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AChBPs isolated from Lymnaea stagnalis (Ls), Aplysia californica (Ac) and Bulinus truncatus (Bt) have been
extensively used as structural prototypes to understand the molecular mechanisms that underlie
ligand-interactions with nAChRs [1]. Here, we describe docking studies on interactions of benzylidene
anabaseine analogs with AChBPs and a7 nAChR. Results reveal that docking of these compounds using
Glide software accurately reproduces experimentally-observed binding modes of DMXBA and of its
active metabolite, in the binding pocket of Ac. In addition to the well-known nicotinic pharmacophore
(positive charge, hydrogen-bond acceptor, and hydrophobic aromatic groups), a hydrogen-bond donor
feature contributes to binding of these compounds to Ac, Bt, and the a7 nAChR. This is consistent with
benzylidene anabaseine analogs with OH and NH2 functional groups showing the highest binding affinity
of these congeners, and the position of the ligand shown in previous X-ray crystallographic studies of
ligand-Ac complexes. In the predicted ligand-Ls complex, by contrast, the ligand OH group acts as
hydrogen-bond acceptor. We have applied our structural findings to optimizing the design of novel
spirodiazepine and spiroimidazoline quinuclidine series. Binding and functional studies revealed that
these hydrogen-bond donor containing compounds exhibit improved affinity and selectivity for the a7
nAChR subtype and demonstrate partial agonism. The gain in affinity is also due to conformational
restriction, tighter hydrophobic enclosures, and stronger cation-p interactions. The use of AChBPs
structure as a surrogate to predict binding affinity to a7 nAChR has also been investigated. On the whole,
we found that molecular docking into Ls binding site generally scores better than when a a7 homology
model, Bt or Ac crystal structure is used.

� 2011 Elsevier Masson SAS. All rights reserved.
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1. Introduction

nAChRs are members of the Cys-Loop ligand-gated ion channel
superfamily, located both in the peripheral and central nervous
systems. These receptors, existing as both homopentameric and
heteropentameric transmembrane ion channels, are validated
therapeutic targets for various CNS pathologies (for reviews of
nAChRs as targets for drug discovery, see Romanelli et al. [1],
Breining [2], Schmitt [3], Conejero-Goldberg et al. [4], Mazurov
et al. [5], Daly [6], and Taly et al. [7]). Examples of disease indica-
tions under active investigation include Alzheimer’s disease (AD)
and Parkinson’s disease (PD), cognitive dysfunction in Schizo-
phrenia (CDS), addiction disorders, attention deficit hyperactivity
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disorder (ADHD), age-associated memory impairment (AAMI), pain
management, anxiety, depression and inflammation-mediated
processes. A number of compounds targeting nAChRs and repre-
senting a wide variety of pharmacologic actions are in advanced
clinical trials or on the market.

Chantix�, a partial agonist at a4b2 and a full agonist at a7 nAChR
from Pfizer, has recently been launched for smoking cessation [8,9].
ABT-089, a selective nAChR agonist from Abbot, completed Phase II
clinical trials for ADHD and AD but was not advanced further. ABT-
894, an nAChR agonist discovered by Abbot in collaboration with
NeuroSearch, completed three Phase II clinical trials in 2008 for
ADHD and diabetic neuropathic pain. AZD-3480, an a4b2 selective
partial agonist, showed positive results in Phase 2 trials for AAMI
and ADHD. One of the anabaseine analogs under study in this work,
GTS-21 (DMXBA or compound 2 in Table 1) has been investigated in
clinical trials for ADHD (completed), AD (completed), and inflam-
mation (ongoing) [10]. Finally, TC-5619, an a7 selective modulator,
has shown positive top-line results from a Phase 2 clinical proof of
concept trial to assess it as an augmentation therapy to improve
cognition in patients with schizophrenia [11]. Understanding the
molecular basis for the binding and selectivity of nAChR ligands
that interact with this protein superfamily would be an important
step toward designing better drugs against these targets.

AChBP is a homopentamer similar in structure to the extracel-
lular ligand-binding domain of nAChRs. The availability of several
crystal structures of AChBPs, both free and/or in complex with
various nicotinic ligands, has provided much needed information
regarding the protein-ligand molecular recognition process
[12e17]. These and additional studies have provided data indi-
cating that ligand-nAChR interactions are characterized bycation-p
interactions, hydrogen-bonding between the typical cationic center
of secondary and tertiary amine containing nAChR ligands and the
protein backbone, receptor loop C flexibility, water-mediated and
hydrophobic interactions, and capacity to accommodate ligands of
differing structure at the binding site at the interface of two
subunits [18e20]. Successful results have recently been reported
using an AChBP crystal structure as a template for molecular
docking, to identify novel a7 nAChR ligands through screening of
Table 1
2D structure of benzylidene anabaseine analogs and their dissociation constants
with AChBPs isolated from Ls, Ac and Bt [24].

Structures Name Ls Kd (nM) Ac Kd (nM) Bt Kd (nM)

1 0.8 3 33

2 19 330 59

3 0.4 3 22

4 0.8 6 93
a proprietary compound collection [21]. Three-dimensional struc-
tures of AChBP have also been used as templates to rationalize
agonists binding to the homologous homopentameric a7 nAChR
[17]. Thus, the homologous AChBPs and associated co-crystal
structures with nAChR ligands provide a rich starting point for
understanding interactions for the various nAChR subtypes.

Benzylidene derivatives of the alkaloid anabaseine, are known
for their functional selectivity toward a7 nicotinic receptors
[22,23]. A set of these compounds has been studied extensively
with regards to their dissociation constants (Table 1) for the AChBPs
from Ls, Ac, and Bt [24]. It was found that the 4-hydroxy benzyli-
dene anabaseine compounds are among the most potent ligands in
the series. Spectroscopic studies were able to ascertain the ioni-
zation state of 4-hydroxy substituted and un-substituted benzyli-
dene anabaseines. Binding studies of benzylidene anabaseine
analogs with rat a7 and a4b2 have also been reported more
recently [25]. Recent crystallographic studies of the 4-hydroxy
metabolite of 3-(2,4-dimethoxybenzylidene)-anabaseine in
complexation with Aplysia AChBP have shown that its OH group
donates a hydrogen-bond to a polar side-chain triad of Asp-164,
Ser-166 and Ser- 167 in loop F [17]. These findings provided us
3d3c
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Scheme 1. Synthesis of a7 nAChR ligands. Reagents and conditions: (a) ArCOCH2-

CO2Me, i-BuOH, 100 �C, overnight; (b) methyl 2-(cyanomethoxy)benzoate, CS2 (one
drop), 100e110 �C, overnight; (c) (2-cyanophenoxy)acetonitrile, CS2 (one drop),
100e110 �C, overnight; (d) [3-(dimethylamino)-2-phenylprop-2-enylidene]-dimethy-
lammonium hexafluorophosphate, MeOH, reflux, overnight; (e) diethyl 2-
phenylmalonate, 150 �C, 5 min; (f) methyl benzimidate hydrochloride, methanol,
150 �C (microwave), 5 min; (g) 4-hydroxycoumarin, t-butanol, 100 �C, overnight.
Compounds containing hydroxyl group (2aeg, 3a) or amino group (3b) as a hydrogen
bond donor have been synthesized by coupling 3-amino-3-(aminomethyl)quinuclidine
(1) with series of aroylacetates [27], methyl 2-(cyanomethoxy)benzoate or (2-
cyanophenoxy)acetonitrile. Spirodiazepine 2h without hydroxyl moiety has been ob-
tained by condensation of diamine 1 with [3-(dimethylamino)-2-phenylprop-2-
enylidene]-dimethylammonium hexafluorophosphate. Heating in a microwave of
diamine 1 with diethyl 2-phenylmalonate or methyl benzimidate provided 1,4-
diazepindione 2i and phenylimidazoline 3c. Hydroxyphenylimidazoline 3d has been
carried out by cyclization of 3-amino-3-(aminomethyl)quinuclidine (1) with 2-(2-
hydroxyphenyl)-1,3-benzoxazin-4-one.



Table 2
nAChR competitive binding: Percent inhibition (�standard error) of control radioligand binding to nAChRs of the designed spirodiazepine and spiroimidazoline quinuclidines
tested at 5 mM in radioactive displacement assays. Values in parentheses represent Ki values in nM. The a7 radioligand [3H]-methyllycaconitine was used for a7 binding studies
on rat hippocampal membranes and the nicotinic radioligand [3H]-epibatidine was used for binding studies at a4b2 on rat cortical membranes, ganglion-type nicotinic
receptors on SH-SY5Y cellular membranes and muscle-type nicotinic receptors on TE-671 cellular membranes. See Experimental Section for details. NT ¼ not tested. For
comparison purpose, corresponding data for compounds 2 and 3 of Table 1 are also shown.
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Table 2 (continued )

Compound Structure a7 a4b2 a3b4 a1bgd

2
N

N

O

O (1300 � 550) (51 � 10) (2500 � 270) (3900 � 770)

3
N

N

O

OH 106 � 3 (420) 97 � 1 (19 � 6) 75 � 1 (970 � 110) 72 � 3
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with a starting point for modeling studies aimed at deciphering the
structural features that drive the binding affinity of these nAChR
ligands. Using molecular docking, and homology modeling studies,
we found that a similar hydrogen-bond donor feature contributes
to the interaction with Bulinus AChBP and the a7 nAChR as well. In
the case of Lymnaea, however, the F-loop region appears not to
participate to such hydrogen-bond interaction. Instead, the ligand
OH group accepts a hydrogen bond from an amino acid side-chain
located in a different region of the binding site. Targeting the a7
subtype of neuronal nicotinic acetylcholine receptor, we have
designed related hydrogen-bond donor containing spirodiazepines
and spiroimidazolines quinuclidine series (Scheme 1). We find that
these compounds selectively bind to the a7 receptor with Ki in the
low nanomolar range.

2. Results

2.1. Molecular docking of benzylidene anabaseine analogs

Validation of the docking procedure for AChBP was carried out
by self-docking compounds 2 and compounds 3 co-crystallized
with Ac [17], as described in supporting information (S1, Table S1,
Figs. S1, S2 and S3). Table S1 illustrate that conformational
Fig. 1. Compound 1 docked into Ac: note the NH2 group hydrogen bond with Ser-166, Ser-16
in Ac crystal structure.
restriction, hydrophobic enclosures, and cations-p interactions also
contribute to the binding free energy of benzylidene anabaseine, in
addition to the more common van der walls, coulombic, lipophilic
and hydrogen-bond interactions (data not shown). Compounds 1
and 3 exhibit the strongest binding affinities (Table 1) to the Ac
protein. While the crystal structure of compound 3 in complex with
Ac has been solved, no such data are available for compound 1.
Docking of 1 into the Ac binding site (Fig. 1), suggests that
compound 1 exhibits strikingly similar interactions to those
crystallographically-observed for the Ac-compound 3 complex,
including the bifurcated HB donation to the whole amino acid triad
Asp-164, Ser-166 and Ser-167 (see also Fig. S3 herein and Fig. 4 of
Hibbs et al. [17]).

As shown in Fig. 2, docking compound 3 in the Bt protein (pdb
code: 2BJ0, resolution 2.0 Å) also results in a similar hydrogen-
bonding pattern: the protonated nitrogen atom makes
a hydrogen bond with the backbone carbonyl oxygen atom of Trp-
142, the nitrogen atom of the pyridine ring makes a hydrogen-bond
with the backbone NH group of Val-113, while the ligand OH group
donates a hydrogen-bond to the hydroxyl group of Tyr-164,
a residue located in the F-loop region of the protein. Given the
presence of Glu-163within hydrogen-bond forming distance of this
region, it is possible that an alternate conformation might include
7 & Asp-164 in the complementary face, in a manner reminiscent of compound 3 pose



Fig. 2. Binding mode of compound 3 in the binding site of Bt protein. The OH group of the ligand donates a hydrogen-bond to Tyr-164 of the complementary face. The pyridine N
atom makes an H-bond with the NH group of Val-113 in the complementary face, while the cationic center hydrogen bonds to Trp-142 backbone carbonyl group. The F-loop is
shown in dark blue. Also shown is the distance (12.6 Å) between the backbone oxygen atom of Trp-142 and side-chain oxygen atom of Tyr-164.
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the ligand hydroxyl group being involved in a bifurcated hydrogen
bond donation to Tyr-164, and Glu-163.

In the case of Ls, however, the ligand hydroxyl group at position
4 accepts a hydrogen-bond from the side-chain carbamoyl
hydrogen of Gln-73 of the complementary face, while the methoxy
Fig. 3. Compound 3 docked into Ls: Ligand OH group accepts an HB from Gln-73 of the com
face. The cationic center donates to the backbone carbonyl group of Trp-143, in the principal
sites. The F-loop is shown in dark blue. The amino acid side-chains which directly interact w
Ac and Bt are shown in ball and stick.
group accepts a hydrogen-bond from the side-chain of Tyr-192 of
the principal face, as shown in Fig. 3. Compared to its orientation in
Ac and Bt binding sites, it appears as though the ligand has kept its
quintessential hydrogen bond between the protonated ligand and
the carbonyl oxygen atom of the conserved Trp-143, but has made
plementary face, while its methoxy group accepts an HB with Tyr-192 of the principal
face. The ligand makes a 90� rotation compared to its orientation in Ac and Bt binding
ith the ligand and those of the F-loop that could have interacted with the ligand like in



Fig. 4. Compound 3 (in green) docked into rat a7 homology model. The ligand OH group donates a Hydrogen-bond to Ser-36 (in the complementary face), which is located in the
neighborhood of Tyr-168, and Ser-167 in the F-loop (shown in dark blue). The cationic center donates a hydrogen bond to the backbone CO group of Trp-148, in the principal face.
Also shown are the distance between the backbone oxygen atom of Trp-148 and side-chain oxygen atom of Ser-36, and Gln-57 (in the complementary face).
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a 90� rotation, thereby allowing its OH and methoxy group to
interact with Gln-73 and Tyr-192, respectively. Likewise, OH group
at position 4 of compound 4, which is among the most potent in
binding to Ls, also accepts a hydrogen-bond from Gln-73 of the
complementary face, while its OH group at position 2 donates
a hydrogen-bond to the OH group of Tyr-192 of the principal face,
as shown in Fig. S4.

The three-dimensional structure of the a7 nAchRwas derived by
homology modeling, as described in the methods section.
Biochemical validation of the a7 homology model was carried out
by docking a diverse chemical library of 493 compounds of known
binding affinity to the a7 receptor. The procedure used and results
obtained are described in Supplemental information S2. In
summary, a Roc score of 0.74 was achieved, which is much better
than 0.53, the corresponding value obtained when one uses the
experimentally-observed crystal structure of Ac as a surrogate, as
shown in Table 3. The hydrogen-bond donation pattern involving
the OH group of compound 3 was observed in the docking pose of
this ligand into the binding site of the homomeric rat a7 nAChR,
with an orientation analogous to the one observed in Ac and Bt, as
shown in Fig. 4. Ser-36 of the complementary face, a residue close
in space to Ala-163, Asp-164, and Ile-165, accepts the hydrogen-
bond donated by the ligand OH group.
2.2. Rational design of novel a7 nicotinic receptor ligands

Ulens et al. have demonstrated that docking-based virtual
screening using AChBP crystal structure as target can successfully
Table 3
Glide XP terms for designed compounds.

Compound Rat a7
Ki (nM)

Glide
score

Rotable bond
penalty
(Kcal/mol)

Hydroph enclosure
rewards (Kcal/mol)

p-cation
rewards
(Kcal/mol)

2f 58 �11.87 0.09 �2.55 �3.07
2e 77 �11.79 0.06 �2.28 �3.16
2c 87 �11.31 0.08 �2.38 �2.91
3b 120 �10.57 0.09 �2.40 �3.00
2a 140 �11.79 0.10 �2.05 �3.01
2g 150 �12.14 0.10 �2.48 �3.05
3d 290 �11.25 0.11 �2.40 �3.45
3 420 �9.40 0.18 �1.83 �2.03
lead to the identification of novel a7 nAChR ligands [21]. More
recently, using a dataset mainly comprised of quinuclidine-
containing compounds, de Kloe et al. have shown that a strong
correlation exists between binding affinities for a7 and AChBP-Ls
and to a significantly lesser extent, to AChBP-Ac [26]. We have
herein shown that a hydrogen bond donor feature observed to be
important for binding affinity of anabaseine analogs to AChBP by
interacting with this protein F-loop can also act in a similar manner
in the binding pocket of the a7 nAChR. Therefore, we reasoned that
quinuclidine analogs containing a hydrogen bond donor functional
group separated from the cationic center by a distance within the
distance constraint range shown in Fig. 4 (13.6e20.9 Å) could
satisfy the pharmacophoric requirements for binding to the a7
protein. We accordingly designed a library of spirodiazepine and
spiroimidazoline quinuclidines and predicted their binding affinity
to rat a7, using molecular docking as described herein. The
synthetic scheme of the 14 compoundsmade is shown in Scheme 1.

Experimentally-observed binding data of the designed
compounds are shown in Table 2. Results indicate that while all the
designed compounds do not interact with the a4b2 subtype,
compounds 3a, 3b and 3d, which contain hydrogen-bond donors
interact with a7 nAChR with Ki less than 300 nM, and so do
compounds 2a through 2g, which might tautomerize into lactim.
Substitution within the aromatic ring of compounds 2aeg slightly
affects interaction with the receptor, while potential conjugation of
the aromatic ring and azomethine moiety provide pep interaction.
Compound 3a (a7 nAChR Ki 7.2 nM) exhibited better binding
affinity for a7 than compounds 2 (a7 nAChR Ki 1500 nM) and
compound 3 (a7 nAChR Ki 420 nM), and demonstrated partial
agonismwith an Emax of 53.0� 4.4% and an EC50 of 0.6� 0.5 mM, by
patch-clamp electrophysiology in rat a7 nAChR [28]. Under the
same experimental conditions, compound 3b (a7 nAChR Ki 120 nM)
had an Emax of 22.0 � 4.7% and an EC50 of 1.2 � 0.7 mM. Functional
data for compound 3 (a7 nAChR Emax of 77.00 � 0.02% and EC50 of
1.6� 0.02 mM) have been already reported in the literature [29]. For
comparison, compounds 2h, 2i, 3c, 3e, lacking a hydrogen-bond
donor satisfying the required distance constraint, do not demon-
strate any interaction with a7 nAChR. Fig. 5aeb illustrate the pre-
dicted binding mode of compounds 2b and 3b into the rat a7
protein binding site, as derived from docking. We find that the OH
group of the lactim form of compound 2b donates a hydrogen-bond
to Gln-57, whereas its methoxy oxygen atom accepts a hydrogen-



Fig. 5. a. Designed compound 2b (in its lactim form) docked into rat a7 homology model, is shown in green. The ligand OH group donates a hydrogen-bond to the backbone carbonyl
oxygenatomof Leu-119 (in thecomplementary face),while itsmethoxygroupacceptsahydrogenbond fromGln-57 (in the complementary face).Also shownareneighboringamino-acid
sidechains suchasSer-167, Ser-16, andAsp-164. Thecationic centerdonates to thebackboneCOgroupofTrp-148, in theprincipal face. All the threehydrogen-bonddistances are shown in
brokenblack lines. b. Designedcompound3bdocked into rata7homologymodel. The ligandOHgroupdonates ahydrogen-bond toTyr-168 (in the complementary face),which is located
in the F-loop (shown in dark blue). Also shown is neighboring amino-acid side chain, Ser-167. The cationic center donates to the backbone COgroup of Trp-148, in the principal face. Both
hydrogen-bond distances are shown in broken black lines.
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bond from the backbone NH group of Leu-119, as shown in Fig. 5a.
The NH2 group of compound 3b donates a hydrogen-bond to the
OH group of Tyr-168, a residue located in the F-loop region, as
shown in Fig. 5b.

After docking in SP mode, the resulting best poses were
subsequently docked in XP mode. The results thus obtained, shown
in Table 3, indicate that the designed compounds are predicted to
bind tighter than compound 3, as Glide scores of the former are
more negative than the Glide score of the latter. The results also
illustrate that the best scoring conformations of the designed
compounds which were successfully docked exhibit tighter
hydrophobic enclosures [30,31] and cation-p interactions, as
compared to compound 3. This results in an increase in binding
affinity. Furthermore, the XP-derived rotatable bond penalty
appears to linearly correlate with rat a7 Ki, with an r2 value of 0.85
(Fig. 6). This finding indicates that the reduced flexibility of
designed compounds, as compared to compound 3, also contrib-
utes to improve binding affinity [32].

The use of AChBP crystal structures as surrogates for predicting
binding of these novel spirodiazepines and spiroimidazolines to a7
protein has also been investigated, by comparing the trend in
docking score to the actually observed Ki data. With respect to the
ability of the molecular docking to top-rank active a7 compounds,
the ROC scores obtained were low in all cases, varying from 0.51 to
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Table 5
RMSD table (expressed in Å) obtained from superimposing the crystal structures of
Ac, Bt, and Ls proteins. The pdb codes used are 2byq, 2bj0, and 2byq, respectively.

Protein system Ac Bt Ls

Ac 0 2.2 1.9
Bt 0 1.6
Ls 0
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0.62, as shown in Table 4. Of particular interest, however, is that
using a rat a7 homology model in docking did not score better
(accuracy of 0.55) than the use of the original AChBP crystal
structure templates. On average, when the validation set is also
included, docking into Ls binding site scores the highest, followed
by docking into the a7 homology model.

The RMSD table derived from superimposing the crystal struc-
ture of Ac, Bt, and Ls is shown in Table 5. Examination of this table
indicate that Ls is structurallymore similar to Bt (rmsd¼ 1.6 Å) than
to Ac (rmsd ¼ 2.2 Å). This result is consistent with the finding that
the weighted average value of roc score obtained in Table 4 for Ls
protein (0.76) is closer to the one obtained with Bt protein (0.71) as
compared to the one derived from docking into Ac protein (0.53).
3. Discussion and conclusions

We have carried out docking studies for a homologous series of
benzylidene anabaseine analogs, for which crystallographic infor-
mation on two of the analogs (2 and 3, Table 1) are available. These
efforts are aimed at providing a more comprehensive under-
standing of the molecular basis of their interactions with nAChRs,
which may aid in designing better drug candidates. Docking of
benzylidene anabaseine analogs using Glide software accurately
reproduces both experimentally-observed binding modes of
DMXBA and of its metabolite, in the binding pocket of Ac. Similar
docking poses of anabaseine analogs bound to Bt, Ls and a7 nAChR,
respectively, have been derived. These results support the impor-
tance of the hydrogen bond donor feature in the ligand, as
described previously by Talley et al. [24] and Hibbs et al. [17]. As
Table 4
ROC accuracy of docking in ranking the binding of ligands to rat a7 protein. X-ray
crystal structures of AChBPs and a7 homology model were used for docking, as
described in the methods section.

Protein system Validation
set (N ¼ 493)

Designed
set (N ¼ 14)

Weighted
average Roc score

Ac 0.53 0.62 0.53
Bt 0.72 0.51 0.71
Ls 0.77 0.62 0.76
a7 0.74 0.55 0.73
observed experimentally by Taylor and coworkers [17], our docking
studies highlight the importance of the D-SS (Asp-164, Ser-166, Ser-
167) amino acid residues triad from the complementary face of Ac,
which interacts via a hydrogen bonding network with the benzy-
lidene 4-position substituent. This was also found in docking poses
for the Bt protein, but in this case stabilization appears to occur via
a hydrogen bonding network with Glu-163 and Tyr-164, located in
the same complementary face region. While the same amino acid
residue motif is found in the Ls protein, i.e., Glu-163 and Tyr-164,
we have not observed a similar docking pose for compounds 3
and 4, in this protein. Instead, we have found a low-energy pose in
which the ligand hydroxyl group at the 4-position in this case
accepts a hydrogen-bond from Gln-73 of the complementary face,
while the oxygen atom of the methoxy group at the 2-position
accepts a hydrogen-bond from Tyr-192 of the principal face, as
shown in Fig. 3. Such an alternative binding mode results from
a rotation of approximately 90� about an axis passing through the
ligand basic nitrogen atom and perpendicular to the indole side-
chain of the conserved Trp-143. This pose, while reminiscent of
“conformation B” observed in the co-crystal structure of compound
2 complexed with Ac (Fig. S2), represents a greater displacement of
the benzylidine region of the ligand.

Docking observations, at least in part help to explain the
significant loss of affinities for DMXBA (compound 2) vs. that for
the 4-OH metabolite (compound 3). For Bt, loss of the hydrogen
bond donor capacity (OH to OCH3) leads to slight (2.5 fold) decrease
in Kd value. But for Ac, with a more hydrophilic amino acid residue
environment in the same complementary face region, the loss in
affinity is much more dramatic (110-fold). In the case of Ls, in order
to probe whether OH group at position 4 acts as a better hydrogen-
bond acceptor than OCH3, we have carried out a quantum
mechanical calculation of atom polarization in the binding site,
using Maestro QPLD protocol [33]. Results indicated that the
oxygen atom in the OH group at position 4 of benzylidene anaba-
seinewasmore negatively charged (q¼�0.55) than in themethoxy
group (q ¼ �0.37), suggesting that compound 3 might be a better
hydrogen bond acceptor than compound 2.

Docking results obtained for anabaseine analogs are consistent
with the historical nicotinic cholinergic pharmacophoremodels [1].
The pyridine nitrogen atom acts as hydrogen bond acceptor, while
the pyridine ring, itself, fits the required hydrophobic aromatic
feature. Anabaseine congeners containing OH and NH2 functional
groups additionally donate a hydrogen-bond, (or accept one as
shown by docking into Ls binding site), which may explain the fact
that such analogs bind the strongest in this series of compounds
[24]. The ligand-protonated nitrogen and the OH group at position-
4 and at position-2, are separated by a distance of 8.94 Å and 5.05 Å,
respectively. It is important to mention that these interfeature
distances are consistent with the distances of about 12 Å and 5.5 Å
between the carbonyl oxygen atom of the quintessential conserved
Trp and the side-chain oxygen atom of Asp-164 (or Tyr-164) in the
F-loop and of Tyr-192, respectively, in the docked poses for Bt
(Fig. 2), Ac, and Ls. This result suggests a lock and key model of
molecular recognition. Exception is found, however, with rat a7
model binding site where the side-chain oxygen atom of Asp-164 is
separated from the carbonyl oxygen atom of the conserved Trp by
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a distance of about 19.4 Å. Not surprisingly, Ser-36, which is sepa-
rated from the conserved Trp by a 12.9 Å distance, interacts with
the ligand OH group at 4-position, in the docked poses (Fig. 4).

Docking results obtained for the designed compounds, shown in
Fig. 5a, suggest that the lactim form of spirodiazepine analogs
might interact with the rat a7 protein by adopting a “conformation
B-like” binding mode of DMXBA into the Ac protein, as also shown
in Fig. S2. The ligand OH group donates a hydrogen bond to the
backbone carbonyl oxygen atom of Leu-119, while its methoxy
group accepts a hydrogen bond from the amide side-chain group of
Gln-57, located in the complementary face. By contrast, a designed
spiroimidazoline containing a hydrogen-bond donor group at the
appropriate location, shown in Fig. 5b, might interact with the rat
a7 protein by adopting a “conformation A-like” binding mode of
DMXBA into the Ac protein, as also illustrated in Fig. S1.

In addition to hydrogen-bond interactions that have been
widely discussed herein, and the more commonly observed inter-
actions such as van der Walls, columbic and pairwise lipophilic,
Glide XP has revealed the importance of hydrophobic enclosures,
cation-p interactions, and loss of configurational entropy in
contributing to the gain in binding affinity observed for the novel
spirodiazepine and spiroimidazoline quinuclidine analogs (Table 3
and Fig. 6). These additional and important interactions also
contribute to the binding of benzylidene anabaseine analogs to
AChBPs, as shown in Table S1. However, the fact that active
compounds such as 3a, 2b and 2dwere not well docked in XPmode
after being successfully docked in SP mode, suggests that signifi-
cant work to account for receptor flexibility is still needed in order
to improve the accuracy of available docking packages.

As shown in Table 4, a comparison of Roc scores derived from
docking ligands into AChBPs crystal structures, in order to predict
ligand binding to rat a7, suggests that the best results have been
obtained with Ls, followed by the rat a7 homology model. On
average, poorest results were obtained when using Ac model,
which appear to be the most structurally dissimilar to both its
counterparts Bt and Ls, as can be seen from the rmsd values shown
in Table 5. These findings are in agreement with thework of de Kloe
et al. which has recently shown that a strong correlation exists
between binding affinities for a7 and AChBP-Ls and to a signifi-
cantly lesser extent, to AChBP-Ac [26]. In the light of the results
discussed above, we suggest that Ls crystal structure may be
a better template to use in developing an homology model for rat
a7, as compared to Bt and Ac crystal structures. Moreover, Ls or Bt
protein may also be a better choice for designing an AChBP/rat a7
chimera protein. It will also be of interest to ascertain whether
differences in ring orientation are evident in the fluorescence
quantum yield, emission shifts and difference absorption spectra of
the substituted anabaseines in a complex with the Bulinus and
Lymnaea species.

In conclusion, we have used molecular docking to study the
interactions of benzylidene anabaseine congeners with AChBPs and
rat a7 nAChR. We have found that binding affinity is primarily
mediated via electrostatic interactions (hydrogen-bond, p-cation
and pep), pairwise lipohilic, hydrophobic enclosures and loss of
configurational entropy as well. In particular, a hydrogen bond
donor feature appears to contribute to ligand binding to Ac, Bt and
a7 nAChR. Docking of compounds 3 and 4 into the ligand binding
pocket of Ls shows the ligand OH group acting as hydrogen-bond
acceptor, instead. The use of AChBP as surrogate to design novel
spirodiazepines and spiroimidazolines quinuclidines which bind a7
nAChR has been investigated. Here the aza nitrogen in the bicycle
ring system takes the place of the cyclic imine nitrogen in
protonating, to be the hydrogen bond donor. A restriction in ligand
motion upon binding also appears to contribute to the increase in
binding affinity observed for the designed compounds. On the
whole, the results obtained show that models derived from Ls
exhibits the highest accuracy in predicting ligand binding to rat a7
protein. These findings may have implications in selecting the best
template to use in building an homology model for nAChR or
a chimera AChBP/nAChR. It is important to notice that in this
specific case of docking, the use of a validated homology model
didn’t add significant value, as compared to the simple use of the
template protein. Experimental data have shown that the designed
novel compounds selectively bind to rat a7 nAChR. In particular,
compound 3a binds a7 nAChRwith amuch better affinity than both
DMXBA (compound 2) and its active 4-OH metabolite (compound
3), and demonstrates partial agonism.

4. Experimental section

4.1. Molecular docking of ligands into AChBPs

Docking studies were carried out using Glide 5.5 [34e36].
Protein structures were prepared using Maestro protein prepara-
tion wizard. Following hydrogen-bonding assignment optimiza-
tion, water molecule orientations were exhaustively sampled, and
the protein-ligand complexes were energy-minimized until an
rmsd of 0.30 Å was reached. To validate the docking procedure,
a self-docking of the crystallized ligands into their cognate AChBP
protein was carried out. Validation studies were carried out using
co-crystal structures with the following pdb codes: 1uw6 (Ls in
complex with nicotine) [15], 2bj0 (Bt in complex with CAPS, i.e. 3-
(cyclohexylamino)-1-propanesulfonic acid) [16], and 2wn9 (Ac in
complex with 2-Methoxy-4-OH benzylidene anabaseine, called
compound 3 herein) [17]. A docking grid was constructed for each
protein by using the centroid of the bound ligand and a maximum
size of 20 Å. Flexibility of OH groups for amino acid side chains at
the binding site was allowed. Crystallographic water molecules at
each binding site were included. To mimic the quintessential
hydrogen bond involving Trp-147 (Ac) carbonyl oxygen and the
ligand-protonated nitrogen, experimentally observed in the crystal
structures of anabaseine DMXBA (compound 2 in Table 1), and 2-
MeO, 4-OHBA (compound 3 in Table 1), bound to Ac [17], an H-
bond constraint was accordingly specified. To mimic flexibility of
the protein structure, a scaling of van der Waals radii for non-polar
parts in the binding site and the ligands was carried out. Best
docked poses derived in SP mode were subsequently re-docked in
XPmode. The Glide XP visualizermodule [34], was used to visualize
and analyze the derived docking poses.

4.2. Homology modeling of the a7 nAChR

Three-dimensional models of the extracellular domain of the rat
a7 protein were obtained from comparative modeling using spatial
restraints, as implemented within Discovery Studio, using MOD-
ELLER [37e39]. The three-dimensional structure of AChBP from Ls
complexed with nicotine (pdb code 1uw6) was used as template.
The derived protein structures were validated with regard to
protein structure architecture and stereochemistry using the
protein analysis programs Procheck [40], and Verify_3D [41], as
implemented within the UCLA DOE web server [42]. Procheck
results showed that 86% of residueswere found in themost-favored
region of the Ramachandran plot, and Verify_3D results indicated
that 77.4% of the residues had an averaged 3D-1D score >0.2.
Further refinement of the models was carried out within Maestro
(Schrodinger, Inc.) protein preparation module, prior to any dock-
ing simulation. In addition, biochemical validation of the a7
homology model was carried out by docking a diverse chemical
library of 493 compounds of known binding affinity to the a7
nAChR. The dataset, extracted from an in-house compound
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collection, was comprised of 127 actives (a7 Ki � 500 nM) and 366
decoys (a7 Ki > 500 nM). The performance of the docking exercise
to classify compounds with respect to their binding affinity using
this homologymodel was evaluated bymeans of the area under the
receiver operating characteristic (ROC) curve. The accuracy ob-
tained was 0.74. Note that an area of 0.50 indicates random
performance, while an area of 1.00 indicates a perfect model.

4.3. Chemistry

Unless otherwise stated, all reactions were carried out under
a nitrogen atmosphere, using commercially available anhydrous
solvents. NMR spectra were carried out on a Varian 300 in the
solvents specified. HPLC purity determinations were carried out
using a Phenomenex C18 100 mm � 4.6 mm column with 5 mm
particle size; gradient: 97.5e2.5% A, 1 mL/min flow rate (A, 0.05%
trifluoroacetic acid in H2O; B, 0.05% trifluoroacetic acid in aceto-
nitrile). All test compounds were confirmed to be >95% pure by
HPLC and high resolution LCMS.

4.3.1. 5-Phenylspiro[1,3-dihydro-1,4-diazepine-2,30-quinuclidine]-
7-ol (2a)

This procedure illustrates the general method for preparation of
2aeg. 3-Amino-3-(aminomethyl)quinuclidine (1) (75 mg,
0.5 mmol) and ethyl benzoylacetate (100 mg, 0.5 mmol) were
dissolved in i-butanol (3 ml). The reaction mixture was heated at
100 �C overnight, cooled to ambient temperature and concentrated.
The residue was purified by preparative HPLC to yield 2a tri-
fluoroacetate (105 mg, 53%). 1H NMR (CD3OD, 300 MHz) d 8.07 (d,
2H), 7.72 (m, 1H), 7.60 (m, 2H), 4.23 (dd, 2H, J¼ 65, 12 Hz), 3.94 (dd,
2H, J ¼ 28, 10 Hz), 3.59e3.38 (m, 6H), 2.49 (s, 1H), 2.35e2.10 (m,
4H). High resolution LSMS,m/e 284.1767, C17H22N3O, calc. 284.1763.

4.3.2. 5-(2-Methoxyphenyl)spiro[1,3-dihydro-1,4-diazepine-2,30-
quinuclidine]-7-ol (2b)

High resolution LCMS m/e 314.1869, C18H24N3O2, calc. 314.1869.

4.3.3. 5-(4-Methoxyphenyl)spiro[1,3-dihydro-1,4-diazepine-2,30-
quinuclidine]-7-ol (2d)

High resolution LCMS m/e 314.1882, C18H24N3O2, calc. 314.1869.

4.3.4. 5-(2-Furyl)spiro[1,3-dihydro-1,4-diazepine-2,3’-
quinuclidine]-7-ol (2g)

High resolution LCMS m/e 274.1553, C15H20N3O2, calc. 274.1556.

4.3.5. 6-phenylspiro[1,3-dihydro-1,4-diazepine-2,30-quinuclidine]
(2h)

3-Amino-3-(aminomethyl)quinuclidine (1) (75 mg, 0.5 mmol)
and [3-(dimethylamino)-2-phenylprop-2-enylidene]-dimethy-
lammonium hexafluorophosphate (100 mg, 0.4 mmol) were dis-
solved in methanol (5 ml). The reaction mixture was refluxed
overnight and concentrated. The residue was purified by prepara-
tive HPLC to yield 2h trifluoroacetate (75 mg, 20%). 1H NMR
(CD3OD, 300 MHz) d 0.15 (s, 1H), 8.01 (s, 1H), 7.52e7.38 (m, 5H),
4.50 (d, 1H, J ¼ 12 Hz), 3.73 (dd, 2H, J ¼ 27, 12 Hz), 3.60e3.38 (m,
5H), 2.22e1.98 (m, 5H).

4.3.6. 6-Phenylspiro[1,4-diazepane-2,30-quinuclidine]-5,7-dione
(2i)

A mixture of 3-amino-3-(aminomethyl)quinuclidine (1) (75 mg,
0.5 mmol) and diethyl 2-phenylmalonate (118 mg, 0.5 mmol) were
heated at 150 �C in microwave for 5 min. The reaction mixture was
cooled to r.t. and purified by preparative HPLC to yield 2i tri-
fluoroacetate (98 mg, 24%). 1H NMR (CD3OD, 300 MHz) d 7.46e7.22
(m, 5H), 4.30 (s, 1H), 4.02 (dd, 2H, J¼ 50,13 Hz), 3.53 (dd, 2H, J¼ 53,
12 Hz), 3.53e3.15 (m, 4H), 2.23e1.98 (m, 5H). High resolution LCMS
m/e 300.1723, C17H22N3O2, calc. 300.1712.

4.3.7. 2-(3-Hydroxybenzofuran-2-yl)spiro[1,5-dihydroimidazole-
4,30-quinuclidine] (3a)

A mixture of 3-amino-3-(aminomethyl)quinuclidine (1) (75 mg,
0.5 mmol), methyl 2-(cyanomethoxy)benzoate (96 mg, 0.5 mmol)
and one drop of carbon disulfide was heated in a sealed vial at
100e110 �C overnight. The reaction mixture was cooled to r.t. and
purified by preparative HPLC to yield 3a trifluoroacetate (98 mg,
48%). 1H NMR (CD3OD, 300 MHz) d 7.98 (d, 1H), 7.65 (m, 2H), 7.43
(m, 2H), 4.26 (dd, 2H, 76,12), 3.77 (dd, 2H, J¼ 35,14), 3.60e3.38 (m,
4H), 2.50e2.33 (m, 2H), 2.15 (m, 3H).

4.3.8. 2-(3-Aminobenzofuran-2-yl)spiro[1,5-dihydroimidazole-4,30-
quinuclidine] (3b)

A mixture of 3-amino-3-(aminomethyl)quinuclidine (1) (75 mg,
0.5 mmol), (2-cyanophenoxy)acetonitrile (79 mg, 0.5 mmol) and
one drop of carbon disulfide was heated in a sealed vial at
100e110 �C overnight. The reaction mixture was cooled to r.t. and
purified by preparative HPLC to yield 3b trifluoroacetate (145 mg,
68%). 1H NMR (CD3OD, 300 MHz) d 7.96 (d, 1H), 7.64 (t, 1H), 7.50 (d,
1H), 7.36 (t, 1H), 4.20 (dd, 2H, J¼ 60,12 Hz, 2H), 3.79 (dd, 2H, J¼ 22,
12 Hz, 2H), 3.63e3.38 (m, 4H), 2.42 (m, 2H), 2.17 (m, 3H). High
resolution LCMS m/e 290.1707, C17H21N4O, calc. 290.1715.

4.3.9. 2-Phenylspiro[1,5-dihydroimidazole-4,30-quinuclidine (3c)
A mixture of 3-amino-3-(aminomethyl)quinuclidine (1)

(475 mg, 3.0 mmol) and methyl benzimidate hydrochloride
(602 mg,3.5 mmol) in methanol (3 ml) was heated in microwave at
150 �C for 5 min. The reaction mixture was concentrated in vacuo.
The residue was purified by preparative HPLC to yield 3c (0.3 g,
28%). 1H NMR (CD3OD, 300 MHz) d 8.00 (d, 2H), 7.85 (m, 1H), 7.69
(m, 2H), 4.33 (dd, 2H, J ¼ 75, 11), 3.80 (dd, 2H), 3.59e3.37 (m, 4H),
2.59e2.40 (m, 2H), 2.09 (m, 3H). High resolution LCMS m/e
242.1649, C15H20N3, calc. 242.1657.

4.3.10. 2-Spiro[1,5-dihydroimidazole-4,30-quinuclidine]-2-ylphenol
(3d)

3-Amino-3-(aminomethyl)quinuclidine (1) (75 mg, 0.5 mmol)
and 4-hydroxycoumarin (81 mg, 0.5 mmol) were dissolved in i-
butanol (3 ml). The reaction mixture was heated at 100 �C over-
night, cooled to ambient temperature and concentrated. The
residue was purified by preparative HPLC to yield 3d tri-
fluoroacetate (15 mg, 8%). 1H NMR (CD3OD, 300 MHz) d 7.88 (d, 1H),
7.66 (m, 1H), 7.12 (m, 2H), 4.29 (dd, 2H, J ¼ 79, 10), 4.78 (dd, 2H),
3.56e3.37 (m, 4H), 2.50e2.33 (m, 2H), 2.16 (m, 3H).

4.3.11. 2-Spiro[1,5-dihydroimidazole-4,30-quinuclidine]-2-ylbenzo
[b]furan (3e)

Compound (3e) was prepared from 3-amino-3-(aminomethyl)
quinuclidine (1) andmethyl benzofurancarboximidate hydrochloride
according toprocedure for3c.1HNMR(CD3OD,300MHz)d8.12(s,1H),
7.88 (d,1H), 7.74 (d,1H), 7.66 (t,1H), 7.48 (t,1H), 4.36 (dd,2H, J¼75,10),
3.81 (dd,2H), 3.62e3.38 (m,4H), 2.58e2.40 (m,2H), 2.18 (m,3H).High
resolution LCMSm/e 351.1821, C20H23N4O2, calc. 351.1821.

4.4. Competition binding to receptors in membrane preparations

Binding assays to membrane bound nicotinic receptors were
carried out using standard methods adapted from published
procedures [43,44]. In brief, membranes were reconstituted from
frozen stocks and incubated for 2 h in 150 ml assay buffer (PBS) in
the presence of competitor compound (0.001 nMe100 mM) and
radioligand. [3H]-methyllycaconitine ([3H]-MLA, PerkineElmer Life
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Sciences) was used for a7 binding studies on rat hippocampal
membranes and [3H]-epibatidine (PerkineElmer Life Sciences) was
used for binding studies at the a4b2 on rat cortical membranes,
ganglion-type nicotinic receptors on SH-SY5Y cellular membranes
andmuscle-type nicotinic receptors on TE-671 cellular membranes.
Incubation was terminated by rapid filtration on a multimanifold
tissue harvester (Brandel, Gaithersburg, MD) using GF/B filters
presoaked in 0.33% polyethyleneimine (w/v) to reduce non-specific
binding. Filters werewashed 3 timeswith ice-cold PBS and retained
radioactivity was determined by liquid scintillation counting.

4.5. Binding data analysis

Single-point binding data was determined at a competitor
concentration of 5 mM and are expressed as the percent inhibition
of control radioligand binding. For IC50 determinations, replicates
for each point of a seven-point doseeresponse curvewere averaged
and plotted against the log of drug concentration. IC50 values
(concentration of the compound that produces 50% inhibition of
binding) were determined by least squares non-linear regression
using GraphPad Prism software (GraphPAD, San Diego, CA). Ki

values were calculated using the ChengePrusoff equation [45].
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