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ABSTRACT: Butyrylcholinesterase (BChE) is regarded as a
promising drug target as its levels and activity significantly increase
in the late stages of Alzheimer’s disease. To discover novel BChE
inhibitors, we used a hierarchical virtual screening protocol
followed by biochemical evaluation of 40 highest scoring hit
compounds. Three of the compounds identified showed significant
inhibitory activities against BChE. The most potent, compound 1
(IC50 = 21.3 nM), was resynthesized and resolved into its pure
enantiomers. A high degree of stereoselective activity was revealed,
and a dissociation constant of 2.7 nM was determined for the most
potent stereoisomer (+)-1. The crystal structure of human BChE
in complex with compound (+)-1 was solved, revealing the binding
mode and providing clues for potential optimization. Additionally,
compound 1 inhibited amyloid β1−42 peptide self-induced aggregation into fibrils (by 61.7% at 10 μM) and protected cultured
SH-SY5Y cells against amyloid-β-induced toxicity. These data suggest that compound 1 represents a promising candidate for hit-
to-lead follow-up in the drug-discovery process against Alzheimer’s disease.

■ INTRODUCTION
Alzheimer’s disease (AD) is a debilitating and fatal progressive
neurodegenerative disorder that has a devastating impact on
humans. Worldwide, it is estimated that 35 million people
suffer from dementia, with most cases due to AD.1 Although
the etiology of AD is not yet entirely known, several conditions
are believed to have important roles in the pathogenesis of this
disease such as aggregation and accumulation of amyloid-β
(Aβ) deposits,2,3 oxidative stress,4 and low levels of neuro-
transmitter acetylcholine (ACh).5

According to the cholinergic hypothesis for AD pathogenesis,
the decline of hippocampal and cortical levels of ACh leads to
dysfunction of the cholinergic system and results in severe
memory and learning deficits.6 At the neuronal level, ACh can
be degraded by two types of cholinesterases (ChEs):
acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE). AChE activity is dominant in the healthy brain
(80%), where BChE seems to play only a supportive role.
Accordingly, AChE is mainly expressed by neurons, while
BChE activity is mainly associated with glial cells.7 Over the
past decade, several anti-AD drugs targeting AChE have been
launched on the market, including donepezil,8,9 rivastigmine,10

and the alkaloid galanthamine.11 The characterization of an
AChE nullizygote mouse demonstrated, however, that BChE
can rescue the cholinesterasic function in the absence of
AChE.12 This finding is in agreement with earlier reports that
showed an inversion of AChE and BChE relative expressions
during AD progression. Furthermore, BChE knockout mice
show no physiological disadvantage, and silent BChE mutations
in humans show a slower rate of cognitive decline.13,14 Hence,
it is expected that inhibiting BChE could benefit AD patients
the same way AChE inhibition does. In vivo data supporting
this hypothesis include the observation that specific BChE
inhibitors are able to restore ACh levels in mice15 and improve
the cognitive performance of mice treated with the amyloid-β
peptide,16−18 yet without peripheral (parasympathomimetic)
adverse side effects,15,16 which are known to limit the dosing of
AChE inhibitors.19−21 Therefore, several selective BChE
inhibitors have been described, the most potent of which are
the carbamate analogues of cymserine22 and isosorbide,23 which
(pseudo)irreversibly inhibit the enzyme (Figure 1). The
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tacrine-based dual ChE inhibitors have also gained a lot of
attention despite tacrine being withdrawn from the market due
to the hepatotoxicity of its metabolites.24−27

AChE and BChE share 65% amino acid sequence
homology.28−30 They display a similar overall structure, and
their active sites, composed of a catalytic triad and an choline
binding pocket, are both buried at the bottom of a ∼20 Å deep
gorge. The two enzymes differ by the presence and extent of
subdomains within the gorge, including a midgorge aromatic
recognition site, a peripheral anionic site, and an acyl-binding
pocket (Figure 2). The most remarkable difference concerns
the acyl-binding pocket, which accommodates the acyl moiety
of the substrate during catalysis. AChE residues Phe288 and
Phe290 are replaced by Leu286 and Val288 in BChE, allowing
the latter to both bind and hydrolyze bulkier ligands and
substrates. Accordingly, BChE is known to act as a natural
scavenger in the bloodstream.31,32 To the best of our
knowledge, no structure-based virtual screening methods have
been applied in the BChE hit-discovery process despite the
availability of a high resolution crystal structure.28,33 However,
studies employing various docking algorithms were used for
binding mode analysis of known BChE inhibitors.34−36

In the present study, we report on the successful application
of a hierarchical structure-based virtual screening which led to

the discovery of three novel and selective reversible inhibitors
of huBChE. The complex structure of huBChE with the most
potent of these, compound 1, was solved, revealing the
molecular basis for its action. Additionally, the antiamyloido-
genic properties of compound 1 were explored by using a
thioflavin T-based fluorometric assay, and studies on neuro-
blastoma SH-SY5Y cells further demonstrated its neuro-
protective effects against Aβ neurotoxicity.

■ RESULTS AND DISCUSSION

Virtual Screening. In recent years, structure-based virtual
screening has become routine in both pharmaceutical
companies and academic groups as a complementary method
to high-throughput screening for the early stage hit discovery
process.37−40 Despite the ever-increasing processing power of
modern computers, blind docking with entire compound
databases often leads to wasted time and computational
resources. It is also well accepted that the content and quality
of a compound database are crucial for the success of any
virtual screening.41,42 To strike a balance between speed,
efficiency, and quality, hierarchical filtering was performed
using OBGREP and FILTER software. ChEs are characterized
by a deeply buried active site gorge, lined with aromatic
residues, and feature acidic residues at both the entrance

Figure 1. Cholinesterase inhibitors with various degree of selectivity for BChE.

Figure 2. Schematic representation of the active site gorge of human BChE. The principal contributors the peripheral anionic site (Asp 70; blue), the
choline-binding pocket (Trp82; red), and the acyl-binding pocket (Trp231, Leu286, and Val288; green) are shown in sticks, as well as the catalytic
serine and histidine (Ser198 and His438; orange). The black arrow indicates the route taken by substrates and ligands to enter the gorge.
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(Asp70 in huBChE) and the bottom of the gorge (Glu197 in
huBChE). The latter effect in generating a strong electrostatic
potential that attracts positively charged substrates and
inhibitors into and down the gorge.43,44 Additionally, crystallo-
graphic studies have revealed that positively charged ligands can
also interact with aromatic residues in ChEs active site gorge via
cation−π interactions.28,45,46 Thus, basic or permanently
charged nitrogens are common amidst ChE ligands (Figure
1). Accordingly, we used OBGREP software to subselect
compounds bearing an amine moiety, while FILTER software
was used to remove insoluble and aggregating compounds.
Thereby, the ZINC drug-like subset of 11.3 million compounds
was narrowed down to a focused database of roughly 1.5
million compounds (see Compound Database Preparation in
the Experimental Section for details).47,48

Structure-based virtual screening was then performed using
as a model the crystal structure of huBChE in complex with a
choline molecule (PDB code 1P0M) and FRED docking
software (Figure 3C). FRED was proven to be by far the fastest

docking tool and thus particularly suitable for ultrahigh-
throughput docking (>1 million compounds).49 Custom
constraints were implemented in the screening protocol
based on the detailed analysis of the active site gorge and on
the known binding modes of various substrates and inhibitors.
The compounds from the focused database were then docked
into the customized active site (see Molecular Docking in the
Experimental Section for details). Poses of the docked
compounds that satisfied the custom constraints (at least one
heavy atom in contact with Ser198 and one with Trp82) were
ranked according to the Chemgauss3 score (Figure 3A). The
40 top-ranked and commercially available compounds were
purchased from different suppliers (compounds S1 S40,
Supporting Information) and subsequently evaluated in the
biochemical experiments.

Inhibition of Human BChE and Murine AChE. The 40
top hits from virtual screening were evaluated in vitro for their
inhibition of recombinant huBChE, using the method of
Ellman.51 Inhibitory activity was detected for seven of the 40

Figure 3. (A) Flowchart summarizing the hierarchical structure-based virtual screening. (B) Visualization of the molecular pattern in form of a
SMARTS, as used for the amine search inside the ZINC drug-like database. The structures in red rectangles are not hits. The visualization was
prepared using SMARTSViewer.50 (C) The active site pocket of huBChE (PDB code 1P0M) with the aligned butanoic acid (PDB code 1P0I) used
for docking of the filtered database.

Figure 4. Structures of the novel huBChE inhibitors obtained through the hierarchical docking protocol. Compounds 1 and 9 were obtained as
mixtures of enantiomers and compound 8 as a mixture of diastereomers.
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compounds, and among these, three compounds showed >50%
inhibition at 10 μM (compounds 1, 8, and 9; Figure 4). Further
characterization of the inhibition properties revealed that
(±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)methyl)-
N-(2-methoxyethyl)-2-naphthamide ((±)-1) is the most potent
huBChE inhibitor, with an IC50 of 21.3 nM (Figure 4, Table 1).

The three active hits were further assayed against mAChE,
allowing evidence of their high degree of selectivity for huBChE
(Table 1). Because of the poor solubility of compounds 8 and
9, the IC50 against mAChE could only be determined for (±)-1,
revealing >4700-fold selectivity for huBChE over mAChE
(102.1 μM). The IC50 values of the hit compounds for ChE
inhibition are given in Table 1. The dose−response curves are
shown in the Supporting Information, Figure S1. Molecular
docking studies were performed to reveal the rationale for the
low AChE inhibitory potency by the hit compounds 1, 8, and 9
(Supporting Information, Figure S7).
Synthesis and Chiral HPLC Resolution of the Racemic

Mixture of Compound 1. Despite being commercially
available, methods for the preparation of compound 1 and its
potential applications have not yet been reported. For this
reason, synthetic route to the racemic 1 was developed as
presented in Scheme 1. Orthogonally protected piperidin-3-

ylmethanamine (±)-3 was prepared from commercially
available nipecotic acid [(±)-2], as previously reported.52

Debenzylation of N-benzylamine (±)-3 was achieved with
cyclohexene in the presence of a catalytic amount of Pearlman’s
catalyst (palladium hydroxide on carbon) in methanol under
reflux53 to provide the secondary amine (±)-4. Oxidation of 2-
indanol using pyridinium chlorochromate/silica gel in dichloro-
methane54 provided ketone 5, which was reacted with crude
secondary amine (±)-4 in the presence of sodium triacetox-
yborohydride [NaBH(OAc)3] and acetic acid in 1,2-dichloro-
ethane55 to produce the tertiary amine (±)-6. TFA in
dichloromethane was used to remove the tert-butyloxycarbonyl
protecting group from compound (±)-6 to provide amine
(±)-7 after alkaline treatment. Then 2-naphthoic acid was
treated with crude amine (±)-7 in the presence of TBTU and
triethylamine in dichloromethane at room temperature56 to
produce amide (±)-1.
As the preparation of the diastereoisomeric salts failed, the

enantiomeric resolution of (±)-1 was carried out using chiral
HPLC. Several analytical conditions were checked, and aqueous
sodium borate buffer (20 mM, pH 9.00) containing 49%
MeCN provided almost baseline separation of these two
enantiomers (Supporting Information, Figure S2). The
analytical method was scaled-up for preparative separation of
60 mg of (±)-1 to provide the pure enantiomers. The first-
eluted enantiomer (−)-1 gave an ee of 100%, whereas the ee of
the second-eluted enantiomer (+)-1 was 98%. The specific
rotation of the first-eluted enantiomer was [α]D

23 −23.82 (c
0.250, CHCl3), while the specific rotation of the second-eluted
enantiomer was [α]D

23 +24.52 (c 0.260, CHCl3).
Kinetic Evaluation of Compound 1. Stereoselectivity of

BChE toward reversible inhibitors, such as ethopropazine, has
already been reported.57 In this manner, compound 1 was
resolved into its pure enantiomers, (+)-1 and (−)-1, which
were evaluated individually. More than a 10-fold difference in
the huBChE inhibitory potencies was observed, favoring the
(+)-1 enantiomer. The IC50 of the eutomer was 13.4 nM, which
is comparable to the activity of the positive control tacrine,
while the less active enantiomer had an IC50 of 166 nM.
Enantiomers (+)-1 and (−)-1 retained weak potencies toward

Table 1. Activities of the Novel BChE Inhibitors

compd
no.

IC50 ± SEM
(μM) huBChE

IC50 or %RA
at 10

μM ± SEM
(μM)
mAChE selectivitya

inhibition of
Aβ1−42 self-
induced

aggregation at 10
μM (%)

(±)-1 0.021 ± 0.002 102.1 ± 2.5 4790 61.7 ± 3.6
8 1.36 ± 0.08 94.0 ± 9.6% >140 ni
9 2.15 ± 0.09 ni >110 ni
(+)-1 0.013 ± 0.002 101.2 ± 1.5 8480 60.3 ± 7.8
(−)-1 0.166 ± 0.005 110.3 ± 2.1 660 57.5 ± 6.2
tacrine 0.012 ± 0.003 0.106 ± 10 8.6 nd

aIC50 mAChE/IC50 huBChE. For compounds 8 and 9, selectivity was
calculated assuming an IC50 of 200 μM on mAChE due to solubility
problems.

Scheme 1. a

aReagents and conditions: (a) cyclohexene, Pd(OH)2/C cat., MeOH, rt to reflux, under argon, 17 h (97% crude); (b) NaBH(OAc)3, AcOH, 1,2-
dichloroethane, rt, under argon, 72 h (83%); (c) (i) TFA, CH2Cl2, rt, 22 h, (ii) 1 M aq NaOH, 0 °C (84% crude); (d) 2-naphthoic acid, TBTU,
Et3N, CH2Cl2, rt, 19 h (36%).
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mAChE (IC50 of 101.2 and 110.3 μM, respectively). The IC50

values are given in Table 1.
To obtain more detailed information about the mechanism

of huBChE inhibition, kinetic experiments were performed
using a stopped-flow apparatus. The progress curves obtained
in the absence and presence of compound 1 (for the racemic
mixture and for each individual enantiomer) are shown in
Figure 5. The form of the progress curves and the
concentrations of the test compound (50 nM) and huBChE
(4.2 nM) used in the assay are typical for slow, tight-binding
inhibition by compound 1. This type of inhibition was further
confirmed by the upward concave progress curve obtained after
dilution of the enzyme preincubated with compound (±)-1
(Supporting Information, Figure S3). Additionally, the identical
courses of the initial portions of the curves in the absence and

presence of compound 1 clearly expose the so-called
mechanism A58 (see Scheme 2). The potential clinical
advantage of the tight binding inhibition of compound 1 arise
from its high affinity (low value of Ki), and the long residence
time on the huBChE, due to the slow dissociation rate (low
value of koff).

59

The determined rates and the calculated dissociation
constants for each of the enantiomers, along with the Km and
kcat values for the BTC, are listed in Table 2. The results of the
ENZO fit are furthermore accessible online: http://enzo.cmm.
ki.si/kinetic.php?uwd=140429302load=true. Of note, the X-ray
structure of the complex of huBChE with compound (+)-1 (see
below) demonstrates that its high affinity results from a tight
accommodation into the enzyme active site. The slow action of

Figure 5. Progress curves for hydrolysis of BTC by huBChE in the absence (E0) and presence of 50 nM racemic solution or each enatiomer of
compound 1 obtained using the stopped-flow apparatus.

Scheme 2. Reaction Scheme of BTC Hydrolysis by huBChE in the Absence and Presence of Compound 1a, as Constructed by
ENZO Web Tool (project no. 140429302)a

a(A) Substrate; (P) product; E (enzyme); (S) (−)-1; (R) (+)-1.
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compound 1 is thus a consequence of its slow binding rate at
low concentrations, rather than of enzyme isomerization.
Crystal Structure of huBChE in a Complex with

Compound 1. The complex structure of compound (+)-1
with huBChE was solved at 2.7 Å resolution (Supporting
Information, Table S2) from crystals soaked for 1 h in a mother
liquor solution supplemented with 100 μM of the compound.
With respect to the native structure (PDB code 1P0M),28 no
noticeable rearrangement was observed upon binding of
compound 1 (Figure 6A).
Examination of the complex structure reveals the molecular

basis of the high affinity binding of (+)-1 to huBChE (Figure
6B). A strong cation−π interaction is observed between the
positively charged nitrogen of the piperidine moiety and
Tyr332 side chain, while the naphthalene moiety fully occupies
the acyl-binding pocket where it T-stacks to the side chain
Trp231 (π−π interaction). That this pocket is comparatively
smaller in AChE likely explain why compound 1 displays low
affinity for the later. In addition, the carbon atoms of the
piperidine ring stack between the side chains of Phe329 and
Tyr332 and the 1H-indene ring lays over the backbone atoms
of residues Ile69 and Asp70, thereby stabilizing the molecule at
the entrance of the active site gorge. Of note, the methoxyethyl
group points toward the catalytic residues Ser198 and His438
(distances between closest non-hydrogen atoms: 5.4 and 4.3 Å,
respectively), but does not directly interact with any of them,
offering several opportunities for structural modifications of
compound 1 to improve its potency (i.e., modification of the
chain to catch the polar interaction with the catalytic residues).
As both R and S enantiomers of 1 provided a perfect fit to the

electron density maps, (+)-1 was assigned to the R-enantiomer
on the basis of a possible cation−π interaction between the
positively charged nitrogen of the piperidine moiety and the
side chain of Tyr332 (Figure 7). Of note, a similar structure was

obtained when huBChE crystals were soaked into a racemic
mixture of (±)-1, although at a lower resolution (3.2 Å; data
not shown). A comparison of the crystal structure pose and the
docked pose of compound 1 is discussed in Supporting
Information, Figures S5 and S6.

Aggregation and Cell-Based Assays. Senile plaques are
extracellular deposits of Aβ found in the gray matter of the AD
patient’s brains, and they are considered as one of the hallmarks
of the disease.60,61 The formation of extracellular senile plaques
is a multistep process that involves: (i) in vivo production of Aβ
peptides by sequential proteolytic cleavage of the amyloid
precursor protein by the β- and γ-secretases3 and (ii) abnormal
aggregation of soluble Aβ monomers into insoluble and

Table 2. Characteristic Constants for the Hydrolysis of BTC
by huBChE and Its Inhibition by Compound 1 at pH 8

constant BTC (+)-1 (−)-1

Km (μM) 38.4 ± 0.3
kcat (s

−1) 852 ± 8
kon (M

−1 s−1) 2.11 ± 0.01 × 107 1.28 ± 0.03 × 107

koff (s
−1) 0.0572 ± 0.0003 0.35 ± 0.01

Ki (nM) 2.71 27.05

Figure 6. 2.7 Å resolution crystal structure of compound (+)-1 bound to huBChE (PDB code 4TPK) (A) View from the top of the catalytic pocket,
showing compound 1 as purple sticks, bound to the surface of huBChE (in gray). The protein is shown as a cartoon, and the key residues in the
catalytic pocket are shown as sticks. (B) Close-up view of compound 1 as purple sticks bound in the acyl-binding pocket of huBChE (green).
Residues important for the binding of compound 1 are shown as sticks, as are the catalytic residues (Ser198 and His438).

Figure 7. 2mFo − DFc electron density map (blue mesh, contoured at
1σ) of R enantiomer of compound 1 (purple sticks) bound in the
active site of huBChE.
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neurotoxic amyloid fibrils.2,58 Although numerous small and
large molecules have been studied with the intention to block
the expression or cleavage of the Aβ peptides,62,63 all such
strategies have failed to produce any effective cure for AD to
date. As neurotoxicity in AD is primarily associated with the
formation and accumulation of Aβ species (mainly Aβ1−42),
targeting the Aβ self-induced aggregation represents an
emerging approach for the discovery of novel neuroprotective
agents. Furthermore, combining the antiaggregation properties
and BChE inhibition in one single molecule might lead to an
anti-AD agent that is effective in the early and late stages of AD.
Several compounds that include indanone, benzoxazole, or

benzothiazole moieties have already been shown to have the
affinity toward Aβ1−42 and also to prevent its aggregation and
the formation of fibrils.64−66 Benzothiazole-containing com-
pound 8 was tested for its antiaggregation properties using the
ThT fluorescence assay. As the 1H-indene moiety is structurally
related to the above-mentioned substituents, the possibility of
having similar effects was also checked for compound (±)-1.
The procedure for determination of self-induced aggregation
was optimized for use with the lowest amount of Aβ1−42 that
still gave accurate and reproducible results. At 2 μM Aβ1−42
solution, the fluorescence reached a plateau within 8 h and
remained almost unchanged (within statistic error) between 8
and 48 h of incubation, which is in agreement with the already
published kinetics of Aβ1−42 self-induced aggregation.67 Table 1
summarizes the Aβ1−42 self-induced aggregation activity of the
novel BChE inhibitors. Compound (±)-1 was tested at 10 μM,
where it showed significant Aβ1−42-antiaggregation effects, with
61.7% inhibition. Because of these promising in vitro data for
compound 1, it was further evaluated in cell-based assays. As
the pure enantiomers of compound 1 showed nearly identical
Aβ-antiaggregation activities, all of the cell-based assays were
performed using the racemate.
First, the cytotoxicity profile was assessed using the human

neuroblastoma SH-SY5Y cell line and the MTS assay.
Compound (±)-1 at 10 μM was completely noncytotoxic
(Supporting Information, Figure S4). Next, to determine
whether compound (±)-1 can protect neuronal cells from
toxic Aβ-species, cell-viability experiments were conducted. To
compare neuronal death induced by Aβ1−42 in the absence and
presence of various concentrations of compound (±)-1, the
MTS assay was performed. As shown in Figure 8a, incubation
of SH-SY5Y cells with 5 μM Aβ1−42 caused significant toxicity;
the cell-death was approximately 35% higher than in the
control. A clear dose−response neuroprotective effect was
observed when the cells were incubated with Aβ1−42 in the
presence of compound (±)-1. Interestingly, at 10 μM,
compound (±)-1 completely protected the human neuronal
SH-SY5Y cells from Aβ1−42 peptide toxicity. Neuroprotective
effects were further confirmed by performing a LDH release
assay (Figure 8b). Briefly, incubation of the SH-SY5Y cells with
5 μM Aβ1−42 led to significant increases in LDH release
compared to the control. Again, in the presence of compound
(±)-1, dose−response inhibition of LDH release was observed.
The results from the LDH release assay are thus in excellent
agreement with those from the MTS assay.
Thus, 1 displays in vitro inhibition of Aβ1−42 self-induced

aggregation and neuroprotective effect on SH-SY5Y cells
against Aβ1−42 toxicity that put it forward as a promising hit
compound. Further optimization is yet needed to suitably
balance antiaggregating and anti-BChE activities.

■ CONCLUSIONS
We have described here the application of a hierarchical
structure-based virtual screening protocol to the identification
of novel inhibitors of huBChE. Using simple tools, the ZINC
drug-like library was narrowed down to a much smaller
database of compounds with an amine moiety and predicted
favorable properties. These were then used in the docking
experiment for the final compound selection. Using this
approach, we selected and evaluated 40 compounds in vitro
and identified three novel hits against huBChE, the most potent
of which was compound (±)-1 (IC50 = 21.3 nM). We also
developed a synthetic route for the resynthesis of the racemic
compound 1 and a method for HPLC resolution into its pure
enantiomers. The (+)-1 isomer has an IC50 of 13.4 nM against
huBChE. Detailed kinetic experiments revealed slow, tight-
binding inhibition and a Ki of 2.7 nM for the more potent (+)-1
enantiomer. The crystal structure of huBChE in complex with
compound (+)-1 confirmed the binding into the active site and
revealed possible sites for optimization. At 10 μM, compound
(±)-1 also significantly inhibits Aβ1−42 self-induced aggregation
into fibrils (by 61.7%). Additionally, a clear dose−response

Figure 8. Neuroprotective effects of compound (±)-1 on Aβ1−42-
induced cytotoxicity in SH-SY5Y cells. (a) Viability of the SH-SY5Y
cells after 48 h with Aβ1−42 (5 μM) in the absence and presence of
compound (±)-1 at the indicated concentrations, as determined using
the MTS assay. The control group (0.1% DMSO) was considered as
100% cell viability, and the assays were carried out in quadruplicate.
Data are means ± SD of at least three independent experiments. (b)
Cytotoxicity for the SH-SY5Y cells after exposure to Aβ1−42 (5 μM) in
the absence and presence of the indicated concentrations of
compound 1, according to the LDH release assay, with the assays
carried out in quadruplicate. Data are means ± SD of two independent
experiments. *, P < 0.05; **, P < 0.01.
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neuroprotective effect against Aβ toxicity was observed on the
SH-SY5Y cell line. Considering the low nanomolar BChE
inhibitory potency, the crystal structure of the complex, and the
promising data from the neuroblastoma cell line, compound 1
represents a valuable hit compound for the development of
novel agents against Alzheimer’s disease.

■ EXPERIMENTAL SECTION
Virtual Screening of the Compound Library. Computer

Hardware. All of the computations were performed on two
workstations. The virtual screening was carried out on a workstation
with four eight-core AMD Opteron 6128 Magny-Cours 2.0 GHz
processors, and 32 GB RAM, two 1 TB hard drives, and a 256 GB
solid-state drive, running 64-bit Scientific Linux, release 6.2. The
binding-site preparation was carried out on a workstation with two
quad-core Intel Xeon 2.2 GHz processors, and 8 GB RAM, 320 GB
and 1000 GB hard drives, and a Nvidia Quadro FX 4800 graphic card,
running the current version of 64-bit Arch Linux.
Compound Database Preparation. For the virtual screening, the

ZINC drug-like subset with 11.3 million drug-like compounds was
used.47,48 Prior to the docking, hierarchical filtering of the compound
database was performed. The ZINC drug-like subset was first filtered
with the help of OBGREP, a command-line tool that is part of Open
Babel (2.2.3),68 a free, open-source program. OBGREP can read
compounds from a variety of common chemical file formats and works
in a way similar to the UNIX grep command. It performs a SMARTS
search though the databases of chemical structures, and allows the user
to specify flexible and efficient substructure search specifications. A
SMARTS query was formulated which allowed keeping only
c o m p o u n d s c o n t a i n i n g a n a m i n e m o i e t y
([NX3,NX4+;H3,H2,H1,H0;!$(NC=O);!$(NS=O);!$(NN);!
$(NC=S);!$([N+](=O)[O-])]). After processing the ZINC drug-like
subset with the OBGREP command, only 4.037 million compounds
were kept. In the next step, the FILTER 2.0.2 application was used
(OpenEye Scientific Software, Inc., Santa Fe, NM, USA; www.
eyesopen.com) to eliminate the known or predicted aggregators (a
function developed by Soichet69) and the compounds with predicted
poor solubility (see Supporting Information for the configuration file).
The resulting focused and filtered library consisted of roughly 1.495
million compounds. In the final step, the database was processed with
the Omega 2.4.3 software (OpenEye Scientific Software, Inc., Santa Fe,
NM, USA; www.eyesopen.com),70,71 using the default settings to
prepare different conformations of compounds that covered as much
conformational space as possible. A database of 1.495 million
compounds with an average of 158 conformations per compound
was then used for the molecular docking.
Molecular Docking. To generate the model for docking trials, we

aligned PDB entries 1P0M and 1P0I, corresponding to the complex
structures of BCHE with choline, on one hand, and butyrate and
glycerol, on the other, using the PyMOL software. Using FRED
RECEPTOR 2.2.5 software (OpenEye Scientific Software, Inc., Santa
Fe, NM, USA; www.eyesopen.com), we generated a box of 3039 Å3

covering the choline (Trp82 and Glu197) and acyl binding (Trp231,
Leu286, Val 288, and Phe398) pockets, as well as the peripheral site of
the enzyme. Excluding the active site gorge residues, the docking
volume was thus 915 Å3. Of note, neither the protonation state of the
active site residues nor their conformations were modified. In practice,
the model used for our docking trials corresponded to PDB entry
1P0M stripped of all nonprotein atoms, including choline, waters, and
sugars. We then generated a high-quality site shape potential of the
docking volume. In the final step, custom constraints were used to
restrict the poses considered by the docking software, whereby all
poses not in the vicinity of Trp82 and Ser198 were discarded. Finally,
all of the 1.495 million compounds were docked into the prepared
enzyme active site using the FRED 2.2.5 software and the Chemgauss3
scoring function (OpenEye Scientific Software, Inc., Santa Fe, NM,
USA, www.eyesopen.com).72−74 The docked compounds were ranked
according to their best-scored conformation.

Chemistry. General Information. 1H NMR and 13C NMR were
recorded at 400 and 100 MHz, respectively, on a Bruker Avance III
NMR spectrophotometer. The chemical shifts (δ) are reported in
parts per million (ppm) and are referenced to the deuterated solvent
used. The coupling constants (J) are reported in Hz, and the splitting
patterns are indicated as s (singlet), bs (broad singlet), d (doublet), bd
(broad doublet), dd (doublet of doublets), t (triplet), bt (broad
triplet), dt (doublet of triplets), q (quartet), and m (multiplet).
Infrared (IR) spectra were recorded on a PerkinElmer FT-IR system
Spectrum BX. Mass spectra were recorded on a VG-Analytical
AutoSpec Q Micromass mass spectrometer. Melting points were
determined on a Leica hot-stage microscope and are uncorrected.
Evaporation of the solvents was performed at reduced pressure.
Reagents and solvents were purchased from Acros Organics, Alfa
Aesar, Euriso-Top, Fluka, Merck, Sigma-Aldrich, and TCI Europe and
were used without further purification unless otherwise stated. Flash
column chromatography was performed on silica gel 60 for column
chromatography (particle size, 230−400 mesh). Analytical thin-layer
chromatography was performed on Merck silica gel 60 F254 aluminum
sheets (0.20 mm), with visualization using ultraviolet light and/or
visualization reagents. Analytical reversed-phase HPLC, analytical
reversed-phase chiral HPLC, and semipreparative reversed-phase chiral
HPLC were performed on an Agilent 1100 LC modular system
equipped with an autosampler, a quarternary pump system, a
photodiode array detector, a thermostated column compartment, a
fraction collector compartment, and a ChemStation data system. The
detector was set to 210.16, 254.16, and 280.16 nm. The column used
for the methods A and D analytical reversed-phase HPLC was a
Zorbax Eclipse Plus C18 analytical column (150 mm × 4.6 mm, 5 μm;
Agilent). An HPLC Guard cartridge system was used, as a Security
Guard cartridge C18 CODS (octadecyl; 4.0 mm × 3.0 mm ID;
Phenomenex). The column used for the methods B and E analytical
reversed-phase chiral HPLC was a Kromasil 3-CelluCoat RP column
(150 mm × 4.6 mm). The column used for the method C
semipreparative reversed-phase chiral HPLC was a Kromasil 5-
CelluCoat RP column (250 mm × 10 mm). A Guard Cartridge was
used with this column, as a Kromasil 5-CelluCoat RP (10−21.2 mm).
The HPLC columns were thermostated at 25 °C.

Method A. The sample solution (10 μL; 0.1 mg/mL in acetonitrile
[MeCN]) was injected and eluted at a flow rate of 1 mL/min, using a
linear gradient of mobile phase A (MeCN) and mobile phase B
(aqueous phosphate buffer: 20 mM, pH 8.00). The gradient for
method A (for mobile phase A) was: 0−15 min, 30%−70%; 15−20
min, 70%; 20−25 min, 70%−30%.

Method B. The sample solution of (±)-1 (10 μL; 0.2 mg/mL in
MeCN) was injected and eluted over 30 min at a flow rate of 0.8 mL/
min, using aqueous sodium borate buffer (20 mM, pH 9.00)
containing 49% MeCN.

Method C. The sample solution of (±)-1 (100 μL; 10 mg/mL in
MeCN) was injected and eluted over 42 min at a flow rate of 5 mL/
min, using aqueous sodium borate buffer (20 mM, pH 9.00)
containing 49% MeCN.

Method D. The sample solution (10 μL; 0.1 mg/mL in MeCN) was
injected and eluted at a flow rate of 1 mL/min, using a linear gradient
of mobile phase A (0.1% trifluoroacetic acid [TFA]; [v/v] in MeCN)
and mobile phase B (0.1% aqueous TFA [v/v]). The gradient for
method D (for mobile phase A) was: 0−16 min, 10%−90%; 16−19
min, 90%; 19−20 min, 90%−10%.

Method E. The sample solution of (±)-1 (20 μL; 0.5 mg/mL in
MeCN) was injected and eluted over 30 min at a flow rate of 0.6 mL/
min, using aqueous sodium borate buffer (20 mM, pH 9.00)
containing 50% MeCN.

Synthesis of (±)-tert-Butyl 2-Methoxyethyl(piperidin-3-ylmethyl)-
carbamate [(±)-4]. To a 250 mL round-bottomed flask with a stirring
bar, (±)-3 (4.137 g, 11.412 mmol, 1.0 equiv) and MeOH (160 mL)
were added at room temperature. The resulting solution was stirred
and agitated with a stream of argon for 30 min. Pd(OH)2 on carbon
(20 wt %) (0.828g, 20% mass of (±)-3) was added, followed by
cyclohexene (11.571 mL, 114.122 mmol, 10.0 equiv). The resulting
suspension was refluxed under an atmosphere of argon for 17 h then
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filtered through a pad of Celite and evaporated to produce 3.015 g of
crude amine (±)-4 as a colorless oil (97% yield). This product was
used in the next step without further purification. Rf = 0.44 (CH2Cl2/
MeOH/Et3N; 20:2:1, v/v/v). 1H NMR (400 MHz, CDCl3): δ =
1.00−1.14 (1 H, m), 1.37−1.49 (10 H, m), 1.60−1.80 (5 H, m), 2.25−
2.37 (1 H, m), 2.51−2.58 (1 H, m), 2.95−3.00 (2 H, m), 3.13−3.25 (1
H, m), 3.28−3.38 (5 H, m), 3.44−3.52 (2 H, m). HRMS (ESI+): m/z
calcd for C14H29N2O3 273.2178; found 273.2174.
Synthesis of 1H-Inden-2(3H)-one (5). A mixture of pyridinium

chlorochromate (6.426 g, 29.811 mmol, 2.0 equiv) and silica gel
(6.426 g, 70−230 mesh) was ground to a fine powder using a pestle
and mortar. The light-orange mixture was added to a 250 mL round-
bottomed flask with a stirring bar, and CH2Cl2 (80 mL) was added.
The resulting orange suspension was stirred at room temperature, and
2-indanol (2.000 g, 14.905 mmol, 1.0 equiv) was added in small
portions. After 130 min, the resulting dark-brown suspension was
diluted with Et2O (60 mL) and filtered under suction through a
Büchner funnel layered with silica gel (70−230 mesh) and Celite. The
dark-brown precipitate was washed thoroughly with Et2O (3× 20 mL).
The combined filtrates were evaporated. The residue was purified by
flash column chromatography using Et2O/petroleum ether (1:4, v/v)
as the eluent, to produce 1.302 g of ketone 5 as a slightly golden oil
that solidified into a slightly yellow solid after cooling (66% yield). Rf =
0.46 (Et2O/petroleum ether, 1:1, v/v); mp 51−53 °C (lit.75 mp 52−
54 °C). 1H NMR (400 MHz, CDCl3): δ = 3.58 (4 H, s), 7.21−7.32 (4
H, m).
Synthesis of (±)-tert-Butyl (1-(2,3-Dihydro-1H-inden-2-yl)-

piperidin-3-yl)methyl(2-methoxyethyl)carbamate [(±)-6]. To a 100
mL round-bottomed flask with a stirring bar, (±)-4 (1.094 g, 4.016
mmol, 1.0 equiv) and 1,2-dichloroethane (50 mL) were added at room
temperature. The resulting solution was stirred and agitated with a
stream of argon for 15 min. NaBH(OAc)3 (1.596 g, 7.530 mmol, 1.875
equiv), 5 (0.531 g, 4.018 mmol, 1.0 equiv), and AcOH (0.230 mL,
4.018 mmol, 1.0 equiv) were added, and the resulting suspension was
stirred under an atmosphere of argon for 72 h. The reaction mixture
was opened to the air and quenched with saturated aqueous NaHCO3
solution (50 mL). The mixture was transferred into a 250 mL
separating funnel, and CH2Cl2 (20 mL) was added. The separating
funnel was shaken vigorously, and the organic phase was separated,
dried over anhydrous Na2SO4, and evaporated. The residue was
purified by flash column chromatography using CH2Cl2/ MeOH
(30:1, v/v) as the eluent to produce 1.292 g of amine (±)-6 as a
slightly golden oil (83% yield). Rf = 0.50 (CH2Cl2/MeOH, 10:1, v/v);
[α]D

23 0.0 (c 0.300, CHCl3). IR (NaCl): 2930, 2359, 1692, 1463,
1414, 1365, 1170, 1117, 1010, 867, 743, 526 cm−1. 1H NMR (400
MHz, DMSO-d6, 60 °C): δ = 0.90−0.99 (1 H, m), 1.40 (9 H, s),
1.56−1.67 (2 H, m), 1.77−1.88 (2 H, m), 2.01−2.07 (1 H, m), 2.73−
2.81 (4 H, m), 2.95−3.02 (2 H, m), 3.10 (2 H, d, J = 6.90 Hz), 3.14−
3.15 (3 H, m), 3.25 (3 H, s), 3.28−3.31 (1 H, m), 3.41−3.44 (2 H, m),
7.07−7.12 (2 H, m), 7.15−7.19 (2 H, m). 13C NMR (100 MHz,
DMSO-d6, 60 °C): δ = 24.08, 27.70, 27.85, 35.92, 36.02, 46.29, 51.18,
54.95, 57.67, 66.13, 78.09, 123.76, 125.78, 141.04, 141.10, 154.52.
HRMS (ESI+): m/z calcd for C23H37N2O3 389.2804; found 389.2798.
HPLC purity, 99% at 210.16 nm (method A, tR = 19.61 min).
Synthesis of (±)-N-((1-(2,3-Dihydro-1H-inden-2-yl)piperidin-3-yl)-

methyl)-2-methoxyethanamine [(±)-7]. To a 100 mL round-
bottomed flask equipped with a stirring bar, (±)-6 (1.203 g, 3.096
mmol, 1.0 equiv) and CH2Cl2 (50 mL) were added at room
temperature. The resulting solution was stirred and TFA (2.371 mL,
30.960 mmol, 10.0 equiv) was added dropwise. After 22 h, the reaction
mixture was evaporated. The residue was coevaporated with CH2Cl2
(2× 40 mL), followed by n-hexane (2× 50 mL). Et2O (50 mL) was
added to the oily residue, and the flask was placed in an ultrasonic bath
for 15 min. During this time, the oily residue transformed into a white
solid. The flask was removed from the ultrasonic bath, and the
precipitate was allowed to settle to the bottom of the flask. The
supernatant was removed, Et2O (30 mL) was added, and the flask was
placed back in the ultrasonic bath for 1 min. The flask was removed
from the ultrasonic bath, and the precipitate was allowed to settle to
the bottom of the flask. The supernatant was removed, Et2O (30 mL)

was added again, and this procedure was repeated two more times.
After the final supernatant was removed, the solid residue was dried at
reduced pressure. Water (15 mL) and a stirring bar were added, and
the resulting solution was cooled to 0 °C and adjusted to pH 12 with 1
M aqueous NaOH. The mixture was transferred into a 50 mL
separating funnel, extracted with CH2Cl2 (2× 30 mL), dried over
anhydrous Na2SO4, and evaporated to produce 0.750 g of crude
secondary amine (±)-7 as a slightly brown oil (84% yield). This
product was used in the next step without further purification. Rf =
0.38 (CH2Cl2/MeOH/Et3N, 40:4:1, v/v/v).

1H NMR (400 MHz,
CDCl3): δ = 0.90−1.00 (1 H, m), 1.57−1.83 (6 H, m), 1.94−2.01 (1
H, m), 2.55 (2 H, d, J = 6.40 Hz), 2.77 (2 H, t, J = 5.15 Hz), 2.89−
2.98 (3 H, m), 3.03−3.21 (4 H, m), 3.36 (3 H, s), 3.50 (2 H, t, J =
5.14 Hz), 7.11−7.19 (4 H, m). HRMS (ESI+): m/z calcd for
C18H29N2O 289.2280; found 289.2273.

Synthesis of (±)-N-((1-(2,3-Dihydro-1H-inden-2-yl)piperidin-3-yl)-
methyl)-N-(2-methoxyethyl)-2-naphthamide [(±)-1]. To a 50 mL
round-bottomed flask with a stirring bar, 2-naphthoic acid (0.423g,
2.457 mmol, 1.0 equiv) and CH2Cl2 (20 mL) were added at room
temperature. The resulting suspension was stirred, and Et3N (0.685
mL, 4.914 mmol, 2.0 equiv) was added dropwise. The solution was
stirred for 5 min before O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethy-
luronium tetrafluoroborate (TBTU; 0.789 g, 2.457 mmol, 1.0 equiv)
was added in small portions. After 30 min, a solution of (±)-7 (0.709
g, 2.458 mmol, 1.0 equiv) in CH2Cl2 (10 mL) was added dropwise,
and the reaction mixture was stirred for 19 h. The solvent was
evaporated, the residue dissolved in EtOAc (60 mL), transferred into a
250 mL separating funnel, and extracted with H2O (2× 50 mL) and
then aqueous saturated NaHCO3 solution (50 mL), and dried over
anhydrous Na2SO4 and evaporated. The residue was purified by flash
column chromatography using CH2Cl2/MeOH (20:1, v/v) as the
eluent and then precipitated from Et2O to produce 0.391 g of amide
(±)-1 as a white solid (36% yield). Rf = 0.48 (CH2Cl2/MeOH, 10:1,
v/v); mp 54−57 °C [α]D

23 0.0 (c 0.285, CHCl3). IR (KBr): 3546,
3209, 2929, 2144, 1622, 1487, 1418, 1301, 1112, 827, 748, 482 cm−1.
1H NMR (400 MHz, DMSO-d6, 60 °C): δ = 0.93 (1 H, bs), 1.44−1.46
(1 H, m), 1.63 (2 H. bs), 1.98 (2 H, bs), 2.67−2.79 (4 H, m), 2.95−
3.00 (2 H, m), 3.15 (3 H, s), 3.23 (2 H, bs), 3.44 (6 H, bd), 7.08−7.13
(2 H, m), 7.16−7.21 (2 H, m), 7.40−7.43 (1 H, m), 7.54−7.60 (2 H,
m), 7.88 (1 H, s), 7.94−7.98 (3 H, m). 13C NMR (100 MHz, DMSO-
d6, 60 °C): δ = 24.00, 27.85, 34.24, 35.84, 35.90, 51.01, 54.68, 57.75,
65.98, 69.28, 123.75, 123.80, 124.06, 125.44, 125.79, 126.25, 126.43,
127.27, 127.53, 127.79, 131.93, 132.47, 134.25, 141.14, 141.16, 170.76.
HRMS (ESI+): m/z calcd for C29H35N2O2 443.2699; found 443.2696.
HPLC purity, 99% at 254.16 nm (method A, tR = 18.11 min).

Separation of (+)-1 and (−)-1 by Semipreparative Reverse-Phase
Chiral HPLC. The resolution of (±)-1 was accomplished by 65 runs of
method C. Eluates corresponding to the two chromatographic peaks
were pooled and evaporated to about 5 mL and then transferred to a
50 mL separating funnel. Water (6 mL) and aqueous saturated
NaHCO3 solution (6 mL) were added and extracted with CH2Cl2 (25
mL). The organic phase was dried over anhydrous Na2SO4 and
evaporated to produce 30.6 mg of the first-eluted enantiomer as a
colorless oil and 31.7 mg of the second-eluted enantiomer as a
colorless oil. Analytical reversed-phase chiral HPLC analysis (method
B, λ = 254.16 nm) of the first-eluted enantiomer gave an enantiomeric
excess (ee) of 100%, whereas the ee of the second-eluted enantiomer
was 98%. The specific rotation of the first-eluted enantiomer was
[α]D

23 −23.82 (c 0.250, CHCl3), while the specific rotation of the
second-eluted enantiomer was [α]D

23 +24.52 (c 0.260, CHCl3). The
analytical reversed-phase chiral HPLC retention times were (method
B, λ = 254.16 nm): (−)-1, 21.09 min; (+)-1, 22.36 min.

In Vitro Enzyme Inhibition Studies. Inhibitory Activity against
the Cholinesterases. The inhibitory activity of the compounds was
determined using the method of Ellman.51 5,5′-Dithiobis (2-
nitrobenzoic acid) (Ellman’s reagent, DTNB), butyrylthiocholine
(BTC), and acetylthiocholine (ATC) iodides were purchased from
Sigma-Aldrich (Steinheim, Germany). The lyophilized powders of
murine (m)AChE and recombinant huBChE were dissolved in 10 mM
MES buffer (pH 6.5) to give an enzyme stock solution of 4 mg/mL.
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The enzyme solutions were prepared by dilution of the concentrated
stock in a phosphate-buffered solution (0.1 M, pH 8.0). The reactions
were carried out in a final volume of 300 μL of 0.1 M phosphate-
buffered solution, pH 8.0, containing 333 μM DTNB, 5 × 10−4 M
BTC/ATC, and 1 × 10−9 M or 5 × 10−11 M huBChE or mAChE,
respectively. The reactions were started by addition of the substrate at
room temperature. The final content of organic solvent (dimethyl
sulfoxide; DMSO) was always 1%. The formation of the yellow 5-thio-
2-nitrobenzoate anion as a result of the reaction of DTNB with the
thiocholines was monitored for 1 min as change in absorbance at 412
nm, using a 96-well microplate reader (Synergy H4, BioTek
Instruments, Inc., USA). To determine the blank value (b),
phosphate-buffered solution replaced the enzyme solution. The initial
velocity (v0) was calculated from the slope of the linear trend obtained,
with each measurement carried out in triplicate. For the first inhibitory
screening, stock solutions of the test compounds (1 mM) were
prepared in DMSO. The compounds were added to each well at a final
concentration of 10 μM. The reactions were started by the addition of
the substrate to the enzyme and inhibitor that had been preincubated
for 300 s to allow complete equilibration of the enzyme−inhibitor
complexes. All of the solutions were carefully monitored to detect
possible precipitation or agglomeration of the compounds. The initial
velocity in the presence of the test compound (vi) was calculated. The
inhibitory potency was expressed as the residual activity (RA = vi − b/
vo − b). For the IC50 measurements, eight different concentrations of
each compound were used to obtain enzyme activities of between 5%
and 90%. The IC50 values were obtained by plotting the residual
enzyme activities against the applied inhibitor concentrations, with the
experimental data fitted to the equation: Y = bottom + (top −
bottom)/(1 + 10(LogIC50 − X) × HillSlope)), where X is the logarithm of the
inhibitor concentration, and Y is the residual activity. For the fitting
procedure, the Gnuplot software and an in-house python script were
used.
HuBChE Inhibition Kinetic Studies. To determine the mode of

action of huBChE inhibition by (±)-1 and its pure enantiomers, we
followed the time-course of yellow color formation on a Biologic SFM-
2000 stopped flow apparatus at 25 °C. The two buffer solutions were
prepared as one that contained the substrate BTC, the reagent DTNB,
and the test compound 1 (either as a racemate or as each pure
enantiomer), and the other that contained the huBChE. The buffer
solutions were injected into a mixing chamber using syringes. The
resulting solution contained 45.3 μM BTC, 1 mM DTNB, 4.2 nM
huBChE, 50 nM test compound, and 0.007 M DMSO (i.e., 0.05%).
The absorbance was followed at 412 nm immediately and until the
change reached zero. The progress curves obtained were analyzed
simultaneously, with the ENZO application,76 which can derive and
numerically solve a system of differential equations, and fit their
coefficients. Several reaction mechanisms were tested. The simplest
one for the reproduction of the progress curves in the absence and
presence of (±)-1, (+)-1 and (−)-1 was chosen, and the
corresponding inhibition constants were determined. The results file
can be accessed by loading the ENZO project ID 140429302, selecting
the “Set Parameters” tab, and pressing “Start”.
Crystallization, Data Collection. and Processing. huBChE

from insect cells was concentrated to 6 mg/mL in 10 mM Tris, pH 7.4
and crystallized as previously described.33 Briefly, crystals were grown
at room-temperature using the hanging-drop vapor diffusion method.
The mother liquor solution was 0.2 M ammonium acetate and 14%
polyethylene glycol 3500. Crystals were soaked for 1 h in a solution of
the mother liquor complemented with compound (+)-1 at 100 μM
concentration. Prior to data collection, crystals were cryoprotected by
a short soak in a mother liquor solution complemented with 18%
glycerol before being flash-cooled directly in a N2 gas stream at 100 K.
Data were collected at beamline ID14-EH4 of the European
Synchrotron Radiation Facility (Grenoble, France) using a wavelength
of 0.873 Å. Data were indexed and integrated using XDS,77 and were
scaled and merged with XSCALE and XDSCONV (Supporting
Information, Table S2). The structure was solved by the molecular
replacement method using PHASER,78 using as a search model the
huBChE model (PDB code 1POM), from which all ligands and sugars

were removed. Reciprocal-space refinement was performed using
Phenix;79 briefly, initial rigid-body refinement and simulated annealing
were followed by cycles of energy minimization and grouped isotropic
temperature factor refinement. Local NCS restraints between the two
huBChE monomers in the asymmetric unit were applied during
refinement procedure, as well as the use of a reference model as a prior
structural knowledge.80 The model refinement was interspersed with
sessions of model rebuilding using the program Coot.81 The ligand
topology was generated with the PRODRG server.82 Coordinates and
structure factors have been deposited in the Protein Data Bank under
accession code 4TPK.

Inhibition of Amyloid β(1−42) Peptide Self-Induced Aggrega-
tion. To investigate the effect of the test compounds on the self-
aggregation of Aβ1−42, a thioflavin T-based fluorometric assay was
performed.83 Recombinant human 1,1,1,3,3,3-hexafluoro-2-propanol-
pretreated Aβ1−42 peptide (Merck Millipore, Darmstadt, Germany)
was disolved in DMSO as a 100 μM stock solution. Prior to the
incubations, the Aβ1−42 peptide stock solution was diluted in 150 mM
HEPES buffer (pH 7.4) containing 150 mM NaCl to give a
concentration of 10 μM. Then 20 μL of Aβ1−42 was mixed with 10
μL of the test compounds (100 μM stock in HEPES; 10 μM final
concentration), added to the corresponding wells in black-walled 96-
well plates, and immediately diluted with 70 μL of thioflavin T
solution (ThT) (14.3 μM stock solution in HEPES; 10 μM final
concentration) to the final volume of 100 μL (2 μM final Aβ1−42
concentration). Each sample was prepared in quadruplicate, and the
DMSO was always at 3%. Aggregation was initiated by placing the
sealed 96-well plate at 37 °C in a plate reader (Synergy H4). To
quantify amyloid fibril formation, the ThT fluorescence was measured
through the bottom of the plate every 90 s at an excitation wavelength
of 440 nm and emission wavelength of 490 nm, with the medium
continuously shaking between measurements. The ThT emission of
the Aβ1−42 began to rise after 1 h, reached a plateau after 8 h, and
remained almost unchanged for an additional 16 h of incubation. The
fluorescence intensities at the plateau in the absence and presence of
the test compounds were averaged, and the average fluorescence of the
corresponding wells at t = 0 h was subtracted. The eq (1 − Fi/F0) ×
100% was used to quantify the inhibition of Aβ1−42 self-induced
aggregation, where Fi is the increase in fluorescence of Aβ1−42 treated
with the test compounds and F0 is the increase in fluorescence of
Aβ1−42 alone.

Cell Culture and Treatments. Human neuroblastoma SH-SY5Y
cells were purchased from American Type Culture Collection (CRL-
2266, Manassas, VA, USA). The cells were grown in Dulbecco’s
Modified Eagle’s Medium (Sigma, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM L-
glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin (Sigma,
St. Louis, MO, USA) in a humidified atmosphere of 95% air and 5%
CO2 at 37 °C and grown to 80% confluence. Prior to cell treatment,
the complete medium was replaced with reduced-serum medium (2%
fetal bovine serum). The compounds were prepared as stock solutions
of 10 mM in DMSO and were used at concentrations of 0.1−100 μM.
For the cytotoxic stimuli, Aβ1−42 was dissolved in DMSO as a 5 mM
stock solution, and 6 h before the cell treatment, Aβ1−42 was incubated
at a final concentration of 5 μM in reduced-serum medium in the
absence and presence of the test compounds (0.1−10 μM) at 37 °C,
to induce Aβ1−42 aggregation.

Cell Viability Assay. The SH-SY5Y cells were seeded in 96-well
plates (2 × 104/well) and assessed using the MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt) assay for their response to the test
compound treatments or to preaggregated Aβ1−42 in the presence of
the test compounds. The cells were treated as described above, and the
cell viabilities were assessed after 48 h, using the CellTiter 96 Aqueous
one solution cell proliferation assay (Promega, Madison, WI, USA),
according to the manufacturer instructions. The absorbance was
measured using an automatic microplate reader (Tecan Safire2,
Switzerland) at a wavelength of 492 nm. The data are presented as
percentages of the control (0.1% DMSO).
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Lactate Dehydrogenase Assay. Cell toxicity was measured by
determining the activity of the lactate dehydrogenase (LDH) released
into the medium when the cell membranes were damaged. The SH-
SY5Y cells were seeded into 24-well culture plates (1 × 105/well).
After the cells were treated with Aβ1−42 in the absence and presence of
the test compounds for 48 h, the supernatants and cell lysates were
collected and the amount of LDH released was determined following
the specifications of the CytoTox-ONE homogeneous membrane
integrity assay (Promega, Madison, WI, USA). Fluorescence was
measured using an automatic microplate reader (Tecan Safire2) at an
excitation wavelength of 560 nm and an emission wavelength of 590
nm. The LDH release is expressed as the percentages of the total LDH
activity, as normalized to the LDH release of the control (0.1%
DMSO).
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