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ABSTRACT: Three series of substituted anti-1,2,3-triazoles
(IND, PPRD, and QND), synthesized by cycloaddition from
azide and alkyne building blocks, were designed to enhance
selectivity and potency profiles of a lead α7 nicotinic
acetylcholine receptor (α7-nAChR) agonist, TTIn-1. Designed
compounds were synthesized and screened for affinity by a
radioligand binding assay. Their functional characterization as
agonists and antagonists was performed by fluorescence
resonance energy transfer assay using cell lines expressing
transfected cDNAs, α7-nAChRs, α4β2-nAChRs, and 5HT3A
receptors, and a fluorescence cell reporter. In the IND series, a
tropane ring of TTIn-1, substituted at N1, was replaced by
mono- and bicyclic amines to vary length and conformational flexibility of a carbon linker between nitrogen atom and N1 of the
triazole. Compounds with a two-carbon atom linker optimized binding with Kd’s at the submicromolar level. Further
modification at the hydrophobic indole of TTIn-1 was made in PPRD and QND series by fixing the amine center with the
highest affinity building blocks in the IND series. Compounds from IND and PPRD series are selective as agonists for the α7-
nAChRs over α4β2-nAChRs and 5HT3A receptors. Lead compounds in the three series have EC50’s between 28 and 260 nM.
Based on the EC50, affinity, and selectivity determined from the binding and cellular responses, two of the leads have been
advanced to behavioral studies described in the companion article (DOI: 10.1021/acschemneuro.5b00059).
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Nicotinic acetylcholine receptors (nAChRs) are widely
distributed in the central and peripheral nervous systems

(CNS and PNS), controlling peripheral voluntary motor,
autonomic, and central nervous system functions.1 Since they
are found in abundance in presynaptic locations in the CNS,
they can control release of other transmitters as well as
acetylcholine itself. Therefore, they have diverse modulatory
functions and are candidate targets for neurologic disorders of
development, schizophrenia and autism, and the aging process,
Parkinsonism and the Alzheimer dementias.2−4

Structurally, nAChRs are members of the pentameric Cys-
loop ligand-gated ion channel (LGIC) superfamily, which are
composed of five transmembrane spanning subunits, assembled
to surround a centrosymmetric ion pore. There are at least 12
distinct neuronal subunits (α2−α10 and β2−β4) characterized
in mammalian and avian systems.1,5 Structures of these
pentameric receptors are divided into three domains: N-
terminal extracellular, transmembrane, and intracellular.
Assembly of nAChRs is specific for certain subunit partner-
ships, and can be categorized as hetero- and homopentameric.

Differences in subunit combinations and localization lead to
their functional and pharmacological variances.6,7 The orthos-
teric ligand binding pocket is located at the interface in the
extracellular domain between a principal (alpha) and a
complementary subunit.8 The α7-nAChR is unique in being
homomeric with identical binding sites formed between its
principal, C loop containing face and the opposing face of the
neighboring subunit.
Several α7-nAChR agonists have been developed for clinical

trials, namely, GTS-21,9,10 MEM3454,11 TC-5619,12 PNU-
282987,13 AR-R17779,14 ABT-107,15 and SEN34625/WYE-
10391416 (Figure 1). For α7-nAChR agonist design, the
primary pharmacophoric features of α7-nAChR agonists, a
cationic center, a hydrogen-bond acceptor, and a hydrophobic
moiety were modified.14,17,18 Despite comprehensive structural
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studies, limitations in the development of α7-nAChR agonists,
encompassing selectivity, stability, and toxicity, remain.12,19

The availability of a soluble extracellular domain surrogate of
the homomeric α7-nAChR enables one to synthesize candidate
triazole ligands from azide and alkyne building blocks on a
homologous relative of the receptor target of drug action, the
acetylcholine binding protein (AChBP). These lead products
can be identified and determined structures of the complexes
with AChBP by mass spectrometry.20 Structural permutations
of these leads can be synthesized in small quantities and in the
absence of template by metal-catalyzed cycloadditions.21 The
copper-catalyzed azide−alkyne cycloaddition (CuAAC) has
several advantages: regiospecificity, requirements for only
stoichiometric amounts of starting materials for reaction
completion, reaction conditions paralleling biological temper-
atures, and ease of reaction and product purification.22,23

anti-1,2,3-Triazole-containing molecules from metal cata-
lyzed click chemistry have been reported to stimulate α7-
nAChRs as agonists24,25 and antagonize α4β2-nAChRs and
5HT3A receptors.

21 The N2 and N3 of the triazole ring serve as
uncharged H-bond acceptors, and the triazole ring itself serves

as a stable, uncharged linker between the cationic center and
the hydrophobic ring.20,22

In this study, the cationic center and aromatic indole of the
triazole-based lead compound, TTIn-1 (Figure 2A), were
modified to improve the selectivity and potency profiles to α7-
nAChRs. Tertiary amines that can cross the blood-brain barrier
(BBB) and be protonated in the CNS were chosen to mimic
the cationic center in the α7-nAChR pharmacophore. Critical
interactions to stabilize the nicotinic ligand are either a
cation−π interaction for quaternary amine with an enveloping
cage of aromatic side chains or a H-bond interaction from a
protonated secondary or tertiary amine or an imine to carbonyl
backbone oxygen of a conserved tryptophan.26 The carbon
chain between the cationic center and the H-bond acceptor or
the triazole was varied to optimize connecting length to
maintain both H-bond interactions from the chosen basic
tertiary amine and the triazole with amino acid residues forming
the binding pocket of α7-nAChRs. The role of functional group
in the hydrophobic region, where the uncharged pyridine of
nicotine or epibatidine resides,27,28 was studied as well.
Receptor binding and functional assays of synthesized
compounds were carried out by radioligand binding and

Figure 1. α7-nAChR agonist prototypes.

Figure 2. α7-nAChR agonist pharmacophore. (A) lead compound TTIn-1, (B) acetylcholine (PDB ID: 3WIP), (C) nicotine (PDB ID: 1UW6), and
(D) epibatidine (PDB ID: 2BYQ, 3SQ6) with pharmacophore map.
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fluorescence resonance energy transfer (FRET) assays,
respectively, on intact cells in culture expressing α7-nAChRs,
α4β2-nAChRs, and 5HT3A receptors.

■ RESULTS AND DISCUSSION
1. Design Strategies. The lead tertiary amine TTIn-1 was

optimized based on projected components of an α7-nAChR
pharmacophore (Figure 2) which encompasses (i) the basic
center with its linker (R1 of IND series) and (ii) hydrophobic
aromatic moieties (R2 of PPRD and QND series) as shown in
Figure 3.
In the first set of 14 compounds (Figure 3A), the basic center

was the prime focus. The tropane of TTIn-1 was replaced with
different amine fragments: (i) simple alicyclic rings (IND1−
IND6, IND9), that is, piperidine, morpholine, and piperazine;
(ii) fused alicyclic ring (IND7, IND8); (iii) semirigid analogues
of two-carbon linker (IND10, IND11); (iv) fully flexible
aliphatic amine (IND12); and (v) reduced and enlarged
alicyclic rings (IND13, IND14). Modifications were made to
investigate distances spanning the basic nitrogen and the
triazole ring, the flexibility or spatial configuration, and the

steric hindrance on the binding affinity and potency. Projected
distances between the basic nitrogen atom and the triazole N1
of the designed compounds were in the range of two to four
C−C bonds (3.7−6.4 Å) based on structures of acetylcholine
(2 C atoms, 4.7 Å, Figure 2B) and SEN34625/WYE-10391416

(4 C atoms, 7.9 Å between the piperidine N and urea NH,
Figure 1). Simple monocyclic amines (IND1−IND6) with
lower pKa values of 6.93−9.66 (Table 1) were chosen to
replace the tropane ring of TTIn-1 (pKa 9.67) for
pharmacokinetic advantages. Once the unprotonated amine
crosses the blood-brain barrier, the pharmacologically active
protonated state forms that is required for hydrogen bond
donation to the backbone carbonyl of a conserved Trp on the
principal face of the nAChR.26 Therefore, the pKa should
accommodate a balance of blood-brain penetration (pharma-
cokinetics) and receptor binding of the protonated species
(pharmacodynamics). Other alicyclic rings, bicyclic analogs and
ring size reduction and expansion were employed. The number
of carbon atoms between the basic amine N and the triazole
ring was fixed at two or three C atoms.

Figure 3. Optimization of the lead compound, TTIn-1.
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Table 1. Physicochemical Properties and Distance between Basic Amine and N1 and N2 of Triazole Ringa

3.8 Å 3.7 Å

compd pKa log P distance to N1 (Å) distance to N2 (Å) compd pKa log P compd pKa log P

TTIn-1 9.67 2.7 4.1 4.6 PPRD1 9.13 2.55 QND1 9.17 2.05
IND1 9.13 3.02 3.8 4.8 PPRD2 9.14, 3.18 2.09 QND2 9.17, 3.12 1.6
IND2 9.66 3.08 5.1 6.1 PPRD3 9.13 2.76 QND3 9.17 2.27
IND3 9.65 3.6 6.4 7.3 PPRD4 9.13 3.44 QND4 9.17 2.94
IND4 6.93 1.95 3.8 4.5 PPRD5 9.13 2.73 QND5 9.17 2.24
IND5 7.46 2.01 5.1 6.1 PPRD6 9.13 3.75 QND6 9.17 3.26
IND6 7.45 2.53 6.4 7.3 PPRD7 9.13 4.57 QND7 9.17 4.08
IND7 9.54 3.15 3.8 4.8 PPRD8 8.9 2.62 QND8 8.93 2.13
IND8 9.17 2.53 3.7 4.1 PPRD9 9.13 3.24 QND9 9.17 2.75
IND9 9.28, 4.65 1.63 3.8 4.8 PPRD10 8.70, 5.11 0.41 QND10 9.09, 5.11 −0.08
IND10 9.67 2.25 3.8 4.5 PPRD11 9.11 3.02 QND11 9.17 2.53
IND11 8.85 2.64 3.8 4.5 PPRD12 9.12 3.02 QND12 9.17 2.53
IND12 8.63 2.17 3.8 4.7 PPRD13 9.13 3.53 QND13 9.17 3.03
IND13 9.26 2.58 3.8 4.8 PPRD14 9.4 3.27
IND14 9.59 3.47 3.8 4.5 PPRD15 9.14, 1.07 2.75 QND15 9.17, 1.06 2.25

aDistance between basic amine and N1 of triazole ring of 3D structures cleaned by MarvinSketch was measured with PyMOL. The physicochemical
properties were predicted by MarvinSketch.

Scheme 1. Synthesis of the Azide Building Blocksa

aReagents and conditions: (i) Et3N, EtOH, reflux, overnight; (ii) H2N−NH2, EtOH, reflux 45 min; (iii) freshly prepared TfN3 in toluene, K2CO3,
CuSO4·5H2O, H2O:CH3OH, RT, overnight; (iv) CH3SO2Cl, Et3N, CH2Cl2, 0 °C to RT, 4 h; (v) NaN3, MeCN, reflux, 6 h; (vi) NaN3, H2O, reflux,
overnight; (vii) NaOH, Et2O, 0 °C, 30 min.
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In the second set of 29 compounds in the R2 series (Figure
3B), R1 residues were fixed with leads from the first compound
set that showed higher binding affinity to α7-nAChR (Kd < 0.34
μM), R1 of the PPRD series is the 2-(piperidin-1-yl)ethyl
moiety of IND1 and that for the QND series is the quinuclidine
of IND8. The aromatic R2 of both series was separated into two
general categories, (i) mono- and disubstituted benzenes and
(ii) bicyclic aromatic systems: indole and substituted indole,
naphthalene and adenine rings. For the first category (Figure 3-
B1), the p-position of the benzene ring was substituted with H-
bond donors (−NH2 and −OH), H-bond acceptor (−OCH3),
or groups of different electronic influence on the ring system
(−CH3, −Cl, −Ph) to verify the role of functional group at p-
position of benzene ring. The m-substitution of a carboxy
methyl ester was included in the structures of PPRD14,
PPRD15, and QND15 to study the effect from the additional
heteroatom substitution. For the second category (Figure 3-
B2), the indole ring was modified by ring substitutions and
linkage to the triazole.
Predicted physicochemical properties (pKa, log P) and

distance between basic nitrogen atom and N1 of triazole ring
of compounds in IND, PPRD, and QND series are shown in
Table 1.
2. Synthesis. The general synthesis of the designed

compounds started with the synthesis of azide and alkyne
building blocks followed by the CuAAC reaction,20 yielding the
final compounds as shown in Schemes 1−3. Azide building
blocks were prepared by two different methods: the diazo
transfer reaction of amine29 for azide building blocks of IND1−

IND3, IND5−IND10, IND14, PPRD1−PPRD15, QND1−
QND13 and QND15, and the nucleophilic substitution of a
leaving group with sodium azide30,31 for azide building blocks
of IND4, IND11−IND13. Then, the azide building blocks were
reacted with the terminal alkynes that are commercially
available or were prepared in house by the Sonogashira cross-
coupling reaction32 or nucleophilic substitution to yield 1,2,3-
triazoles with 20−95% yield.

3. Biological Evaluation. The binding affinities (1/Kd) of
all synthesized compounds were evaluated in cell based
neurotransmitter fluorescent engineered reporter (CNiFERs)
expressing α7-nAChRs, α4β2-nAChRs, and 5HT3A receptors.
Ligand binding was assayed by competitive radioligand
displacement using [3H]-(±)-epibatidine for α7- and α4β2-
nAChRs and [3H]-granisetron for 5HT3A receptors. The α7/
5HT3A chimeric receptor, having an α7-nAChR extracellular
domain and 5HT3A transmembrane and cytoplasmic domains,
was used instead of α7-nAChRs because the signal-to-noise
ratio of the α7/5HT3A chimeric receptors was significantly
higher than the α7-nAChRs. Also, the chimeric receptors
produced more robust and reproducible results (data not
shown). Compounds at 10 μM concentration that compet-
itively dissociated [3H]-(±)-epibatidine or [3H]-granisetron
binding to LGIC-CNiFERs more than 50% were further
analyzed over a range of concentrations for Kd values.
Otherwise their Kd values are listed as >10 μM.
Compounds were functionally screened as agonists and

antagonists, for selectivity and potency using FRET assay of
LGIC-CNiFERs transfected cells.33 All LGIC-CNiFERs for

Scheme 2. Synthesis of Terminal Alkynesa

aReagents and conditions: (i) TMSCCH, CuI, PdCl2(PPh3)2, DMF, RT, overnight; (ii) TBAF in THF or K2CO3 in CH3OH, RT, 1 h; (iii)
K2CO3, DMF, RT, overnight.

Scheme 3. Synthesis of anti-1,2,3-Triazole Containing Molecules
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functional characterization are the same as those used for the
competitive radioligand binding with the exception that α7-
nAChRs were used instead of the aforementioned chimeric
receptor. Initially, the agonist properties of tested compounds
(final concentration = 13.3 μM) were assessed directly. Then,
antagonism was subsequently evaluated (final concentration =

10 μM) by adding the standard agonists, (±)-epibatidine for
α7- and α4β2-nAChRs and 5-hydroxytryptamine (5-HT) for
5HT3A receptors. All α7-nAChR functional assays were
performed in the presence of PNU-120596, an α7-nAChR
positive allosteric modulator (PAM), to increase signal and
delay formation of the desensitized state of α7-nAChRs. This

Table 2. Dissociation Constants for Ligand Binding, Kd, Activation Parameters, EC50, and Functional Antagonism, KA, Values of
Indole Series (IND1−IND14), the Lead Compound TTIn-1, and the Reference α7-nAChR Agonist PNU-282987 from the
Intact Cell Binding Assay (Kd) and FRET Assay Using LGIC-CNiFERsa

aData were analyzed from at least three independent experiments with each experiment containing two or more samples. Values are reported as
means ± standard deviation (SD). Kd > 10 μM, EC50 > 10 μM, and KA > 10 μM were indicated for the compounds that did not pass the initial
screening for binding affinity and functional characterization. *partial agonist; Ccompetitive antagonist; NCnoncompetitive antagonist; #p < 0.05
compared with TTIn-1; §p < 0.05 compared with PNU-282987 from subanalysis; δp < 0.05 compared with TTIn-1 from subanalysis. Values are
calculated as described in Methods.
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addition enables measurement of more prolonged FRET
signals.33 Compounds having agonist responses of ≥0.20 of
the maximal response were determined for EC50, and
compounds having inhibition fraction of ≥0.50 were
determined for KA.

21 Compounds with EC50 and KA values
>10 μM were not taken for further quantitation of receptor
occupation and responses.
4. Effect of Variation in Basic Amine Ring System (IND

Series). 4.1. Effect on Binding Affinity (1/Kd) or Dissociation
Constant (Kd). Kd values with α7-nAChRs as shown in Table 2
indicate that two compounds (IND1, IND8) exhibited
statistically enhanced affinity or lower Kd for the α7-nAChRs
(Kd = 0.34 and 0.12 μM, respectively) relative to the lead
compound, TTIn-135 (Kd = 4.3 μM). When compared the
binding affinity between these three compounds (TTIn-1,
IND1, IND8) and PNU-282987, a reference α7-nAChR
agonist, the Kd values reveal that the affinity of TTIn-1 is
lower (p < 0.05), but the of IND1 and IND8 are not
significantly different from PNU-282987 (Kd = 0.27 μM).
A comparison of Kd values indicated that extending the

distance between the basic nitrogen and the triazole ring
increased the Kd for α7-nAChRs: IND2 (length 5.1 Å, Kd = 7.2
μM) and IND3 (length 6.4 Å, Kd = 13.8 μM) compared with
IND1 (3.8 Å linker length, Kd = 0.34 μM). Besides linker
elongation, the additional heteroatom (IND4−IND6, IND9) in
the simple alicyclic ring dramatically increases Kd for α7-
nAChRs. This is probably due to (i) the lower pKa of IND4−
IND6 leading to a smaller fraction of the protonated forms
(25−54%) forming H-bond to the backbone carbonyl of the
conserved tryptophan on the principal face of the alpha subunit,
or (ii) protonation of the secondary amine of IND9 at pH 7.4
resulting in an excessive distance (6.6 Å). Both of the fused
alicyclic rings in this study (IND7, IND8) interact with α7-
nAChRs, but only IND8 has the lower dissociation constant.
The lower Kd of IND8 might come from the optimal distance
to maintain both hydrogen bond interactions of IND8. Other
modifications, that is, semirigid analogue (IND10, IND11),
freely flexible aliphatic amine (IND12), and ring size alteration
(IND13, IND14) did not appreciably affect the Kd for α7-
nAChRs.
Most compounds that are able to interact with α7-nAChRs

also bind to 5HT3A receptors as may be expected from the
sequence homology (Supporting Information Figure S1),11,34

but there is a far smaller crossover to the α4β2-nAChRs where
only IND8 showed a low Kd.
4.2. Effect of Basic Amine Center on Agonist and

Antagonist (Pharmacologic Activity). The α7-nAChR agonist
potencies are in general agreement with the binding affinities.
EC50 values of agonists and KA values of antagonists are shown
in Table 2. α7-nAChR dose−response curves of IND1−IND14
are shown in Figure 4.
Only IND1 and IND8 are more potent than TTIn-1, with

EC50 values of 0.17 and 0.028 μM versus 0.57 μM, respectively,
and comparable to PNU-282987 (EC50 0.11 μM). The higher
potency profile of IND1 and IND8 over other alicyclic amines
may arise from the stronger base of piperidine (pKa 9.13) as
well as quinuclidine (pKa 9.17) and optimizing distance
between basic amine and N1 of triazole (3.7−3.8 Å) to
facilitate H-bond formation in the binding pocket of α7-
nAChRs. However, compounds IND10−IND14, which have
the same 3.8 Å distance, did not show enhanced α7-nAChR
potency. This indicates that other factors such as flexibility and
steric constraints govern the potency of α7-nAChR agonist.

For α4β2-nAChRs, IND7 showed noncompetitive antago-
nism with low potency profile (KA = 22.2NC μM) (Supporting
Information Figure S2). Surprisingly, IND8 showed high
affinity binding to α4β2-nAChRs, but did not elicit agonist or
antagonist properties. It is possible that the interacting residues
are not the key residues of α4β2-nAChRs responsible for gating
the cation channel.
The 5HT3A functional responses for 8 of 14 compounds did

not correlate well with the binding affinity measurements. Some
compounds, that is, IND1, IND2, and IND7 apparently bound
to 5HT3A receptors, but did not yield detectable agonist or
antagonist responses. Interestingly, one compound (IND8)
turned out to be 5HT3A partial agonist (EC50 = 0.21 μM).
5HT3A receptor agonist and antagonist dose−response curves
are shown in Supporting Information Figures S3 and S4.
The significant improvement of selectivity and potency

profiles of IND1 and IND8 over the lead compound indicates
that 3.7−3.8 Å is an optimal distance between the basic
nitrogen atom and N1 of the triazole ring for α7-nAChR
agonist activity. IND1, a six-membered monocyclic ring with a
2 methylene linker, is the most potent α7-nAChR agonist
(EC50 = 0.17 μM) and highly selective for α7 over the α4β2-
nAChR, and the 5HT3A receptor. IND8, a bicyclic amine, is the
most potent compound in the series (EC50 = 0.028 μM), but
with a diminished degree of receptor selectivity. Therefore, the
piperidine and quinuclidine rings from IND1 and IND8
representing mono- and bicyclic rings were selected as the
cation center (R1) for further modification of the hydrophobic
R2 in the second compound set, PPRD and QND series,
respectively.

5. Variation in Aromatic Indole Substitution of the
anti-Triazole (PPRD and QND Series). 5.1. Effect on

Figure 4. α7-nAChR agonist dose−response curves of (A) IND1−
IND3, IND6−IND8 and (B) IND9−IND14. The α7-nAChR
functional assays were conducted in the presence of 10 μM PNU-
120596. FRET ratios were normalized to the maximum response by
100 nM (±)-epibatidine. The concentration−response curves show
Hill coefficients of ∼2, but because of the limited concentration points
and rapid responses, we have not estimated Hill coefficients for the 13
agonists.
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Binding Affinity (1/Kd) or Dissociation Constant (Kd).
Modifications at R2 showed that the anti-triazoles in the
QND series have higher affinity than the corresponding
compounds in PPRD series for both α7-nAChRs and 5HT3A

receptors. Kd values of all compounds that passed the initial
screening with LGIC receptors are shown in Table 3.
5.1.1. Mono- and Disubstituted Benzenes. Binding affinities

to α7-nAChRs for compounds where one substituent on
benzene is a H-bond donor (PPRD2 and PPRD8) appeared to

be greater than those bearing H-bond acceptor (PPRD3) or
heteroatom (PPRD13). The −NH2 of PPRD2 and −OH of
PPRD8 resemble bioisosteres of the −NH of indole; the Kd

values of PPRD2 and PPRD8 are not significantly different
from that of IND1. Since PPRD7 does not bind to all tested
LGIC receptors, the larger biphenyl moiety cannot be
accommodated in the interface binding pocket. An increase
in Kd from steric hindrance is also observed in compounds
bearing benzene ring with disubstitution, PPRD14 (Kd > 10

Table 3. Kd Values of Compounds in PPRD and QND Series from Intact Cell Binding Assay Using LGIC-CNiFERsa

aKd > 10 μM was indicated in the compounds that did not pass the initial screen. Kd of TTIn-1 is 4.3 μM for α7-nAChRs, >10 μM for α4β2-
nAChRs, and 6.0 μM for 5HT3A receptors. #p < 0.05 compared with IND1 for PPRD series; §p < 0.05 compared with IND8 for QND series.
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μM), but not for PPRD15 (Kd = 4.4 μM) when compared to
corresponding compounds with monosubstitutions (PPRD8
and PPRD2). The modified compounds in the PPRD series
were generally selective for α7-nAChRs.
In the QND series, Kd’s for α7-nAChRs of six compounds

where indole was replaced by mono- and disubstituted benzene
are not significantly different from IND8, except for QND15.
The Kd value of QND8 where the phenyl hydroxyl group acts
as H-bond donor, similar to the −NH of indole, was found to
be the lowest (0.081 μM). Most compounds in QND series
that bind to α7-nAChRs show binding to 5HT3A receptors with
Kd’s in the range of 0.04−2.3 μM. The ester extension of

QND15 increases the binding affinity to 5HT3A receptor (Kd =
0.043 μM) that is lower than that for QND2, its corresponding
structure (Kd = 1.2 μM) and equivalent to IND8 (Kd = 0.052
μM).

5.1.2. Bicyclic Ring Systems. The Kd values of all tested
LGIC receptors of compounds in PPRD series that contain
aromatic bicyclic systems increased when compared with IND1.
Methylation of indole ring in PPRD9 and addition of carbonyl
group in the indole ring in PPRD5 were found to increase α7-
nAChR Kd values (Kd = 12.1 and 3.3 μM, respectively).
Changing the −NH indole orientation in the structures of

Table 4. EC50 and KA Values of PPRD Seriesa

agonist EC50 ± SD (μM) antagonist KA ± SD (μM)

compd α7 5HT3A α7 α4β2 5HT3A

IND1 0.17 ± 0.05 >10 >10 >10
mono- and disubstituted benzenes
PPRD2 0.38 ± 0.08 >10 − >10 >10
PPRD3 15.0 ± 0.6*,# >10 − >10 >10
PPRD4 3.1 ± 0.8 >10 − >10 >10
PPRD7 >10 >10 − >10 >10
PPRD8 2.9 ± 0.7 − − >10 39.0 ± 2.7C

PPRD13 17.8 ± 4.6*,# >10 − >10 >10
PPRD14 >10 − >10 >10 1.4 ± 0.1C

PPRD15 3.1 ± 0.2 − − >10 6.0 ± 1.5C

bicyclic ring systems
PPRD1 7.4 ± 0.7# >10 − >10 >10
PPRD5 1.1 ± 0.2 >10 − >10 >10
PPRD6 >10 >10 − >10 >10
PPRD9 12.9 ± 4.6*,# − − 10.5 ± 3.1C, 25.5 ± 12.8NC 15.1 ± 4.0C, 56.2 ± 31.0NC

PPRD10 >10 >10 11.6 ± 3.5C, 18.9 ± 4.8NC >10 >10
PPRD11 − >10 6.6 ± 2.2C, 6.6 ± 1.7NC 6.5 ± 1.7C >10
PPRD12 − − 4.5 ± 1.5C, 11.3 ± 4.5NC >10 2.2 ± 0.3C

aData were averaged from at least three independent experiments. All values are reported as means ± SD. EC50 and KA > 10 μM were indicated for
the compounds that did not pass the initial screen. *Partial agonist; Ccompetitive antagonist; NCnoncompetitive antagonist; #p < 0.05 compared with
IND1. Values are calculated as described in Methods.

Table 5. EC50 and KA Values of QND Seriesa

agonist EC50 ± SD (μM) antagonist KA ± SD (μM)

compd α7 5HT3A α7 α4β2 5HT3A

IND8 0.028 ± 0.010 0.21 ± 0.08* − >10 −
mono- and disubstituted benzenes
QND2 0.052 ± 0.018 1.6 ± 0.3* − >10 −
QND3 0.097 ± 0.025 5.7 ± 1.7*,§ − >10 −
QND4 0.20 ± 0.08 − − >10 0.50 ± 0.27C, 0.53 ± 0.18NC

QND7 − >10 6.7 ± 2.4C, 26.2 ± 9.8NC >10 >10
QND8 0.037 ± 0.009 0.90 ± 0.09* − 6.2 ± 1.7C −
QND13 1.0 ± 0.3§ 4.9 ± 1.2§ − 11.2 ± 2.6C, 22.7 ± 6.4NC −
QND15 1.3 ± 0.0§ 0.26 ± 0.03* − 11.6 ± 1.0C −
bicyclic ring systems
QND1 0.12 ± 0.04 0.30 ± 0.04* − >10 −
QND5 0.26 ± 0.00 0.16 ± 0.04* − >10 −
QND6 22.1 ± 6.2*,§ >10 − 7.0 ± 4.5C, 6.2 ± 0.4NC >10
QND9 1.0 ± 0.0 1.4 ± 0.5 − 5.2 ± 1.2C, 6.5 ± 0.2NC −
QND10 29.5 ± 7.5*,§ >10 − >10 >10
QND11 1.6 ± 0.4 − − 9.3 ± 4.3C, 36.8 ± 21.8NC 0.081 ± 0.009NC

QND12 0.45 ± 0.14 0.34 ± 0.13* − >10 −
aData were averaged from at least three independent experiments. All values are reported as means ± SD. EC50 and KA > 10 μM were indicated for
the compounds that did not pass the initial screening. *partial agonist; Ccompetitive antagonist; NCnoncompetitive antagonist; §p < 0.05 compared
with IND8. Values are calculated as described in Methods.
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PPRD11 and PPRD12 resulted in a reduction of binding
affinity to α7-nAChRs.
For the QND series, the Kd’s for α7-nAChRs of all

compounds are higher than that for IND8 except for QND1
(Kd = 0.16 μM) and QND12 (Kd = 0.92 μM). Methylation of
the indole ring led to a 15-fold increase in Kd of QND9 (Kd =
1.9 μM) when compared to IND8. Steric hindrance caused by
acyl substitution on the indole ring (QND5, QND11) or
methoxy substitution on the naphthalene ring (QND6)
increased the α7-nAChR Kd from 0.1 μM to >2 μM. However,
changing the orientation of the indole in QND12 did not affect
the α7-nAChR Kd. For α4β2-nAChRs, only two compounds,
QND6 and QND9, showed similar Kd’s to IND8. The Kd’s of
all modified compounds in the QND series for 5HT3A
receptors are same as IND8 except for QND11.
5.2. Effect of the Aromatic Moiety on Agonist and

Antagonist Activity. The compounds in the QND series have
higher α7 agonist potencies than PPRD series. The EC50 and
KA values of PPRD and QND series are shown in Tables 4 and
5, respectively.
5.2.1. Mono- and Disubstituted Benzenes. The potencies of

compounds in PPRD series are in accord with their binding
affinities (Table 4); the α7-nAChR dose−response curves are
shown in Figure 5A. Compounds containing H-bond donor as

a substituent (PPRD2 and PPRD8) have higher potency (0.38
and 2.9 μM) than those with H-bond acceptor (PPRD3) or
heteroatom (PPRD13) (15 and 17.8 μM). Additional m-
substitution decreased the potencies of PPRD14 (EC50 > 10
μM) and PPRD15 (EC50 = 3.1 μM) compared to the
corresponding monosubstituted compounds, PPRD8 (EC50 =
2.9 μM) and PPRD2 (EC50 = 0.38 μM), respectively. Three
compounds from this modified series also show competitive
antagonism behavior to 5HT3A receptors, that is, PPRD8,

PPRD14, and PPRD15 (KA = 39.0, 1.4, and 6.0 μM,
respectively) (Supporting Information Figure S5).
As shown in Figure 5B, the potencies of QND2 (EC50 =

0.052 μM), QND3 (EC50 = 0.097 μM), QND4 (EC50 = 0.20
μM), and QND8 (EC50 = 0.037 μM) are not significantly
different from that of IND8 (EC50 = 0.028 μM). The
heteroatom in QND13 and steric hindrance from additional
methyl ester substituent in QND15 decreased α7-nAChR
agonist potency (EC50 = 1.0 and 1.3 μM, respectively), while
the more bulky biphenyl group turned QND7 into a weak α7-
nAChR antagonist (Supporting Information Figure S6). Three
compounds (QND8, QND13, QND15) showed moderate to
low antagonist potencies for α4β2-nAChRs (Supporting
Information Figure S7). Interestingly, all compounds having
heteroatom substitutions at p-position (QND2, QND3, QND8,
QND13, QND15) have 5HT3A receptor agonist properties in
contrast to the 5HT3A antagonist properties of TTIn-1 and
QND4 (Supporting Information Figures S7 and S8).

5.2.2. Bicyclic Ring Systems. The functional responses of
PPRD series that contain bicyclic amines are in agreement with
data from the binding affinity analysis. Removal of H-bond
donor, the −NH indole, markedly reduced the agonist EC50 of
PPRD1 and PPRD9 compared to IND1 (Figure 6A). PPRD9

also acts α4β2-nAChR and 5HT3A receptor antagonists
(Supporting Information Figure S10 and S5, respectively).
Change in position of the NH-indole, the H-bond donor,
turned PPRD11 and PPRD12 into weak and nonselective α7-
nAChR antagonists (Supporting Information Figure S6).
The α7 agonist properties of compounds in QND series

showed a common pattern with the PPRD series. The potency
and selectivity profiles for α7-nAChRs were not enhanced
when compared with IND8. Compounds having heteroatom at
p-position (QND1, QND5, QND9) and QND12 were 5HT3A

Figure 5. α7-nAChR agonist dose−response curves of mono- and
disubstituted benzenes for (A) PPRD and (B) QND series. Assays
were performed in the presence of 10 μM PNU-120596. FRET ratios
were normalized to the maximum response with 100 nM
(±)-epibatidine.

Figure 6. α7-nAChR agonist dose−response curves for indole
modification, other bicyclic rings, and nitrogen-rich ring for (A)
PPRD and (B) QND series. Assays were performed in the presence of
10 μM PNU-120596. FRET ratios were normalized to the maximum
response by 100 nM (±)-epibatidine.
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agonists (Supporting Information Figure S8), whereas QND11
is a 5HT3A antagonist (Supporting InformationFigure S9).
Replacement of the indole with an electron-rich adenine ring

altered PPRD10 into α7-nAChR antagonist with moderate
potency (KA = 11.6C, 18.9NC μM) (Supporting Information
Figure S6), whereas QND10 showed modest α7-agonist
activity (EC50 = 29.5 μM).
6. General Structure−Activity Considerations. All

QND compounds have higher affinity and potency than the
corresponding compounds in PPRD series. The activity profiles
might arise from the rigidity of the quinuclidine ring that
restricts the distance between the cationic center and the
hydrogen bond acceptor in the triazole to the optimal 4.1 Å
distance to N2 or 5.3 Å distance to N3, conferring key
interactions in the binding pocket to achieve agonist properties.
Also the quinuclidine compounds present a greater angle of
access to form a hydrogen bond with the backbone carbonyl
oxygen of Trp149 (α7 numbering). The hydrophobic R2 is also
an important motif affecting to the selectivity and potency
profiles. The proper hydrophobic motifs for potent α7-nAChR
agonists for 1,2,3-triazole based molecules appeared to be 5-
substituted indole, benzodioxole, and their isosteric p-
substituted benzene of small group, that is −NH2, −OCH3,
−CH3, and −OH. Information obtained from optimizing
triazole derivatives via 43 compounds in three series (IND,
PPRD, and QND series) revealed that the basic center with
3.7−3.8 Å length of linker, the triazole ring as H-bond acceptor,
and the designated motif are the key pharmacophoric features
of the triazole derivatives to become α7-nAChR agonists
(Figure 7). This investigation also provides an analysis of

specificity for α7-nAChR agonist activity in relation to the
prevalent α4β2-nAChR and the LGIC homologous 5HT3A
receptor. With the triazole series there is minimal overlap in
potency with α4β2-nAChR, and when observed, it is usually an
α7 agonist versus an α4β2 antagonist. A great parallelism is
seen with α7 agonists and 5HT3 antagonists/agonists.
However, it remains to be determined what complement of
these two activities would be therapeutically advantageous.36

Through high resolution crystallographic studies, it should be
possible to investigate the binding poses, side chain positions
and conformational differences torsional angles in the ligand
bound complexes with AChBP in greater depth.37

The α7-nAChR agonist properties of the compounds in the
three series of 1,4-disubstituted (anti) 1,2,3-triazoles verify that
the triazole ring plays a role not only as the H-bond acceptor
but as a linker for optimizing distance and orientation for key
interactions: H-bond from basic amine with carbonyl backbone
of conserved Trp, the H-bond with the triazole, and

hydrophobic interactions in the binding pocket of α7-nAChR
for α7-agonist action.
IND1, which has piperidine as the basic amine with a 2-

methylene linker to triazole, is a selective and potent α7-
nAChR agonist in the series. Its agonist potency is 3.5-fold
higher than that of the lead compound TTIn-1 and is highly
selective for α7 over α4β2-nAChRs and the 5HT3A receptors.
IND8 with quinuclidine as the basic center is the most potent
α7 agonist with a moderate selectivity profile: its α7 agonistic
potency increases 20-fold from that of TTIn-1. Modification of
the aromatic motifs in PPRD series did not further enhance
affinity and potency profiles, whereas six compounds of QND
series showed higher α7-nAChR agonistic potency than TTIn-
1. However, alterations of the indole substitution reduced the
selectivity profile with antagonism on α4β2-nAChRs and
antagonism/agonism on 5HT3A receptors.

■ METHODS
1. General Experimental Detail. Chemical reagents are from

Sigma-Aldrich, Oakwood, Alfa Aesar, Fluka, and Acros, whereas all
solvents are from Fisher. All starting materials with at least 95% purity
were used without further purification. The reactions were monitored
by TLC and LC-MS (HP 1100 Series LC/MSD). Melting points of
the final compounds were measured (Thomas-Hoover Unimelt), and
the structures were elucidated by using FTIR (Thermo Scientific
Nicolet iS5), NMR (Variance Mercury-300, Bruker AMX-400, Bruker
DRX-500), and HRMS (Agilent ESI-TOF). Purity of final compounds
was determined by chromatographic integration of the diode array UV
acquired on an HP 1100 series LC/MSD combining liquid
chromatography with electron spray ionization (ESI) mass spectrom-
etry. Analyses were conducted using 30−100% MeCN/water
containing 0.1% trifluoroacetic acid (TFA); all compounds were
determined to be >95% purity. The physicochemical properties were
predicted by MarvinSketch.

1.1. Azide Preparation (Scheme 1). When starting with amines, the
azide building blocks were prepared by diazo transfer reaction29

(IND1−IND3, IND5−IND10, IND14, PPRD1−PPRD15, QND1−
QND13, QND15) whereas nucleophilic substitution was used for the
molecules bearing good leaving groups,30,31 that is, alicyclic alcohols
(IND4 and IND11) and alkyl chlorides (IND12, IND13) (Scheme 1).
All azido compounds were confirmed by LC-MS and used in CuAAC
without further purification (more than 90% purity).

For diazo transfer reaction, the trifluoromethanesulfonyl azide
(TfN3) was prepared first by the reaction between trifluoromethane-
sulfonic anhydride and 5 equiv of sodium azide in the mixture of water
and toluene. The reaction mixture was stirred vigorously at room
temperature for 2 h and then extracted with toluene to obtain TfN3.
Then the primary amine was reacted with 1.8 equiv of freshly prepared
TfN3 in the mixture of H2O/CH3OH/toluene in the ratio of 3:6:5 at
room temperature overnight to give the azido compound. The
methylene linker of some azide building blocks (IND3, IND5, IND14)
was extended before azidation. Starting amine 1.3 equiv was reacted
with N-(2-bromoethyl) phthalimide, N-(3-bromopropyl)phthalimide,
or N-(4-bromobutyl)phthalimide to vary the length of linker38 using 2
equiv of triethylamine (Et3N) as catalyst. The reaction was refluxed
overnight in EtOH. Then, the phthalimide group was deprotected by
refluxing with hydrazine monohydrate for 45 min to give the primary
amine.

For nucleophilic substitution of alicyclic alcohols, the starting
alcohol was mesylated first by 1.5 equiv of methanesulfonyl chloride
(MsCl) using 1.6 equiv of Et3N as a basic catalyst. The reaction
mixture was run in CH2Cl2 from 0 °C to room temperature for 4 h to
get mesylated alcohol. After that, this mesylated alcohol was refluxed
with 1.2 equiv of sodium azide in MeCN for 6 h to obtain the azido
compound.

For alkyl chlorides, the starting material was refluxed overnight with
3 equiv of sodium azide in water. After that, diethyl ether was added in
the reaction mixture followed by 4 equiv of NaOH. The reaction

Figure 7. Pharmacophore model of α7-nAChR agonist obtained from
this study.
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mixture was stirred in an ice bath for 30 min. Then, the reaction
mixture was extracted with diethyl ether, dried over MgSO4
anhydrous, and concentrated in vacuo to obtain the azido compound.
1.2. Alkyne Preparation. The halogen containing molecule was

reacted with 3 equiv of ethynyltrimethylsilane having PdCl2(PPh3)2
(0.03−0.05 equiv), CuI (0.03−0.05 equiv) as catalyst, and Et3N as
base in DMF at room temperature under N2 atmosphere for 3 h to
overnight via the Sonogashira reaction. After extraction with diethyl
ether or EtOAc and purification by column chromatography, the silyl
group was removed by adding 1 M of TBAF in THF or K2CO3 in
CH3OH. The crude product was purified by column chromatography
to give terminal alkyne products; for example, 5-ethynyl-1H-indole was
prepared via method described above using 5-iodoindole as starting
reagent and purified by column chromatography (10% EtOAc in
hexane) to yield intermediate compound (90.39%). 1H NMR (300
MHz, CDCl3) δ 8.19 (s, 1H), 7.82 (s, 1H), 7.35−7.27 (m, 2H), 7.22−
7.17 (m, 1H), 6.55−6.50 (m, 1H), 0.28 (s, 9H). 13C NMR (76 MHz,
CDCl3) δ 135.6, 127.7, 126.1, 125.3, 125.2, 114.3, 111.1, 107.1, 103.0,
91.3, 0.3. After desilylation and purification (10% EtOAc in hexane), 5-
ethynyl-1H-indole as yellow solid was obtained (79.19%). 1H NMR
(500 MHz, CDCl3) δ 8.20 (s, 1H), 7.85 (s, 1H), 7.38−7.29 (m, 2H),
7.24−7.19 (m, 1H), 6.57−6.52 (m, 1H), 3.02 (s, 1H). 13C NMR (126
MHz, CDCl3) δ 135.8, 127.8, 126.1, 125.5, 125.3, 113.3, 111.2, 103.0,
85.4, 74.8.
1.3. Copper-Catalyzed Azide−Alkyne Cycloaddition (CuAAC).

The azide building blocks were reacted with an alkyne building block
(1:1) in a mixture of t-BuOH and water (1:1) using 5 mol % of
CuSO4·5H2O and 20 mol % of sodium ascorbate as catalyst. The
reaction mixture was run at room temperature for 2.5−24 h and
purified by column chromatography; for example, 1-(2-azidoethyl)-
piperidine (0.0641 g, 0.42 mmol) was reacted with 5-ethynyl-1H-
indole (0.0499 g, 0.35 mmol) in a 1:1 ratio of t-BuOH and water with
CuSO4·5H2O (0.0050 g, 0.02 mmol) and sodium ascorbate (0.0158 g,
0.08 mmol) as catalyst. The reaction was stirred at room temperature
for 5 h. After that, the reaction mixture was extracted with CH2Cl2.
The crude product was purified by column chromatography (EtOAc)
to give a pale yellow solid compound of 5-(1-(2-(piperidin-1-yl)ethyl)-
1H-1,2,3-triazol-4-yl)-1H-indole (IND1) (68.86%). FTIR (ATR)
(cm−1) 3318, 3148, 3083, 2924, 1615, 1547, 1452, 1438, 1346,
1225, 1121, 1054, 892, 795, 771, 745. 1H NMR (500 MHz, DMSO-d6)
δ 8.41 (s, 1H), 8.00 (dd, J = 1.6, 0.8 Hz, 1H), 7.58 (dd, J = 8.4, 1.5 Hz,
1H), 7.44 (d, J = 8.4 Hz, 1H), 7.36 (dd, J = 2.9, 2.2 Hz, 1H), 6.50−
6.44 (m, 1H), 4.48 (t, J = 6.5 Hz, 2H), 2.76 (t, J = 6.5 Hz, 2H), 2.47−
2.34 (m, 4H), 1.51−1.44 (m, 4H), 1.42−1.33 (m, 2H). 13C NMR
(126 MHz, DMSO-d6) δ 147.7, 135.6, 127.8, 126.0, 122.0, 120.3,
119.0, 116.7, 111.7, 101.4, 57.8, 53.8, 47.0, 25.5, 23.9; mp = 148−149
°C. HRMS calculated (C17H21N5, MH+) 296.1871, found 296.1871.
2. Activity Testing. Cell lines expressing specific subtypes of

receptors and a genetically encoded fluorescence resonance energy
transfer (FRET)-based calcium sensor (TN-XXL) were prepared from
sequential transfections and clone selection.33 Human α7-nAChRs and
α4β2-nAChRs were expressed in HEKtsA201 cells, whereas hα7/
m5HT3A chimeric receptors and mouse 5HT3A receptors were
expressed in HEK293 cells. Cells were cultured in DMEM (Corning,
Cellgro, Manassas, VA) supplemented with 10% FBS (Gibco, Life
Technologies, Grand Island, NY) and 1% glutamine (Gibco, Life
Technologies, Grand Island, NY) and incubated at 37 °C with 10%
CO2.
2.1. Intact Cell Binding Assay. Cell based neurotransmitter

fluorescent engineered reporters (CNiFERs) expressing Ca2+ per-
meable LGIC receptors were used to determine the Kd values of the
compounds. Cells were harvested by centrifugation (Beckman coulter,
Brea, CA) at 500 rpm for 5 min, and then mixed and incubated on ice
for 30 min, after counting, with Wheat Germ Agglutinin SPA beads
(20 mg/mL) (PerkinElmer, Waltham, MA) in Hank’s balanced salt
solution (HBSS) (Gibco, Life Technologies, Grand Island, NY) at the
specified concentrations: (1) hα7/m5HT3A chimera-TN-XXL,
200 000 cells/well, 1 mg/mL SPA beads; (2) hα4β2-TN-XXL,
100 000 cells/well, 0.5 mg/mL SPA beads; and (3) m5HT3A-TN-
XXL, 100 000 cells/well, 1 mg/mL SPA beads. The compounds were

initially screened at 10 μM final concentration. Nonspecific binding
was measured by using 100 μM MLA (Tocris Bioscience, Bristol,
U.K.) for α7/5HT3A chimeric receptors, 10 μM varenicline (Tocris
Bioscience, Bristol, U.K.) for α4β2-nAChR, and 300 nM tropisetron
(Tocris Bioscience, Bristol, U.K.) for 5HT3A receptors. After that, the
radioactive ligands were added at 20 nM final concentration of [3H]-
(±)-epibatidine for α7/5HT3A chimeric receptors, 5 nM [3H]-
(±)-epibatidine for α4β2-nAChR, and 10 nM [3H]-granisetron for
5HT3A receptors. The mixtures were measured on the Wallac 1450
MicroBeta Trilux with 1 h intervals for a total of 15 measurements.
Compounds that displaced over 50% of the bound radioligand from
the LGIC-CNiFERs were analyzed in separate experiments for Kd
values by the Cheng-Prusoff equation using GraphPad Prism. Mean Kd
values and standard deviations were calculated from at least three
independent experiments. The difference of Kd values were statistically
analyzed by one-way ANOVA followed by Tukey’s multiple
comparison test using GraphPad Prism.

2.2. Functional Assays for Agonists and Antagonists.33 Agonist
and antagonist elicited responses were characterized using the above
CNiFER cell expressing LGIC receptors. A fluorometric imaging plate
reader system (FlexStation 3; Molecular Devices, Sunnyvale, CA) was
used to detect FRET responses from HEK cells expressed α7-nAChRs,
α4β2-nAChRs, and 5HT3A receptors. A 96-well black, clear-bottom
microplate (Greiner bio-one, Germany) was coated with poly-D-lysine
(Sigma-Aldrich, St. Louis, MO) at 50 μL/well for 30 min and then
washed with phosphate-buffered saline (PBS) (Corning, Cellgro,
Manassas, VA) before plating the cells. After plating and incubation at
37 °C for 1 day, the media was replaced with 100 μL of artificial
cerebrospinal fluid (aCSF: 121 mM NaCl, 5 mM KCl, 26 mM
NaHCO3, 1.2 mM NaH2PO4·H2O, 10 mM glucose, 2.4 mM CaCl2,
1.3 mM MgSO4, 5 mM HEPES, pH 7.4) for α4β2 and 5HT3A
receptors, whereas 10 μM PNU-120596 (Tocris Bioscience, Bristol,
U.K.) in aCSF with 30 min incubation at 37 °C was used for α7-
nAChR. The tested compounds were prepared in aCSF for all
receptors except α7-nAChR, where 10 μM PNU-120596, a positive
allosteric modulator (PAM), was used. The prepared compounds were
added in a separate 96-well polypropylene plate (Costar, Corning,
NY). Experiments were conducted at 37 °C using 436 nm excitation.
Emitted light was collected at 485 and 528 nm. Basal fluorescence was
recorded for 30 s, followed by addition of 50 μL of ligand (first
addition). Measurements were made at 3.84 s intervals for 2 min to
measure the agonist response. After that, the agonist compound, which
was 100 nM final concentration of (±)-epibatidine (Tocris Bioscience,
Bristol, U.K.) for α7- and α4β2-nAChRs, and 1 μM of 5-
hydroxytryptamine (5-HT) (Tocris Bioscience, Bristol, U.K.) for the
5HT3A receptor were added to evaluate the antagonist response of the
test compounds. Agonist and antagonist properties were sequentially
screened at the final concentration of 13.3 and 10 μM, respectively,
which differed from the screening concentration from intact cell
binding assay (10 μM). Therefore, some compounds that do not bind
to LGIC receptors at screening concentrations still exhibit agonist and
antagonist responses in functional screening characterizations.
Compounds whose fraction of the maximal response (Δ/Δmax) was
higher than 0.20 were further evaluated to determine their EC50,
whereas compounds that inhibit Δ/Δmax more than 0.50 were further
characterized to determine the type of antagonism and also calculate
the antagonist dissociation constant (KA). The KA for competitive
antagonists and noncompetitive antagonists were calculated from the
Schild eqs 1 and 2.

= −K [A]/[DR 1]A (1)

= Δ Δ −K [A]/[( / ) 1]A max (2)

where [A] is the concentration of compound, DR (dose ratio) is the
EC50 ratio of tested compound over the control compound, which is
(±)-epibatidine for α7- and α4β2-nAChR, and 5HT for 5HT3A, and
Δ/Δmax is the fraction of the maximal response. Mean values and
standard deviations were calculated from at least three independent
experiments. The difference of EC50 and KA values were statistically
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analyzed by one-way ANOVA followed by Tukey’s multiple
comparison test using GraphPad Prism.
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Hank’s balanced salt solution; HRMS, high resolution mass
spectrometry; LC-MS, liquid chromatography mass spectrom-
etry; LGIC, ligand-gated ion channel; Ls, Lymnaea stagnalis;
MLA, methyllycaconitine; nAChR, nicotinic acetylcholine
receptor; NMR, nuclear magnetic resonance; RBA, radioligand
binding assay; SPA, signal proximity assay
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