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Abstract

Butyrylcholinesterase (BChE) is a nonspecific cholinesterase enzyme that hydrolyzes choline-based esters. BChE plays a
critical role in maintaining normal cholinergic function like acetylcholinesterase (AChE) through hydrolyzing acetylcholine
(ACh). Selective BChE inhibition has been regarded as a viable therapeutic approach in Alzheimer’s disease. As of now,
a limited number of selective BChE inhibitors are available. To identify BChE inhibitors rapidly and efficiently, we have
screened 8998 compounds from several annotated libraries against an enzyme-based BChE inhibition assay in a quantitative
high-throughput screening (QHTS) format. From the primary screening, we identified a group of 125 compounds that were
further confirmed to inhibit BChE activity, including previously reported BChE inhibitors (e.g., bambuterol and rivastigmine)
and potential novel BChE inhibitors (e.g., pancuronium bromide and NNC 756), representing diverse structural classes.
These BChE inhibitors were also tested for their selectivity by comparing their IC values in BChE and AChE inhibition
assays. The binding modes of these compounds were further studied using molecular docking analyses to identify the
differences between the interactions of these BChE inhibitors within the active sites of AChE and BChE. Our qHTS
approach allowed us to establish a robust and reliable process to screen large compound collections for potential BChE
inhibitors.
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Introduction inhibition reduced B-amyloid peptide levels in mice brain
and human neuroblastoma cells without decreasing cell
viability. Furthermore, selective BChE inhibition aug-
mented maze performance in aged rats and long-term
potentiation in rat brains.” BChE was also reported to atten-
uate formation of amyloid fibril in vitro.'” Moreover, high
BChE levels were found to be associated with neuropatho-
logic hallmarks of AD such as neuritic plaques and neurofi-

brillary tangles.!! Therefore, the discovery of highly potent

Butyrylcholinesterase (BChE; EC 3.1.1.8) hydrolyzes acetyl-
choline (ACh) and shares 54% of its amino acid sequence
with acetylcholinesterase (AChE; EC 3.1.1.7).! Serum BChE
can detoxify xenobiotics (e.g., organophosphates, carbamate
pesticides, cocaine), activate drugs such as bambuterol and
heroin,? and hydrolyze a peptide hormone (ghrelin) involved
in hunger, feeding, and stress, as demonstrated in mice.®
Currently, several cholinesterase inhibitors including donepe-
zil, galantamine, and physostigmine have been used for treat-
ing neurodegenerative disorders.” However, few highly
selective and potent BChE inhibitors have been reported.
Under physiological conditions, AChE plays a more

'Division for Pre-Clinical Innovation, National Center for Advancing
Translational Sciences, National Institutes of Health, Rockville, MD, USA

*These authors contributed equally.

dominant role than BChE in cholinergic neurotransmission
by regulating ACh levels. However, in patients with
advanced Alzheimer’s disease (AD), AChE levels decline
to 55%—67%, while BChE increases to 120% of normal lev-
els.® Although BChE is largely of glial origin and AChE is
largely of neuronal origin, BChE has been shown to com-
pensate for the deficit in AChE by hydrolyzing ACh in the
presence of a cholinesterase inhibitor. Selective BChE
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and selective BChE inhibitors warrants drug development
for the potential to treat AD.

Some selective BChE inhibitors, selective AChE inhibi-
tors, or dual AChE and BChE inhibitors have been reported
previously.'? For example, bambuterol is a well-known selec-
tive BChE inhibitor that can distinguish BChE from AChE. "3
Using hierarchical virtual screening and biochemical assays,
a piperidin-3-ylmethanamine-based selective BChE inhibitor
was identified, showing reversible binding inhibition with a
potent low nanomolar IC,,.'* Another study utilized this
compound as the starting point and synthesized a series of
potent and selective BChE inhibitors.!® Testosterone and 10
of its metabolites were identified as selective inhibitors of
BChE.!' Some BChE inhibitors, such as metoclopramide,
ranitidine, and tiapride, have been shown to have a protective
role against inhibition by potent organophosphorus com-
pounds.'”'® Selective BChE inhibitors have the advantage of
preserving long-term stable cognition and behavior in
patients with advanced AD."” However, none of the current
selective BChE inhibitors have been approved for treating
AD, so there is a great need to discover more selective BChE
inhibitors for potential clinical use.

To identify compounds that inhibit BChE activity, we used
an enzyme-based BChE inhibition assay in a quantitative
high-throughput screening (qHTS) format to screen 8998
compounds from the following compound libraries: Library
of Pharmacologically Active Compounds (LOPAC), National
Center for Advancing Translational Sciences (NCATS)
Pharmacologically Active Chemical Toolbox (NPACT), and
NCATS Pharmaceutical Collection (NPC).’ Based on the
potency and efficacy of compounds from the primary screen-
ing, we identified and selected 125 BChE inhibitors to further
study their inhibitory effectiveness on BChE compared with
AChE. These BChE inhibitors represent several structural
classes. In addition, molecular docking analysis was used to
study the binding mode of the most potent BChE inhibitors.
Identification of BChE inhibitors from structurally diverse
chemical libraries provides an efficient way to prioritize com-
pounds for pharmacological applications.

Methods

Reagents and Compound Libraries

Amplite Colorimetric BChE and AChE assay kits were pur-
chased from AAT Bioquest, Inc. (Sunnyvale, CA).
Ethopropazine, physostigmine, BW284c51, and DMSO
were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Chlorpyrifos-oxon was purchased from Chem Service, Inc.
(West Chester, PA). Purified recombinant human BChE
protein was from R&D Systems, Inc. (Minneapolis, MN).
Purified recombinant AChE protein was from Sigma-
Aldrich Co. LOPAC 1280 was purchased from Sigma-
Aldrich Co. The NPC library contains 2816 compounds that
are approved or investigational drugs.?’ The NPACT library

contains 4902 structurally diverse compounds with known
target or mechanism annotations.

BChE Inhibition Assays

Recombinant human BChE (50 mU/mL, 6.54 nM for colo-
rimetric readout; 10 mU/mL, 1.31 nM for fluorescence
readout) in 50 mM phosphate-buffered saline (PBS) at pH
7.4 was dispensed (4 pL/well) into black clear-bottom
1536-well plates (Greiner Bio-One North America, Monroe,
NC). BChE in the presence of 0.05% Triton was used in a
parallel colorimetric assay to rule out compound aggrega-
tion. Ethopropazine and physostigmine, known BChE
inhibitors, were used as positive controls. Controls and test
compounds (at eight different final concentrations from
0.37 nM to 28.75 uM) were transferred into the assay plates
(23 nL/well) using a Wako Pintool station (Wako
Automation, San Diego, CA). After a 30 min incubation
period at room temperature, 4 pL. of colorimetric detection
cocktail solution (DTNB, butyrylcholine) or 4 pL of fluoro-
metric detection cocktail solution (Thiolite Green, butyryl-
choline) was added to each well using a BioRaptr Flying
Reagent Dispenser (FRD) (Beckman Coulter, Brea, CA).
The final DMSO concentration in the assay well was 0.29%.
Assay plates were incubated at room temperature for
another 10 min before measuring absorbance readout (405
nm) or measuring fluorescence readout (excitation = 480,
emission =540) using an Envision plate reader (PerkinElmer,
Shelton, CT).

AChE Inhibition Assay

The AChE inhibition assay was described in our previous
study.?' Briefly, recombinant human AChE (50 mU/mL)
was dispensed (4 uL/well) into black clear-bottom 1536-
well plates. Chlorpyrifos-oxon and BW284C51, known
nonselective and selective AChE inhibitors, respectively,
were used as positive controls. Twenty-three nanoliters of
test compounds with concentrations ranging from 0.37
nM to 28.75 uM and controls were transferred into the
assay plates using a Wako Pintool. After a 30 min incuba-
tion period at room temperature, 4 uL of colorimetric
detection cocktail solution (DTNB, acetylthiocholine)
was added to each well using a BioRaptr FRD (Beckman
Coulter). The final DMSO concentration in the assay well
was 0.29%. Assay plates were incubated at room temper-
ature for another 10 min, followed by measuring the
absorbance readout (405 nm) using an Envision plate
reader (PerkinElmer).

Chemical Structure Data and Clustering

Chemical structures were converted to ToxPrint chemotype
fingerprints, which were composed of 729 defined chemical
features encoded by the XML-based Chemical Subgraphs
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and Reactions Markup Language (CSRML). These features
were generated within the publicly available ChemoTyper
application (https://chemotyper.org/) using the latest
ToxPrint feature set (V2.0 r711; https://toxprint.org/)
developed by Altamira (Columbus, OH) and Molecular
Networks (Erlangen, Germany) under contract from the
U.S. Food and Drug Administration (FDA).?? The structure
for each compound was represented as a bit vector where
the presence or absence of the feature was recorded in a
binary system as a 1 or 0, respectively.?? Hierarchical clus-
tering was performed using Euclidean distance as the simi-
larity metric and the complete linkage method based on
ToxPrint fingerprints. Graphing was performed in R soft-
ware version 3.6.3 with the “ggplot2” package.

Molecular Docking

The structures of BChE and AChE were retrieved from the
Protein Data Bank (PDB), and molecular structures of the
inhibitors were downloaded from PubChem in sdf format.
The current docking study used the published crystal struc-
tures of human cholinesterase in complex with inhibitors,
including BChE-tacrine (PDB ID: 4BDS) and AChE-
huprine W (PDB ID: 4BDT).? First, the ligands and proteins
were prepared using AutoDock Tools, where heteroatoms
from the protein are removed and polar hydrogen atoms and
Kollman charges are added and saved in pdbqt format. The
AutoDock Tools were used to create a grid box (size x =
40; size y = 40; size_z = 40) to incorporate the entire active
site for each protein structure of BChE (with coordinates of
center x = 136.26; center y = 115.98; center z = 42.30)
and AChE (with coordinates of center x = —1.18; center y
= —36.63; center_z = —51.58). The potent compounds (IC;,
< 1.0 uM) from the experimental confirmation were further
selected for docking analysis. The molecular docking was
performed by Autodock Vina, an open-source docking pro-
gram.?* The protein-ligand docked complexes were visual-
ized using the PyMOL tool.

QHTS Data Analysis

Compound concentration—response data analysis was per-
formed as previously described.?>?® First, raw plate reads
for each titration point were normalized relative to the posi-
tive control compound (ethopropazine for the assay;
—100%) and DMSO-only wells (0%) as follows: % Activity
= (Vcompound-Vp,,s0)/(Vpuso-VPos) X 100, where
Vcompound represents the compound well values, Vpos
represents the positive control well median values, and
Vuso represents the DMSO-only well median values. An
in-house pattern correction algorithm was applied in data
set correction using the DMSO-only compound plates at the
beginning and end of the compound plate stack.”’ Fitting
the concentration—response curves of each compound to a
four-parameter Hill equation provided the half maximum

inhibition values (IC;,) and maximum response values
(efficacy) for each compound.’® Compounds received a
curve class designation (classes 1-4) according to the type
of concentration—response curve observed.”® In the present
study, antagonists were defined as compounds that inhibited
BChE activity. Compounds exhibiting class —1.1, —1.2,
2.1, or —2.2 (efficacy < —50%) curves were considered
active. Compounds exhibiting class 4 curves were consid-
ered inactive, and compounds with all other curve classes
were defined as inconclusive. Only compounds that passed
the chemical quality control test for identity (confirmed by
molecular weight) and purity (>75%) were selected for
confirmation and follow-up studies. Further data analysis
was performed (e.g., ¢ test) and depicted using GraphPad
Prism 8 (GraphPad Software, Inc., La Jolla, CA).

Results

Screening Performance for BChE
Inhibition Assay

Enzyme-based, human BChE inhibition assay with colori-
metric readout was first optimized by testing various
enzyme concentrations ranging from 0.98 to 1000 mU/mL
and different reaction time points from 6 to 30 min (Suppl.
Fig. S1A). The 50 mU/mL BChE concentration was selected
based on the linear portion of the curve with a good signal-
to-background (S/B) window (Suppl. Fig. S1B). After opti-
mization, this BChE inhibition assay was used to screen
LOPAC, NPACT, and NPC libraries for potential BChE
inhibitors. Ethopropazine hydrochloride, a selective BChE
inhibitor, and physostigmine, a dual BChE and AChE
inhibitor, were used as positive controls in the screening.
Both ethopropazine hydrochloride and physostigmine
inhibited BChE activity in a concentration-dependent man-
ner with IC,, values of 1.70 * 0.53 uM and 34.4 + 14.7
nM, respectively. Screening performance parameters were
determined in an enzyme-based screening assay with an
S/B ratio of 5.89 = 1.81, coefficient of variation (CV) of
5.75 £ 3.05, and Z factor (Z') of 0.76 = 0.15. The mini-
mum significant ratio (MSRs) were also calculated based
on the 4ssay Guidance Manual,?® which were 2.7 and 3.3
for ethopropazine hydrochloride and physostigmine,
respectively. Overall, these values demonstrate good assay
performance.

Identification of Drug-Like Molecules
That Inhibit BChE

From primary screening against three libraries (LOPAC,
NPC, NPACT) containing 8998 small-molecule com-
pounds, including many drugs and natural products, 315
(3.5%) compounds were identified to inhibit BChE activity
with IC, values less than 10 pM and efficacy more than
50%. One hundred twenty-eight compounds were selected
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Figure |. Hierarchical clustering results of the 125 follow-up compounds. The clustering was performed using Euclidean distance
with the complete linkage method based on ToxPrint fingerprints generated within the publicly available ChemoTyper application.

for further follow-up studies based on efficacy (>50%) and
IC,, (=5 puM). Of the 128 compounds, 125 compounds
were confirmed to be active, yielding a 98% confirmation
rate. The top 20 potent compounds with IC;, values less
than 1 uM are listed in Table 1. Many known BChE inhibi-
tors, including bambuterol hydrochloride, tacrine, PE154,
ethyl 4-nitrophenyl ethylphosphonate, and physostigmine,
were also identified as BChE inhibitors from the current
study. A group of potential novel BChE inhibitors, such as
diethylumbelliferyl phosphate, fenoverine, LX-7101, and
NDT 9513727, were identified as well, with 1C;; values of
0.01 puM, 0.09 uM, 0.22 uM, and 0.21 pM, respectively
(Table 1).

To further confirm these compounds for their BChE
inhibition, we used an orthogonal BChE inhibition assay
with a fluorescent readout to test these 125 BChE inhibitors
and found a 97.6% (122/125) confirmation rate for BChE
inhibitors between the fluorescence readout assay and

colorimetric ~ readout assay. Three = compounds,
ACon1002016, LUF6000, and WIN 51708 hydrate, did not
show inhibition against BChE in the fluorescent assay
(Suppl. Table S1).

To rule out compound aggregation issues, we tested
these 125 BChE inhibitors in the assay buffer containing
0.05% Triton-100 and found a 93% concordance rate

with the initial assay without Triton addition (Suppl.
Table S1).

Structure—Activity Relationship Analysis
of Compounds That Inhibit BChE

The 125 potential BChE inhibitors were grouped into 40
clusters of different sizes (ranging from one to nine com-
pounds) based on their structural similarity (Fig. 1). Of the
40 clusters, the largest cluster contains nine compounds
(bufetolol, DC 05, VK-II-86, carvedilol metabolite
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Table I. Top 20 Potent BChE Inhibitors.

ACAhE, IC,;, in uM (% Efficacy)

BChE, IC,, in uM (% Efficacy)

Compound Name CAS No.
9-Aminoacridine monohydrochloride 52417-22-8
monohydrate®
Alverine citrate 5560-59-8
Bentamapimod 848344-36-5
Bambuterol hydrochloride® 81732-46-9
BTZO | 99420-15-2
Carvedilol metabolite 4-hydroxyphenyl 142227-49-4
carvedilol

Diethylumbelliferyl phosphate® 897-83-6
Eluxadoline 864821-90-9
Ethyl 4-nitrophenyl ethylphosphonate® 546-71-4
Fenoverine 37561-27-6
Haloxon® 321-55-1
LX-7101 1192189-69-7
NDT 9513727 439571-48-9
Neostigmine bromide® 114-80-7
NNC 756 131796-63-9
Orlistat 96829-58-2
PEI54* 1192750-33-6
Physostigmine? 57-47-6
Tacrine hydrochloride? 321-64-2
Turofexorate isopropyl 629664-81-9

143 +0.18 (-95.4 + 9.6)

Inactive
Inactive
Inactive
Inactive
Inactive

0.42 = 0.03 (-98.6 * 5.66)
Inactive

0.06 = 0.03 (-94.6 = 4.39)
Inactive

0.32 = 0.02 (101 = 4.43)

771 = 149 (-92.4 = 7.28)
Inactive

0.12 = 0.03 (-94.6 £ 12.9)
Inactive

1.0l = 0.07 (-80.5 = 29.9)

0.02 = 0.01 (-89.6 £ 0.63)

0.18 = 0.05 (—102.6 * 4.47)

1.6 = 0.11 (-97.5 = 4.75)

Inactive

0.16 = 0.05 (101 = 4.43)

0.38 = 0.09 (-95 = 0.93)
0.33 + 0.02 (-98.8 = 2.41)
0.03 = 0.01 (-91.4 = 1.91)
0.49 + 0.25 (-94.6 = 2.01)
0.97 = 0.11 (~100 = 2.04)

0.01 = 0.01 (-89.0 + 1.08)
0.34 = 0.04 (—100 = 4.44)
0.08 = 0.03 (-95.1 = 4.28)
0.09 = 0.01 (-97.3 * 2.29)
0.03 = 0.01 (-91.2 = 2.06)
022 * 0 (-96.6 = 6.87)
021 = 0.01 (-101 = 2.16)
0.9 = 0.11 (-102 + 4.4)
0.84 = 0.11 (-98.2 * 631)
0.12 = 0.03 (-92.9 * 11.5)
0.39 = 0.04 (-99.3 + 5.35)
0.09 = 0.01 (-98.4 + 4.12)
0.09 = 0.01 (-93.4 = 12.1)
0.29 = 0.07 (-98.5 * 8.66)

*These compounds are known BChE inhibitors. Each value of potency (IC, in

mean * SD of the results from three experiments.

4-hydroxyphenyl carvedilol, SDZ 21009, bucindolol, bam-
buterol hydrochloride, nylidrin, and isoxsuprine hydrochlo-
ride) (Suppl. Table S1). Three of the compounds in this
cluster are among the top 20 most potent inhibitors, includ-
ing carvedilol metabolite 4-hydroxyphenyl carvedilol and
bambuterol hydrochloride (Table 1). The second largest
cluster contains the following six compounds: tacrine
hydrochloride, hydroxytacrine maleate, 9-aminoacridine
monohydrochloride monohydrate, amsacrine hydrochlo-
ride, ipidacrine hydrochloride hydrate, and LUF6000, most
of which are known potent BChE inhibitors. Two clusters
with five compounds each—zolantidine dimaleate, stemRe-
genin 1, MRT-67307, TMC353121, and bentamapimod in
one cluster, and nafronyl oxalate, naftifine hydrochloride,
difeterol, dapoxetine, and NDT 9513727 in the other—are
potential novel inhibitors. Furthermore, seven clusters were
singletons containing one compound each: neostigmine
bromide, phoxim, dicyclopentame thylenethiuram disul-
fide, ethyl 4-nitrophenyl ethylphosphonate, cibenzoline
succinate, eluxadoline, and CCT 031374 hydrobromide
(Fig. 1 and Suppl. Table S1).

Comparison of Compound Potency in
BChE and AChE Inhibition

To investigate the target selectivity of the BChE inhibitor
identified from the current study, an AChE inhibition assay

uM) and efficacy (% of positive control, expressed in parentheses) is the

was used to evaluate the compounds. Of the 125 compounds
tested, 100 only inhibited BChE and were inactive against
AChE, while the remaining 25 compounds exhibited inhibi-
tory activity toward both BChE and AChE. Bambuterol
hydrochloride, a known BChE inhibitor, was confirmed in
the current study (Fig. 2A). Many other compounds, such
as tacrine, haloxon, physostigmine, PE154, and neostig-
mine, were known dual BChE and AChE inhibitors (Table
1). The IC,, (BChE/AChE) ratios were 17 and 2 for tacrine
and physostigmine, respectively (Fig. 2B,C). We also identi-
fied several potential novel dual BChE and AChE inhibitors,
such as orlistat, zolantidine, and roxindole (Table 1).
Diethylumbelliferyl phosphate exhibited higher potency in
BChE inhibition (Fig. 2D) with an IC,, (BChE/AChE) ratio of
42. Moreover, several potential novel BChE inhibitors did not
show AChE inhibition at the highest test concentration, includ-
ing bentamapimod (Fig. 2E), fenoverine (Fig. 2F), turofexo-
rate isopropyl (Fig. 2G), and NDT 9513727 (Fig. 2H).

Molecular Docking

To gain insights on the specific binding of inhibitors with
BChE or AChE, molecular docking analysis was performed
with 20 selected active compounds (IC,, < 1.0 pM), and all
of which yielded binding affinities less than —6.4 kcal/mol
and are given in Supplemental Table S2. The well-defined
binding sites have been indicated in the published crystal
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Figure 2. Concentration—response curves of representative compounds in BChE and AChE assays. (A) Bambuterol hydrochloride,
(B) tacrine hydrochloride, (C) physostigmine, (D) diethylumbelliferyl phosphate, (E) bentamapimod, (F) fenoverine, (G) turofexorate
isopropyl, and (H) NDT 9513727. Each value represents the mean = SD of three independent experiments.

structures of both BChE and AChE and were reported to
conserve key interactions, namely, Pi-Pi with Trp82/Trp86
and hydrogen bonding with His438/His447 in BChE/AChE,
respectively.? In addition to the conserved residues in both
proteins, some other common interactions were reported,
including Asp70/Asp74, Ser198/Ser203, Ala328/Tyr337,
Trp430/Trp439, Met434/Met443, and Met437/Pro446 of
BChE/ACHhE, respectively. All these conserved and com-
mon amino acids were considered key residues for the
active sites of our docking study. All the compounds inter-
acted with at least one of the key residues present in the

active site of BChE (Suppl. Fig. S2A). For example, benta-
mapimod and turofexorate isopropyl interacted with key
residues, including Ser198 and His438 present in the active
site of BChE (Fig. 3A,B). In the AChE docking analysis,
bentamapimod and turofexorate isopropyl interacted with
Tyr124 and Tyr72, respectively, which are not the key resi-
dues of the AChE active site (Fig. 3C,D). For AChE, 10
compounds docked within the active site of the protein and
interacted with at least one or more key residues, whereas
the remaining 10 showed no interaction with key residues
present in the active site (Suppl. Fig. S2B). These
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Figure 3. Molecular docking analyses for selected BChE inhibitors. Both (A) bentamapimod and (B) turofexorate isopropyl
interacted with key residues in the BChE active site, but (C) bentamapimod and (D) turofexorate isopropyl did not bind to key
residues in the AChE active site. The magenta dotted lines are the H-bond interactions with the amino acid residues (cyan lines
with colored atoms) of the protein (gray cartoon), and the inhibitors shown as green sticks with colored atoms. The structures of
protein—ligand docked complexes were analyzed using the PyMOL visualization tool.

compounds showed no interactions with the key residues
present in the active site including bentamapimod, eluxado-
line, ethyl 4-nitrophenyl ethylphosphonate, fenoverine, hal-
oxon, LX-7101, NDT 9513727, NNC 756, PE154, and
turofexorate isopropyl. Among these 10 compounds, only
3, including ethyl 4-nitrophenyl ethylphosphonate, hal-
oxon, and PE154, were shown to be active in the experi-
mental confirmation against both BChE and AChE (Suppl.
Table S2). The molecular docking analysis also revealed
that the remaining seven inhibitors that were inactive or less
potent against AChE did not interact with any of the key
residues, nor the residues associated with a group of aro-
matic amino acids specific to AChE, which include Trp236,
Phe295, Tyr337, Phe338, and Trp439 (Suppl. Fig. S2B).

Discussion

In this study, we performed a qHTS BChE inhibition assay
using recombinant human BChE to screen a large set of
known drugs and bioactive compounds for potential BChE
inhibitors. The identified BChE inhibitors were structurally
diverse, spanning several different chemotypes. In addition,
an enzyme-based assay using recombinant human AChE
was used to study the selectivity of the compounds that dem-
onstrated BChE inhibitory activity. The binding mode and
selectivity of these potential inhibitors were further exam-
ined through molecular docking. This high-throughput
screening approach combined with molecular docking

analyses provided an efficient way to identify potential
novel BChE inhibitors from large chemical libraries.

Many BChE inhibitors have been identified from the pri-
mary screening. Among the 125 confirmed BChE inhibitors
from the current study, 23 compounds demonstrated highly
potent BChE inhibition with IC,, values <1 pM. These
compounds included known dual BChE and AChE inhibi-
tors that have been approved for treating AD, such as done-
pezil and rivastigmine.'? In our study, we also identified a
group of potentially novel selective BChE inhibitors, which
are drugs used clinically for various indications. For exam-
ple, fenoverine, an antispasmodic drug for smooth muscle
relaxation,® was identified as a potent selective BChE
inhibitor. Alverine citrate, a drug used for functional gastro-
intestinal disorders,’! was shown to selectively inhibit
BChE. Bentamapimod, a c-Jun NH2-terminal kinase inhibi-
tor and a potential anticancer stem cell drug,3?3* was also
identified to be a novel selective BChE inhibitor. NDT
9513727, a human C5a receptor inverse agonist,** showed
selective BChE inhibition. Therefore, screening known
drug and bioactive compound libraries for novel BChE
inhibitors may be valuable for repurposing existing drugs
for potential treatment of AD, entailing further evaluation in
more physiologically relevant conditions and potential drug
combination studies.*

The 125 confirmed BChE inhibitors were grouped into
several structural clusters with different chemotypes. One
cluster contains acridine derivatives, such as tacrine
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hydrochloride, hydroxytacrine maleate, and 9-aminoacri-
dine monohydrochloride monohydrate, which have been
shown to be effective inhibitors of BChE and AChE in the
pharmacotherapy of AD.** Bambuterol hydrochloride, a
known selective BChE inhibitor,'? is a carbamate ester.
Most carbamates are inhibitors of BChE and AChE.?’ The
other six chemicals clustered with bambuterol hydrochlo-
ride include bufetolol, DC 05, VK-II-86, carvedilol
metabolite 4-hydroxyphenyl carvedilol, SDZ 21009,
bucindolol, nylidrin, and isoxsuprine hydrochloride. A
group of purine derivatives including zolantidine dimale-
ate, stemRegenin 1, MRT-67307, TMC353121, and benta-
mapimod were identified as novel BChE inhibitory
compounds. Purine derivatives are reported to be potent
inhibitors of cholinesterases.’® In addition, a novel cluster
containing nafronyl oxalate, naftifine hydrochloride,
difeterol, dapoxetine, and NDT 9513727 was shown to
inhibit BChE.

Many BChE inhibitors identified from the current study
are also known AChE inhibitors. Among these 125 con-
firmed BChE inhibitors, 100 compounds were selective
BChE inhibitors and 25 compounds were dual AChE and
BChE inhibitors. Some compounds, such as donepezil, riv-
astigmine, and tacrine, were known nonselective cholines-
terase inhibitors,'> which our current study confirmed.
Other dual inhibitors, such as ethyl 4-nitrophenyl eth-
ylphosphonate, haloxon, and neostigmine bromide, were
also confirmed. We also identified several novel nonselec-
tive cholinesterase inhibitors such as LX-7101 and orlistat.
LX-7101 is a dual LIM-kinase and ROCK inhibitor that can
be used for treating ocular hypertension and associated
glaucoma.’® Orlistat is a natural inhibitor of pancreatic
lipases used for obesity treatment.*’

Molecular docking is a useful tool for exploring molecu-
lar interactions between proteins and ligands. To identify
the differences between the interactions of the BChE inhibi-
tors with the key residues present in the active sites of BChE
and AChE, molecular docking analysis was performed with
selected potent compounds. All the compounds docked well
within the binding pocket of BChE. For AChE, some com-
pounds, such as bentamapimod and turofexorate isopropyl,
showed no interactions with the key residues that are pres-
ent in the active site (Fig. 3). The docking results were con-
sistent with our experimental data, so it can be hypothesized
that these two compounds were selective for BChE. In com-
parison to AChE, BChE has a broader variety of small mol-
ecules that interact with the enzyme.*' This can be explained
by the acyl-binding pocket difference between the two
enzymes, which accommodates the acyl moiety. AChE con-
tains two bulky amino acids (Phe), which are replaced with
two smaller amino acids (Val and Leu) in BChE, resulting
in a larger and more accessible active site. This enzyme
structural difference enables BChE to accommodate chemi-
cally diverse molecules.***

In summary, we utilized a qHTS BChE inhibition assay
to screen nearly 9000 bioactive compounds and natural
products for their ability to inhibit BChE. Many identified
selective BChE inhibitors are clinically used drugs with
pharmaceutical applications. Several potentially novel
BChE inhibitors identified from the current study may have
repurposing value to treat neurological diseases such as AD.
These potentially novel BChE inhibitors would require fur-
ther testing with in vivo models to gain an enhanced under-
standing of their pharmacokinetic properties in a biological
setting. For example, these novel BChE inhibitors can be
further tested for the cognitive performance of elderly rats
in a 14-unit T-maze paradigm.’ Moreover, anticholinergic
activity and B-amyloid peptide levels can also be evaluated
using animals to explore the roles of these BChE inhibitors
in treating AD. The use of the qHTS BChE inhibition assay
in combination with molecular docking allowed us to iden-
tify and evaluate compounds for their inhibitory effects on
BChE. The large data set generated from this study provides
valuable training data for developing computational models
that can be used to predict novel BChE inhibitors.
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