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Abstract

Cholinesterase inhibitors have long been used in the treatment of Alzheimer’s Disease (AD) via
the protection of acetylcholine levels. However, recent research has shown that the specific
inhibition of butyrylcholinesterase (BChE) could better ameliorate symptoms within patients. In
addition, it has recently been shown that selective inhibition of BChE can also significantly
attenuate the toxicity and physiological effects of heroin. Currently, there are no specific and
potent inhibitors of BChE approved for use in AD or heroin abuse. Through a combined use of /n
silicoand in vitro screening, we have found three compounds with sub-50 nM 1Cs values that
specifically target BChE. These newly discovered BChE inhibitors can act as the lead scaffolds for
future development of the desirably potent and selective BChE inhibitors.

Graphical Abstract

Three potent and selective butyrylcholinesterase inhibitors were discovered through a combination
of /n silico and in vitro screening of the NCI/DTP Open Chemicals Repository.
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Alzheimer’s Disease (AD) continues to be a pivotal public health issue.! In one year,
roughly one million people will be diagnosed with AD, nearly one per minute.! During the
progression of AD, cholinesterase activity increases reducing the amount of acetylcholine
within the brain.? The disruption of this cholinergic signaling has profound effects, as this
signaling plays an important role in both learning and long-term memory.3: 4 With this
pathology, cholinesterase inhibitors have played a vital role in the treatment of Alzheimer’s
through the protection of acetylcholine levels.2 ® These inhibitors provide a relief in
symptoms through the reestablishment of cholinesterase levels, thus prolonging the time
needed for those afflicted to receive more serious care (i.e. nursing home care).> 6
Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are the cholinesterases
primary affected through AD.” Both proteins are serine esterases with an ability to
metabolize acetylcholine.” While these two proteins share a similar functionality in the
pathology of this disease, it does not make them equal as targets for therapeutics against AD.
During the progression of AD, AChE activity levels decline by up to 85%, and the ratio of
BChE/AChE can dramatically change from 1:5 to 11:1.7 8 This reversal in activity between
the two proteins implies that selective BChE inhibition is a more prudent strategy for raising
acetylcholine levels within the brain, as non-specific binding with AChE could sequester
drug away from our intended target, for little gain on ameliorating the decreased
acetylcholine levels. Additionally, while the AChE in the brain may have lost activity, the
enzyme is still present, and is associated with the forming amyloid-beta plaques found

within AD affected patients, which could potentially exacerbate the drug sequestering issue.
9

While BChE specific inhibition appears to be a potential benefit to AD treatment, physicians
are currently not able to take advantage of this difference due to the availability of BChE
specific pharmaceuticals. There have been four cholinesterase inhibitors approved by the
FDA for treatment of AD: Rivastigmine, Galantamine, Tacrine, and Donepezil.1% Out of
these four compounds, none of them display BChE selectivity. All four compounds show
either mixed inhibition of the two cholinesterases (i.e. Rivastigmine, Galantamine, and
Tacrine) or AChE specificity (i.e. Donepezil).® Additionally, Tacrine production was
discontinued in 2013 due to hepatotoxicity, limiting the choices possible for treating AD.
11-13 Considering the possible benefits of BChE inhibition within AD, significant effort has

been undergone to find highly specific inhibitors that retain high potency against BChE.
9,14-18

Along with positive results concerning AD, BChE inhibitors have also been recently shown
to have protective properties against the toxicity and physiological effects of heroin.1® Due
to heroin’s reliance on BChE for metabolism to its active and toxic state, 6-
monoacetylmorphine (6-MAM), potent inhibition of this protein has been shown to protect
even against LD1qq doses of heroin in mice.19-22 This study was primarily done through the
use of ethopropazine, a selective BChE inhibitor approved for use within Parkinson’s
patients.23 However it is currently not marketed in the United States, due to manufacturer
discontinuation.24 25 Additionally, ethopropazine is a weak inhibitor of BChE with an ICsg
of 210 nM.26 Despite its discontinuation, this BChE-specific inhibitor was chosen
deliberately for this study, as any AChE inhibition could remove a pathway of removing the

Bioorg Med Chem Lett. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al.

Page 3

exceptionally toxic 6-MAM.20 These two indications make BChE an especially intriguing
target, considering the impact of both AD and heroin abuse within the United States.2’

To identify novel inhibitors for BChE, we have employed and improved upon several
structural design methods previously employed to find BChE inhibitors.14 These methods
would allow us to rank out compounds that were unlikely to be specific BChE inhibitors.
This was accomplished by determining the binding pose of tacrine, a previously approved
inhibitor and determining potential additions that would increase selectivity for BChE. 14 28
While tacrine is potent against BChE, it has no selectivity for the protein. This unselective
binding with either protein primarily comes from its smaller size and flatter shape allowing
it to fit even within the larger substituted aromatic residues seen within AChE (Fig. 1B). By
modifying tacrine’s structure, we can take advantages of these differences in the two
protein’s binding sites to introduce a steric clash within AChE, while potentially increasing
the binding affinity with BChE through the addition of another hydrophaobic interaction. To
accomplish this, we employed the AutoDock Vina software to generate several binding
poses of tacrine within the BChE crystal structure (RCSB:4BDS).28 29 One of the generated
binding modes displayed relative proximity to a hydrophobic pocket within BChE, that was
not present in the AChE crystal structure due to a substituted tyrosine: AChE:Y337 (Fig. 1B)
(RCSB: 4EY5).309 We utilized this difference through the introduction of two large
hydrophaobic features in the form of an additional chlorophenyl group, located on the
cyclohexyl moiety of tacrine. The binding pose of this modified tacrine revealed a very
similar pose to that of tacrine, however, the additional hydrophobic/aromatic addition had
increased the predicted binding energy from —8.1 kcal/mol to —9.6 kcal/mol. Overlaying
AChE reveals several clashes with the previously mentioned aromatic residues, specifically
AChE:F297 and AChE: Y337 (Fig. 1D).

Once we had validation that our new pharmacophore would filter for structures that would
be more selective for BChE, it was then reconstructed using the Pharmit web-service, which
was also employed to filter the NCI/DTP Open Chemical Repository to compounds that
matched these features.32 Once the NCI/DTP library had been filtered, we were left with
275 compounds that were then docked using a modified version of Autodock Vina (i.e.
SMINA) and the crystal structure for BChE (RCSB:4BDS).28 This fork of AutoDock Vina
integrates a post-docking energy minimization of the ligand to determine a more accurate
energy score of the protein/ligand complex.32: 33 The search area for SMINA was centered
on the position of the tacrine binding site within the crystal structure.28 This same process
was performed for the AChE crystal structure (RCSB: 4EY5).30 Once scored with SMINA,
the affinity of these compounds varied from —11 to —8 kcal/mol for BChE and —9.8 to —6.6
kcal/mol for AChE. The difference between these binding values was then taken to rank
these compounds by their selectivity for BChE.

After the compounds had been scored and ranked, the top-41 available compounds were
ordered from the NCI. /n vitrotesting of the ordered compounds were performed in line
with previously reported cholinesterase inhibition assays.14 34 35 Each of these compounds
was weighed and diluted into a 500 uM solution with DMSO as the solvent. These solutions
were then used in a single-concentration (5 pM) screening test against BChE using the
Ellman’s esterase activity assay. To perform this assay, the 500 uM solution of the inhibitor
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was diluted 10:90 p with a 5 nM BChE solution. This mixture was then subsequently diluted
15:135 pL with a 1 mM solution of Ellman’s reagent (DTNB/ATC) after a 10-minute
incubation time with the inhibitor. This would give a final concentration of 5 pM of
inhibitor, 450 pM of the enzyme, and 900 pM of the Ellman’s reagent with a 1%
composition of DMSO. Progress of absorbance was measured at 450 nM for 30 minutes v/a
a Tecan GeniosPro microplate reader. Each well’s change in absorbance was measured
against control wells containing only the Ellman’s reagent and BChE.

Six compounds with at least 75% inhibition compared to the control wells were selected for
ICs testing against BChE. The ICsq assay was also carried out in accordance with our
previously published work.14 These compounds were serially diluted to eight different
concentrations, which were then used in the same assay described above. Each compound
tested had their ICg measured in triplicate. The slope of absorbance for each well was then
compared to the control containing only BChE and the Ellman’s reagent to determine their
percentage of inhibition. For each set of serial dilutions, a non-linear regression was then
performed to obtain the ICgq of each compound against each protein. These assays show that
three of our top-six compounds, NSC620023, NSC164949, and NSC164952 have a sub-50
nM ICsq potency for BChE, with NSC164949 having the lowest at 10 nM.

To test the selectivity of these compounds, they were tested against AChE using the same
ICsq assay. Of these top-six compounds, four showed no activity up to 5 uM while
NSC164949 and NSC164952 exhibited an ICsq of approximately 2.1 and 2.6 pM
respectively (Fig. 3). This set of ICsg measurements revealed three compounds with at least
a 50:1 selectivity for BChE over AChE. Of the compounds tested, NSC620023 appears as a
front runner for a BChE inhibitor due to its high selectivity (no inhibition of AChE at all)
and high activity (low ICsgq) against BChE (Figs. 2 & 3, Table 1).

Through our /n silico and in vitro studies, we were able to find three compounds with both
nanomolar potency as well as high selectivity towards BChE. Both NSC620023 and
NSC164949 display a synthesis of the sub-50 nM potency of tacrine and the selectivity of
ethopropazine towards BChE. These improvements would allow for a lower dosage needed
for BChE inhibition, without resorting to indiscriminate cholinesterase inhibitors. Out of
these three compounds, NSC620023 presents as a top candidate to its selectivity, potency
towards BChE, and relative ease of synthesis when compared to the phosphine containing
NSC164949 and NSC164952. NSC620023 achieves this nanomolar potency using several
rt-stacking interactions with its dual benzimidazole moieties (Fig. 5A). These two fragments
stack with both F329 and Y332. Additionally, the molecule has several favorable
hydrophobic interactions with D70, W231, and L286 further within the binding site (Fig.
5A). The other two potent compounds, NSC164949 and NSC164952, are analogues of one
another, with only one substituent group different between them. As such, the two
compounds largely occupy the same binding pose within BChE (Fig. 5C & E). Both
compounds utilize several r-stacking and hydrogen bonding interactions. F329 and W231
both have T-orientation m-stacking interactions with the indole moiety in the center of both
compounds. Additionally, S198 and G117 interact with the secondary amine of the indole
moiety, with a hydrogen donor bond and a hydrogen receiving bond, respectively (Fig. 5C &
5E). Due to the large size of both compounds, there are several hydrophobic interactions

Bioorg Med Chem Lett. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al.

Page 5

with: W82, W430, and A328 (Fig. 5C & 5E). The major difference between these two
compounds comes from the substitution on the indole moiety from a halogen to an alcohol.
This substitution in NSC164952 allows it to donate a hydrogen to the carbonyl in the S287
backbone, in addition to the other interactions seen with NSC164949 (Fig. 5E).

The reasoning for the intense selectivity for these compounds for BChE over AChE relies on
our previous intuition concerning the AChE binding site. Based upon the binding mode of
these three compounds, the binding site of AChE would induce several steric clashes
primarily from three large aromatic amino acids: Y124, F297, and Y337 (Figs. 4, 5B, 5D, &
5F). These three bulky amino acids are changed from smaller Q119, V288, and A328
residues in BChE. As we predicted, these changes severely restrict the size of the available
binding site within AChE, thus inducing a steric penalty against our compounds (Figs. 4, 5B,
5D, & 5F).

In conclusion, through a combination of /n silical in vitro methodologies we have discovered
three new, selective BChE inhibitors (NSC620023, NSC164959, and NSC164952) that
exhibit improved potency versus ethopropazine without losing the high selectivity. These
inhibitors primarily achieve this greater potency through a variety of different interactions
with the protein, including r-stacking interactions and hydrogen bond donors. These
compounds also clash with several aromatic residues within the AChE binding site, limiting
their binding affinity and consequently enhancing their binding selectivity with BChE.
These compounds represent two new potential scaffolds for use in future specific and potent
BChE inhibitor development.
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Tacrine
BChE IC50: 66 £ 14 nM
AChE IC50: 79 £ 14 nM

Fig. 1.
(A) Structure of Tacrine, along with its ICsgfor both BChE and AChE, denoting its

indiscriminate binding with either protein. (B) Binding mode of Tacrine with BChE
generated by Autodock Vina, primary interactions include r stacking interactions with
W231 and F239 along with a hydrogen bond with G117. AChE:Y337, AChE:Y124 and
AChE:F297 in red denoting changes between the two proteins’ binding sites. (C) Modified
Tacrine structure includes an additional chlorophenyl group to extend further into the
binding pocket, within BChE while simultaneously clashing with one of the previously
mentioned aromatic residues within the AChE binding site. Orange toroid indicate
aromatics, green spheres represent hydrophobic groups, and light blue spheres indicate
hydrogen bond donators. (D) Binding mode of our modified tacrine structure, generated by
VINA. This binding mode retains the interactions with W231 and F239 in the structure, but
has a severe clash with both AChE:F297 and AChE:Y337, reducing its potential binding
energy.3!
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NSC164949, 164952, and 620023 show sub-100 nM inhibition making them competitive
with the current compounds approved for cholinesterase inhibition.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2020 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Williams et al.

Protein Activity %

Fig. 3.

Page 10
NSC164949 NSC164952
2
1507 1Cso=2.1uM 21507  IC50=2.6 uM
>
100 S 100
< .—‘-‘—\
501 = 50
°
o T T 1 T 1 E G T T T T 1
10 9 -8 -7 -6 -5 10 9 8 -7 6 -5
log[Inhibitor], M log[Inhibitor], M

ICsq assays for NSC164949 and NSC164952 against AChE. These two compounds show an
ICs above 2 uM. the lowest 1Cgq values from our top-six compounds tested against AChE.
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Fig. 4.
Sequence comparison of BChE and AChE binding sites.36
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Fig. 5.
(A) Binding mode of NSC620023 with BChE, primary interactions with BChE include rc-

stacking interactions with F329 & Y332. (B) Clashing of NSC620023 with AChE
substitutions F297 and Y337. (C) Binding of NSC164949 with BChE, primary interactions
include m-stacking with F332 and W231, along with a hydrogen bond interaction with G117
and S198. (D) Clashing of NSC164949 with AChE residues F297 and Y337. (E) Binding of
NSC164952 with BChE, primary interactions include m-stacking interactions with F329 and
W231 with additional hydrogen bonds with G117, S198 and S287. (F) Clashing of
NSC164952 with AChE residues F297 and Y337. All distances are in angstroms.31
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Potency measurements for six selected compounds.

O wouldMolecule BChE ICsonM  AChE I1Cgo nM
10£1 2111 + 800
b
NSC164949¢4
32+5 N.I.d
NSC620023%
e 40+5 2604 + 1400
298
).-::./ \Hp__/x
HC / /
A~
R 987 £ 400 N.I.d
S '\{
)
—_ "\'
/" -
0
NSC42258
<\ \\N ' 1365 + 382 N.I.d
Mee™ M
AR .hlm L N "
Y % \
&
NSC344032

3026 + 1700 d

\S_%:Q
NSC191952

aPurity determined by 1H NMR to be 96% (see Fig. S1)
bPurity determined by 1H NMR to be 94% (see Fig. S2)
“purity determined by 1H NMR to be 90% (see Fig. S3)

dN.I. - No significant inhibition at 5000 nM
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