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ABSTRACT: The interaction of the agonist JN403 with the human (h) R7 nicotinic acetylcholine receptor
(AChR) was compared to that for the competitive antagonist methyllycaconitine (MLA). The receptor
selectivity of JN403 was studied on the hR7, hR3β4, and hR4β2 AChRs. The results established that the
cationic center and the hydrophobic group found in JN430 and MLA are important for the interaction with
the AChRs. MLA preincubation inhibits JN403-induced Ca2þ influx in GH3-hR7 cells with a potency 160-
fold higher than that when MLA is co-injected with JN403. The most probable explanation, based on our
dynamics results, is that MLA (more specifically the 3-methyl-2,5-dioxopyrrole ring and the B-D rings)
stabilizes the resting conformational state. The order of receptor specificity for JN403 is as follows: hR7 >
hR3β4 (∼40-fold) > hR4β2 (∼500-fold). This specificity is based on a larger number of hydrogen bonds
between the carbamate group (another pharmacophore) of JN403 and the hR7 sites, the electrostatic
repulsion between the positively charged residues around the hR3β4 sites and the cationic center of JN403,
fewer hydrogen bonds for the interaction of JN403 with the hR3β4 AChR, and an unfavorable van derWaals
interaction between JN403 and the R4-β2 interface. The higher receptor specificity for JN403 could be
important for the treatment of R7-related disorders, including dementias, pain-related ailments, depression,
anxiety, and wound healing.

The nicotinic acetylcholine receptor (AChR)1 family is geneti-
cally and structurally related to the Cys-loop ligand-gated ion
channel superfamily that also includes the glycine, type 3 serotonin,
and type A and CGABA receptors (reviewed in refs 1-3). AChRs
are pentameric structures that can be formed by just one subunit
subtype, the so-called homomeric receptors (e.g., R7-R9), or by
more than one subunit subtype, the so-called heteromeric receptors
(e.g., R4β2, R3β4, etc.). R7 AChRs can be pharmacologically and
functionally distinguished from other AChR subtypes because they
have a high affinity for the competitive antagonist R-bungaro-
toxin (R-BTx), a low affinity for the agonist (-)-nicotine, and high

Ca2þ/Naþ permeability ratios, can be fully activated by choline,
and desensitize very rapidly, whereas AChRs such as the R4β2
subtype have a high affinity for (-)-nicotine, a low affinity for
R-BTx, and lower Ca2þ/Naþ permeability ratios, cannot be
activated by choline, and desensitize more slowly. R7 AChRs
are one of the most prominent receptors in the brain, and they are
found in particular areas such as cortex, substantia nigra, ventral
tegmental area, amygdala, hypothalamus, hippocampus, cerebel-
lum, and olfactory bulb (reviewed in ref 2). In addition to
neuronal locations, R7 AChRs are expressed in several non-
neuronal cells (reviewed in ref 4). In this regard, several physio-
logical functions have been inferred, including modulation of
neurotransmitter release, drug reward, and angiogenesis
(reviewed in refs 2-4). From the pathophysiological point of
view, R7 AChRs are implicated in diseases such as Alzheimer’s
disease, schizophrenia, drug addiction, neuronal and peripheral
inflammation, and cancer (reviewed in refs 2-6). In this regard,
an improved understanding of the interaction of agonists and
antagonists with AChRs, and in particular with R7 AChRs, is
crucial to the development of more specific and, consequently,
safer ligands for different therapeutic purposes.

There are several natural compounds that present a relatively
high specificity for the R7 AChR, including antagonists such as the
snake toxin R-BTx (reviewed in ref 7), the snail toxin R-conotoxin
ImI (8), and the alkaloid methyllycaconitine (MLA) (9). However,
several pharmacokinetic and metabolic properties prevent them
from being therapeutically useful. In this regard, various small
molecules have been synthesized and are in preclinical or clinical
stages for the treatment of some of the R7 AChR-related diseases
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mentioned above (reviewed in ref 3). One of these compounds,
JN403 [(S)-(1-azabicyclo[2.2.2]oct-3-yl)carbamic acid (S)-1-(2-
fluorophenyl)ethyl ester], is a partial but potent R7 AChR ago-
nist (10) that has beneficial properties, improving cognition and
sensory gating deficits and decreasing pain, epileptic seizures, and
anxiety (11). The pharmacokinetic studies of JN403 indicate that
this compound is stable in other complex systems, i.e., in animals
and during the extraction process. Additional compounds include
benzylidene-anabaseine analogues (12, 13) (reviewed in ref 14) and
novel γ-lactam derivatives (15).

We want to determine the interaction of the specific agonist
JN403 with the hR7 AChR and compare it with that for the
potent competitive antagonistMLA. To determine the structural
basis of receptor specificity, we performed additional structural
and functional studies with the agonist JN403 at the hR3β4 and
hR4β2 AChRs. In this regard, we applied structural and func-
tional approaches, including radioligand binding assays using
[3H]MLA on SH-SY5Y-hR7 cell membranes, [3H]epibatidine on
HEK293-hR3β4 cell membranes, and [3H]cytisine on HEK293-
hR4β2 cell membranes, as well as Ca2þ influx-induced fluore-
scence detection in GH3-hR7 cells, and molecular docking and
dynamics studies. The final purpose of this study is to charac-
terize the pharmacophore for the hR7 AChR to develop more
specific ligands for potential clinical uses. In this regard, JN403 is
a specific agonist for the hR7 AChR that could be used for the
treatment of Alzheimer’s disease, schizophrenia, pain-related
diseases, and depression and anxiety (11), as well as wound
healing (H. R. Arias et al., manuscript in preparation).

EXPERIMENTAL PROCEDURES

Materials. [3H]Epibatidine (45.1 Ci/mmol) and [3H]cytisine
(35.6 Ci/mmol) were obtained from PerkinElmer Life Sciences
Products, Inc. (Boston, MA). [3H]Methyllycaconitine (100 Ci/
mmol) was purchased from American Radiolabeled Chemicals
Inc. (St. Louis, MO). The radioligands were stored in ethanol at
-20 �C. Methyllycaconitine citrate, carbamylcholine chloride
(CCh), polyethylenimine, leupeptin, bacitracin, pepstatin A,
aprotinin, benzamidine, phenylmethanesulfonyl fluoride, sucrose,
and sodium azide were purchased from Sigma Chemical Co.
(St. Louis, MO). (()-Epibatidine hydrochloride, Geneticin, and
hygromycine B were obtained from Tocris Bioscience (Ellisville,
MO). Fetal bovine serum (FBS), trypsin, and EDTA were
purchased formGibco BRL (Paisley, U.K.). Ham’s F-12Nutrient
Mixture was obtained from Invitrogen (Paisley, U.K.). JN403was
synthesized as previously described (10). Salts were of analytical
grade.
Cell Culture Procedures. The source and cell culture proce-

dures for the HEK293-hR3β4 and HEK293-hR4β2 cells (16), as
well as for the GH3-hR7 (17) and SH-SY5Y-hR7 (18) cells, were
the same as those previously described. HEK293-hR3β4 and
HEK293-hR4β2 cells were cultured in a 1:1mixture of Dulbecco’s
modified Eagle’s medium containing 3.7 g/L NaHCO3 and
1.0 g/L sucrose, supplemented with stable glutamine (L-alanyl-L-
glutamine, 524mg/L), andHam’sF-12NutrientMixture contain-
ing 1.176 g/L NaHCO3 and supplemented with 10% (v/v) FBS,
Geneticin (0.2 mg/mL), and hygromycine B (0.2 mg/mL). GH3-
hR7 cells were cultured in Ham’s F-12 Nutrient Mixture with
1.176 g/L NaHCO3 and stable glutamine, supplemented with
10% (v/v) FBS and 50 μg/mL Geneticin. SH-SY5Y-hR7 cells
were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) FBS and 100 μg/mL Geneticin. All cells

were cultured at 37 �C in 5% CO2 at 95% relative humidity
and passaged every 3 days by being detached from the cell culture
flask by being washed with phosphate-buffered saline and a
brief incubation (∼3 min) with trypsin (0.5 mg/mL) and EDTA
(0.2 mg/mL).
Preparation of Native Membranes from Cells Expres-

sing Different AChR Subtypes. To prepare cell membranes in
large quantities, we cultured HEK293-hR3β4, HEK293-hR4β2,
and SH-SY5Y-hR7 cells separately in suspension using non-
treated Petri dishes (150 mm � 15 mm) as previously des-
cribed (19, 20). After the cells had been cultured for ∼2 weeks,
cells were harvested by being gently scraped and centrifuged at
1000 rpm for 5 min at 4 �C using a Sorvall Super T21 centrifuge.
Cells were resuspended in binding saline (BS) buffer [50mMTris-
HCl, 120 mMNaCl, 5 mMKCl, 2 mMCaCl2, and 1 mMMgCl2
(pH7.4)] containing 0.025% (w/v) sodium azide and a cocktail of
protease inhibitors, including leupeptin, bacitracin, pepstatin A,
aprotinin, benzamidine, and phenylmethanesulfonyl fluoride.
The suspension was maintained on ice, homogenized using a
Polytron PT3000 (Brinkmann Instruments Inc., Westbury, NY),
and then centrifuged at 10000 rpm for 30 min at 4 �C. The pellet
was finally resuspended in BS buffer containing 20% (w/v)
sucrose using the Polytron and briefly (6 � 15 s) sonicated
(Branson Ultrasonics Co., Danbury, CT) to ensure maxi-
mum homogenization. Cell membranes containing hR7, hR3β4,
and hR2β2 AChRs were frozen at -80 �C until they were
required. The total amount of protein was determined using
the bicinchoninic acid protein assay (Thermo Fisher Scientific,
Rockford, IL).
Ca2þ Influx Measurements in GH3-hR7 Cells. Ca2þ

influx was determined as previously described (17). Briefly, 5 �
104 GH3-hR7 cells per well were seeded 72 h prior to the
experiment on black 96-well plates (Costar) and incubated at
37 �C in a humidified atmosphere (5% CO2/95% air); 16-24 h
before the experiment, the medium was changed to 1% bovine
serum albumin (BSA) in HEPES-buffered salt solution (HBSS)
[130 mM NaCl, 5.4 mM KCl, 2 mM CaCl2, 0.8 mM MgSO4,
0.9 mM NaH2PO4, 25 mM glucose, and 20 mM HEPES (pH
7.4)]. On the day of the experiment, we removed the medium by
flicking the plates and replaced it with 100 μL of an HBSS/1%
BSA mixture containing 2 μM Fluo-4 (Molecular Probes,
Eugene, OR) in the presence of 2.5 mM probenecid (Sigma,
Buchs, Switzerland). The cells were then incubated at 37 �C in a
humidified atmosphere (5% CO2/95% air) for 1 h. Plates were
flicked to remove excess of Fluo-4, washed twice with an HBSS/
1% BSA mixture, and finally refilled with 100 μL of HBSS
containing different concentrations of MLA and incubated for
5 min at RT. Plates were then placed in the cell plate stage of the
fluorescent imaging plate reader (FLIPR) (Molecular Devices,
Sunnyvale, CA). JN403 was added to the cells using the FLIPR
96-tip pipettor while fluorescence was being recorded for a total
length of 3 min. In parallel experiments, 0.1 μM JN403 was co-
injected with different concentrations of MLA. A baseline
consisting of five measurements of 0.4 s each was recorded.
The laser excitation and emission wavelengths were 488 and
510 nm, respectively, at 1W,with aCCDcamera opening of 0.4 s.
Radioligand Competition Binding Experiments. We stu-

died the influence of MLA and JN403 on the binding of specific
radioligands for the hR7 ([3H]MLA), hR3β4 ([3H]epibatidine),
and hR4β2 ([3H]cytisine) AChRs. In this regard, AChR mem-
branes (1.5 mg/mL) were suspended in BS buffer with 4 nM
[3H]MLA (hR7), 8 nM [3H]epibatidine (hR3β4), or 9 nM
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[3H]cytisine (hR4β2) and preincubated for 30 min at RT.
The level of nonspecific binding was determined in the presence
of 10 μMMLA ([3H]MLA), 0.5 μM (()-epibatidine ([3H]epibat-
idine), or 1mMCCh ([3H]cytisine). The total volumewas divided
into aliquots, and increasing concentrations of the ligand under
study were added to each tube and incubated for 2 h at RT.
AChR-bound radioligand was then separated from free radio-
ligand by a filtration assay using a 48-sample harvester system
with GF/B Whatman filters (Brandel Inc., Gaithersburg, MD),
previously soaked with 0.5% polyethylenimine for 30 min. The
membrane-containing filterswere transferred to scintillation vials
with 3 mL of Bio-Safe II (Research Product International Corp.,
Mount Prospect, IL), and the radioactivity was determined using
a Beckman LS6500 scintillation counter (Beckman Coulter, Inc.,
Fullerton, CA).

The concentration-response data were curve-fitted by non-
linear least-squares analysis using Prism (GraphPad Software,
San Diego, CA). The corresponding IC50 values were calculated
using the following equation:

θ ¼ 1=½1þð½L�=IC50ÞnH � ð1Þ
where θ is the fractional amount of the radioligand bound in the
presence of the inhibitor at a concentration [L] compared to the
amount of the radioligand bound in the absence of inhibitor
(total binding), IC50 is the inhibitor concentration at which θ=
0.5 (50%bound), and nH is theHill coefficient. The observed IC50

values for JN403 and MLA from the competition experiments
described above were transformed into inhibition constant (Ki)
values using the Cheng-Prusoff relationship (21):

Ki ¼ IC50=ð1þ ½½3H�ligand�=Kd
ligandÞ ð2Þ

where [[3H]ligand] is the initial concentration of [3H]MLA,
[3H]epibatidine, or [3H]cytisine and Kd

ligand is the dissociation
constant for [3H]MLA (1.86 nM) (9), [3H]epibatidine (0.089 nM)
(17), or [3H]cytisine (0.3 nM) (22) for the respective AChR
subtype. The calculated Ki and nH values are summarized in
Table 2.
HomologyModels of the hR3β4, hR4β2, and hR7 AChRs.

The homology model of the hR7 AChR was constructed as
described previously (13, 23) and then used in docking and
molecular dynamics simulation studies. The sequence alignment
and homology modeling of the hR3β4 AChR were created using
an in-house program SAMM (Shanghai Molecule Modeling)
based on the crystal structure of the acetylcholine binding protein
[AChBP; Protein Data Bank (PDB) entry 1i9b] (24). In this
regard, the extracellular domains of theR3 (i.e., residues 33-240)
andβ4 (i.e., residues 26-233) subunits were used. The procedures
of homology modeling are described as follows. (1) The three-
dimensional (3D) structure of the first R3 subunit was generated
by the segment matching approach based on chain A of AChBP
with the other four chains present as the environment. (2) The 3D
structure of the first β4 subunit was generated on the basis of
chain B of AChBP with the homology model of the R3 subunit
and the crystal structure of the other three chains of AChBP as
the environment. Finally, (3) the homology model of the second
R3 subunit and the second and third β4 subunits was constructed
using the same method. In this manner, 10 structures were
constructed, and the calculated average of these structures was
used in docking and molecular dynamics simulations. To con-
struct the homologymodel of the hR4β2AChR, the samemethod
described for the hR3β4 AChR was used, where the extracellular

domains of the R4 (i.e., residues 36-247) and β2 (i.e., residues
28-234) subunits were used instead.
Molecular Docking. To compare the interaction between

agonists and competitive antagonists on the hR7 AChR, we
docked the specific agonist JN403 and the potent competi-
tive antagonist MLA to the binding domain of the hR7 AChR.
To determine the structural basis of receptor specificity, we
also docked the agonist JN403 to the hR3β4 and hR4β2
AChRs.

Ligands were first placed in the vicinity of the binding cavity
proposed by Unwin (25), and subsequently, docking simulations
were conducted using AutoDock version 3.0.5 (26). The genetic
algorithm was used to perform 100 independent runs at each
binding site on a 40 Å cubic grid centered on the mass center of
the ligand with a grid spacing of 0.375 Å.
Molecular Dynamics Simulations. Molecular dynamics

simulations of the JN403-hR7 AChR, MLA-hR7 AChR,
JN403-hR3β4 AChR, and JN403-hR4β2 AChR complexes were
performed in a dodecahedron box with GROMACS96 43a1 force
field parameters using GROMACS version 3.1.1 (27). The single-
point-charge (SPC) water model was used to solvate the complex,
and Naþ ions were added as counterions to neutralize the system
via random replacement of the water molecules. Each system
contains a total of∼85000 atoms.Molecular dynamics simulations
were conductedwith an integration time step of 2 fs with a constant
number of atoms under a constant volume and a constant
temperature (i.e., NPT ensemble), using Berendsen’s algorithm
to keep the temperature at 310 K and the pressure at 1 atm.
Periodic boundary conditions were employed in all three dimen-
sions, and the LINCS algorithm (28) was used to constrain all
bonds in the system. A cutoff of 1.4 Å was used to account for the
van der Waals interactions. In addition, the particle mesh Ewald
(PME)methodwas used to account for the long-range electrostatic
interactions. The detailed simulation procedure is as follows. First,
3000 steps of energy minimization were performed to relax the
system before dynamics simulations. Second, a brief (500 ps)
simulation was conducted with the backbone of the protein
constrained to fully solvate the system. Finally, a 10 ns simulation
was performed without any constraint.
AnalysisMethods forMolecular Dynamics Simulations.

The five R7 subunits are called subunits a, b, c, d, and e, and their
subunit interfaces are named Iab, Ibc, Icd, Ide, and Iea, respectively.
For example, Iab is the interface between primary subunit a and
complementary subunit b. A similar nomenclature is used for the
hR3β4 and hR4β2 AChRs. For instance, in the hR3β4 (or hR4β2)
AChR, the two R3 (or R4) subunits are named b and d, and Ibc
and Ide are the respective R-β interfaces that can accom-
modate the agonist molecules. All molecules, residues, and
proteins in the pictures are drawn by using Visual Molecular
Dynamics (VMD).

The default hydrogen bond definition of GROMACS was
used in our study: a hydrogen bond is considered to be formed if
the distance between the heavy atoms of the hydrogen bond
donor and acceptor is less than 3.5 Å and the hydrogen
atom-donor-acceptor angle is less than 30�.

The distance between the mass center of Trp149 and the mass
center of Tyr188 and the distance between the mass center of
Trp149 and the mass center of Tyr195 from the hR7 AChR were
calculated by the g_dist command in GROMACS.

To determine the motion of loop C (see Supporting Informa-
tion 1 for loop nomenclature), we calculated both the distance
and the Z coordinate of the R-carbon (CR) of Cys190, which is



4172 Biochemistry, Vol. 49, No. 19, 2010 Arias et al.

located in loop C, from the central axis of the pentamer as a
function of time. The line expressed by the following equation
is considered as the central axis of the pentamer:

x ¼
XN
i¼1

xi=N, y ¼
XN
i¼1

yi=N ð3Þ

whereN is the number of CR atoms in the pentamer and xi and yi
refer to the x and y coordinates of the ith CR atom, respectively.
Then, the distance from atom i to the central axis, ri, is calcu-
lated as

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi0 -xÞ2 þðyi0 - yÞ2

q
ð4Þ

where xi
0 and yi0 are the x and y coordinates of atom i, respectively.

The radius of gyration of the subunit, Rg, describing whether
the subunit moves toward or away from the pentamer central
axis, is defined as

Rg ¼ ð
X

miri
2=

X
miÞ1=2 ð5Þ

where mi is the mass of the atom and ri is the distance from the
atom to the central axis calculated by eq 4. Only CR is used in the
calculation.

The axis of the JN403 molecule is defined as the line
determined by the two carbon atoms at the two ends of the
flexible chain that contains an ester bond from the JN403
molecule.
Calculations of the Binding Free Energy. Well-known

methods for binding free energy calculations, including
MM-PBSA (molecular mechanics Poisson-Boltzmann/surface
area) and its variant MM-GBSA (molecular mechanics general-
ized Born/surface area) (29), were applied to study the interaction
of JN403 at the R7-R7, R3-β4, and R4-β2 interfaces. The
change in free energy (ΔG) during formation of the ligand-
receptor complex was defined by the following equation:

ΔG ¼ Gcomplex-Greceptor -Gligand ð6Þ
whereGcomplex,Greceptor, andGligand refer to the free energy of the
complex, receptor, and ligand, respectively. According to the
MM-PBSA/GBSAmethods, the free energy of a molecule can be
calculated as

Gmolecule ¼ ÆEMMæþ ÆGSolvæ- ÆTSæ ð7Þ
where ÆEMMæ, ÆGSolvæ, and ÆTSæ denote the molecular mechanics
energy, solvation energy, and entropy contributions, respectively.
The angle brackets denote the average of a series of conforma-
tions. For the calculation of ÆEMMæ, it is decomposed in three
parts:

ÆEMMæ ¼ ÆEintæþ ÆEeleæþ ÆEvdwæ ð8Þ
where ÆEintæ is the internal energy, including the bond stretching
energy, the angle bending energy, and the dihedral torsion
energy; ÆEeleæ is the electrostatic interaction energy; and ÆEvdwæ
is the van der Waals interaction energy. In turn, the solvation
energy ÆGSolvæ can by calculated by

ÆGSolvæ ¼ ÆGnonpolaræþ ÆGpolaræ ð9Þ
where ÆGnonpolaræ and ÆGpolaræ correspond to the nonpolar
and polar solvation energies, respectively. ÆGnonpolaræ is esti-
mated by scaling the molecular surface by a specific constant,

using the following equation:

Gnonpolar ¼ ðsurften� SASAÞþ surfoff ð10Þ

where surften and surfoff were set to 0.0072 and 0.00, respectively,
as previously used (30), and SASA denotes the solvent accessible
surface area. In theMM-PBSA calculations, a solvent probe with a
radius of 1.4 Å is used to detect the SASA, whereas inMM-GBSA,
the LCPO (linear combinations of pairwise overlaps) method is
used to estimate the SASA. In the MM-PBSA method, ÆGpolaræ is
calculated by solving the Poisson-Boltzmann equation (PBE),
whereas in the MM-GBSA method, it is estimated by the general-
ized Born equation. The standard parameters in the AMBER
package are used in the calculation of ÆGpolaræ. More specifically, in
the MM-PBSA calculations, the internal and external dielectric
constants were set to 1.0 and 80.0, respectively, and a salt concen-
tration of 0.0 was used. After the grids had been centered on the
molecule with a grid spacing of 0.5 Å, 1000 iteration steps were per-
formed to solve the linear PBE, while in the MM-GBSA calcula-
tions, the samedielectric constants and salt concentrationwereused.

The EMM terms (ÆEintæ, ÆEeleæ, and ÆEvdwæ) and GSolv terms
(ÆGnonpolaræ and ÆGpolaræ) were calculated by the sander and pbsa
modules of the AMBER package, respectively. Since the calcula-
tion of ÆTSæ, which can be estimated from normalmodel analysis,
is expensive in terms of computational time and often introduces
additional uncertainty into the calculated free energy, it was not
included in our calculation.

Since each energy term is an average, it is necessary to generate
a collection of conformations from the complexes, receptors, and
ligands to calculate their binding free energy by the MM-PBSA/
GBSA methods. These conformations can be obtained by using
the single-trajectory and three-trajectory methods. The three-
trajectory method is based on the performance of independent
molecular dynamics simulations on the complex, receptor, and
ligand, and the needed conformations can be extracted, conse-
quently, from three separated trajectories. In the single-trajectory
method, only one dynamics simulation is conducted and the
conformations of the complex, receptor, and ligand are extracted
from the same trajectory. The single-trajectory method was
employed in our calculations by performance of 3 ns molecular
dynamics simulations on the interaction between JN403 and the
R7-R7,R3-β4, andR4-β2 interfaces withAMBER8 (31). Since
the R7-R7, R3-β4, and R4-β2 interfaces were used in this
dynamics sampling, the CR atoms were restrained by a force
constant of 2 kcal mol-1 Å-2 to prevent conformational defor-
mations of the complexes (see Supporting Information 2 for the
details on the simulation protocol). In addition, 50 snapshots of
the complexes, receptors, and ligands, which were used to
calculate the free energies of interaction, were extracted from
the last 2 ns of the trajectory at an interval of 40 ps.

The computational Ala-scanning method (32) was used to
explore the mutational effects on several residues proved by
dynamics simulations to be pivotal in ligand-receptor binding
(see Supporting Information 6). Among the most important
residues, we studied Trp55, Phe104, Val108, Leu119, Gln57, and
Gln117 from the complementary component of the R7-R7
interface; Tyr93, Trp149, Tyr188, and Tyr195 from the primary
component of the R7-R7 interface; Tyr90, Trp146, Tyr187, and
Tyr194 from subunit R3; and Trp55, Ile109, Leu117, Leu119,
Lys32, Lys57, Glu59, and Arg111 from subunit β4. These
residues were mutated to Ala, and the binding free energies were
calculated by the methods explained above.
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RESULTS

LigandActivityAssessed byCa2þ Influx inGH3-hR7Cells.
The potency of JN403 in activating the hR7 AChR was compared
to that for (()-epibatidine via assessment of the fluorescence
change in GH3-hR7 cells after agonist stimulation (Figure 1).
JN403 stimulated the hR7AChRwith practically the same efficacy
as (()-epibatidine but with a 2-fold lower potency [EC50=103 (
8 nM (Table 1)] compared to that for (()-epibatidine (EC50=52(
4 nM). The fact that the nH value is greater than 2 (Table 1)
indicates that the stimulatory process mediated by JN403 is
produced in a cooperative manner. This in turn suggests that
JN403 interacts with more than one binding site. This result is not
surprising because the R7 AChR has five potential agonist/
competitive antagonist binding sites, and at least three agonist
molecules must interact with these sites to generate a stable active
state (33). We also investigated the blocking and desensitizing
properties of JN403 at higher concentrations. After a full range of

JN403 concentrations [i.e., 3 nM to 1 mM (see Figure 1)] had been
tested, a bell-shaped plot was obtained showing both the stimula-
tory activity and blocking and desensitizing activity elicited by
JN403. From the inhibitory portion of the curve, an IC50 value of
20( 6μMwas obtained (Table 1). Interestingly, the corresponding
nH value was ∼1, suggesting that this Ca2þ influx inhibition is
produced in a noncooperative manner, supporting the existence of
one binding site. This result correlates very well with a general
model in which agonists at high concentrations can block ion flux
by binding to a self-inhibitory binding site within the ion channel
(reviewed in ref 34). However, we cannot discard a strong AChR
desensitization process at high JN403 concentrations.

The JN403-induced hR7AChRactivationwas inhibited by the
specific competitive antagonist MLA using two different proto-
cols (Figure 1). The calculated IC50 values depend on whether
MLAwas preincubated (3.1( 0.8 nM) or co-injectedwith JN403
(499( 124 nM) (Table 1). The fact that the nH values are higher
than unity (Table 1) indicates that the inhibitory process is
produced in a cooperative manner, suggesting theMLA interacts
with more than one binding site. This result coincides very well
with the existence of up to five agonist/competitive antagonist
sites in the R7 AChR.
Binding Affinity of MLA and JN403 for Different

AChRs. To compare the binding affinity of the partial agonist
JN403 for the hR7 AChR with that for the well-characterized
competitive antagonist MLA, the influence of both ligands on
binding of [3H]MLA to hR7 AChRs was determined (Figure 2).
Comparing theKi values summarized in Table 2, we demonstrate
thatMLAbinds to the hR7AChRwith an affinity∼5-fold higher
than that for JN403. The observed high affinity for MLA
coincides very well with its high inhibitory potency, especially
when MLA is preincubated before JN403 stimulation (Figure 2
and Table 1). The fact that the calculated nH values are close to
unity (Table 2) indicates that JN403 and MLA inhibit [3H]MLA
binding in a noncooperative manner. These data support the
general view that each ligand binds to overlapping sites within the
agonist/competitive agonist binding domain of the hR7 AChR.

To determine the receptor specificity for JN403, the affinity of
this drug for the hR7 AChR was compared to that for the hR3β4
and hR4β2AChRs in additional radioligandbinding experiments
(Figure 3). The results indicate that JN403 binds to the hR3β4

FIGURE 1: Modulation of Ca2þ influx in GH3 cells expressing the
humanR7AChRby agonists. Bell-shaped plot of the JN403-induced
Ca2þ response produced over a wide range of JN403 concentrations
(2). In the lower-concentration range, JN403 stimulates the R7
AChRwith practically the same efficacy but with a different potency
compared with those for (()-epibatidine (9). In the higher-concen-
tration range, JN403 inhibits the R7 AChR. In addition, cells were
pretreated with several concentrations ofMLA followed by addition
of 1 μM JN403 (0), or MLA was co-injected with JN403 (O). The
plots are representative of 29 (9), 17 (2), 8 (0), and 5 (O) determina-
tions, where the error bars correspond to the standard deviation.
Ligand response was normalized to the maximal (()-epibatidine
response, which was set to 100%. The calculated EC50, IC50, and nH
values for MLA and JN403 are summarized in Table 1.

Table 1: Stimulation and Inhibition Elicited by JN403 atDifferent Concentrations and Inhibitory Potency ofMLAAssessed byCa2þ Influx inGH3-hR7Cells

protocol ligand EC50
a IC50

b nH
c

JN403-induced Ca2þ influx JN403 103 ( 8 nM - 2.60( 0.30

JN403-induced inhibition of Ca2þ influx at high concentrations JN403 - 20 ( 6 μM 1.20 ( 0.21

5 min preincubation with MLA followed by activation with JN403 over several seconds MLA - 3.1 ( 0.8 nM 1.59( 0.19

co-injection of MLA and JN403 over several seconds MLA - 499 ( 124 nM 1.51( 0.05

aThe EC50 value for JN403 was obtained from Figure 1. bIC50 values were obtained from Figure 1. cHill coefficient.

Table 2: Binding Affinity of JN403 and MLA for the hR7, hR3β4, and hR4β2 AChRs

hR7 AChR hR3β4 AChR hR4β2 AChR

ligand Ki (nM)a nH
b Ki (nM)a nH

b Ki (nM)a nH
b

JN403 55( 5 1.02 ( 0.06 2150 ( 150 0.77( 0.04 27700 ( 4300 0.80 ( 0.11

MLA 10( 1 0.77( 0.07 - - - -
aKi values were calculated from Figure 2 ([3H]MLA experiments) and Figure 3 ([3H]epibatidine and [3H]cytisine experiments) according to eq 2. bHill

coefficients.
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andhR4β2AChRswithKi values of 2.2 and 27.7μM, respectively
(Table 2). Consequently, the order of receptor specificity for
JN403 is as follows: hR7 > hR3β4 (∼40-fold) > hR4β2 (∼500-
fold) (Table 2). Our results are in total agreement with previous
determinations (10).
Pharmacophores of JN403 and MLA Responsible for

Receptor Binding. To determine the different structural com-
ponents of JN403 and MLA that are responsible for their
respective agonist and competitive antagonist properties and
are responsible for the receptor selectivity of JN403, four 10 ns
dynamics simulations were performed in parallel for JN403
interacting with hR7, hR3β4, and hR4β2 AChRs, and for MLA
interacting with the hR7 AChR.

In our simulations, cation-π interactions were formed bet-
ween the JN403 ammonium group and the aromatic cage from
the hR7 (Figure 4A), hR3β4 (Figure 4B), and hR4β2 (Figure 4C)
AChRs. Many hR7 AChR agonists have a cationic center that
interacts with an aromatic cage at the binding cavity through
cation-π interactions (e.g., see refs 35-38). The hydrophobic
cavity accommodating the aromatic ring of JN403 is also
observed in the hR7 (Figure 4A), hR3β4 (Figure 4B), and
hR4β2 (Figure 4C) AChRs. However, the cation-π and hydro-
phobic interactions between the ligand and the hR4β2 AChR

were only formed at one interface, whereas JN403 diffused away
from the other interfaces during the simulation (see Supporting
Information 3). This is consistent with the radioligand binding
results indicating that JN403 binds the hR4β2 AChR with a
relatively low affinity (see Table 2). The hydrophobic cavity
consists of Val108, Leu119, and Phe104 from the complementary
component in the R7 subunit, whereas in the hR3β4 and hR4β2
AChRs, it is formed by Leu117, Leu119, and Ile109 from the β4
subunit and Phe117, Leu119, and Val109 from the β2 subunit.
The distances between the center ofmass of the aromatic ring and
that of the side chains of these hydrophobic residues during the
last 5 ns simulationwere calculated at an interval of 10 ps, and the
percentages of these distances are listed in Table 3. Considering
that hydrophobic interactions occur if the distance between two
groups is less than 6.5 Å, hydrophobic interactions are formed
between the aromatic ring of JN403 and the hydrophobic cavities
from hR7, hR3β4, and hR4β2 AChR subtypes. Although the
binding cavities have similar overall shapes and constitutions
among AChR subtypes (see Figure 4), the residues around them
are quite different. There are two polar residues (i.e., Gln57 and
Gln117) at the entrance of the hR7 AChR cavity, whereas several
charged residues lie at the entrance of the hR3β4 (i.e., Lys57,
Glu59, Arg111, and Lys32, from subunit β4) and hR4β2
(i.e., Glu59 and Asp113 from subunit β2) AChR cavities.

Our simulation results also indicate that JN403 has a different
orientation in the hR7AChRbinding sites (Figure 4A) compared
to that in the hR3β4 (Figure 4B) and hR4β2 (Figure 4C) AChRs.
To compare this molecular orientation, we calculated the angles
between the axis of JN403 and the axis of each pentamer at an
interval of 10 ps. For the hR7 AChR, the averaged angles are
48.66 ( 8.27�, 43.76 ( 5.09�, 21.95 ( 5.54�, 38.51 ( 4.93�, and
30.25 ( 4.67� at the Iab, Ibc, Icd, Ide, and Iea interfaces,
respectively. While at the Ibc and Ide hR3β4 AChR interfaces,
the averaged angles are 68.16 ( 11.55� and 68.59 ( 5.31�,

FIGURE 2: Inhibition of binding of [3H]MLA to hR7 AChRs elicited
by MLA and JN403. hR7 AChR membranes prepared from
SH-SY5Y-hR7 cells (1.5 mg/mL) were equilibrated (2 h) with 4 nM
[3H]MLAand increasing concentrations ofMLA (O) and JN403 (b).
The level of nonspecific binding was determined at 10 μM MLA.
Each plot is the combination of two or three separate experiments,
each performed in triplicate, where the error bars correspond to the
standard deviation. From these plots, the apparent IC50 and nH
values were obtained by a nonlinear least-squares fit according to
eq 1. The Ki values were calculated using eq 2. The data are sum-
marized in Table 2.

FIGURE 4: Molecular interaction of JN403 with the agonist binding
site at the (A) hR7, (B) hR3β4, and (C) hR4β2AChRs. (D) Interaction
of MLA with the respective aromatic cage and hydrophobic cavity
from the hR7 AChR. The aromatic cage (yellow) and the hydro-
phobic cavity (green) are shown as a molecular surface model, while
JN403 and MLA are shown as red sticks. The figures are based on
the conformation of the last frame from the molecular dynamics
simulations.

FIGURE 3: JN403-induced inhibition of binding of a radioligand
agonist to hR3β4 (O) and hR4β2 (b) AChRs. AChR membranes
(1.5mg/mL)were equilibrated (2 h) with 8 nM [3H]epibatidine (O) or
9 nM [3H]cytisine (b) and increasing concentrations of JN403. The
level of nonspecific bindingwas determined at 0.5 μMepibatidine (O)
or 1 mM CCh (b). Each plot is the combination of two separate
experiments, each performed in triplicate, where the error bars
correspond to the standard deviation. From these plots, the apparent
IC50 and nH values were obtained by a nonlinear least-squares fit
according to eq 1. The Ki value for JN403 was calculated using eq 2.
The data are summarized in Table 2.
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respectively. The angle for the Ide interface in the hR4β2 AChR is
53.81( 5.23�, a value between those determined for the hR7 and
hR3β4 AChRs. The difference between the hR7 and hR3β4
AChRs could be attributed to the distinct relative positions
between the aromatic cage and the hydrophobic cavity in the hR7
AChR compared to that in the hR3β4 AChR.

Figure 5A shows that MLA, a specific and potent competitive
antagonist of R7 AChRs, has two similar structural components
when compared to JN403: a cationic center and a hydrophobic
group, both connected by a relatively flexible chain. The distance

between the cationic center and the center of mass of the
hydrophobic group is 8-9 Å for both molecules. In addition,
the conformation of rings A and E from the MLA molecule also
resembles the conformation of the carbon atoms connected to the
ammonium nitrogen (i.e., carbon cage) in the JN403 molecule
(see the molecular comparison in Figure 5A). The hydrophobic
interaction between the hydrophobic group from MLA and the
hydrophobic cavity from the complementary component was
also analyzed, and the results are shown in Table 3. These data
proved the existence of cation-π and hydrophobic interactions
betweenMLA and the hR7 AChR (see Figure 4D). JN403 forms
hydrophobic interactions with the hydrophobic cavity in each
subunit interface, whereasMLA forms hydrophobic interactions
only at the Iab, Ide, and Iea interfaces (Table 3).

Our experiments support previous results indicating the exi-
stence of two important AChR domains for ligand binding,
i.e., an aromatic cage and a hydrophobic cavity. These two
domains interact with the most significant pharmacophores
responsible for the binding of both agonists (i.e., JN403) and
antagonists (i.e., MLA). More specifically, our results indicate
that the ligand cationic center (i.e., ammonium group) forms
cation-π interactions with the aromatic cage, whereas the ligand
hydrophobic group (i.e., aromatic ring) forms hydrophobic
interactions with the hydrophobic cavity. We speculated that
this model is universal in different AChR types and plays a key
role for both agonist and antagonist binding.
HydrogenBond InteractionsbetweenLigands andAChRs.

We first determined the average number of hydrogen bonds
formed between JN403 and each subunit interface (i.e., R7-R7,
R3-β4, andR4-β2) in the last 5 ns of the simulation calculated at
an interval of 10 ps. The numbers of hydrogen bonds were 0.49,
0.66, 1.11, 1.54, and 1.58 at the Iab, Ibc, Icd, Ide, and Iea interfaces
of the hR7 AChR, respectively, while at the Ibc and Ide interfaces
of the hR3β4 AChR, the numbers of hydrogen bonds were 0.18
and 0.35, respectively. The corresponding number at one R4-β2
interface was 0.59 [the hydrogen bonds at the other interfaces
were not analyzed since JN403 diffused away from the binding

Table 3: Proportions of Residues in the Hydrophobic Cavity Interacting with the Benzene Ring from the JN403 and MLA Moleculesa

complex interface Val108 Leu119 Phe104

JN403-hR7 AChR Iab 43.9% 65.1% 0

Ibc 99.8% 98.6% 0

Icd 100% 100% 0

Ide 99.8% 0 97.00%

Iea 100% 100% 0

MLA-hR7 AChR Iab 65.5% 0 0

Ibc 0 0 0

Icd 0 0.4% 0

Ide 80.0% 5.6% 0

Iea 43.5% 0 0

complex interface Leu117 Leu119 Ile109

JN403-hR3β4 AChR Ibc 100% 100% 0.4%

Ide 100% 100% 0

complex interface Phe117 Leu119 Val109

JN403-hR4β2 AChR Ibc 0 0 0

Ide 91.6% 0 65.5%

aThe distances between the center ofmass of the benzene ring from the JN403 andMLAmolecules and the residue side chains in the hydrophobic cavity were
calculated from the last 5 ns of the simulation at an interval of 10 ps for each ligand-receptor complex. The residues that have a distance of<6.5 Å were defined
as residues interacting with the ligand.

FIGURE 5: Possible pharmacophores for the R7 AChR binding site.
(A) Molecular alignment of MLA (red) with JN403 (green). The
nitrogen atom from the cationic center is colored blue, and theMLA
rings are named A-E. (B) Possible pharmacophore model for R7
AChR antagonists. MLA has an ammonium group as a cationic
center and a benzene ring as a hydrophobic group. These two
moieties connected by a flexible chain at a distance of ∼8-9 Å are
required for ligand binding. An additional group connected to the
hydrophobic moiety and extending perpendicular to the molecular
axis is responsible for its antagonistic property. This latter group
should not contain any charges from the surrounding residues
where aromatic residues are located, and it should have a width of
at least 5-6 Å.
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cavity (see Supporting Information 3)]. In general, these results
indicate weaker hydrogen bond interactions between JN403
and the hR3β4 and hR4β2 AChRs, compared with that for the
hR7 AChR.

The averaged numbers of hydrogen bonds between MLA and
hR7AChRwere also calculatedwith the samemethod: 2.57, 1.46,
1.58, 2.48, and 2.74 for each of the five subunit interfaces. This
result indicates that MLA forms more hydrogen bonds with the
hR7 AChR binding sites than JN403, which is rationalized by the
fact that MLA has more polar atoms (such as oxygen) than the
JN403 molecule. This supports the observed higher affinity of
MLA for the hR7 AChR compared with that of JN403 (Table 2).

Although the hydrogen bonds formed depend on the receptor
and the specific interface, a consistent model of the hydrogen
bonds was found for the hR7 and hR3β4 AChRs (see Supporting
Information 4). The nitrogen atoms from the ammonium (Nþ)
and carbamate (NH) groups from JN403 are the most important
structural components for hydrogen bond interactions between
the ligand and the AChRs. More specifically, residues Trp149,
Tyr93, and Tyr195 from the hR7 AChR aromatic cage and
Trp146 and Tyr90 from the hR3β4 AChR aromatic cage are
pivotal components for the formation of hydrogen bonds. The
hydrogen bond analysis also indicates that the hydrogen bonds
formed between JN403 and the hR3β4 AChR are much weaker
that those for the hR7 AChR (see Supporting Information 4),
which may be responsible for the determined lower affinity of
JN403 for the hR3β4 AChR (see Table 2). We infer that this
difference is the result of the distinct relative position of the
aromatic cage and hydrophobic cavity in the hR3β4 AChR
compared to that in the hR7 AChR. This different position
changes the orientation of the JN403 molecule, affecting the
conformation of the ammonium and carbamate groups in
the aromatic cage and, hence, weakening the hydrogen bonds
in the hR3β4 AChR, especially that between the NH atom and
the Trp146 O atom (see Supporting Information 4). The oxygen
atoms in the hR3β4 AChR also formed fewer hydrogen bonds
than those in the hR7 AChR, which may be attributed to a more
hydrophobic environment of the hR3β4 (e.g., R7-Gln117 mutated
to β4-Leu117) AChR binding cavity. Interestingly, the hydrogen
bond model described in the JN403-hR3β4 AChR and
JN403-hR7AChRcomplexeswas not found in the JN403-hR4β2
AChR complex. In this case, hydrogen bonds are formed between
the ammonium from JN403 and the oxygen from the backbone of
R4-Trp147 and between the carbamate group and the oxygen from
theR4-Tyr195 side chain. The averaged number of hydrogen bonds
(∼0.6 in the hR4β2 AChR compared to ∼1.1 in the hR7 AChR)
also indicates weaker hydrogen bond interactions between JN403
and the hR4β2 AChR.

Our hydrogen bond analysis reveals that, in addition to the
previously determined pharmacophores for JN403 (i.e., ammonium
group and hydrophobic ring), its carbamate group can be consi-
dered another pharmacophore. We also speculated that the differ-
ent orientation of JN403 in the hR3β4 AChR compared to that in
the hR7AChRweakens the hydrogen bond between the carbamate
group and R3-Trp146. This structural feature and the smaller
number of hydrogen bonds between JN403 and the hR3β4 and
hR4β2 AChRs compared to that for the hR7 AChR might be res-
ponsible for the observed receptor selectivity of JN403 (seeTable 2).
Different hR7 AChR Motions Induced by JN403 and

MLA. The MLA molecule has two additional structural moieties
that are not equivalent in the JN403 molecule: the 3-methyl-2,5-
dioxopyrrole ring that is connected to the hydrophobic group and

the B-D rings (see Figure 5A) that are connected together with
several oxygen atoms located at different positions around them.
The simulation results for the JN403-hR7 AChR andMLA-hR7
AChR complexes revealed that the motion of the AChR binding
cavity depends on the type of bound ligand and that this motion is
distributed throughout the protein (see Supporting Information
5I-III). We also determined that the 3-methyl-2,5-dioxopyrrole
ring and the B-D rings are important for its antagonistic proper-
ties. The ammonium nitrogen of MLA was positioned in the hR7
AChRaromatic cage,with the hydrogen and the ethyl group,which
is connected to the nitrogen, pointing to the Trp149 residue.
However, this aromatic cage, which accommodates the cationic
center of the JN403 molecule, was disabled by the MLA molecule
during the simulation (see Figure 6A). For JN403, the aromatic
cage remains unaltered during the 10 ns simulation (see Figure 6B),
whereas forMLA, bothTyr195 andTyr188 are pushed away by the
3-methyl-2,5-dioxopyrrole ring and the B-D rings and the aro-
matic cage was disabled (see Figure 6A).

We next analyzed the motion of the protein in theMLA- and
JN403-ha7 AChR complexes (see Supporting Information 5).
When the agonist binds to the protein, loop C (see Supporting
Information 1) was inclined to move inward, occluding the
entrance of the cavity, while the antagonist molecule pushed
loop C away (see Supporting Information 5II). The motion of
loop C causes a rotation of the β-sandwich, inducing a motion of
the Cys loop and β1-β2 loop which interact with the M2 helices
from the transmembrane domain. The rotation of theβ-sandwich
was observed only in subunit d in our 10 ns simulation (see
Supporting Information 5II), whereas a similar conformational
change was observed in subunit b when the simulations were
extended to 15 ns. To explain thismotional difference, we suggest
that the relatively larger molecular volume of MLA (∼760 Å3)
is responsible for the different motions observed in loop C. To
orient the MLA ammonium group in the aromatic cage to form
the cation-π interaction, loop C must be pushed away by steric
hindrance with the bulky group (i.e., the 3-methyl-2,5-dioxopyr-
role ring and the B-D rings) around the nitrogen, while the space
in the aromatic cage is large enough to accommodate the JN403
ammonium group (JN403 molecular volume of 340 Å3). The
average distances between the center of mass of the 3-methyl-2,5-
dioxopyrrole ring from the MLA molecule and that of Tyr195

FIGURE 6: Molecular surface model (yellow) of the aromatic cage in
the binding cavity of the (A)MLA-hR7AChR and (B) JN403-hR7
AChR complexes. The left and right models show the ligand-hR7
AChR complex before and after the 10 ns dynamics simulation,
respectively. The aromatic cage of the hR7 AChR was disabled after
MLA binding, whereas that for the JN403-hR7 AChR complex
remained unaltered. The most important amino acids are shown as
green stick models.
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during the last 5 ns of the simulations were 6.55 ( 0.32, 12.40 (
0.36, 9.92 ( 0.65, 5.48 ( 0.62, and 12.55 ( 0.91 Å at the Iab, Ibc,
Icd, Ide, and Iea interfaces, respectively. This result indicates a
possible interaction between these two groups at the Iab, Icd, and
Ide interfaces.

The antagonist MLA induces different motions on loop C by
pushing Tyr195 and Tyr188 away from the binding cavity (see
Supporting Information 5III). During the simulation, MLA
remained in a conformationwhere the 3-methyl-2,5-dioxopyrrole
ring was oriented nearly perpendicular to the flexible chain
connecting the cationic center and the hydrophobic group. In
this conformation, the 3-methyl-2,5-dioxopyrrole ring pointed
toward the Tyr195 side chain and pushed it away. Since Tyr188
lies at the bottom of the aromatic cage in the hR7 AChR-JN403
complex and the B-D rings extend toward the bottom of the
cage during the MLA-hR7 AChR complex simulation, the
conformational change of Tyr188 may be attributed to the
B-D rings. On the basis of our simulation trajectories, we infer
that the bulky moiety formed by the 3-methyl-2,5-dioxopyrrole
ring and the B-D rings around the protonated nitrogen ofMLA
is the most important structural feature that supports its anta-
gonistic property by pushing loop C away. In this regard, the
ammonium group, which forms cation-π interactions with the
aromatic cage of the binding cavity, as well as the benzene ring,
which forms hydrophobic interaction with the complementary
component, can be considered pharmacophores for both agonists
and antagonists.
Receptor Selectivity for JN403 Assessed by Free Energy

Calculation and Computational Ala Scanning. To compare
the binding affinity of JN403 between the hR7 and hR3β4 and
hR4β2 AChRs, and to confirm the role of the residues shown to
be important in ligand binding by dynamics simulations, we
conducted free energy calculations (Table 4) and Ala scanning
simulations (see Supporting Information 6) for JN403 at the
R7-R7, R3-β4, and R4-β2 interfaces. Both MM-PBSA and
MM-GBSA methods indicated that JN403 has a much lower
binding free energy when interacting with the hR7 AChR
compared to that for the hR3β4 and hR4β2 AChRs (see
Table 4), consistent with the experimental results (see Table 2).
The lower binding free energy of JN403 for the R7-R7 interface
can be attributed to both a weaker electrostatic interaction
(ΔEele) and especially a weaker van der Waals interaction
(ΔEvdw). Although the ΔEele term of JN403 for the hR7 AChR
wasmuch lower (-167.9 kcal/mol) than that for the hR3β4AChR
(-143.1 kcal/mol), the total electrostatic contribution (including
the contribution frommolecular mechanics energy and the polar
solvation energy, i.e., the sum ofΔEele andΔGPBSA/GBSA-polar) to
the binding free energywas only slightly smaller in the hR7AChR

(a difference of 0.9 kcal/mol by the MM-PBSA method and of
3.3 kcal/mol by the MM-GBSA method). The latter is probably
due to higher polar solvation energy for the hR7 AChR-JN403
complex compared to that for the hR3β4 AChR-JN403 com-
plex. The JN403 molecule has a lower van der Waals interaction
energy when binding to the hR7 AChR compared to that for the
hR3β4 AChR (a difference of 4.4 kcal/mol). Interestingly, the
condition for the hR4β2 AChR-JN403 complex is different.
JN403 has a stronger electrostatic interaction (ΔEele, a difference
of 62.6 kcal/mol) and weaker van der Waals interaction (ΔEvdw,
a difference of 10.9 kcal/mol) with theR4-β2 interface compared
to those with theR7-R7 interface (Table 4).Hence, the difference
in free energy (and the difference in binding affinity) between the
R4-β2 interface and the R7-R7 interface is mainly attributed to
the different van der Waals energies.

The molecular dynamics simulations predicted that there are
several charged residues around the hydrophobic cavity in the
hR3β4 AChR (e.g., Lys32, Lys57, Glu59, and Arg111), whereas
most of the residues around the hydrophobic cavity in the hR7
AChR are not charged (e.g., Gln57 and Gln117). The mutation
of the positively charged residues in the β4 subunit (i.e., Lys32,
Lys57, and Arg111) greatly weakens the electrostatic interaction
(i.e., theΔEele term), while themutation of the negatively charged
residue Glu59 increases this value (Supporting Information 6,
Table A). This result suggests that positive charges are unfavor-
able elements for the molecular binding between JN403 and the
hR3β4 AChR. This is consistent with the fact that the hR7 AChR
pentamer is more negatively charged (-20) than the hR3β4
AChR pentamer (-13). This difference is obtained considering
that the net negative charges of the R7, R3, and β4 subunits are
-4, -5, and -1, respectively. Since the pKa of JN403 is 10.3
(obtained according to the method of ref 40), ∼99.9% is in the
protonated form at physiological pH, and thus, the net negative
charge in the hR7 AChR pentamer favors ligand binding. Hence,
the net charge of the AChR pentamer is another possible element
responsible for the observed agonist selectivity. Positively
charged residues around the AChR binding cavity may be also
responsible for drug selectivity. TheMM-PBSA/GBSAmethods
predicted quite different total free energy changes for the Ala
mutations of the amino acids surrounding the hR3β4 (Table A)
and hR7 (Table B) AChR binding pockets (see Supporting
Information 6). These differences came from the different polar
solvation energies predicted by these two methods. We specu-
lated that the mutation of these residues to polar residues will
greatly decrease the electrostatic interaction energy and induce
smaller changes in the polar solvation energy, resulting in a lower
binding affinity of JN403 for the hR3β4 AChR. The Gln57Ala
mutation in the R7 subunit did not change the free energy,

Table 4: Results of the Free Energy Calculation for JN403 at the R7-R7, R3-β4, and R4-β2 Interfacesa

energy terms (kcal/mol) ΔG þ TSMM (kcal/mol)

interface ΔEele ΔEvdw ΔGnonpolar ΔGPBSA-polar ΔGGBSA-polar PBSA GBSA

R7-R7 -167.9( 6.5 -43.3( 1.9 -5.5( 0.2 185.8( 6.5 170.6( 7.1 -30.8( 3.3 -46.0( 2.8

R3-β4 -143.1( 7.5 -38.9( 2.1 -5.5( 0.1 161.8( 7.1 149.1( 7.5 -25.6( 4.1 -38.3( 2.9

R4-β2 -230.5( 6.0 -32.4( 1.8 -5.1( 0.2 247.5( 4.5 235.9( 5.1 -20.5( 3.5 -32.2( 2.6

aBinding free energy was calculated by bothMM-PBSA andMM-GBSAmethods.ΔEele,ΔEvdw,ΔGnonpolar,ΔGPBSA-polar,ΔGGBSA-polar, PBSA, andGBSA
denote changes in the electrostatic interaction energy, the van der Waals interaction energy, the nonpolar solvation energy, the polar solvation energy
determined by theMM-PBSAmethod, the polar solvation determined by theMM-GBSAmethod, the total energy determined by theMM-PBSAmethod, and
the total energy determined by theMM-GBSAmethod during the process of ligand binding, respectively. Since a single-trajectory method was used during the
calculation, the changes in the ΔEint terms are zero and, thus, are not listed here.
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whereas theGln117Alamutation increases bothΔEele andΔEvdw

terms (Table B). Thus, R7-Gln117 is proven to play a key role in
ligand binding. Additional results for the hR3β4 AChR indicate
that the closer the residue to the binding site, the greater the
decrease in the electrostatic interaction energy induced by its
mutation. For example, ΔEele decreased by 43.5, 29.5, and
21.5 kcal/mol for the Lys57Ala, Arg111Ala, and Lys32Ala
mutations, respectively, while Lys57 is the nearest to the binding
cavity, Arg111 is more distant, and Lys32 is the most distant.
Thus, not only the net charge of the subunit interface but also
the relative positions of the positively charged residues can affect
the binding affinity of the ligand. Ala mutations of the amino
acids surrounding the hR4β2 binding site (Table C) indicate that
cation-π and hydrophobic interactions were both formed be-
tween hR4β2 and JN403 (see Supporting Information 6).

As indicated previously (see Table 4), the higher binding free
energy of JN403 in the R4-β2 interface was not attributed to the
electrostatic interaction but to the unfavorable van der Waals
interaction. The hR4β2 AChR pentamer is more negatively
charged (-37) than the hR7 AChR pentamer (-20); hence,
JN403, which is positively charged, should have a higher binding
affinity with the hR4β2 AChR considering only the electrostatic
interaction. However, the van der Waals interaction energy
(ΔEvdw) between JN403 and the R4-β2 interface showed a very
unfavorable van der Waals interaction. This is why the obtained
total free energy indicates that the binding between JN403 and
the R7-R7 interface is more favorable than that between JN403
and the R4-β2 interface, which is consistent with the experi-
mental results (Table 2). In fact, the order of the total free energy
(kilocalories per mole) obtained by the MM-GBSA method for
the three AChRs is as follows:-46.0( 2.8 (hR7) >-38.3( 2.9
(hR3β4) > -32.2 ( 2.6 (hR4β2).

DISCUSSION

An important objective of this work is to characterize the
pharmacophore for agonists and antagonists of the hR7 AChR.
In this regard, the binding, functional, and specificity properties
of JN403 were determined on the hR7, hR3β4, and hR4β2
AChRs. We applied a variety of approaches, including radio-
ligand binding assays, Ca2þ influx detections, and molecular
docking and dynamics studies.

To determine the inhibitory potency of MLA on JN403-
activated Ca2þ influx in GH3-hR7 cells, we used preincubation
and co-injection protocols (Figure 1). The results indicated that
MLA inhibits the JN403-activated hR7 AChR with potencies
that depend on the used protocol (Table 1). A potential explana-
tion for the observation thatMLApreincubation inhibits the hR7
AChR with a potency 160-fold higher than that determined by
co-injection with JN403 is that MLA binds with high affinity to
the resting hR7 AChR and stabilizes this conformational state,
thus decreasing the likelihood of the subsequent JN403-induced
AChR activation. Another alternative explanation is that the
interaction of MLA with the resting hR7 AChR increases the
desensitization rate, precluding the agonist-induced Ca2þ influx.
Although we cannot distinguish between these two different
inhibitory mechanisms, our first proposed model fits very well
with previous observations whereMLA inhibits the spontaneous
activity of the Leu247Thr R7 AChR mutant (39).

The results from the radioligand competition binding experi-
ments indicate thatMLAbinds to the hR7AChRwith an affinity
∼5-fold higher than that for JN403 (see Table 2), which coincides

with the high inhibitory potency of this ligand (Table 1). The
molecular dynamics simulations of the JN403-hR7 AChR and
MLA-hR7 AChR complexes indicate that the ligand-induced
loop C motion depends on the ligand type (see Supporting
Information 5). In the antagonist-bound receptor, the bulky
moiety [i.e., the 3-methyl-2,5-dioxopyrrole ring and the B-D
rings (see Figure 5A)] around the ammonium group pushes away
the Tyr195 andTyr188 residues that lay on loopC, outward from
the center of the pentamer barrel, while JN403 draws loop C
inward. The motion of the MLA-bound receptor in our simula-
tion is similar to that determined for ligands binding to the
AChBP (40, 41). Hence, we speculated that MLA changes the
conformation of loop C, inducing a rotation of the β-sandwich
and a conformational change in the Cys loop, finally stabilizing
the hR7 AChR in the resting state. We also found that the
distance between the 3-methyl-2,5-dioxopyrrole ring and Tyr195
is quite short, and consequently, Tyr195 may be pushed away by
the ring, supporting the notion that the 3-methyl-2,5-dioxopyr-
role ring is responsible for the antagonist activity of MLA by a
steric hindrance mechanism. This conclusion is consistent with
the fact that the antagonistic action of MLA is completely lost if
the ring is removed from the molecule (42). Since the B-D rings,
which are connected to the cationic center of MLA, lie in the
aromatic cage, and their volume is relatively large compared to
the size of the aromatic cage, we speculated that this moiety also
contributes to the structural distortion of the aromatic cage by
steric hindrance. The cationic center and the aromatic ring are
pharmacophores for both MLA and JN403, playing key roles in
the binding process, whereas the 3-methyl-2,5-dioxopyrrole ring
and the B-D rings are the most probable structural components
responsible for the antagonist activity of MLA. Considering the
conformation of MLA in our simulation (see Figures 4C and
6A), a possible pharmacophore model for hR7 AChR antago-
nists is proposed (see Figure 5B): a cationic center and a
hydrophobic group separated by∼8-9 Å are required for ligand
binding, and an additional group extending perpendicular to the
molecule axis is necessary for the antagonistic property. This
latter group should not contain any charges because the sur-
rounding residues are uncharged residues such as aromatic
residues (e.g., Tyr), and it should have a width of at least 5-6 Å.

The radioligand competition binding experiments also indicate
that the order of receptor specificity for JN403 is as follows:
hR7 > hR3β4 (∼40-fold) > hR4β2 (∼500-fold). This specificity
is based on the natural residue mutations observed among the
different AChR binding sites (see Supporting Information 2).
Although the hR3β4 and hR4β2 AChR binding domains have
structural characteristics similar to those found in the hR7 AChR
(see Figure 4), there are several important distinctions that result
in the observed receptor specificity. The most important follow.

(a) Three residues surrounding the hR3β4 binding cavity are
positively charged, producing electrostatic repulsion with JN403
(see Supporting Information 6), which is also positively charged
at physiological pH (∼99.9%).

(b) The orientation of the JN403molecule in the hR3β4 AChR
binding sites is different from that for the hR7 AChR, producing
fewer hydrogen bonds in the JN403-hR3β4 AChR complex
compared to the number in the JN403-hR7 AChR complex.

(c) The hR3β4 pentamer is less negatively charged (-13) than
the hR7 pentamer (-20), producing a weaker electrostatic inter-
action with JN403 when compared to that for the hR7 AChR.
This result is consistent with the studies by Huang et al. (43),
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who argued that long-range electrostatic interactions play a key
role in ligand selectivity for the hR4β2 AChR.

(d) For the case of the hR4β2 pentamer, unfavorable van der
Waals interactions have been calculated for JN403, resulting in
lower free energy values compared to that for the hR7 AChR
(Table 4).

In conclusion, the combination of different electrostatic and
van der Waals interactions may explain the higher receptor
specificity of JN403 for the hR7 AChR determined by radio-
ligand binding assays (see Table 2).

Collectively, our results indicate that (1) there are two pharma-
cophores (i.e., a cationic center and a hydrophobic group)
important for agonist (i.e., JN403) and competitive antagonist
(i.e., MLA) binding (the cationic center and the hydrophobic
group interact with the aromatic cage and the hydrophobic
cavity, respectively, found in differentAChRs); (2) the carbamate
group in JN403 is another pharmacophore important for its
agonist activity, by forming hydrogen bonds with the hR3β4 and
hR7 AChRs; (3) the determined higher specificity of JN403 for
the hR7 AChR compared to that for the hR3β4 and hR4β2
AChRs is due to an electrostatic repulsion between positively
charged residues surrounding the hR3β4 binding cavity and
the cationic center in JN403, fewer hydrogen bonds for the
interaction of JN403 with the hR3β4 AChR, and unfavorable
van der Waals interactions of JN403 with the hR4β2 binding
cavity; and (4) the 3-methyl-2,5-dioxopyrrole ring and the B-D
rings are responsible for the competitive antagonistic property
of MLA.
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