviors over a 2 h period post-injection by 93.4% and 91.2%, respectively. The results
suggest that these compounds could provide neuroprotection against seizure-like behaviors
induced by DFP and, therefore, may be useful for treatment of organophosphus nerve agent
intoxication.

In summary, pharmacophore-based virtual screening led to the discovery of novel α7
nAChR ligands. A battery of property and functional group filters were applied to eliminate
non-drug-like molecules and to reduce false positives. Two distinct families of small
molecules (e.g., 7i and 8) were identified as novel α7 nAChR antagonists with selectivity for
the neuronal α7 subtype over other nAChRs and good brain penetration. Neuroprotection
against the seizure-like behaviors induced by DFP were observed for these compounds in a
mouse model. The compounds should be very useful in discerning the physiological roles of
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neuronal α7 nAChR under normal and diseased states, and in discovering potential therapies
for organophosphorus nerve agent intoxication.
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Figure 1.
α7 selective ligands used for the pharmacophore development.
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Figure 2.
Pharmacophore model for α7 nAChR selective ligands. Blue: cation; red: hydrogen bond
acceptors; green: hydrophobic groups; brown: aromatic groups. Six figures are labeled with
F1–F6. Distances between features are indicated in Å.
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Figure 3.
Workflow of ligand-based virtual screening.
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Figure 4.
Dose–response curves of compounds 7 and 8 on the native neuronal α7 nAChR in rat brain
membranes. The error bars indicate the standard deviation of the measurements. The binding
assay was performed according to the previously reported method using [125I]α-BTX as the
radioligand.28 IC50 of 7 = 1.6 μM; IC50 of 8 = 2.9 μM.
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Figure 5.
Inhibition of the human α7 AChR responses expressed in Xenopus oocytes. The error bars
indicate the standard deviation of the measurements. Data shown are the averaged
normalized mean of net charge responses to co-application of ACh and compounds 7, 7i,
and 8 from oocytes expressing human α7 subunits. IC50 values of 7, 7i, and 8 are 11.9 μM,
3.8 μM, and 18.9 μM, respectively.
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Figure 6.
3D-Structural alignment of compound 2 (blue) and two hit compounds 7 (green) and 8
(brown). The pharmacophore features are shown in the same color coding as Figure 2. The
compounds are rendered as stick-models.
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Figure 7.
Binding selectivity of compounds 7 and 8 to neuronal α7 nAChR, α4β2 nAChR, and 5HT3
receptor at 10 μM. The error bars indicate the standard deviation of the measurements. The
binding affinity for the α4β2 receptor was performed on rat cortical membrane cells using
[3H]epibatidine as the radioligand.34 The 5HT3 binding was measured on recombinant CHO
cells expressing the human 5HT3 receptor using [3H]BRL 43694 as the radioligand.32

Percent inhibition by compound 7: 82.5% (α7), 18.8% (α4β2), and 8.4% (5HT3). Percent
inhibition by compound 8: 82.5% (α7), 1.3% (α4β2), and 14.3% (5HT3).
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Figure 8.
Brain (black square) and plasma (blue triangle) concentrations of compounds 7i (left) and 8
(right) after cassette dosing at 10 mg/kg in mouse via ip administration. The error bars
indicate the standard deviation of the measurements.
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Table 1
Neuronal α7 nAChR inhibition of compound 7 and its analogs

ID R1 R2 R3 Percent inhibition at 10 μMa (mean ± SD)

7 Benzyl H 3-Cl 83.0 ± 1.7

7a Benzyl H 70.5 ± 3.1

7b Phenethyl H 4-OMe 9.5 ± 3.7

7c 2-Methoxyethyl H 4-Cl 27.3 ± 0.7

7d Phenethyl H 2-Cl 23.4 ± 2.4

7e Isobutyl Methyl 2,5-F,F 59.2 ± 0.2

7f Phenethyl H 4-Cl 18.3 ± 1.3

7g Cyclopentyl H 2-Cl 21.6 ± 2.6

7h 2-Methoxyethyl Methyl 2-Cl 43.0 ± 0.0

7i Benzyl Methyl 2-Cl 79.7 ± 1.9

7j Phenethyl H 2-Me 25.2 ± 1.8

7k Isobutyl Methyl 2-Cl 72.3 ± 1.0

a
The binding affinity of these compounds for the native α7 nAChR in rat brain membranes was measured at 10 μM using [125I]α-BTX as the

radioligand.28 Nonspecific binding was determined with 1 μM MLA.
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Table 3
Neuroprotective activities against seizure induced by DFP

Seizure score (mean ± SD) Normalized % seizure Normalized % neuroprotection

Controla 0 ± 0 0 100

DFP controlb 9.1 ± 6.4 100 0

7i 0.6 ± 1.3 6.6 93.4

8 0.8 ± 1.3 8.8 91.2

a
Animals not treated with drugs and DFP.

b
Animals not pretreated with drugs.
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