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Using structure-based optimization procedures on in silico hits, dibenzosuberyl- and benzoate substi-
tuted tropines were designed as ligands for acetylcholine-binding protein (AChBP). This protein is a
homolog to the ligand binding domain of the nicotinic acetylcholine receptor (nAChR). Distinct SAR is
observed between two AChBP species variants and between the a7 and a4b2 nAChR subtype. The AChBP
species differences are indicative of a difference in accessibility of a ligand-inducible subpocket. Hereby,
we have identified a region that can be scrutinized to achieve selectivity for nicotinic receptor subtypes.

� 2011 Elsevier Ltd. All rights reserved.
The neuronal nicotinic acetylcholine receptors (nAChRs) belong
to the Cys-loop receptor family of the ligand-gated ion channels
(LGICs). The Cys-loop receptors are characterized by a pentameric
assembly of subunits. Until now, 12 human neuronal nAChR sub-
units (a2–a10 and b2–b4) have been identified. These subunits
combine to form either homopentamers (e.g., a7) or heteropenta-
mers (e.g., a4b2), resulting in different pharmacological character-
istics.1–3

Several important physiological and mental processes are regu-
lated by nicotinic receptors and they are therefore potential thera-
peutic targets for a wide variety of neurodegenerative and
psychiatric disorders. The human a4b2 and a7 receptors play a
role in the pathophysiology of Alzheimer’s disease, Parkinson’s
disease, schizophrenia, epilepsy and anxiety.1–3 In addition, the
human a4b2 nAChR is involved in nicotine addiction and pain.2

Furthermore, the human a7 may also be of value as a pharmaco-
logical target in inflammation.4,5 Several nicotinic receptor ligands
are being investigated for clinical use. The first clinical break-
through was reported in 2006, when Varenicline, a partial agonist
All rights reserved.
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on the a4b2 nAChR, was approved as a drug for smoking
cessation.6,7

Due to high sequence identity of the binding pockets of the
different subtypes and lack of detailed structural information on
nAChRs, the development of selective ligands remains a challenge.
Fortunately, the water-soluble acetylcholine binding protein
(AChBP) from the fresh water snail Lymnaea stagnalis (Ls-AChBP)
has been characterized and crystallized. This protein is a widely
accepted structural homolog of the extracellular domain (ECD) of
nicotinic receptors8,9 The binding pocket of this homopentameric
protein is situated at the interface of two adjacent subunits and is
formed by the principal and complementary side (Supplementary
data Fig. 1A–D).8 The principal side is formed by mostly aromatic
residues of loops A (Tyr89, Ls-AChBP amino acid numbering), B
(Trp143) and C (Tyr185 and Tyr192). In addition, the flexible loop
C has two vicinal cysteines (Cys187-188) that form a disulfide bond.
The complementary side is formed by loops D, E and F and only loop
D donates an aromatic residue (Trp53) (Supplementary data
Fig. 1C–E).

After the identification of Ls-AChBP, similar binding proteins
have been identified in other molluscan species, for example,
Aplysia californica (Ac-AChBP) and Bulinus truncatus AChBP
(Bt-AChBP) and these proteins have been co-crystallized in the
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Table 1
The binding affinity (pKi) of dibenzosuberyl substituted tropines for Ls- and Ac-AChBP, a7 and a4b4 nAChRs

N+

O

R2

R1

Compd R1 R2 Ls-AChBP pKi ± SEMa Ac-AChBP pKi ± SEMa a7 pKi ± SEMb a4b2 pKi ± SEMa

Nicotine 6.5 ± 0.1 5.6 ± 0.1 6.0 ± 0.1 7.9 ± 0.1
a-Lobeline 6.2 ± 0.1 8.6 ± 0.1 5.1 ± 0.1 8.3 ± 0.1
9 H H 6.0 ± 0.1 5.0 ± 0.1 n.d. n.d.
8 Me H 5.7 ± 0.1 5.2 ± 0.1 n.d. n.d.
1 Me Me 6.5 ± 0.1 6.0 ± 0.1 6.0 ± 0.1 <4.5

2 H 6.6 ± 0.1 5.0 ± 0.1 n.d. n.d.

4 H 7.0 ± 0.1 5.0 ± 0.1 4.9 ± 0.1 <4.5

10 Me 7.4 ± 0.1 6.2 ± 0.1 5.8 ± 0.1 <4.5

5

OH

H 5.7 ± 0.1 4.9 ± 0.1 4.7 ± 0.1 <4.5

6

OH
OH H 5.7 ± 0.1 4.5 ± 0.1 4.4 ± 0.1 <4.5

n.d. = not determined; Compd = compound.
a [3H]epibatidine displacement studies, pH 7.4.
b [3H]MLA displacement studies, pH 7.4.

Figure 1. (A) Binding mode of compound 1 (orange balls and sticks) in Ac-AChBP. (B) Superposition of Ac-AChBP in complex with 1 (orange balls and sticks) and lobeline (3,
black balls and sticks) shows that fragment merging may afford a novel chemotype capable of addressing the lobeline pocket. (C) Lobeline addresses the lobeline pocket after
a change in rotameric state of Tyr91 (Y-flip, yellow arrow).
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presence of nicotinic receptor ligands or buffer molecules.10,11 The
crystal structures of the three different AChBPs show a conserved
architectural fold that has been recognized as a template to under-
stand the ligand binding domains of nicotinic receptors and other
mammalian Cys-loop receptors. Crucial information on ligand-
receptor interactions has been obtained from agonist-bound struc-
tures of AChBP, i.e., carbamylcholine, nicotine and epibatidine.11,12

Similar cation-p interactions between a conserved tryptophan (loop
B) and cationic centers of several nonpeptidic ligands are observed
in these co-crystal structures. In addition, nicotine forms a hydrogen
bond between its pyrolidine nitrogen atom and the carbonyl back-
bone of Trp143 (Fig. 1F). Experimental evidence has been obtained
that identical interactions are present in neuronal nicotinic recep-
tors, illustrating the use of AChBP in nAChR research.13

Recently, we have described a study in which a benzoate substi-
tuted tropine-containing fragment (18, Scheme 3) and several
derivatives that interact with a ligand-inducible subpocket of the
binding site of AChBP were thoroughly characterized using ther-
modynamic and structural analysis.14 In another recent study, we
have reported an in silico screening protocol that resulted in the
identification of ligands with affinity for AChBP and the a7 but
no affinity for the a4b2 nAChR.15 Two of the identified hits con-
tained a dibenzosuberyl-substituted tropine scaffold (1 and 2,
Table 1) and were co-crystalized with Ac-AChBP. In the current
study, we describe the structure-based design and synthesis of
dibenzosuberyl- and benzoate substituted tropine derivatives and
their SAR on Ac- and Ls-AChBP and on a7 and a4b2 nicotinic recep-
tors. The hit optimization was monitored and guided by ligand effi-
ciency and group efficiency considerations (LE and GE) as well as
structural information.

The previously obtained co-crystal structures of Ac-AChBP in
complex with hit compounds 1 and 2 (PDB: 2W8F and 2W8G,
respectively) show that the ligands have a comparable binding pose
with their cationic nitrogen atoms forming cation-p interactions



Table 2
The binding affinity (pKi) of benzoate substituted tropines for Ls- and Ac-AChBP, a7 and a4b2 nAChRs

N+

O
O

R
1

R2

Compd R1 R2 Ls-AChBP pKi ± SEMa Ac-AChBP pKi ± SEMa a7 pKi ± SEMb a4b2 pKi ± SEMa

1814 endo H H 6.1 ± 0.1 5.3 ± 0.1 5.5 ± 0.1 <4.5
19 exo H H 5.1 ± 0.1 4.8 ± 0.1 n.d. n.d.
16 endo Me H 5.7 ± 0.1 5.4 ± 0.1 4.8 ± 0.1 <4.5
17 exo Me H 5.2 ± 0.1 4.8 ± 0.1 n.d. n.d.

2014 endo H 7.1 ± 0.1 7.5 ± 0.1 5.1 ± 0.1 <4.5

21 exo H 6.4 ± 0.1 6.0 ± 0.1 5.3 ± 0.1 <4.5

22 endo Me 7.5 ± 0.1 6.8 ± 0.1 5.2 ± 0.1 <4.5

24 endo

OH

H 6.2 ± 0.1 6.8 ± 0.1 4.9 ± 0.1 <4.5

31 endo

OH

(S)
H 5.9 ± 0.1 6.1 ± 0.1 n.d. n.d.

3214 endo

OH

(R)
H 6.1 ± 0.1 7.0 ± 0.1 n.d. n.d.

23 endo

OH

Me 6.9 ± 0.1 5.7 ± 0.1 5.0 ± 0.1 <4.5

3314 endo

OH

(R)
Me 6.9 ± 0.1 6.1 ± 0.1 n.d. n.d.

26 endo

OH
OH H 6.1 ± 0.1 6.2 ± 0.1 4.6 ± 0.1 <4.5

29 endo

OH
OH

OH

H 6.4 ± 0.1 5.1 ± 0.1 4.8 ± 0.1 <4.5

30 exo

OH
OH

OH

H 5.7 ± 0.1 4.7 ± 0.1 4.9 ± 0.1 <4.5

25 endo
OH

H 7.0 ± 0.1 6.7 ± 0.1 4.9 ± 0.1 <4.5

n.d. = not determined; Compd = compound.
a [3H]epibatidine displacement studies, pH 7.4.
b [3H]MLA displacement studies, pH 7.4.
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with Trp145 (Ac-AChBP amino acid numbering, Trp143 in Ls-ACh-
BP).15 Comparing the structures of Ac-AChBP in complex with 1
and lobeline (3, PDB: 2BYS, Fig. 1A–B)11, reveals the opening of a sub-
pocket by the rotameric change of Tyr91 (Tyr93 in 2BYS corresponds
to Tyr91 in 2W8F), see Fig. 1C. In addition, the superposition of both
X-ray structures shows that the cationic nitrogen atoms of com-
pound 1 and lobeline are at a similar position and engaged in cat-
ion-p interactions with Trp145 (Fig. 1B). The structural overlay
inspired us to pursue a fragment merging approach16 with the aim
of increasing the binding affinity of in silico hit 1 (Supplementary
data Figs. 2A–C). It was anticipated that the merging of lobeline’s
a-hydroxyphenetyl moiety with the dibenzosuberyl substituted
tropine part of 1 would afford a hybrid ligand (e.g., 5) with improved
binding affinity due to additional interactions with the ligand-
inducible subpocket to which we will refer to as the lobeline pocket.

To further optimize the interactions of the a-hydroxyphenetyl
moiety of hybrid compound 5 with the lobeline pocket, we de-
signed analogs of 5 (4–7, Supplementary data Figs. 2A, Table 1).
These analogs were subsequently docked into the crystal structure
of 1 (PDB: 2W8F) after opening of the lobeline pocket by manually
changing the rotameric state of Tyr91 from the g- to t conforma-
tion).1718 The obtained binding poses indicate that the lobeline
pocket can indeed be addressed by the a-hydroxyphenetyl moiety
(Supplementary data Fig. 2B). Further investigation of the docking
results suggests that additional interactions with the binding site
can be established by incorporation of hydroxyl moieties at the
meta positions (one or both) of the phenyl ring. By doing so, it
was anticipated that hydrogen bonds could be formed with the
backbone carbonyl oxygen of Thr89 and the sidechain of Asp195
(Supplementary data Fig. 2C). Our previously performed in silico
screening study has provided an indication that compounds 1
and 2 bind to both the orthosteric site and the ion pore of
nAChRs.15 The interaction with the ion pore may arise from the
structural resemblance to tricyclic antidepressants that have been
shown to block Na+ channels.19 In order to abolish the putative
channel blockade of the tricyclic ligands, we performed an



Scheme 1. Reagents and conditions: (a) a-tropine (2 eq.), toluene, rt, 16 h, reflux, 1 h; (b) KMnO4, KOH, pyridine/water, rt, 3 h; (c) NaBH(OAc)3, DCE, rt, 16 h; (d) MeI, toluene,
rt, 24 h; (e) TBTU, Et3N, DMF, rt, 1 h; (f) LiAlH4, THF, rt, 2 h.

Scheme 2. Reagents and conditions: (a) Al(i-OPr)3, 2-propanol, reflux, 24 h; (b)
CuBr2, EtOAc/DCM, reflux, 6.5 h.
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additional fragment-merging exercise affording new ligands, in
which the dibenzosuberyl moiety was replaced by a smaller benzo-
Scheme 3. Reagents and conditions: (a) TEA, toluene, reflux, 4-6 h; (b) 1-chloroethyl ch
16–48 h; (e) MeI, acetonitrile, rt, 16 h; (f) TBTU, Et3N, DMF, rt, 3–16 h; (g) BH3.THF, THF, r
toluene, rt, 2 weeks; (k) NMP, microwave 150 �C, 50 min.
ate group (Table 2). Thus, a set of benzoate substituted analogs was
synthesized in order to determine the influence on the binding
affinity of (1) the configuration of the epimeric C(3) position of
the tropine spacer, (2) the quaternization of the tropine nitrogen
atom, and (3) the introduction of hydroxyl substituted phenetyl
moieties.

The dibenzosuberyl substituted tropinyl ethers were synthe-
sized according to Scheme 1. Treatment of tropine with 5-chloro-
dibenzosuberane followed by oxidative demethylation with
KMnO4 afforded dibenzosuberyl ether 9.18,20,21 The corresponding
phenetylamine 4 was obtained by reductive amination of 9 with
phenylacetaldehyde.22 Methylation using iodomethane afforded
the quaternary ammonium salt 10 with the phenetyl moiety in
loroformate, DCE, reflux, 5–19 h; (c) MeOH, reflux/rt, 1-4 h (d) NaBH(OAc)3, DCE, rt,
t, 16 h; (h) DIPEA, acetonitrile, rt, 2–16 h; (i) BH3�THF, THF, 0 �C, 0.75–1.5 h; (j) MeI,
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an endo-configuration as determined by 2D NMR spectroscopy at
393 K (Supplementary data). The mono and di-hydroxyl substi-
tuted phenetylamines 5 and 6 were obtained via TBTU-mediated
coupling with the corresponding racemic mandelic acids, followed
by LAH reduction. b-tropine (13) was prepared via Meerwein–
Ponndorf–Verley reduction of tropinone using Al(i-OPr)3

(Scheme 2).23 The benzoate esters of a- and b-tropine (16, 17)
were obtained by acylation with benzoyl chloride (Scheme 3).24

Subsequent demethylation using a-chloroethyl chloroformate
afforded the corresponding nortropinyl esters (18, 19).25 Similar
as in the tricyclic series, phenetylamines 20 and 21 were obtained
by reductive amination with phenylacetaldehyde. Treatment of
endo-epimer 20 with iodomethane resulted in formation of the
endo-phenetyl substituted quaternary ammonium derivative 22.
The epimeric configuration was confirmed by performing 2D
NMR (Supplementary data). The mono and di-hydroxyl substi-
tuted phenetylamines 24–26 were synthesized via TBTU-mediated
coupling with the corresponding phenylacetic acids, followed by
BH3 reduction. Reaction of a-hydroxyl substituted phenetylamine
24 with iodomethane afforded similar as before the endo-phenetyl
substituted quaternary ammonium derivative 23 as confirmed by
2D NMR (Supplementary data). The tri-hydroxyl substituted endo-
and exo-benzoate substituted N-phenetyltropines (29, 30) were
obtained through alkylation of nortropinyl esters 18 and 19 with
2-bromo-1-(3,5-dihydroxyphenyl)ethanone (14) followed by BH3

reduction of the obtained ketone to the corresponding alcohol.
2-Bromo-1-(3,5-dihydroxyphenyl)ethanone (14) was prepared
from the corresponding acetophenone using CuBr (Scheme 2).26

The binding affinity data of the dibenzosuberyl-substituted
compounds shows that removing methyl groups from the quater-
nary tropine nitrogen atoms reduces binding affinity for Ls-AChBP
(compare 1, 8 and 9).18 Extension of the methylene spacer of ben-
zyl derivative 2 with one methylene unit affording the phenetyl
Figure 2. Calculation of LE and GE allows easy comparison of and the average affinity con
this example, comparison of LE’s of 18 and 9 points out that 18 is a much better starting p
Ac-AChBP underlines that there are clear SAR differences between both proteins.
substituted compound 4 resulted in a 0.4 log unit increase in affin-
ity. Subsequent quaternization of the tropine nitrogen atom of 4
gave rise to an additional 0.4 log unit increase in binding affinity.
In total, the affinity of the in silico identified hit 1 was increased
6-fold (10, pKi = 7.4). Introduction of hydroxyl groups at the a-
and meta positions of the phenetyl group of compound 4 dimin-
ished the affinity. It should be noted that both a-hydroxyl substi-
tuted derivatives (5 and 6) were tested as racemic mixtures.
Taken together, these results illustrate that for Ls-AChBP affinity,
a quaternary tropine nitrogen atom is preferred and a lipophilic
substituent on the nitrogen atom such as a phenetyl moiety is ben-
eficial for affinity. Introduction of hydroxyl functionalities on the
phenetyl moiety decreases affinity significantly. For the benzo-
ate-substituted series, we observed that the endo-epimers exhibit
higher affinity than the exo-epimers for Ls-AChBP (compounds
16–21 and 29, 30). Interestingly, for Ls-AChBP, the SAR of the
endo-benzoate tropine esters coincides with the SAR of the diben-
zosuberyl-substituted tropinyl ethers. Similar binding affinities are
observed but due to a decrease in molecular weight, the benzoate
esters exhibit better ligand efficiencies27 (LE) than the dibenzosu-
beryl ethers (Fig. 2). Particularly, fragment 18 with an LE >0.4
kcal�mol�1 for both AChBP species variants, serves as an ideal start-
ing point for further optimization. Similar to the tricyclic series,
quaternization of the tropine nitrogen atom of benzoate substi-
tuted tropines results in increased affinity for Ls-AChBP (21 vs 22
and 24 vs 23). Extending fragment 18 with a phenetyl moiety on
the tropine nitrogen atom affords compound 20 with a 10-fold in-
crease in affinity. As seen with the dibenzosuberyl substituted
derivatives, introduction of an a-hydroxyl group to the phenetyl
moiety results in a significant loss in affinity (20 vs 24 and 25 vs
26). Additional introduction of hydroxyl groups at the meta posi-
tions to a-hydroxyphenetyl-substituted endo-epimer 24 resulted
in minor or no increases in affinity (24 vs 26 vs 29). As such, the
tributions per heavy atom of compounds and functional groups of different sizes. In
oint for further optimization than 9. In addition, comparison of GE’s between Ls- and
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affinity of the tri-hydroxyl-substituted phenetylamine with an
endo-configuration (29 pKi = 6.4) is lower than the affinity of the
corresponding unsubstituted phenetylamine (20, pKi = 7.1). The
highest affinity (pKi = 7.5) was observed for the quaternary ammo-
nium derivative 22.

Distinct SAR is observed for Ac-AChBP. One of the best diben-
zosuberyl-substituted compounds in the Ls-AChBP assay (1) binds
with 100-fold lower affinity to Ac-AChBP, suggesting that in con-
trast to Ls-AChBP, large hydrophobic substituents on a tertiary
nitrogen atom are not allowed. Similar to Ls-AChBP, quaternization
of the tropine nitrogen atom of N-phenetyl derivative 4 (affording
10) is beneficial, although the increase in affinity upon quaterniza-
tion is more pronounced for Ac-AChBP, i.e., 1.2 log units compared
to 0.4 log units, respectively. Similar to Ls-AChBP, introduction of
hydroxyl functionalities on the N-phenetyl group’s a and meta po-
sition (5 and 6) does not result in increases in binding affinity. For
Ac-AChBP binding affinity, the endo-epimer of benzoate-substi-
tuted tropines is also preferred. However, in contrast to Ls-AChBP,
quaternization of the tropine nitrogen atom results in significant
decreases of affinity for Ac-AChBP (20 vs 22 and 24 vs 23). Intro-
duction of a hydroxyl group at the a or two meta positions of
the phenetyl moiety is not tolerated and the highest Ac-AChBP
affinity is obtained for the unsubstituted phenetylamine 20 (pKi

of 7.5). An interesting observation is that in contrast to all the other
ligands, benzoate esters 20 and 24 exhibit a preference for Ac-over
Ls-AChBP. Since 24 was tested as a racemic mixture, both enantio-
mers ((S)-31 and (R)-32) were synthesized revealing that only the
(R)-enantiomer shows a preference for Ac-AChBP.14

Whereas for Ls-AChBP, the SAR of the tropine substituents is al-
most identical for the dibenzosuberyl and benzoate series, in the
case of Ac-AChBP clear SAR differences were observed when focus-
ing on the tropine substituent. To exemplify these SAR differences,
we have calculated both the ligand efficiency (LE)27 and the group
efficiency (GE)28 of several of our newly designed ligands for both
AChBP species variants (Fig. 2). For Ls-AChBP, we observed an iden-
tical GE value of 0.17 kcal�mol�1 per heavy atom for the addition of
a phenetyl moiety to dibenzosuberyl nortropinyl ether 9 (affording
4) and to nortropinyl benzoate 18 (affording 20). Adding an addi-
tional methyl group to the tropine nitrogen atom of N-phenetyl
derivatives (to obtain compounds 10 and 22, respectively) results
again in identical GE values (0.55 kcal�mol�1 per heavy atom,
(Fig. 2). Remarkably, for Ac-AChBP, we observed significant differ-
ences in the trends for the dibenzosuberyl-substituted tropines
and benzoate-substituted tropines (Fig. 2). Addition of a phenetyl
group to ether 9 does not result in an increase in Ac-AChBP binding
affinity (GE = 0 kcal�mol�1 per heavy atom) whereas the same
modification for benzoate ester 18 yields a substantial GE of
0.38 kcal �mol�1 per heavy atom. Even more pronounced differences
are observed for the subsequent methylation of the tropine nitro-
gen atom of ether 4 and ester 20. In the case of ether 4, this minor
modification affords a significant increase in Ac-AChBP binding
affinity (GE = 1.65 kcal�mol�1 per heavy atom), whereas quatern-
ization of ester 20 results in a large drop in binding affinity
(GE = �0.96 kcal�mol�1 per heavy atom). These SAR differences be-
tween dibenzosuberyl tropinyl ethers 9, 4 and 10 and the benzoate
tropine esters 18, 20 and 22 are indicative of different binding
modes between the two compound series. Since we have provided
structural evidence that benzoate ester 20 ((R)-enantiomer) is
interacting with the lobeline pocket in Ac-AChBP (2Y57.pdb),14 a
likely explanation for the observed SAR differences between the
compound series is that dibenzosuberyl ether 4 is not interacting
with the lobeline pocket. In the same study, we have shown that
the loss of Ac-AChBP affinity upon quaternization of the a-hydro-
xyl-substituted analog of 24 (23, (R)-enantiomer) is due to loss of
interactions with the lobeline pocket. As such, the beneficial effect
of quaternization of the dibenzosuberyl ether 4, is another indica-
tion that 4 is not interacting with the lobeline pocket in Ac-AChBP.
In addition, we have provided strong evidence that due to the lack
of stabilization of the tyrosine-flip of Tyr91, the lobeline pocket in
Ls-AChBP is less accessible compared to Ac-AChBP.14 The current
results indicate that in Ls-AChBP, the N-phenetyl substituents of li-
gands 4–6 are likely to be accommodated by a (hydrophobic) part
of the binding site different than the lobeline pocket.

Our docking efforts suggested that incorporation of hydroxyl
substituents at the a- or meta positions of the N-phenetyl substit-
uents of the dibenzosuberyl as well as the benzoate series could in-
crease binding affinity by the formation of additional hydrogen
bonds with the lobeline pocket. However, for both series of
compounds, introduction of hydroxyl moieties at the a- and meta
positions of the N-phenetyl moiety diminishes binding affinity for
Ls-AChBP as well as Ac-AChBP. For Ls-AChBP and the dibenzosube-
ryl-substituted tropines, this can be explained by a different bind-
ing mode than predicted, that is no interaction of the N-phenetyl
moiety with the lobeline pocket. It is noted that the N-phenetyl
substituted tropine benzoates 20 and 24 have been shown by
X-ray co-crystal structures to interact with the lobeline pocket in
Ac-AChBP. Nevertheless, the co-crystal complex of AChBP with
24, shows that the a-hydroxyl group of 24 ((R)-enantiomer) is
not engaged in a hydrogen bond with the backbone carbonyl oxy-
gen atoms of Ser144 or Trp145 but instead, is involved in van der
Waals interactions with Tyr193, providing an explanation for the
observed detrimental effect on binding affinity of the a-hydroxyl
group (Supplementary data Fig. 3). Due to desolvation penalties,
the positioning of hydrogen-bonding groups needs to be near opti-
mal in order to be beneficial in terms of binding affinity.29,30

Apparently, upon introduction of one or two meta-hydroxyl groups
to benzoate ester 20, the desolvation penalty dominates, indicating
that the positioning of the a-hydroxyphenetyl moiety in the lobe-
line pocket does not allow for strong hydrogen bond formation
with the carbonyl backbone of Thr89 and/or the sidechain of
Asp195. Interestingly, ionic and hydrogen bond interactions with
Asp195 have been observed for a-conotoxins in complex with
Ac-AChBP with Tyr91 in a g- conformation (closed lobeline pocket,
PDB: 2UZ6 and 2BYP), showing that it is possible for ligands to
interact with this residue .11,31

These ligands were also tested on the a7 and a4b2 nicotinic
receptors. None of these compounds showed any affinity for the
a4b2 receptor. However, the binding affinities of the dibenzosube-
ryl-substituted tropines for the a7 receptor were similar to the
affinities determined for Ac-AChBP. As seen with the AChBPs, quat-
ernization of the tropine nitrogen atom increases the binding affin-
ity. None of the novel derivatives had higher affinity for the a7
nAChR than the initial in silico hit 1. No large changes in affinity
between the benzoate esters 16, 18, 20–26, 29 and 30 for the a7
nAChR were observed. Interestingly, the compound in this series
with the highest affinity for the a7 nAChR is fragment 18
(pKi = 5.5). Apparently, all the introduced substituents on the tro-
pine nitrogen atom even as small as methyl decrease affinity for
this nAChR subtype, indicating that the lobeline pocket in the a7
nAChR subtype is not being addressed.

It is noted that the optimization of the initial in silico hits that
has been achieved for both AChBPs does not translate to increased
affinities for the a7 and a4b2 receptors. Even though it has been
shown that AChBP can be used to identify new ligands for nicotinic
receptors, the current study indicates that AChBP X-ray structures
may have their limitations in providing a template for structure-
based optimization of ligands for this member of the Cys-loop
receptor family. Nevertheless, the current and our previous studies
have provided strong evidence that interactions with the lobeline
pocket can render ligands selective for Ac-AChBP. These findings
may be of interest in the design of subtype-selective ligands for
human nicotinic receptors. The gatekeeper tyrosine residue is
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conserved among the human nAChR subtypes, whereas the residue
(Ser165 in Ac-AChBP) that stabilizes the open lobeline pocket con-
formation is located in a highly variable region. As a consequence,
due to differential stabilization of rotameric states of the gate-
keeper tyrosine residue, there may exist pronounced differences
in the accessibility of the lobeline pocket between nAChR subtypes.
However, additional experiments using site-directed mutagenesis
and/or molecular probes are required to determine if the
lobeline-pocket can be targeted to obtain nAChR subtype-selectivity.

In summary, novel dibenzosuberyl- and benzoate substituted
tropines were designed using a structure-based fragment-merging
hit-optimization approach. Distinct SAR of the novel compound
series was observed between two AChBP species variants and
between the a7 and a4b2 nAChR subtype. The AChBP species dif-
ferences were indicative of a difference in accessibility of a ligand-
inducible subpocket between AChBPs from different organisms.
Hereby, we have identified a region within the pocket that can
be scrutinized to unravel its importance for obtaining selectivity
amongst the fast number of nicotinic receptor subtypes. In addi-
tion, our studies are in line with previously published studies that
show that structure-based fragment merging can be an efficient
method for increasing binding affinity.32–34 The novel compounds
described in this study and the obtained structural understanding
can be used to focus on the subtle differences between the AChBPs
and nicotinic receptors, possibly the lobeline pocket accessibility,
and binding pose differences, that cause the observed selectivity
profiles and SAR differences.

Acknowledgments

This work was supported by a grant of the Top Institute Pharma
D2-103 (to ABS), and received funding from the European Union
Seventh Framework Programme under grant agreement n�
HEALTH-F2-2007-202088 (‘‘NeuroCypres’’ project). AA was sup-
ported by a Mozaik research grant from the Netherlands Organiza-
tion for Scientific Research (NWO, project number 017.001.132).
We thank Eric Karssen for chemical synthesis of compound 31.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2011.12.008.

References and notes

1. Gotti, C.; Clementi, F. Prog. Neurobiol. 2004, 74, 363.
2. Jensen, A. A.; Frolund, B.; Liljefors, T.; Krogsgaard-Larsen, P. J. Med. Chem. 2005,

48, 4705.
3. Kalamida, D.; Poulas, K.; Avramopoulou, V.; Fostieri, E.; Lagoumintzis, G.;

Lazaridis, K.; Sideri, A.; Zouridakis, M.; Tzartos, S. J. FEBS J. 2007, 274, 3799.
4. Bencherif, M.; Lippiello, P. M.; Lucas, R.; Marrero, M. B. Cell. Mol. Life Sci. 2011,
68, 931.

5. de Jonge, W. J.; Ulloa, L. Br. J. Pharmacol. 2007, 151, 915.
6. Coe, J. W.; Brooks, P. R.; Vetelino, M. G.; Wirtz, M. C.; Arnold, E. P.; Huang, J.;

Sands, S. B.; Davis, T. I.; Lebel, L. A.; Fox, C. B.; Shrikhande, A.; Heym, J. H.;
Schaeffer, E.; Rollema, H.; Lu, Y.; Mansbach, R. S.; Chambers, L. K.; Rovetti, C. C.;
Schulz, D. W.; Tingley, F. D., 3rd; O’Neill, B. T. J. Med. Chem. 2005, 48, 3474.

7. Potts, L. A.; Garwood, C. L. Am. J. Health Syst. Pharm. 2007, 64, 1381.
8. Brejc, K.; van Dijk, W. J.; Klaassen, R. V.; Schuurmans, M.; van Der Oost, J.; Smit,

A. B.; Sixma, T. K. Nature 2001, 411, 269.
9. Smit, A. B.; Syed, N. I.; Schaap, D.; van Minnen, J.; Klumperman, J.; Kits, K. S.;

Lodder, H.; van der Schors, R. C.; van Elk, R.; Sorgedrager, B.; Brejc, K.; Sixma, T.
K.; Geraerts, W. P. Nature 2001, 411, 261.

10. Celie, P. H.; Klaassen, R. V.; van Rossum-Fikkert, S. E.; van Elk, R.; van Nierop, P.;
Smit, A. B.; Sixma, T. K. J. Biol. Chem. 2005, 280, 26457.

11. Hansen, S. B.; Sulzenbacher, G.; Huxford, T.; Marchot, P.; Taylor, P.; Bourne, Y.
EMBO J. 2005, 24, 3635.

12. Celie, P. H.; van Rossum-Fikkert, S. E.; van Dijk, W. J.; Brejc, K.; Smit, A. B.;
Sixma, T. K. Neuron 2004, 41, 907.

13. Xiu, X.; Puskar, N. L.; Shanata, J. A.; Lester, H. A.; Dougherty, D. A. Nature 2009,
458, 534.

14. Edink, E.; Rucktooa, P.; Retra, K.; Akdemir, A.; Nahar, T.; Zuiderveld, O.; van Elk,
R.; Janssen, E.; van Nierop, P.; van Muijlwijk-Koezen, J.; Smit, A. B.; Sixma, T. K.;
Leurs, R.; de Esch, I. J. J. Am. Chem. Soc. 2011, 133, 5363.

15. Ulens, C.; Akdemir, A.; Jongejan, A.; van Elk, R.; Bertrand, S.; Perrakis, A.; Leurs,
R.; Smit, A. B.; Sixma, T. K.; Bertrand, D.; de Esch, I. J. J. Med. Chem. 2009, 52,
2372.

16. Whittaker, M.; Law, R. J.; Ichihara, O.; Hesterkamp, T.; Hallett, D. Drug Discov.
Today: Technol. 2010, 7, e163.

17. Lovell, S. C.; Word, J. M.; Richardson, J. S.; Richardson, D. C. Proteins 2000, 40,
389.

18. Experimental procedures can be found in the Supplementary data.
19. Pancrazio, J. J.; Kamatchi, G. L.; Roscoe, A. K.; Lynch, C., 3rd J. Pharmacol. Exp.

Ther. 1998, 284, 208.
20. van der Stelt, C.; Harms, A. F.; Nauta, W. T. J. Med. Pharm. Chem. 1961, 4, 335.
21. van der Stelt, C. F.; Funcke, A. B.; Tersteege, H. M.; Nauta, W. T. Arzneimittel

Forschung 1966, 16, 1342.
22. Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; Shah, R. D. J.

Org. Chem. 1996, 61, 3849.
23. Kovacs, E.; Schneider, J.; Ures, F. Izvestiya Akademii Nauk SSSR, Seriya

Khimicheskaya 1964, 320.
24. Maksay, G.; Nemes, P.; Biro, T. J. Med. Chem. 2004, 47, 6384.
25. Howarth, N. M.; Malpass, J. R.; Smith, C. R. Tetrahedron 1998, 54, 10899.
26. King, L. C.; Ostrum, G. K. J. Org. Chem. 1964, 29, 3459.
27. Hopkins, A. L.; Groom, C. R.; Alex, A. Drug Discov. Today 2004, 9, 430.
28. Verdonk, M. L.; Rees, D. C. ChemMedChem 2008, 3, 1179.
29. Edink, E.; Jansen, C.; Leurs, R.; de Esch, I. J. P. Drug Discov. Today: Technol. 2010,

7, e189.
30. Bissantz, C.; Kuhn, B.; Stahl, M. J. Med. Chem. 2010, 53, 5061.
31. Dutertre, S.; Ulens, C.; Buttner, R.; Fish, A.; van Elk, R.; Kendel, Y.; Hopping, G.;

Alewood, P. F.; Schroeder, C.; Nicke, A.; Smit, A. B.; Sixma, T. K.; Lewis, R. J.
EMBO J. 2007, 26, 3858.

32. Hughes, S. J.; Millan, D. S.; Kilty, I. C.; Lewthwaite, R. A.; Mathias, J. P.; O’Reilly,
M. A.; Pannifer, A.; Phelan, A.; Stuhmeier, F.; Baldock, D. A.; Brown, D. G. Bioorg.
Med. Chem. Lett. 2011, 21, 6586.

33. Madden, J.; Dod, J. R.; Godemann, R.; Kraemer, J.; Smith, M.; Biniszkiewicz, M.;
Hallett, D. J.; Barker, J.; Dyekjaer, J. D.; Hesterkamp, T. Bioorg. Med. Chem. Lett.
2010, 20, 5329.

34. Brough, P. A.; Barril, X.; Borgognoni, J.; Chene, P.; Davies, N. G.; Davis, B.;
Drysdale, M. J.; Dymock, B.; Eccles, S. A.; Garcia-Echeverria, C.; Fromont, C.;
Hayes, A.; Hubbard, R. E.; Jordan, A. M.; Jensen, M. R.; Massey, A.; Merrett, A.;
Padfield, A.; Parsons, R.; Radimerski, T.; Raynaud, F. I.; Robertson, A.; Roughley,
S. D.; Schoepfer, J.; Simmonite, H.; Sharp, S. Y.; Surgenor, A.; Valenti, M.; Walls,
S.; Webb, P.; Wood, M.; Workman, P.; Wright, L. J. Med. Chem. 2009, 52, 4794.

http://dx.doi.org/10.1016/j.bmcl.2011.12.008

	Structure-based design, synthesis and structure–activity relationships  of dibenzosuberyl- and benzoate-substituted tropines as ligands  for acetylcholine-binding protein
	Acknowledgments
	Supplementary data
	References and notes


