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a b s t r a c t

Hierarchical in silico screening protocols against the agonist bound acetylcholine binding protein (ACh-
BP) crystal structure were efficient in identifying novel chemotypes for AChBP and the human a7 recep-
tor. Two hit structures were cocrystallized with AChBP revealing intermolecular cation–p interactions
with loop C but lacking intermolecular hydrogen bonding. The compounds act as competitive a7 receptor
antagonists and as non-competitive a4b2 receptor inhibitors. These results underline the usability of
AChBP in structure-based in silico screening strategies in finding novel scaffolds for the a7 receptor,
but also illustrates some limitations of using AChBP as bait to find competitive a4b2 receptor ligands
and a7 receptor agonists.

� 2011 Elsevier Ltd. All rights reserved.
2,3
1. Introduction

The nicotinic acetylcholine receptors (nAChRs�) are
ligand-gated ion channels (LGICs) belonging to the Cys-loop receptor
family.1 This family also contains serotonin receptors (5-HT3R), c-
amino butyric acid receptor A (GABAAR) and Glycine receptors
(GlyR).1 The nAChRs consists of a wide variety of receptor subtypes
with differences in their pharmacological characteristics, for exam-
ll rights reserved.

ounds 18 (2XNT, complex I)
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ple, ligand affinity, ion permeability and desensitization. In the
central nervous system a wide variety of nAChR subtypes are ex-
pressed. Two of the most occurring subtypes are the a4b2 and the
a7 receptor.4 The a4b2 receptor has high affinity for nicotine and
low affinity for a-bungarotoxin and methyllycaconitine (MLA) and
is responsible for the majority of the high affinity nicotine binding
sites in brain tissue.3 This receptor subtype has high permeability
for Na+ ions. On the other hand, the a7 receptor has high affinity
for a-bungarotoxin and MLA and is highly permeable for Ca2+ ions.
The various subtypes are believed to be important drug targets to
treat various neuronal disorders, like Alzheimer’s disease,
Parkinson’s disease, epilepsy, pain and addiction.1 In addition, the
a7 receptor might also be a pharmacological target in inflamma-
tion.5 There remains a need for subtype selective ligands as molecu-
lar tools to investigate the role of the various nAChR subtypes in the
pathophysiology of these neurological disorders.1,3,6 Structural
information of nAChR homologues are available, that is, the Torpedo
receptor, the mouse a1 subunit and the prokaryotic LGICs from
Gloeobacter violaceus (GLIC) and Erwinia chrysanthemi (ELIC).7–11

These structures give insight in the general architecture of the sub-
units and receptor. However, no detailed information on an atomic
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Figure 1. Schematic representation of our hierarchical in silico screening procedure
using the Ls-AChBP crystal structure. (a) generation of 3D coordinates, protonation,
(b) selection of compounds with cationic centers, conformation generation, (c)
pocket volume, cationic center near W145, (d) generation of stereoisomers,
docking, (e) ranking, cation–p interactions, (f) favourable binding poses, novel
chemical structures, (g) binding assays, electrophysiology, cocrystallization, (h)
proprietary database, (i) World Diversity Set, (j) compounds with at least similar
affinity as nicotine for Ls-AChBP.
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level of the binding pocket composition and ligand–receptor
interactions are available. Therefore, the rational design and
structure-based identification of ligands is hampered by the lack of
high resolution structural information of the nAChR binding
pockets.10

The discovery of the acetylcholine binding protein (ACh-
BP)12,13 has provided important insights in the ligand binding
requirements of nAChRs and related Cys-loop receptors.14 The
first identified and characterized AChBP was obtained from the
freshwater snail Lymnaea stagnalis (Ls-AChBP).13 This protein is
a water soluble homologue of the ligand binding domain of
nAChRs while it lacks the transmembrane and the intracellular
domains. Ls-AChBP displays a similar pharmacological profile
as the human nAChRs and its pharmacology is most similar to
the human a7 receptor.12 In addition, this protein can be ex-
pressed in high quantities and thus is easily crystallized in com-
plex with ligands.13,15 These cocrystallization studies reveal the
architecture of the binding pocket and of the ligand-binding
interactions that occur. The binding pocket is situated at the
interface of two subunits and consists of a principal and a com-
plementary side. The principal side consists of aromatic residues
forming an aromatic cavity and a flexible loop C region (with
characteristic vicinal cysteine residues) that forms the lid of
the binding pocket. The aromatic cavity forms cation–p interac-
tions with a cationic center of the ligand (i.e., pyrrolidine nitro-
gen atom of nicotine and W143 in Ls-AChBP).15

Following the Ls-AChBP structures, the crystal structures of
binding proteins derived from other species have been resolved,
that is, from Bulinus truncatus (Bt-AChBP)16 and Aplysia californi-
ca (Ac-AChBP).17 Structural comparisons of these three binding
proteins revealed a marked similarity in the binding pocket
architecture, especially within the aromatic cavity, and ligand–
protein interactions. The residues of the principal side are con-
served in all AChBPs and all human nAChR subtypes, while the
complementary side shows much more differences. In addition,
superpositions of AChBP cocrystal structures in complex with
agonists and antagonists have revealed that agonists stabilize
loop C in a fully closed state while antagonists have loop C con-
formations in a more open state.17 AChBPs are considered impor-
tant tools to understand and investigate the ligand–receptor
interactions within the nAChRs.

Sofar, AChBP crystal structures have mostly been used as struc-
tural templates for the construction of a7 and a4b2 homology mod-
els to explain a7/a4b2 selectivity for typical nAChR ligands by
automated protein–ligand docking studies and molecular dynamics
simulations.18–21 Recently, structure-based virtual screening simu-
lations against AChBP have been reported by Babakhani et al., but
pharmacological AChBP and nAChR assays and crystallography
measurements to experimentally validate computationally pre-
dicted in silico hits and protein–ligand binding modes of novel li-
gands were lacking in this study.22

In our previous study, we have described for the first time an in
silico screening procedure that was validated by pharmacological
assays and crystallization analysis.23 These early studies focused
on tricyclic structures that are typical of antidepressants as binding
hits for AChBP and the a7 receptor. The cocrystallization studies,
pharmacological characterization and electrophysiology record-
ings provided additional evidence to the emerging theory that
the ligands do not only block ion channel pores but also bind to
the ligand binding domain.23,24

In the current study, we have developed a more sophisticated
hierarchical in silico screening procedure against the nicotine
bound Ls-AChBP structure, consisting of sequential database pre-
processing, pharmacophore screening, docking, and post-docking
analysis steps, followed by pharmacological and crystallographical
validation. This protocol was applied to two different screening
compound libraries with the aim to find novel nAChR ligands
and study their binding modes.

2. Results

2.1. Hierarchical in silico screening on proprietary and
commercial compound library

An hierarchical in silico screening procedure was applied to
both a proprietary database23 and a commercial database. This
screening procedure consists of several filters with increasing com-
plexity, that is, (i) pre-selection of a focused database with mole-
cules containing essential functional groups (cationic centers) for
Ls-AChBP binding; (ii) a fuzzy protein-based pharmacophore filter
that selects ligands with the proper shape and location of essential
functional groups; (iii) docking simulations and (iv) post-process-
ing of docking poses (Fig. 1).
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The proprietary database contained 5315 drug-like molecules,
which were not specifically developed for our target proteins.
The commercial database, called the World Diversity Set, was
obtained from Specs (www.specs.net). This library consists of
chemically diverse screening compounds. These databases were
converted in silico into three-dimensional structures using MOE
(Fig. 1). Protonation states were chosen such that all acids and
bases were in the charged form and Gasteiger (PEOE) partial
charges were assigned. All compounds with a cationic center were
selected, since cation–p interactions are important ligand–protein
interactions for AChBPs and the related nAChRs. For our proprie-
tary database, this yielded 2059 cationic compounds (Fig. 1). A
conformation generation procedure was applied to these com-
pounds as a preparation for a second pharmacophore screening
to select all cationic ligands that are able to fit inside the binding
pocket. This yielded 1790 compounds, which is approximately
one-third of the initial database (Fig. 1). Stereoisomers of the li-
gands were generated with MOE, resulting in 3284 molecules in
total, on average ca. 2 isomers per ligand.

The 3284 compounds together with several reference nAChR
ligands (e.g., epibatidine and nicotine, see methodology for a
complete list) were then docked into the binding pocket of Ls-ACh-
BP,15 (successfully used in a previous in silico screening study23).
The generated poses were investigated for the presence of cat-
ion–p interactions. As a simple measure for this important li-
gand–receptor interaction,13,15 we have calculated the distance of
the ligand cationic nitrogen atoms to the approximate centroid of
W143 (atom CD2 located in the aromatic side chain and near the
centroid, see Fig. 2). Afterwards, the ligands were selected with
poses having high scores (see Supplementary data Table T1) and
small distances between their cationic center and atom CD2 of
W143. The top-ranked 60 compounds were visually inspected to
verify optimal binding by checking for cation–p interactions,
hydrogen bonding directionality and steric complementarity of li-
gand and binding pocket (Fig. 1). Twenty ligands were selected for
[3H]epibatidine displacement studies on Ls-AChBP. In addition, the
binding affinity and functional data of these compounds were
determined on human a4b2 and a7 receptors.

The same in silico screening procedure was applied to the
World Diversity Set (Fig. 1). Using the screening procedure de-
scribed for the proprietary database, we identified 1708 com-
pounds that were able to fit inside the binding pocket (Fig. 1).
Stereoisomers of these compounds were generated and they were
docked into the binding pocket of Ls-AChBP. Afterwards, a post-
Figure 2. The binding pocket of Ls-AChBP in complex with nicotine (PDB: 1UW6), which
different angles (A, B). Nicotine is shown in white sticks. Important ligand binding residu
respectively. Oxygen and nitrogen atoms are colored red and blue, respectively. The
backbone of W143 is depicted as a red dashed line. The cation–p interaction between
centroid) is depicted as a black dashed line. Loop C and the backbone atoms of W143 a
docking analysis procedure was applied as described previously
(see Supplementary data Table T2). The top-ranked 300 compounds
were visually inspected for optimal ligand–protein interactions. A
structurally diverse set of 34 ligands was selected, with unique scaf-
folds not tested in the in silico screening of our proprietary database,
and subjected to [3H]epibatidine displacement assays on Ls-AChBP
with a single ligand concentration (33 lM).

2.2. Binding analysis on Ls-AChBP and nAChRs

The 20 selected ligands from the proprietary compound collec-
tion were tested for binding affinity (pKi) on Ls-AChBP and 15 com-
pounds were identified with pKi >4.5 for Ls-AChBP (Table 1,
Fig. 3A). The majority of these compounds (14 ligands) had binding
affinities in the range 4.9–6.5, which is similar to or higher than the
binding affinity for the endogenous ligand acetylcholine
(pKi = 5.2 ± 0.1). These included three ligands with affinities in
the range 6.2–6.5, which is similar to the affinity for nicotine
(pKi = 6.5 ± 0.1).

These compounds have also been tested on the human a4b2
and a7 receptors (Table 1). Two compounds showed affinity for
the a7 receptor, that is, compounds 1 (pKi = 4.7 ± 0.1) and 11
(pKi = 5.0 ± 0.1). This is similar to the binding affinity of acetylcho-
line for the a7 receptor (pKi = 5.1 ± 0.1).

The 34 compounds from the commercial database were tested
for [3H]epibatidine displacement on Ls-AChBP. We first deter-
mined the radioligand displacement for a single ligand concentra-
tion (33 lM) and compared it to the displacement observed for
nicotine (33 lM). We identified 15 compounds that showed at
least 50% displacement. These compounds were subject to binding
assays on Ls-AChBP (Table 2, Fig. 3B) and human a7 and a4b2
receptors (Table 2). All 15 compounds showed binding affinity in
the pKi range 4.9–6.7, which is similar or higher affinity than ace-
tylcholine (pKi = 5.2 ± 0.1) on Ls-AChBP. One compound showed
comparable affinity as acetylcholine (pKi = 4.9 ± 0.1). We identified
5 compounds with a binding affinity within the range 6.2–6.7,
which is equal to or higher than the binding affinity of nicotine
(pKi = 6.5 ± 0.1).

These compounds were tested on the human a7 receptor and
only one compound had an affinity (pKi = 5.4 ± 0.1) higher than
the affinity of acetylcholine (pKi = 5.1 ± 0.1).

None of the tested compounds from the proprietary and com-
mercial compound collections has detectable affinity for the hu-
man a4b2 receptor.
has been used in our hierarchical in silico screening procedure, is shown from two
es of the principal and complementary faces are displayed as yellow and blue sticks
hydrogen bond between the cationic nitrogen atom of nicotine and the carbonyl

the cationic nitrogen atom of nicotine and the CD2 atom of W143 (approximate
re shown for clarity.
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2.3. Efficiency of hit finding

Our newly developed hierarchical in silico screening procedure
is effective in finding ligands with the same or better affinity than
the endogenous ligand acetylcholine. We selected 20 compounds
for binding affinity determinations after application of our screen-
ing procedure to our proprietary compound collection. Fourteen
out of these 20 compounds had similar or even higher affinity than
acetylcholine (pKi >4.9), the endogenous ligand of Ls-AChBP (Table
1, Fig. 3A). We also applied our hierarchical in silico screening pro-
cedure to the commercially available World Diversity Set of Specs.
We selected 15 compounds for displacement studies on Ls-AChBP
and all compounds had similar or even higher affinity than
acetylcholine (pKi >4.9, Table 2, Fig. 3B).

We tested a structurally diverse subset of 1120 fragment-like
compounds25 of our compound collection in a single-point radioli-
gand displacement study to check whether our proprietary data-
base was already enriched with nAChR ligands. We compared the
[3H]epibatidine displacement of these ligands and nicotine (both
at 100 lM), and only 40 out of 1120 compounds (�4%) showed a
nicotine-like radioligand displacement (unpublished data, De Kloe,
G.E. et al).
2.4. Structural diversity

The 20 selected compounds of the proprietary compound col-
lection can be classified into 15 different scaffolds (S1–S15,
Fig. 4). A second set of 15 scaffolds are identified from the World
Diversity Set (S16–S30, Fig. 5). Ligands are assigned to a scaffold
group if their structures can be interconverted with only changes
in substituents but without opening or closing ring systems. Sev-
eral scaffolds are related within the proprietary compound collec-
tion, for example, S1 and S4, S5 and S8, S6 and S7, and within the
World Diversity Set, for example, S16 and S17, S16 and S20, S21
and S22. However, the scaffolds within the proprietary database
are different from the scaffolds of the World Diversity Set.

We examined the structures of the hits obtained from both
data-base (Figs. 4 and 5) and compared them to the structures of
20 reference ligands for the nAChRs (see Section 5). We have clus-
tered our hits and reference ligands using the MACCS structural
keys and Tanimoto coefficient (similarity 70%, overlap 70%). None
of our hits were found to be similar to the reference ligands with
known affinity for the nAChRs. It should be stated that these refer-
ence ligands contain a structurally diverse set of selective a4b2
and a7 ligands (see Section 5).
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Figure 4. The structures of the 20 compounds selected from the proprietary database. Scaffold numbers S1–S15 are indicated.
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Scaffolds S1 and S13 contain a tricyclic moiety, which has also
been identified in the scaffold of our hit compounds that have been
found with our previous in silico screening and that have been
cocrystallized with Ac-AChBP.23 These compounds are structurally
related to tricyclic antidepressants that possibly acts through both
orthosteric binding and ion blockade of neuronal LGICs.24,26

2.5. Crystallization studies

Crystal structures of Ac-AChBP have been obtained in complex
with our in silico identified hit compounds, that is, one cocrystal
structure in complex with compound 18 (complex I, Table 3) and
two cocrystal structures in complex with compound 6 (complexes
II and III, Table 3). In all three obtained cocrystal structures a con-
formational rearrangement of the binding pocket was observed,
which is caused by opening of loop C relative to the closed loop
C conformations of the cocrystal structures of Ls-AChBP in complex
with nicotine and Ac-AChBP in complex with epibatidine.15,17

Therefore, the obtained ligand binding modes of compounds 6
and 18 (in Ac-AChBP) are different from our in silico predicted
binding modes (in Ls-AChBP with closed loop C conformation),
which have cation–p interactions with W143 and hydrogen bonds
with the principal side (data not shown).

The structure of complex I (Ac-AChBP + compound 18) con-
tained two AChBP pentamers in the asymmetric unit. Structural
analysis reveals that all the binding sites at the protomer–pro-
tomer interfaces are occupied by the ligand. The orientation of
the ligand varies between sites, due to crystal contact induced
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Table 3
Crystallographic and refinement statistics

Complex I (compd 18) Complex II (compd 6) Complex III (compd 6)

Spacegroup P212121 C2221 P41212
a, b, c (Å) 129.11, 144.87, 145.11 135.74, 177.02, 129.58 145.14, 145.14, 145.14
a, b, c (deg) 90, 90, 90 90, 90, 90 90, 90, 90
Resolution limits (Å) 48.37–3.21 (3.39–3.21) 40.10–2.55 (2.64–2.55) 41.20–2.44 (2.53–2.44)
Rsym 0.13 (0.49) 0.094 (0.604) 0.238 (0.849)
I/r 10.1 (3.4) 19.9 (3.5) 7.8 (1.2)
Multiplicity 3.9 (3.2) 3.8 (3.9) 4.8 (5.0)
Total reflections 170032 140845 305623
Unique reflections 43283 47288 94152
Rwork (%) 21.37 21.89 17.82
Rfree (%) 23.13 26.77 23.71
Rmsd bond length (Å) 0.016 0.010 0.008
Rmsd bond angle (deg) 1.624 1.275 1.106
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changes in the loop C position (Fig. 6A and B). Remarkably, the
binding affinity of Ac-AChBP was higher for compound 18
(pKi = 4.9 ± 0.1) than for its endogenous ligand acetylcholine
(pKi = 4.3 ± 0.1).

The crystal structure shows a similar intermediate loop C con-
formation as the Ac-AChBP crystal structure in complex with
MLA17 (rmsd: 1.1 Å, measured over all atoms). Interestingly, the li-
gand does not form any hydrogen bonds with the protein, even
though it contains both hydrogen bond donors as well as acceptors.
The cationic amino tail of the ligand participates in a cation–p type
of interaction with Y91 (shortest distance between ligand nitrogen
and aromatic ring of residue: �4.7 Å). On the other hand, the chlo-
robenzyl moiety of the ligand displays hydrophobic interactions
with the tip of loop C via the vicinal cysteines or interacts with
the aromatic side chains of Y186 and Y193 via p–p stacking (dis-
tance between chlorobenzyl moiety and aromatic ring centroids



Figure 6. The cocrystal structures of Ac-AChBP in complex with compound 18 are shown. One binding site (A), as well as the superposition of the 10 binding sites (B) are
represented. Important ligand binding residues of the principal and complementary faces are displayed as yellow and blue sticks, respectively. Oxygen, nitrogen and chlorine
atoms are colored red, blue and green, respectively. The backbone atoms of W145 are shown for clarity. Cation–p interactions are depicted as black dashed lines.
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are 4.0 and 3.7 Å, respectively). The benzyl ring may form p–p
stacking interactions with W145 or Y53 (distance between benzyl
moiety and aromatic ring centroids are 4.18 and 4.24 Å, respec-
tively). Both the chlorophenyl moiety and the phenyl group of
the ligand are folded towards each other and form intramolecular
hydrophobic contacts. Such an intramolecular arrangement is
known as a hydrophobic collapse and is frequently observed in
crystal structures of for example, thrombin inhibitors.27,28 Interest-
ingly, such a hydrophobic collapse has not been observed
previously in the AChBP cocrystal structures.

Compound 6 has been cocrystallized using two different crystal-
lization conditions, that is, low and high salt buffers (complexes II
and III, respectively). The structures of complexes II and III display
one and two pentamers in the asymmetric unit respectively. Not
all protomer–protomer interfaces contained compound 6. The
binding affinity of compound 6 for the Ac-AChBP (pKi = 5.3 ± 0.1)
was higher than of acetylcholine (pKi = 4.3 ± 0.1).

In complex II, only one binding pocket out of five contained a
ligand molecule (Fig. 7A). This cocrystal structure has a similar
loop C conformation as observed in the cocrystal structure of Ac-
AChBP in complex with MLA17 (rmsd: 1.0 Å, measured over all
atoms) and compound 18 (rmsd: 0.9 Å, measured over all atoms).
Compound 6 is observed to adopt a U-shaped conformation with
the indole and the piperidine rings of the ligand, which are con-
Figure 7. The cocrystal structures of Ac-AChBP in complex with compound 6 are shown
complex III (B) are shown. The superposition of the 10 binding sites are also represented
displayed as yellow and blue sticks, respectively. Oxygen, nitrogen and chlorine atoms ar
black dashed lines. The backbone atoms of W145 are shown for clarity.
nected through a flexible ethyl spacer, bent towards each other.
There are no hydrogen bonds between the ligand and Ac-AChBP.
However, there is a weak cation–p interaction between the piper-
idine nitrogen atom of the ligand and aromatic side chain of Y91
(shortest distance between ligand nitrogen and aromatic ring of
residue: �4.9 Å).

In complex III, all ten binding pockets were occupied by ligands
(Fig. 7B and C). In this crystal form the loop C is variably opened,
causing a slight tilting of the ligand in the binding pocket. Its max-
imal outward displacement is 2.7 Å when measured between the
Ca-atoms of C189 of the obtained crystal structures of compound
6. The superposition of the principal face of the different binding
pockets containing compound 6 (complexes II and III) shows that
the ligand can adopt different binding orientations in the binding
pocket and that these correlate with the different degrees of clo-
sure of loop C over the binding pocket (Fig. 7C). All the binding
poses have in common that the ligand is folded into a U-shaped
conformation with the indole ring located near the vicinal cyste-
ines. This indole ring can either make a p–p stack with the aro-
matic ring of Y186 or make Van der Waals contacts with the tip
of loop C. Depending on the ligand orientation, the benzyl ring of
the ligand can also p–p stack with the side chains of W145 or of
Y53. None of the binding poses forms hydrogen bonds with Ac-
AChBP. Cation–p interactions are formed mostly between the
. The single binding interface in complex II (A) as well as one of the binding sites in
(C). Important ligand binding residues of the principal and complementary faces are
e colored red, blue and green, respectively. Cation–p interactions are depicted with
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cationic piperidine nitrogen of the ligand and the aromatic side
chains of Y91 and/or Y193 (distances 4.3–5.2 and 4.6–5.8 Å,
respectively for the 10 subunits).

Docking of compounds 6 and 18 into the cocrystal structure of
Ac-AChBP in complex with MLA (PDB: 2BYR; subunits A and B)
using the same settings used for our in silico screening studies
did not yield docking poses in line with crystallized ligand binding
orientations. Instead of the folded ligand conformations observed
in the crystal structure (Figs. 6 and 7), docking simulations yielded
extended ligand conformations forming hydrogen bond interac-
tions with the W145 backbone and cation–p interactions with
the W145 sidechain (data not shown), the same interactions as
found in the nicotine bound AChBP cocrystal structure (Fig. 2)
and used in our in silico screening protocol.

2.6. Electrophysiology on nAChRs

The functional characteristics of the in silico hits from our pro-
prietary compound collection were determined using electrophys-
iology recordings on a7 and a4b2 receptors. In an initial
electrophysiology screening, the ion current was recorded for all
20 ligands (100 lM) in the absence and presence of 200 lM acetyl-
choline (data not shown). Only two ligands (compounds 5 and 13)
did not show any activity on both the a7 and a4b2 receptors. The
remaining 18 ligands all blocked the a7 receptor. These 18 com-
pounds were also tested on the a4b2 receptor and six ligands were
found that did not block the a4b2 at all.

A second electrophysiology experiment was performed to
determine the EC50 values of a subset of these 20 in silico hits. This
subset (11 compounds) included the 6 compounds that selectively
blocked the a7 receptor at 100 lM (compounds 4, 6, 7, 10, 12 and
17) and five other scaffolds with a slight preference for the a7
receptor (compounds 8, 9, 16, 18 and 20). The EC50 values are
approximately in the 10–20 lM range for the a7 receptor and
approximately in the 10–100 lM range for a4b2 receptor (Fig. 8)
and the compounds are therefore useful starting points in hit-opti-
mization procedures.

Finally, from these 11 ligands we have selected three com-
pounds (compounds 6, 7 and 18) and investigated whether their
inhibition of the nAChRs was competitive or non-competitive. To
this end, an acetylcholine-evoked dose–response curve was re-
corded for both the a4b2 and a7 receptors in the absence or pres-
ence of a constant concentration of compounds 6, 7 or 18. All
compounds showed an insurmountable block on the a4b2 receptor
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Figure 8. The EC50 values (lM) of 11 in silico identified hits on bot
at ligand concentrations of 55, 220 and 10 lM, respectively
(Fig. 9A, C, and E). Therefore, none of the compounds are compet-
itive inhibitors on the a4b2 receptor. Compounds 6 and 18 showed
a surmountable inhibition of the acetylcholine-evoked current on
the human a7 receptor at ligand concentrations of 10 lM and
7 lM, respectively (Fig. 9B and F), while compound 7 showed an
insurmountable block at a ligand concentration of 20 lM
(Fig. 9D). Therefore, compounds 6 and 18 are likely to be compet-
itive inhibitors of the a7 receptor that act through the orthosteric
site.

3. Discussion

The aim of this study was to develop a robust hierarchical in sil-
ico screening protocol that would be efficient in identifying new li-
gand chemotypes and to determine the binding modes in AChBP
crystal structures, giving valuable new insights into nAChR–ligand
interactions.

3.1. Identification of a chemically diverse set of novel nAChR
ligands by a robust hierarchical in silico screening procedure
against AChBP

Of the 35 compounds selected by our in silico screening proce-
dure (Figs. 4 and 5), 29 compounds had an affinity for Ls-AChBP
which was similar to or higher than the endogenous ligand acetyl-
choline (pKi P 4.9, Fig. 3, Tables 1 and 2). Validation experiments
confirmed that this high hit rate was not the result of artificial
enrichment29 of the initial chemical databases with compounds
similar to nAChR ligands: (i) only 40 out of 1120 compounds in a
fragment-like subset of our proprietary database showed [3H]epi-
batidine displacement for Ls-AChBP that was similar to nicotine;
(ii) the hit structures were chemically dissimilar from the 20 refer-
ence nAChR ligands. Furthermore, in two independent in silico
screens diverse sets of new ligand chemotypes were retrieved from
different databases (our proprietary database as well as a commer-
cial database), demonstrating the robustness of the in silico
screening approach.

The strength of the procedure lies in the combination of hierar-
chical filters with increasing complexity, adapted to the specific
characteristics of the Ls-AChBP binding pocket, such as: (i) the
presence of essential functional groups within ligands (cationic
centers) for Ls-AChBP binding; (ii) a pharmacophore filter that se-
lects ligands with the proper shape and location of essential
10 12 16 17 18 20

h the a7 receptor (black bar) and the a4b2 receptor (grey bar).



Figure 9. The acetylcholine concentration activation curves for the a4b2 (A, C and E) and a7 receptors (B, D and F) are depicted in the absence and presence compounds 6 (A,
B), 7 (C, D) and 18 (E, F), respectively.
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functional groups (cationic centers); (iii) post-processing of dock-
ing poses based on docking scores, automated analysis of essential
Ls-AChBP–ligand interactions (cation–p) not explicitly taken into
account in the docking scoring function and visual inspection of
top-ranked in silico hits (Fig. 1). Although docking scores were
not suitable for prediction of Ls-AChBP or nAChR ligand affinity
(pKi) or activity (EC50), the docking experiments did enable the
identification of many novel ligands from a small selection of com-
pounds. Previous studies have indeed shown that docking methods
are generally more capable of discriminating active from inactive
compounds (virtual screening accuracy) than ranking active com-
pounds according to their affinity (scoring accuracy).31



Table 1
The binding affinity of the ligands from the proprietary database identified using our
hierarchical in silico screening procedure

Ligands Ls-AChBP a7 receptor

Nicotine 6.5 ± 0.1 6.0 ± 0.1
Acetylcholine 5.2 ± 0.1 5.1 ± 0.1
1 6.5 ± 0.2 4.7 ± 0.1
2 5.9 ± 0.1 64.5
3 6.2 ± 0.1 64.5
4 5.0 ± 0.1 64.5
5 64.5 64.5
6 6.0 ± 0.1 64.5
7 4.9 ± 0.1 64.5
8 6.1 ± 0.2 64.5
9 4.9 ± 0.1 64.5
10 5.6 ± 0.1 64.5
11 6.3 ± 0.2 5.0 ± 0.1
12 64.5 64.5
13 64.5 64.5
14 4.6 ± 0.1 64.5
15 64.5 64.5
16 5.3 ± 0.1 64.5
17 64.5 64.5
18 5.2 ± 0.2 64.5
19 4.9 ± 0.1 64.5
20 4.9 ± 0.1 64.5

The affinities are reported as pKi ± SEM and were determined at least in triplo.

Table 2
The binding affinity of the ligands from the World Diversity Set identified using our
hierarchical in silico screening procedure

Ligand Ls-AChBP a7 receptor

Nicotine 6.5 ± 0.1 6.0 ± 0.1
Acetylcholine 5.2 ± 0.1 5.1 ± 0.1
21 5.7 ± 0.1 64.5
22 6.0 ± 0.1 4.7 ± 0.1
23 6.4 ± 0.1 64.5
24 5.8 ± 0.1 4.7 ± 0.1
25 6.7 ± 0.1 4.8 ± 0.1
26 5.8 ± 0.1 64.5
27 6.4 ± 0.1 64.5
28 5.8 ± 0.1 64.5
29 6.3 ± 0.1 64.5
30 5.8 ± 0.1 5.4 ± 0.1
31 6.2 ± 0.1 64.5
32 5.4 ± 0.1 64.5
33 6.0 ± 0.1 4.8 ± 0.2
34 4.9 ± 0.1 64.5
35 5.5 ± 0.1 64.5

The affinities are reported as pKi ± SEM and were determined at least in triplo.

6116 A. Akdemir et al. / Bioorg. Med. Chem. 19 (2011) 6107–6119
These in silico screening filters are supported by careful analysis
of protein–ligand interactions in Ls-AChBP and Ac-AChBP cocrystal
structures. Ligand–AChBP interactions mainly occur in an aromatic
cavity, namely hydrophobic and cation–p interactions with the
aromatic side chains of W53/Y53, Y89/Y91, W143/W145, Y185/
Y186, and Y192/Y193 (Ls-AChBP and Ac-AChBP numbering, respec-
tively) and conserved hydrogen bond interactions with the back-
bone carbonyl group of W143 (Ls-AChBP with nicotine, Fig. 2). In
the cocrystal structure of Ac-AChBP in complex with epibatidine,
a hydrogen bond is also observed with the side chain hydroxyl
group of Y91. Most residues in this aromatic cavity are conserved
amongst AChBPs and nAChRs,12,13,16 justifying the use of Ls-AChBP
for structure-based in silico screening for nAChR ligands. Most of
the newly identified AChBP ligands indeed also have affinity
(although lower) for the human a7 receptor (Fig. 3, Tables 1 and
2). None of the in silico hits however have affinity for the human
a4b2 receptor. This preference for the a7 receptor can be explained
by the higher similarity in both sequence and ligand-binding pro-
file between AChBPs and the a7 receptor compared to the a4b2
receptor (23.9% residue identity in the ligand binding do-
main).12,13,16,23 These results will be used to monitor the efficiency
of constructing improved a4b2 receptor models for structure-
based in silico screening purposes. The similarity in sequence
and pharmacology between Ls-AChBP and the human a7 receptor
however makes the Ls-AChBP crystal structure a useful model for
investigating ligand–receptor interactions with this nAChR
subtype and the identification and optimization of ligands. More-
over, in the current study we have found a diverse set of novel li-
gand chemotypes dissimilar from known AChBP and nAChR
ligands (Figs. 4 and 5), and this offers new possibilities in struc-
ture-based ligand design for these proteins.

3.2. Selective structure-based in silico screening for nAChR
agonists is difficult

Although our hierarchical in silico screening procedure was suc-
cessful in identifying novel high affinity ligands for Ls-AChBP and
a7 receptors (Fig. 3, Tables 1 and 2), it was not able to select a7
receptor agonists (Fig. 9). Instead, we identified two antagonists
for the a7 receptor that probably act through the orthosteric site.
Despite the fact that screening was performed against the nicotine
(agonist) bound Ls-AChBP crystal structure (Fig. 2), there is appar-
ently no strong selective pressure in our protocol to specifically
identify agonists. The AChBP crystal structures solved sofar suggest
that agonists stabilize loop C in a completely closed conformation
and form contacts to the vicinal cysteines on the tip of the loop,15

while antagonists allow for a more opened loop C conformation.17

In our high-throughput GOLD docking simulations30 only local
optimization of protein hydroxyl hydrogen atoms was included,
but consideration of full side chain and backbone flexibility of li-
gand binding residues, specifically in loop C, might be necessary
for a better description of ligand-induced conformational changes
in AChBP. Consideration of (full) protein flexibility and in particular
scoring of different protein–ligand configurations is however still a
challenge in automated protein–ligand docking.31 This is especially
the case when docking is applied for fast in silico screening pur-
poses, which requires a proper balance between exhaustive confor-
mational sampling and speed.31

On the other hand, the assumption that agonists stabilize loop C
in the completely closed state, based on comparative analysis of
the currently available agonist and antagonist (both peptidic and
nonpeptidic) bound AChBP crystal structures, might be simplistic
or incorrect. First of all, it should be noted that agonist-induced
conformational changes in nAChRs and AChBPs may be different
and may even vary among different nAChR subtypes. Secondly,
smaller and more subtle conformational changes (than the large
structural rearrangements of loop C observed in crystal structures)
may already facilitate specific molecular recognition of agonists
versus antagonists. Recently, small experimentally driven ago-
nist-specific changes in the antagonist bound crystal structure of
a G-protein coupled receptor facilitated agonist-selective struc-
ture-based virtual screening.32 Moreover, new agonists have been
identified using in silico screening against antagonist-customized
G-protein coupled receptor models, and, vice versa, antagonists
have been found using agonist-customized receptor models.33

Further SAR elucidation of the currently identified nAChR li-
gands can not only lead to improvement of binding affinity and
modulation of nAChR subtype selectivity, but also to altered func-
tional activity of the ligands. In previous studies, for example, ana-
logues of the nAChR agonist epibatidine have been synthesized
with antagonistic activity on nAChRs,34 and subtle chemical
changes have been shown to change the functional activity of li-
gands for other receptors as well.35–38
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It is noted that a7 antagonists are useful not only as molecular
tools to investigate the pharmacology of the receptor, but also as
drug candidates with anti-cancer effects.39

3.3. New ligand binding modes in AChBP crystal structures
revealed

Two novel hit compounds (6 and 18) showing affinity for both
Ac-AChBP and the a7 receptor and probably act as competitive a7
receptor inhibitors, have been cocrystallized with Ac-AChBP (Figs.
6 and 7). Interestingly, none of the obtained Ac-AChBP cocrystal
structures (complexes I–III) showed protein–ligand hydrogen
bonding interactions, but they only showed hydrophobic contacts
and cation–p interactions. Remarkably, both ligands contained pro-
tonated nitrogen atoms and their in silico predicted binding modes
in Ls-AChBP and Ac-AChBP showed cation–p interactions with
W143/W145 and hydrogen bonding with the principal side. How-
ever, Figures 6 and 7 show that in the new crystal structures the
intermolecular cation–p interactions are not directed towards loop
B (W145 in Ac-AChBP), like in most other Ls-AChBP and Ac-AChBP
crystal structures, but instead towards the aromatic residues Y91
(loop A) and Y193 (loop C). In all previously solved crystal struc-
tures, cation–p interactions are either formed with the conserved
tryptophane residue in loop B (e.g., between nicotine15 and W143
in Ls-AChBP, Fig. 2) or no cation–p interactions at all are formed
(e.g., conotoxins17,40–42 and neonicotinoids43 bound to Ac-AChBP).
Complexes I–III indicate that compounds 6 and 18 are allowed to
adopt multiple binding modes within the binding pocket (Figs. 6
and 7), which might be the result of the lack of strong protein–li-
gand interaction directionality. The new protein–ligand binding
modes observed in the cocrystal structures presented in the current
study will be useful in future ligand recognition studies.

4. Conclusion

We have developed a hierarchical in silico screening procedure
based on the crystal structure of Ls-AChBP. This procedure is able
to identify structurally novel compounds that bind to Ls-AChBP with
at least similar affinity as the endogenous ligand acetylcholine. In
addition, several of these compounds show affinity for the a7 recep-
tor, but none of them show affinity for the a4b2 receptor. Remark-
ably, two hit compounds blocked the a7 receptor competitively
and the a4b2 receptor non-competitively. These compounds were
cocrystallized in Ac-AChBP. The obtained cocrystal structures reveal
new ligand binding modes lacking protein–ligand hydrogen bonds
and including intermolecular cation–p interactions with other re-
gions of the AChBP binding site than observed in previous crystal
structures. This allows for the structure-based exploration of these
novel ligand chemotypes and binding modes for the nAChRs, which
possibly can lead to further insight into the molecular requirements
for nAChR ligands for subtype selectivity and for agonism/antago-
nism. Altogether, we conclude that AChBP is an interesting model
system to investigate the ligand–receptor interactions in nAChRs,
although our studies also identify some limitations, that is, only a
limited number of AChBP screening hits have affinity for nAChRs
and the functional activity of the hits on nAChRs is difficult to predict.

5. Materials and methods

5.1. Proprietary compound collection

A proprietary compound library23 containing more than 5000
structurally diverse and drug-like compounds was used in our in
silico screening procedure. This database was not developed
specifically against LGICs and it was not likely that the majority
of the compounds had any affinity for our target protein.
5.2. Database preparation

The compound collection was stored in digital format and
three-dimensional structures were generated using MOE (version
2006.05, Chemical Computing Group, Montreal, Canada). Counter
ions and solvent molecules were filtered out, acids were deproto-
nated and bases were protonated, atoms were assigned with for-
mal charges and ligands with cationic centers were selected.
Subsequently, conformations of the cationic ligands were gener-
ated using a systematic search method in MOE that was adjusted
for large chemical databases (conformation import function) using
the default settings. No filters and no constraints were applied to
the ligand conformation generation, for example, chirality and
cis/trans isomerism, thus a broad range of conformations and ster-
eoisomers were generated. Partial atomic charges were calculated
and the molecules were energy-minimized according to a steepest-
descent protocol using the MMFF94x force field in MOE.

5.3. Pharmacophore screening

A pharmacophore screening was applied to the conformations
of the cationic ligands to identify all compounds that were able
to fit inside the binding pocket of Ls-AChBP and form cation–p
interactions with W143 at the same time. To this end, the crystal
structure of Ls-AChBP in complex with nicotine (PDB: 1UW6; sub-
units A and B) was used to construct a pharmacophore query. This
crystal structure was selected because it was successfully used in a
previous in silico screening study.23 All heavy atoms of the residues
within 7 Å of nicotine were selected and used to construct an ex-
cluded volume. This represents the volume of atoms forming the
boundary of the pocket, which are not available for occupation of
the ligands to be docked. We choose an atom radius of 0.8 Å for
all heavy atoms. This is smaller than the atomic radius of carbon,
thus representing the binding pocket bigger than it actually is to
account for induced-fit effects upon ligand binding. The cationic
center was defined at the position of the pyrrolidine nitrogen atom
of nicotine with a radius of 2.5 Å. All ligands that fulfilled the
requirements of this pharmacophore query were selected and sub-
sequently stereoisomers were generated using MOE. The com-
pounds were saved as a multi-mol2 file.

5.4. Template preparation

The Ls-AChBP crystal structure in complex with nicotine (PDB:
1UW6; 2.2 Å) was used in the docking procedure. The protein mod-
el was prepared using the adjacent subunits A and B. All ligand and
water molecules were removed and hydrogen atoms were added
using MOE. Partial atomic charges (AMBER99) were calculated
and a steepest-descent energy-minimization was performed using
the AMBER99 force field while keeping the heavy atoms fixed. The
minimized protein structure was saved as a mol2-file.

5.5. Docking, post-docking analysis and selection of ligands

All selected ligands (including their stereoisomers) were docked
into Ls-AChBP (PDB: 1UW615) using the GOLD docking program30

(version 3.0.1, CCDC, Cambridge, UK) with the ChemScore scoring
function and default settings. This crystal structure was selected
because it was successfully used in a previous in silico screening
study.23 The ChemScore scoring function performed better than
the GoldScore scoring function in terms of docking speed and bind-
ing mode prediction (data not shown). The library screening set-
tings were selected for our in silico screening procedure. The
pocket for docking was assigned to be within 10 Å of the aromatic
nitrogen atom (NE1) of W143. For ligands, all ring corners were al-
lowed to flip just as the planar and pyramidal nitrogen atoms.
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For each ligand the pose with the highest score was used and
the database was ranked according to their scores. Since
cation–p interactions are extremely important in ligand–protein
interactions, we determined the distance between the approxi-
mate centroid of the W143 aromatic ring (atom CD2) and the cat-
ionic nitrogen atom of the ligand using Silver (version 1.1, CCDC,
Cambridge, UK). The top-ranked compounds with poses enabling
cation–p interactions to occur (distance ligand cationic nitrogen
to W143 centroid <5.5 Å), were visually inspected to verify optimal
ligand–protein interactions. A diverse, structurally novel and
high-ranked subset of ligands that formed cation–p interactions
was selected for displacement studies on Ls-AChBP.

We included 20 reference ligands of the nAChRs in the docking
procedure with known binding affinity (epibatidine, nicotine, ace-
tylcholine, carbamylcholine, choline, cytisine, lobeline, varenicline,
altinicline, PNU282987, ARR17779, A85380, ABT-089, ABT-418,
DHbE, DMPP, UB165, GTS21, anabaseine and anatoxin-A).

5.6. Expression and purification of AChBPs and nAChRs

Ac-AChBP and Ls-AChBP were expressed from baculovirus using
the pFastbac I vector in Sf9 insect cells and purified from medium
as described previously.15 Human neuroblastoma cells (SH-SY5Y)
expressing human a7 nAChRs were obtained from Christian Fuhrer
(Department of Neurochemistry, Brain Research Institute, Univer-
sity of Zurich).44

Human a4b2 nAChRs were obtained using a transient transfec-
tion of HEK293t cells. To this end, HEK293t cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS), 50 IU/mL penicillin, and 50 lg/mL strep-
tomycin in 5% CO2 humidified atmosphere at 37 �C. Approximately
2 million cells were seeded in a 10 cm dish and cultured overnight
before transfection. For transfection of each dish of cells, the trans-
fection mixture was prepared in 0.6 mL PBS and contained 0.3 lg
of human a4 subunit plasmid, 2.7 lg of human b2 subunit plasmid,
3.0 lg of ric3 and 24 lL of 1 mg/mL 25 kDa linear polyethyleneim-
ine (Polyscience, Inc., USA). The mixture was incubated for
10–15 min at room temperature before it was added into the
monolayer cell culture loaded with 6 mL of fresh and pre-warmed
cell culture medium. Two days after transfection, the cells were
washed with PBS, collected as pellet by centrifuging, and stored
at �80 �C until use.

5.7. Radioligand binding assay on AChBPs

Competition binding assays were performed with His-tagged
Ls-AChBP or Ac-AChBP in buffer (PBS, 20 mM Tris, 1 mg/mL BSA,
pH 7.4) in a final assay volume of 120 lL. A constant concentration
of [3H]epibatidine (GE Healthcare, specific activity �49.1 Ci/mmol)
was used for Ls-AChBP and Ac-AChBP, respectively. The concentra-
tions of radioligand were chosen around the Kd value for the target
protein, that is, 1 nM for Ls-AChBP and 8 nM for Ac-AChBP. The
amount of protein and [3H]epibatidine were chosen as such that
we obtained a clear window in the displacement curve, sufficient
amount of counts in our scintillation counting and a radioligand
depletion of less than 10%. Ligands were added together with
PVT Copper His-Tag SPA beads (GE Healthcare) which were pre-
washed with assay buffer, and incubated for 1.5 h at room temper-
ature under continuous shaking. Afterwards, the SPA beads were
allowed to precipitate during 4 h and the radioactivity was mea-
sured in a Wallac 1450 MicroBeta liquid scintillation counter.

In our single-point assay on Ls-AChBP, [3H]epibatidine displace-
ment was measured in the presence of 33 lM ligand and the re-
sults were compared to [3H]epibatidine displacement in the
presence of 33 lM nicotine. The total [3H]epibatidine binding in
the absence of ligands was set at 100%.
5.8. Radioligand binding assay on nAChRs

Binding assays for human a4b2 and a7 nAChRs were performed
in a similar way as described for Ls-AChBP, but with a classic
filtration assay. The cells were homogenized immediately before
use. In the a4b2 assay, [3H]epibatidine was used at a final concen-
tration of 2 nM and 3H-MLA (American Radiolabeled Chemicals,
Inc, specific activity �100 Ci/mmol) was used at a final concentra-
tion of 2 nM for the a7 assay. Bound radioligand was collected on
0.3% polyethyleneimine-pretreated Unifilter-96 GF/C filters (Perkin
Elmer) using ice-cold 50 mM Tris buffer at pH 7.4. After drying the
filters, scintillation fluid (MicroScint, Perkin Elmer) was added and
the radioactivity was measured in a Wallac 1450 MicroBeta liquid
scintillation counter.

Radioligand saturation experiments were performed with nico-
tine to determine non-specific binding. The concentration of nico-
tine was 100 lM for the a4b2 nAChR and 1 mM for the a7 nAChR.

5.9. Data analysis

All radioligand binding data were evaluated by a non-linear,
least squares curve fitting procedure using Graphpad Prism� (ver-
sion 4.01, GraphPad Software, Inc., San Diego, CA). All data are rep-
resented as mean ± SEM from at least three independent
experiments.

5.10. Electrophysiology

All experiments were carried out at human nAChRs expressed
in Xenopus oocytes using the method of cDNA expression. Xenopus
oocytes were prepared and injected using standard procedures.

Briefly, ovaries were harvested from Xenopus Laevis females
that have been deeply anesthetized and pithed following the ani-
mal rights rule from the Geneva canton. A small piece of ovary
was isolated for immediate preparation while the remaining part
was placed at 4 �C in a sterile Barth solution containing in mM NaCl
88, KCl 1, NaHCO3 2.4, HEPES 10, MgSO4�7H2O 0.82, Ca(NO3)2�4H2O
0.33, CaCl2�6H2O 0.41, at pH 7.4, and supplemented with 20 lg/ml
of kanamycine, 100 unit/ml penicillin and 100 lg/ml streptomycin.
All recordings were performed at 18 �C and cells superfused with
OR2 medium containing in mM: NaCl 82.5, KCl 2.5, HEPES 5,
CaCl2�2H2O 1.8, MgCl2�6H2O 1, pH 7.4.

Injections of cDNAs encoding for the human a7 and a4b2, were
performed in at least one hundred oocytes using a proprietary
automated injection device45 and receptor expression examined
after two or more days. Oocytes were impaled with two electrodes
and their membrane potential maintained at �100 mV throughout
the experiment. Currents evoked by acetylcholine were recorded
using an automated process equipped with standard two-electrode
voltage-clamp configuration (TVEC, GeneClamp, Axon Instrument).
Unless indicated, cells were held at �100 mV. Data were captured
and analyzed using a proprietary data acquisition and analysis
software running under Matlab (Mathworks Inc.). Concentration
activation curves were determined by measuring the peak of
current evoked by a series of concentrations of the considered ago-
nist. Statistical analysis values were computed either with Excel
(Microsoft) or Matlab (Mathworks Inc.).

5.11. Crystallography

Crystallization screens for the complexes were set up using a
Mosquito crystallization robot (TTP LabTech, Hertfordshire, UK).
The AChBP-18 complex (complex I) crystallized in a solution
containing 0.2 M NaBr, 0.1 M Bis–Tris propane at pH 7.5 and 20%
P1000. Compound 6 cocrystallized with AChBP in two diffe-
rent conditions, producing two different crystal forms grown
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respectively in a solution comprising 0.2 M NaBr, 0.1 M Bis–Tris
propane at pH 7.5 and 20% P3350 (complex II) or in 2 M sodium
formate (complex III). These different crystals were cryo-protected
by soaking in the mother liquor supplemented with glycerol prior
to flash freezing in liquid nitrogen.

Diffraction data for the three different Ac-AChBP-ligand cocrys-
tals were collected on beamline X06SA at the Swiss Light Source
(Villigen, Switzerland), indexed and integrated with either XDS46

or Mosflm47 and scaled with SCALA.48 The complex I crystal be-
longs to space group P212121 with a = 129.11 Å, b = 144.87 Å,
c = 145.11 Å and a = b = c = 90� and diffracted to 3.2 Å. Complex II
crystallized in space group C2221 with a = 135.74 Å, b = 177.02 Å,
c = 129.58 Å and a = b = c = 90� and diffracted to a resolution of
2.55 Å, while complex III crystallized in space group P41212 with
a = b = 145.14 Å, c = 269.76 Å and a = b = c = 90�, and diffracted to
a resolution of 2.44 Å.

AMoRE49 or Phaser50 were used in molecular replacement trials
to solve the different structures with 2BR716 as the search model.
Iterative rounds of restrained refinement using REFMAC548 with
TLS (complexes I, II and III) or NCS (complex I) restraints, followed
by manual building in COOT51 were performed. Ligand restraints
were generated using LIBCHECK48 from the SMILES strings for
the different compounds. COOT was used to position ligands in
the binding sites based on 2Fo–Fc and Fo–Fc maps. Final rounds
of refinement were performed with BUSTER using TLS and Local
Structure Similarity (LSSR) Restraints.52 Structure validation was
performed using Molprobity. Figures were generated with
PyMol.53
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