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f ASEM analogues targeting a7-
nAChR and experimental verification†
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The a7 nicotinic acetylcholine receptor (a7-nAChR) is implicated in a variety of neurodegenerative and

neuropsychiatric disorders, such as Alzheimer's disease (AD) and schizophrenia. The progress of these

disorders can be studied using positron emission tomography (PET) with radiotracers for a7-nAChR. [18F]

ASEM and [18F] para-ASEM (also referred to as [18F]DBT-10) are novel and potent a7-nAChR PET

radiotracers which have successfully been used in human subjects and nonhuman primates, though

further improvement of them is still a pressing task in the community of neurodegeneration research. In

this work, we demonstrate the use of modern in silico techniques to predict the binding modes, binding

strengths, and residence times for molecular PET tracers binding to proteins, using ASEM and DBT-10 as

a showcase of the predictive and interpretational power of such techniques, in particular free energy

perturbation theory. The corresponding compounds were synthesized and further tested by in vitro

binding experiment for validation. Encouragingly, our in silico modeling can correctly predict the binding

affinities of the ASEM analogues. The structure–activity relationships for the ortho- and para-

substitutions are well explained at the atomistic level and provide structure-based guiding for the future

development of PET tracers for a7-nAChR. A discussion is presented on the complementary use of in

silico rational methods based on atomic and electronic principles for in vitro characterization of PET tracers.
Introduction

Nicotinic acetylcholine receptors (nAChRs) are
neurotransmitter-gated ion channels that are widely distributed
in the central nervous system (CNS), peripheral nervous system,
and various non-neuronal cells. In human CNS, nAChRs are
pentamers composed of various combinations of twelve
different subunits (a2–a10 and b2–b4), with the homo-
pentameric a7-nAChR (all a7 subunit) and hetero-pentameric
a4b2-nAChR (a4 and b2 subunits in a 2 : 3 or 3 : 2 ratio) being
predominant.1 a7-nAChR is mainly expressed in the hippo-
campus and cortex regions which are involved in cognition and
memory.2 Clinical studies have demonstrated that a7-nAChR is
implicated in a variety of neurodegenerative and neuropsychi-
atric disorders such as Alzheimer's disease (AD) and schizo-
phrenia. A reduced density of a7-nAChR has been seen post-
mortem in patients with Alzheimer's disease (AD) and
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schizophrenia.3 Therefore, a7-nAChR is assumed to be an
important target to treat neurodegenerative and neuropsychi-
atric diseases. Many agonists and positive allosteric modulators
(PAM) of a7-nAChR are currently under development worldwide
in both industry and academia.4

The mechanism and progress of CNS diseases related to a7-
nAChR can be studied with positron emission tomography
(PET), which is an advanced technique to visualize and quantify
receptors and their occupancy by neurotransmitters and drugs
in human brains. In vivo PET studies are superior to post-
mortem studies in that it is non-invasive and can be used to
study the early stages of CNS diseases. PET studies can also
facilitate the development of drugs targeting a7-nAChR by
measuring receptor occupancies and dose–response relation-
ships. However, the development of PET radioligands for a7-
nAChR is challenging because a7-nAChR exhibits very low
density in the CNS (0.3–15 fmol mg�1 protein in humans).5 A
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Fig. 1 Molecular structure of ASEM, DBT-10, and epibatidine.
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successful PET radioligand for a7-nAChR must exhibit
a combination of picomolar binding affinity, high specicity
(BPND > 1), and other essential characteristics. [11C] CHIBA-1001
is the rst a7-nAChR PET radiotracer to be studied in human
subjects but exhibits low affinity (Kd � 46 nM) and low non-
displaceable binding potential (BPND < 1).6,7 In the past
decade, many new PET radioligands have been developed for
the imaging of a7-nAChR, such as [11C]A-582941, [11C] (R)-
MeQAA, and [18F]NS14492.8–10 However, all these PET radio-
tracers failed in in vivo imaging applications in the human brain
due to factors like low affinity or low specicity. [18F]ASEM
developed by Gao and Horti et al. is a novel PET tracer that has
a higher affinity (Kd � 0.4 nM) and non-displaceable binding
potential (BPND � 5) for a7-nAChR.11,31 It has successfully been
used for human subjects and opens new horizons for studying
a7-nAChR in living human brains.12 [18F]DBT-10 (referred to as
[18F]para-ASEM) was developed as a part of the development of
[18F]ASEM (Fig. 1). DBT-10 and ASEM are based on the same
Fig. 2 (a) Structures of a7-AChBP and its binding site, (b) the bindingmod
a7-AChBP. Epibatidine and ASEM are shown in thick stick mode while oth
clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
dibenzothiophene scaffold, differing in the position of the
uoro-substituent. The in vitro binding affinity values of ASEM
and DBT-10 are contradictory under different experimental
conditions. Assays using rat cortical membranes with [125I] a-
bungarotoxin showed that a higher binding affinity of ASEM
than DBT-10, while assays using cloned human a7-nAChR
stably expressed in SH-SY5Y cells with [3H]methyllycaconitine
showed the binding affinity of DBT-10 is slightly higher than
ASEM. While such contradictory in binding affinity is not
unusual in competition binding assays with different radio-
ligands, it can affect the selection of the candidate for further in
vivo evaluation. In the early research, only ASEM was selected
for further in vivo evaluations. Later studies show DBT-10 has
highly similar kinetic properties as ASEM in nonhuman
primates and it has also received considerable attention for PET
imaging.13

Despite the clinical importance of a7-nAChR, limited
knowledge is available regarding its structure. Until recently the
e of epibatidine with a7-AChBP, and (c) the bindingmode of ASEMwith
er residues in thin stick mode. Non-polar hydrogens are not shown for
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structural information of a7-nAChR was mainly inferred from
the acetylcholine binding protein (AChBP) from snails Lymnaea
stagnalis (Lys-) and Aplysia californica (Apc-).14 These structures
provide valuable information about the general conguration
and organization of a7-nAChR. However, they have limited
usage in the investigation of the function of a7-nAChR, espe-
cially the ligand binding prole, due to the low sequence
identities with a7-nAChR. In 2011, a chimera structure of Lys-
AChBP and the extracellular domain of the human a7-nAChR
was determined (Fig. 2).15 This chimera structure (termed as a7-
AChBP in this work) has a sequence identity as high as 64%with
native a7-nAChR and is by far one of the best structural models
for a7-nAChR. More importantly, the ligand-binding site and
surrounding areas of this receptor chimera are lined entirely by
a7-nAChR residues, making the chimera structure a good
model to study the binding prole of a7-nAChR with its
ligands.15

In this work, the binding modes of ASEM and DBT-10 are
studied and their binding affinity differences were revealed by
free energy perturbations calculations via the FEP+ module of
Schrödinger Inc.16 A series of analogues of ASEM with different
ortho- and para-substitutions were designed. They were selected
based on the labeling potential using various 11C-methylation
and/or 11C-carbonylation reactions.17,18 The binding affinities
of the analogues were estimated by FEP+ based on the binding
modes of ASEM and DBT-10. Then, the analogues were
synthesized and further tested by in vitro experiment. The pre-
dicted binding free energy values are in good agreement with
experimental results. Analysis of the binding modes in
conjunction with the experimental data can help us understand
the structure–activity relationship of ortho- and para-substitu-
tions at atomistic detail. The modeling work provides us the
structure-based modication directions for improving the
properties of ASEM and diverse the PET candidates for the
imaging of a7-nAChR.
Results
Binding mode of ASEM with a7-AChBP

Like the crystallized ligand epibatidine (see Fig. 2), ASEM has
a diazobicyclic head group and is protonated under physiolog-
ical conditions. However, the diazobicyclic head group of ASEM
Fig. 3 The predicted binding mode of ASEM (a) and DBT-10 (b).

3944 | RSC Adv., 2021, 11, 3942–3951
is bulkier than the counterpart of epibatidine, which should
have an impact on its binding with the receptor. Besides, the
dibenzothiophene ring of ASEM is also much bigger than the
pyridine ring of epibatidine. These two structural differences
make epibatidine and ASEM have different potency proles,
namely, epibatidine is an agonist whereas ASEM is an antago-
nist. This is consistent with the general knowledge that a7-
nAChR antagonists such as methyllycaconitine(MLA) and a-
bungarotoxin tend to be much bulkier than the agonists such as
nicotine and acetylcholine. In a standard docking procedure
where the receptor was held rigid, ASEM could not be docked
properly, with a less favorable docking score (�4.53 kcal mol�1),
which is most probably due to the small size of the binding
pocket occupied by epibatidine (docking score:
�8.84 kcal mol�1). However, with the induced t docking (IFD)
procedure, ASEM could be docked to the binding site with
a much more favorable docking score (�10.8 kcal mol�1). This
is reasonable because ASEM is bulkier and would need more
space for binding. The residues relaxed most signicantly are
Trp53, Tyr91, Trp145, Tyr184, Cys186, Cys187, and Tyr191. The
tip nitrogen (N1, pKa � 9.6) of ASEM is protonated under
physiological conditions and has cation–p interactions with the
aromatic rings of Tyr91, Trp145, Tyr184, and Try191. These
cation–p interactions are believed to be important for the
affinity of a7-nAChR ligands. The protonated nitrogen also
forms a hydrogen bond with the backbone oxygen of Trp145
(Fig. 2c). Besides, the diazobicyclic group has extensive van der
Waals interactions with the side chains of Tyr91, Trp145,
Tyr184, and Try191. Glide docking score decomposition of
residues around the binding site shows that van der Waals
interactions from Tyr91, Trp145, and Tyr191 has a major
contribution to the docking score, which helps to stabilize
ASEM in the binding site. The most signicant difference
between the binding modes of epibatidine and ASEM was seen
in the aromatic tail part (Fig. 2b and c). For epibatidine, the
chloro-pyridine ring lies in the cavity formed by Leu106, Gln114,
and Leu116 and has van der Waals or hydrophobic interactions
with these residues. Besides, the chlorine atom is thought to
have halogen-bond interaction with the backbone oxygen atom
of Gln114, which also supports the binding of epibatidine.
However, for ASEM, the dibenzothiophene ring is too big to t
into the site originally occupied by the pyridine ring of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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epibatidine. As a result, it adopts a different orientation and lies
in the cavity on the other side which is formed by Ser34, Leu36,
Trp53, Asp160, Gly163, Tyr184, Glu185, Cys186, and Cys187
(Fig. 2c). The dibenzothiophene ring is clenched by van der
Waals interactions with Glu185, Cys186, and Cys187 from loop
C (residues 180–193) on one side and p–p stacking interaction
with Trp53 from the complementary subunit on the other side
(Fig. 2c). Ser34, Leu116, and Asp160 also have some contact
with the dibenzothiophene ring. The uorine and oxygen atoms
of ASEM point towards the solvent and do not have much
interaction with surrounding residues. With induced-t dock-
ing, we managed to produce a reasonable docking mode of
ASEM with a7-AChBP, which will be used as the starting point
for subsequent analysis.
Comparison of the binding modes of ASEM and DBT-10

We compared the difference in the binding mode between
ASEM and DBT-10 (Fig. 3). The binding mode of ASEM suggests
that the uorine atom of ASEM points towards the solvent and
does not have much interaction with the surrounding residues,
while the uorine atom of DBT-10 is predicted to point toward
the inside of the pocket. The uorine atom of DBT-10 occupies
the hydrophilic region near Ser32 and Ser34. The formation of
extra interactions between the uorine atom of DBT-10 and
protein residues increases the binding affinity. Free energy
perturbation calculations by FEP+ shows that DBT-10 has
a lower relative binding free energy than ASEM (DDG¼�0.24 �
0.02 kcal mol�1), indicating that DBT-10 has a slightly higher
binding affinity than ASEM. The higher binding affinity of DBT-
10 is in agreement with the in vitro experiment using the human
a7-nAChR and is in contradiction to the result from rat cortical
membranes.13 This may be due to that the chimera structure of
AChBP we use in the FEP calculations has a higher identity to
the human a7-nAChR.
Ortho- and para-substitutions of ASEM and binding affinities
prediction

The bindingmodes of ASEM and DBT-10 indicate that the ortho-
substitution points towards the solvent (R1 in Fig. 4), while the
para-substitution points towards the hydrophilic region
Fig. 4 Binding mode of ASEM with a7-AChBP and the structure of ASEM

© 2021 The Author(s). Published by the Royal Society of Chemistry
between Ser32 and Ser34 (R2 in Fig. 4, right). To explore the
effect of ortho- and para-substitutions on binding, we designed
a series of ASEM analogues (Fig. 4, right). Chemical groups with
different sizes and properties, such as N-methyl, N,N-dimethyl,
N-methyl-N-propyl, acetyl, propionyl, and phenylpropionyl,
were designed to substitute the ortho-uorine on ASEM and
para-uorine on DBT-10.

Free energy perturbation calculations were carried out for
the designed ASEM analogues. The relative binding free ener-
gies of the analogues relative to ASEM are shown in Table 1.
Compared with ASEM, the substitutions on R1 position all have
a negative DDG, which means that the modications at this
position can remain or improve the activity of the compounds.
The substitutions on R2 position result in a positive DDG rela-
tive to ASEM, which means that these compounds could have
lower binding affinities than ASEM. For the R2 substitution,
even a small substituent such as N-methyl can cause a positive
DDG. The DDG is higher when substitutions are large groups
such as propionyl and phenylpropionyl.

In addition to changing the binding ability of the compound,
using substituents to adjust the physical and chemical proper-
ties of the compound is also an important part on the devel-
opment of PET radioligands for a7-nAChR. The physiochemical
properties were calculated and are shown in Table 1. All
designed compounds can pass the blood–brain barrier and are
P-gp substrate in the prediction. The log P increases when the
substituents are lipophilic groups. The same substitution at R1

or R2 has little effect on the log P, plasma protein binding,
blood–brain barrier permeability, or whether it is a P-gp
substrate.
In vitro validation and explanations for the activity from
a structure of view

The ASEM analogues with substitutions at the R1- and R2-
positions were synthesized and tested by in vitro experiment
using recombinant human a7-nAChR expressed in SH-SY5Y
cells with [125I]-a-bungarotoxin (see Methods). The inhibition
at a test concentration of 10 mM are shown in Fig. 5. Substitu-
tions at R1 position can retain the binding affinity with inhibi-
tion above 90%. At R1, even the bulky substituents such as
analogues.

RSC Adv., 2021, 11, 3942–3951 | 3945
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Table 1 Relative free energies and physiochemical properties of ASEM analogues

Cpd ID R1 R2 DDGa (kcal mol�1)
Inhibition
(%) Alog Pb

Plasma protein
binding BBB c P-gp substrate Residence timed (ns)

ASEM F H 0 94.2 2.9 1.19 + +(0.65) 53.4

1 H �0.3 97.8 2.9 1.06 + +(0.74) 75.6

2 H +1.7 14.8 2.8 1.00 + +(0.68) 30.0

3 H +1.5 11.9 2.9 1.04 + +(0.66) —

4 H �1.7 95.1 3.6 1.06 + +(0.79) 87.3

5 H 1.6 5.9 3.2 1.05 + +(0.73) —

6 H �0.6 96.7 3.2 1.03 + +(0.78) 51.2

7 H +2.3 8.7 2.7 1.05 + +(0.78) —

8 H �1.1 88.9 2.7 1.07 + +(0.81) 58.3

9 H �0.9 93.8 2.5 1.08 + +(0.81) —

10 H +4.2 0.9 4.0 1.21 + +(0.71) 14.4

11 H �1.1 89.8 4.0 1.28 + +(0.69) 14.2

12 H +4.4 5.4 3.4 1.10 + +(0.72) —

13 H �2.5 55.4 3.4 1.13 + +(0.74) 40.8

a The relative free energy is calculated with ASEM as the reference. The standard errors are in the range of 0.1 to 0.5 kcal mol�1. b Alog P is calculated
using Schrodinger. c BBB and P-gp were predicted by our in-house machine learning tools based on cheminformatics using Python, sklearn and
rdkit. d The residence time was calculated with potential scaled MD simulations. The standard errors are in the range of 1 to 5 ns.
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propionyl and phenylpropionyl can remain the inhibition as
high as 90%. At the R1 position, only the pyridine ring substit-
uent has inhibition of 55%. Substitutions at R2 position almost
abolished the activity of the analogues. The inhibition of
substituents at R2 position is less than 20%. The small groups
such as N-methyl and N,N-dimethyl are slightly better with the
3946 | RSC Adv., 2021, 11, 3942–3951
inhibition of 15% and 12%, respectively. The experimental
results are in good agreement with the previous DDG predic-
tions which demonstrates that the calculated binding affinities
for the R1-analogues are more favorable than those for the R2-
analogues. Note that a completely linear relationship is not
expected since there is an underlying dose concentration
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Histogram for inhibition of ASEM analogues with substitutions at the R1 and R2 positions.

Fig. 6 Comparison of the in silico binding free energy difference
calculated by FEP+ and in vitro inhibition.
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dependence. As shown in Fig. 6, with a cutoff of 50% inhibition,
the true positive rate (TPR or sensitivity) and false-positive rate
(FPR or fall-out) are 100% and 0%, respectively.

The binding affinity differences of the R1-and R2-analogues
can be explained by their binding modes in the protein. As
shown in Fig. 7a, the R1-position is close to loop C of the
binding pocket. Loop C is exible and showed the open-closed
mechanism in previous studies.19 For substitutions at R1 posi-
tion, loop C can open up and offer extra spaces for the chemical
groups. Therefore, R1-analogues can maintain the binding
affinity even when the substituents are as large as propionyl and
phenylpropionyl. In contrast, the R2-position is deeply buried
and has close interactions with nearby residues Ser32 and
Fig. 7 The binding mode of R1- and R2-analogues. (a) Representative stru

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ser34. Substituents at R2 position can lead to steric conict
between the protein and ligand. As shown in Fig. 7b, the N-
methyl substituent at the R2 position leads a steric conict to
Ser32 and Ser34. When the substituent is large, such as phe-
nylpropionyl group, there is no more space for such a group,
and the dibenzothiophene ring ips to let the phenylpropionyl
group point towards the solvent via the egress portal between
Glu185 and Asp160. The p–p stacking interaction between the
dibenzothiophene ring and Trp53 is therefore lost. The steric
conict also changes the position of the diazobicyclic ring. The
hydrogen bond between the protonated nitrogen of the diazo-
bicyclic ring and the backbone oxygen of Trp145 is weakened.
The cation–p interactions between the diazobicyclic ring and
the aromatic rings of Tyr91, Trp145, Tyr184, and Try191 are also
weakened because of the conformational changes. As a result,
R2-substitutions are generally less favorable than the R1-
substitutions. R1-position substitutions are thus quite tolerant
of bulky chemical groups.
Prediction of the unbinding kinetics

The measurements of kinetic parameters for ligands cannot
disclose the way the tracer leaves the protein receptor nor give
the information on the molecular determinants that dictate the
dissociation process.27 That leaves out the key interactions and
conformational changes essential for structural optimization of
tracers concerning the kinetic properties. Luckily, enhanced
ctures of R1-analogues. (b) Representative structures of R2-analogues.
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sampling techniques have emerged recently as effective tools
for studying unbinding kinetics of protein–ligand systems at
the atomistic level. However, for practical computational
studies, it is necessary to consider the fact that the ligand
unbinding processes are strongly coupled to protein confor-
mational changes and that there may be hidden degrees of
freedom to disclose. This poses still a great challenge for
sampling. In ref. 27 it was shown how potential scaled molec-
ular dynamics (sMD) and infrequent metadynamics (InMetaD)
simulation techniques could be combined to successfully reveal
the unbinding mechanism of ASEM from the chimera structure
of the a7-AChBP receptor. It was possible to utilize these
simulation techniques to pinpoint the important role of certain
structural units in the unbinding process, and in particular, to
identify that the motion of “loop C” (see Fig. 8) could be critical
for the ASEM unbinding process. Here one could follow the
progression of opening and closing of this loop as the most
relevant slow degree of freedom for the unbinding. One could
furthermore see that there is more than one metastable state
involved in the unbinding process and that the rate-limiting
steps, and associated transition state structures, are associ-
ated with the interactions between the residues of the binding
pocket and the sulfone group of the ASEM tracer. With the
applied simulation techniques, it is possible to sample the slow
conformational rearrangement of a brillar-tracer system
occurring at the timescale beyond seconds, which thus makes it
possible to consider these slow conformational changes which
are critical to the ligand unbinding process. Thus, with modern
molecular dynamics techniques, the detailed mechanisms of
the unbinding process can be revealed which paves the way for
studying the unbinding kinetics of protein–ligand systems in
general and for the optimization of new tracers towards certain
receptors with maximum properties.

In addition to the binding affinities and binding modes, the
unbinding kinetics of the tracer-receptor systems is thus of
great importance for the design of tracers with the desired
specicity. To explore the effect of R1-and R2-substitutions on
the kinetics property of the tracers, we recall here sMD
Fig. 8 Time evolutions of ASEM and loop C from red (t ¼ 0) to blue
(unbound) during the unbinding process.

3948 | RSC Adv., 2021, 11, 3942–3951
simulations of the residence time (s) of the ASEM analogues as
described in method section.27 The results are recapitulated in
Table 1. We would like to point out that the estimated residence
times are not real residence times. However, they can be used to
rank the experimental residence times. In sMD simulations, the
reference residence time of ASEM is predicted to be 53.4 ns,
while compound 1 with N,N-dimethyl substituent (s ¼ 75.6 ns)
and compound 4 with N-methyl-N-propyl at the R1-position (s ¼
87.3 ns) have longer residence times although they have
comparable binding affinity than ASEM. Compound 6 and 8
with N-uoroethyl-N-methyl (s ¼ 51.2 ns) and acetyl substituent
(s ¼ 58.3 ns) at R1-position share comparable residence time to
ASEM. Substitutions at the R2 position are found to decrease the
binding affinity and residence time, such as N-methyl
(compound 2, s ¼ 30.0 ns) and phenylpropionyl (compound 10,
s ¼ 14.4 ns). Large groups at R1-position, such as phenyl-
propionyl (compound 11, s ¼ 14.2 ns) and pyridylpropionyl
(compound 13, s ¼ 40.8 ns) have shorter residence time than
ASEM. Considering that compound 11 has a comparable
binding affinity to that of ASEM, and that a compound with
a shorter residence time is desired in the structural modica-
tion of ASEM analogues, compound 11may be a better choice as
PET tracer for a7-nAChR.

Discussion

Owing to the importance of developing potent PET radioligands
which can be used to study the roles of the a7 nicotinic
acetylcholine receptor (a7-nAChR), to facilitate drug discovery
and to monitor the progress of diseases related to a7-nAChR,
molecular modeling methods have been used in this work to
investigate the binding prole of [18F]ASEM (a promising PET
radioligand) and a7-AChBP (a structural homologue of the
extracellular domain of a7-nAChR). We studied the binding
features of [18F]ASEM at the orthosteric site of a7-AChR. Several
structural details of this binding are found to be important. The
diazabicyclo[3.2.2]nonane ring has cation–p and extensive van
der Waals interactions with Tyr91, Trp145, Tyr184, and Try191,
which xes [18F]ASEM tightly in the binding site. The dibenzo-
thiophene ring turns to the other side of the pyridine ring of
epibatidine (the crystallized agonist) and has van der Waals
interactions with residues from loop C on one side and p–p

stacking interaction with Trp53 of the complementary subunit
on the other side. A series of ASEM analogues were calculated by
FEP+ in silico and tested in vitro.

A second purpose of the present work was to demonstrate
the general power of modern in silico approaches based on
rational principles to predict the binding mode and binding
energies of PET tracers to various protein structures, using Free
Energy Perturbation Theory (FEP+) as the basic theoretical
approach. Indeed, the consistency between in silico and, a pos-
teriori, in vitro results indicates that FEP+ can accurately predict
the binding free energy difference of ASEM analogues. This
work thus indicates that the FEP+ utility as implemented in the
Schrödinger suite of programs can greatly facilitate the devel-
opment of a7-nAChR PET tracers using rational drug design
strategies.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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In addition to the focus on binding modes and energies, we
shortly also reviewed some results on the kinetics of the [18F]
ASEM unbinding from a chimera structure a7-nAChR as this is
just as an important factor for the evaluation of tracer perfor-
mance. This information is required to understand how long
time it stays there (the residence time). We refer to our recent
works for details on this, also very important, aspect of tracer
design.27 We furthermore note that the techniques for binding
modes and kinetics also can be used not only to explore the
competitive binding of tracers for a given protein target and the
competitive binding sites for a given tracer – protein pair but
also to distinguish binding for a given tracer and different
protein targets, which is a crucial aspect to design a tracer with
sufficient selectivity on top of its efficiency.

As a nal note, we emphasize that the validation between in
silico and results from measurements have been conducted
using in vitro binding assays. Going to in vivo a whole new
situation appears for the modeling, as now factors like blood–
brain-barrier (BBB) penetration, membrane protein binding
(PgP) and lipophilicity, enter into the evaluation of the potency
of tracers. For these factors, we see a great future for the almost
explosive development of articial intelligence in medicine, in
particular using machine learning or deep learning methods.
Indeed, we have recently been able to show that the in silico
rational approaches can greatly be complemented into a full
simulation chain going from atom to man for in silico predic-
tions of PET tracers, including ASEM tracers. Such a chain
needs several validation points in order to proceed in a mean-
ingful way. This will be the subject for an upcoming publication
and then including the preparation and further validation of
the 18F or 11C-labelled candidates.

Methods
Molecular docking

In a standard molecular docking study, the receptor is held
rigid, and the ligand can change its position and conformation
freely. However, this procedure is problematic when the ligand
to be docked is rather different from the crystallized one in
shape or size. In reality, the receptor structure will undergo side-
chain or backbone movements upon ligand binding to conform
to the shape of the ligand, a process known as induced t. The
induced-t docking (IFD) workow of Schrödinger implements
this idea through a combination of Glide and Prime jobs, which
account for the conformational changes of the ligand and
receptor, respectively.19,20 In this work, the crystal structure of
the a7-AChBP chimera (PDB code 3SQ6)15 was used as the
protein target. Before docking, the crystal structure was
prepared with the protein preparation workow of Schrödinger,
where the hydrogen atoms were added and optimized, and the
bond order was xed. For the glide docking procedure, the
centroid of the crystalized ligand epibatidine was chosen as the
grid centre and the residues within 20 �A of it are treated as
binding pocket. A van der Waals scaling factor of 0.5 was used
for both receptor and ligand. In the induce t docking process,
protein residues within 5 �A of the ligand were optimized by
prime. The glide standard precision (SP) scoring function was
© 2021 The Author(s). Published by the Royal Society of Chemistry
adopted to rank the optimized docking poses. The a7-AChBP/
ASEM complex with the most favourable binding energy was
chosen for subsequent analysis. The radionuclide uorine-18 of
ASEM, which is used in PET studies, is not indicated hereaer
unless otherwise specied, as radiation is supposed not to affect
the binding with a7-AChBP.26

Free energy calculation using FEP+

The FEP+ utility of Schrödinger was used to calculate the free
energy differences of ASEM analogues.16 The OPLS3 force eld
was used to describe the protein and ligands.21 Ligand atomic
partial charges are computed via the CM1A-BCC.22 The REST
(replica exchange with solute tempering) algorithm23 has been
incorporated using Desmond as the MD engine. 2 Tesla K80
GPUs are used for FEP calculations. LOMAP mapping algo-
rithm24 was used to set up the calculations and perturbation
pathways. Fig. S1† illustrates the thermodynamic cycle used for
calculating the binding free energy difference (DDG) between an
ASEM analogue and ASEM, where arrows A and B represent the
perturbation pathways. The maximum common substructure
(MCS) between any pair of compounds is generated and their
similarity is measured. Then ligand pairs with high similarity
scores are connected by edges, where each edge represents one
FEP calculation that will be performed between the two ligands.
The systems of a7-AChBP with ASEM analogues were rst
relaxed and equilibrated using the default Desmond relaxation
protocol. The whole systemwith the solutemolecules restrained
to their initial positions was rst minimized using the Brownie
integrator and then simulated at 10 K using an NVT ensemble
followed by an NPT ensemble. Aer that the system was simu-
lated at room temperature using the NPT ensemble with the
restraints retained. Then the whole system without any restraint
was simulated at room temperature using the NPT ensemble for
240 ps followed by the production simulation. A total of 12 l

windows were used for all the FEP/REST calculations. The
production stage lasted 5 ns for both the complex and the
solvent simulations using NPT ensemble conditions. Replica
exchanges between neighboring l windows were attempted
every 1.2 ps. The Bennett acceptance ratio method (BAR) was
used to calculate the free energy.25 Errors were estimated for
each free energy calculation using both bootstrapping and the
BAR analytical error prediction.

Potential scaled MD simulations

The sMD simulations are carried out in line with the previous
study.27 In brief, we employed ff99SB-ildn and GAFF force led
for the protein and the ligands, respectively. The restrained
electrostatic potential-derived charges were used for ASEM with
the electrostatic potential calculated at the Hartree–Fock level
with the 6-31G* basis set using Gaussian 09.28 The TIP3P29 water
model was used to solvate the complex, and 140 Na+ and 138
Cl� ions were used to neutralize the system. The systems were
equilibrated in the NVT ensemble (T ¼ 300 K) for 200 ps, fol-
lowed by a 500 ps simulation carried out in the NPT ensemble (T
¼ 300 K, P¼ 1 atm). The GROMACS30 program was employed for
the MD simulations. In the sMD simulations, the force eld was
RSC Adv., 2021, 11, 3942–3951 | 3949
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scaled by a factor of 0.4. Heavy atoms of the protein backbone
were restrained with a weak harmonic potential (with the force
constant k¼ 50 kJ mol�1 nm�2) except for residues within 6�A of
ASEM and its analogues. The unrestrained residues are Ser32–
Ser34, Leu36, Phe52–Gln55, Ala89, Tyr91, Thr101–Pro102,
Leu106, Leu116–S118, Gln143–His148, Glu158–Asp160, Ser162–
Gly163, Arg182–Asp193, and Phe196. For each system, twenty
simulation runs were performed with the scaled force eld.
Each simulation was stopped once the ligand was fully
unbound from the pocket. The residence times thus obtained as
the characteristic parameter of the unbinding times of each
simulation run. The mass of the 18F isotope of [18F]ASEM is not
considered in the simulations.
In Vitro binding assay

The 14 compounds calculated and tested in this work were
commercially synthesized by Piramal Pharma solution, Ahme-
dabad India. Purity was checked by HPLC and 1H NMR. All
compounds hold a purity of 95%. The compounds were thus
diluted in DMSO to a concentration of 10mM. Proportions of 50
ml aliquots of the 10 mM solution were dispensed into plastic
vials which were kept frozen at �20 �C until sent to Cerep,
Eurons, France for measurement of a7 nicotinic receptor
activity. The molecular weight of each compound was calcu-
lated and provided to Cerep. Before analysis each tube with
compound was thawed and a solution of 100 nM was prepared
for each compound. The test system consisted of an in vitro
binding study was performed using human neuronal a7 trans-
fected neuroblastoma cells SH-SY5Y cells (human recombinant)
incubated with 0.05 nM 125I-a-bungarotoxin and 100 nM test
compound at 37 �C for 120 minutes. The value of bound
radioactivity was calculated with a scintillation counter. The
inhibition was calculated as the percentage of displacement of
125I-a-bungarotoxin by each compound. �Epibatidine (IC50 ¼
94 nM, Ki ¼ 82 nM) was used as a reference in this work.
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computer facilities. H. Å. thanks the Program of Henan Center
for Outstanding Overseas Scientists (GZS2020011), Henan
University, PR China, for support. We also thank Schrödinger
Inc for valuable help in using their program suite.

References

1 C. Gotti and F. Clementi, Neuronal nicotinic receptors: from
structure to pathology, Prog. Neurobiol., 2004, 74, 363–396,
DOI: 10.1016/j.pneurobio.2004.09.006.

2 D. Paterson and A. Nordberg, Neuronal nicotinic receptors in
the human brain, Prog. Neurobiol., 2000, 61, 75–111, DOI:
10.1016/S0301-0082(99)00045-3.

3 A. Nordberg, Nicotinic receptor abnormalities of Alzheimer's
disease: therapeutic implications, Biol. Psychiatry, 2001, 49,
200–210, DOI: 10.1016/S0006-3223(00)01125-2.

4 The a7-nACh nicotinic receptor and its role in memory and
selected diseases, [Internet], cited, 19 Mar 2018, available,
https://phmd.pl/resources/html/article/details?
id¼152527&language¼en.

5 A. Marutle, X. Zhang, J. Court, M. Piggott, M. Johnson,
R. Perry, et al., Laminar distribution of nicotinic receptor
subtypes in cortical regions in schizophrenia, J. Chem.
Neuroanat., 2001, 22, 115–126, DOI: 10.1016/S0891-0618(01)
00117-X.

6 L. Yin, Q. Zhao, L. Li, S. L. Zhang, X. Q. Chen, C. Ma, et al., An
Experimental Study on 131I-CHIBA-1001: A Radioligand for
a7 Nicotinic Acetylcholine Receptors, PLoS One, 2013, 8,
e70188, DOI: 10.1371/journal.pone.0070188.

7 J. Toyohara, M. Sakata, J. Wu, M. Ishikawa, K. Oda, K. Ishii,
et al., Preclinical and the rst clinical studies on [11C]CHIBA-
1001 for mapping a7 nicotinic receptors by positron
emission tomography, Ann. Nucl. Med., 2009, 23, 301–309,
DOI: 10.1007/s12149-009-0240-x.

8 J. Toyohara, K. Ishiwata, M. Sakata, J. Wu, S. Nishiyama,
H. Tsukada, et al., In Vivo Evaluation of a7 Nicotinic
Acetylcholine Receptor Agonists [11C]A-582941 and [11C]A-
844606 in Mice and Conscious Monkeys, PLoS One, 2010, 5,
e8961, DOI: 10.1371/journal.pone.0008961.

9 J. H. Magnussen, A. Ettrup, C. K. Donat, D. Peters,
M. H. F. Pedersen, G. M. Knudsen, et al., Radiosynthesis
and in vitro validation of 3H-NS14492 as a novel high
affinity alpha7 nicotinic receptor radioligand, Eur. J.
Pharmacol., 2015, 762, 35–41, DOI: 10.1016/
j.ejphar.2015.04.036.

10 M. Ogawa, S. Nishiyama, H. Tsukada, K. Hatano,
T. Fuchigami, H. Yamaguchi, et al., Synthesis and
evaluation of new imaging agent for central nicotinic
acetylcholine receptor a7 subtype, Nucl. Med. Biol., 2010,
37, 347–355, DOI: 10.1016/j.nucmedbio.2009.11.007.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra10435c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

22
/2

02
5 

6:
21

:5
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 Y. Gao, K. J. Kellar, R. P. Yasuda, T. Tran, Y. Xiao,
R. F. Dannals, et al., Derivatives of Dibenzothiophene for
Positron Emission Tomography Imaging of a7-Nicotinic
Acetylcholine Receptors, J. Med. Chem., 2013, 56, 7574–
7589, DOI: 10.1021/jm401184f.

12 D. F. Wong, H. Kuwabara, M. Pomper, D. P. Holt, J. R. Brasic,
N. George, et al., Human Brain Imaging of a7 nAChR with
[18F]ASEM: a New PET Radiotracer for Neuropsychiatry
and Determination of Drug Occupancy, Mol. Imaging Biol.,
2014, 16, 730–738, DOI: 10.1007/s11307-014-0779-3.

13 A. T. Hillmer, S. Li, M. Q. Zheng, M. Scheunemann, S. fei Lin,
N. Nabulsi, D. Holden, R. Pracitto, D. Labaree, J. Ropchan,
et al., Eur. J. Nucl. Med. Mol. Imaging, 2017, 44, 1042–1050.

14 Y.-S. Ding, K. Kil, K.-S. Lin, W.Ma, Y. Yokota and I. F. Carroll,
A novel nicotinic acetylcholine receptor antagonist
radioligand for PET studies, Bioorg. Med. Chem. Lett., 2006,
16, 1049–1053, DOI: 10.1016/j.bmcl.2005.10.075.

15 K. Brejc, D. W. J. van, R. V. Klaassen, M. Schuurmans,
O. J. van der, A. B. Smit, et al., Crystal structure of an ACh-
binding protein reveals the ligand-binding domain of
nicotinic receptors, Nature, 2001, 411, 269–276, DOI:
10.1038/35077011.

16 S.-X. Li, S. Huang, N. Bren, K. Noridomi, C. D. Dellisanti,
S. M. Sine, et al., Ligand-binding domain of an a7-
nicotinic receptor chimera and its complex with agonist,
Nat. Neurosci., 2011, 14, 1253–1259, DOI: 10.1038/nn.2908.

17 G. Antoni, Development of carbon-11 labelled PET-tracers-
radiopharmaceutical and technology challenges in
a historic perspective, J. Label. Compd. Radiopharm., 2015,
58, 65–72, DOI: 10.1002/jlrc.3258.

18 J. Eriksson, G. Antoni and B. Långström, The development of
11C-carbonylation chemistry: a systematic view, Nucl. Med.
Biol., 2020, DOI: 10.101016/j.nucmedbio.2020.02.005.

19 S. Jadey and A. Auerbach, J. Gen. Physiol., 2012, 140, 17–28.
20 L. Wang, Y. Wu, Y. Deng, B. Kim, L. Pierce and G. Krilov,

Accurate and Reliable Prediction of Relative Ligand
Binding Potency in Prospective Drug Discovery by Way of
a Modern Free-Energy Calculation Protocol and Force
Field, J. Am. Chem. Soc., 2015, 137(7), 2695–2703.

21 Schrödinger Release 2016-4: Glide, Schrödinger, LLC, New
York, NY, 2016.

22 E. Harder, W. Damm, J. Maple, C. Wu, M. Reboul, J. Y. Xiang,
et al., OPLS3: A Force Field Providing Broad Coverage of
© 2021 The Author(s). Published by the Royal Society of Chemistry
Drug-like Small Molecules and Proteins, J. Chem. Theory
Comput., 2016, 12, 281–296, DOI: 10.1021/acs.jctc.5b00864.

23 D. Shivakumar, E. Harder, W. Damm, R. A. Friesner and
W. Sherman, Improving the Prediction of Absolute
Solvation Free Energies Using the Next Generation OPLS
Force Field, J. Chem. Theory Comput., 2012, 8(8), 2553–2558.

24 P. Liu, B. Kim, R. A. Friesner and B. J. Berne, Replica
exchange with solute tempering: a method for sampling
biological systems in explicit water, Proc. Natl. Acad. Sci.,
2005, 102, 13749–13754, DOI: 10.1073/pnas.0506346102.

25 S. Liu, Y. Wu, T. Lin, R. Abel, J. P. Redmann, C. M. Summa,
et al., Lead optimization mapper: automating free energy
calculations for lead optimization, J. Comput. Aided Mol.
Des., 2013, 27, 755–770, DOI: 10.1007/s10822-013-9678-y.

26 G. Kuang, Y. Zhou, R. Zou, C. Halldin, A. Nordberg,
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