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The subtype-selective binding of 14 representative agonists withR4â2 andR7 nicotinic acetylcholine receptors
(nAChRs) has been studied by performing homology modeling, molecular docking, geometry optimizations,
and microscopic and phenomenological binding free energy calculations. All of the computational results
demonstrate that the subtype selectivity of the agonists binding withR4â2 andR7 nAChRs is affected by
both local binding and long-range electrostatic interactions between the receptors and the protonated structures
of the agonists. The effects of the long-range electrostatic interactions are mainly due to the distinct difference
in the net charge of the ligand-binding domain between the two nAChR subtypes. For theR4â2-selective
agonists examined, the microscopic binding modes with theR4â2 nAChR are very similar to the corresponding
modes with theR7 nAChR, and therefore, the subtype selectivity of these agonists binding withR4â2 and
R7 nAChRs is dominated by the long-range electrostatic interactions. For theR7-selective agonists, their
microscopic binding modes with theR7 nAChR are remarkably different from those with theR4â2 nAChR
so that the local binding (including the hydrogen bonding and cation-π interactions) with theR7 nAChR
is much stronger than that with theR4â2 nAChR. The calculated phenomenological binding free energies
are in good agreement with available experimental data for the relative binding free energies concerning the
subtype selectivity of agonists binding with the two different nAChR subtypes. The fundamental insights
obtained in the present study should be valuable for future rational design of potential therapeutic agents
targeted to specific nAChR subtypes.

Introduction

Nicotinic acetylcholine receptors (nAChRs), also known as
members of the Cys-loop receptors superfamily, control electri-
cal signaling of fast synaptic transmissions through ligand gating
of their membrane spanning channels.1-12 By modulating many
major neurotransmitter systems, these receptors directly mediate
a broad range of brain functions, such as learning and memory.8,9

Abnormal opening and closing of these ligand-gated channels
contribute to neurodegenerative disorders, resulting in several
kinds of severe diseases, such as Alzheimer’s disease, Parkin-
son’s disease, dyskinesias, Tourette’s syndrome, schizophrenia,
attention deficit disorder, anxiety, and pain, as well as nicotine
addiction.1,3,5-8,11,12Electrophysiological and functional analyses
have revealed that each nAChR structure consists of five protein
subunits (see Figure 1), and only theR-type subunit provides
unique contributions to the kinetics of channel gating and ligand
binding.2,3,8,9,12A total of 12 different subunits (fromR2 to R10
and fromâ2 to â4) for neuronal nAChRs have been identified,
and all of the nAChR protein subunits characterized to date
possess a high degree of sequence homology. Of all the nAChR
subtypes identified,R4â2 andR7 have been recognized as the
two major targets mediating the pathology of the above-
mentioned diseases, and these subtypes have therefore received
considerable attention.1,6,8,9,12

Recent pharmacological and structural studies on nAChRs
have focused onR4â2 andR7 subtypes.13,14TheR4â2* subtype
is the most common subtype and accounts for over 90% of the
high-affinity nicotine binding sites in brain.8,9,13a,bActivation
of R4* subtype receptors is sufficient for nicotine-induced
reward, tolerance, and sensitization effects,13band theâ2 subunit
has been identified immunocytochemically in all dopaminergic

neurons in the ventral tegmental area in the midbrain.13c,d The
â2-containing nAChRs exhibit positive interactions with the G
proteins including GoR or âγ subunits, whereasR7 has no such
coupling with any subunit of G proteins.13e,f TheR7 nAChR is
more directly involved in apoptosis of human lymphocytes and
is up-regulated by tyrosine dephosphorylation, and its gating
could be altered by amyloidâ1-42.14b,f TheR7 nAChR has also
been used as a typical model system to perform experimental
structure-function studies for the entire nAChR family.14a,c-e

Thus, understanding the common features and differences in
selective ligand binding atR4â2 andR7 nAChRs is important
for the rational design of potential subtype-directed therapeutics.

In the past decades, great efforts, including organic synthesis,
structural modifications based on different skeletons of small
molecules, and pharmacological testing, have been expended
on the design and discovery of lead compounds targeting
nAChRs.15,16 Table 1 is a collection of representatives of the
knownR4â2- or R7-specific agonists, includingS-(-)-nicotine
(1),15d (-)-deschloroepibatidine (2),17 S-3-methyl-5-(1-methyl-
2-pyrrolidinyl)isoxazole (ABT-418,3),18 (5-pyridyl)-9-azabicyclo-
[4.2.1]non-2-ene (4),19 3-(2-S-azetidinylmethoxy)pyridine (A-
85380,5),20 1,6,7,8,9-tetrahydro-6,10-methano-6H-pyrazino[2,3-
h][3]benzazepine (Varenicline,6),21 2-methyl-3-(2-S-pyrrolidin-
ylmethoxy) pyridine (ABT-089,7),22 E-N-methyl-4-(3-pyridi-
nyl)-3-butene-1-amine (TC-2403,8),23 (-)-spiro[1-azabicyclo-
[2.2.2]octane-3,5′-oxazolidin-2′-one] (ARR-17779,9),24a R-3′-
(3-methylbenzo[b]thiophen-5-yl)spiro[1-azabicyclo[2,2,2]octane-
3,5′-oxazolidin]-2′-one (10),25aR-3′-(5-chlorothiophen-2-yl)spiro-
1-azabicyclo[2.2.2]octane-3,5′-[1′,3′]oxazolidin-2′-one (11),25b

N-(3R-1-azabicyclo[2.2.2]oct-3-yl)-4-chlorobenzamide hydro-
chloride (PNU-282987,12), 25c N-(3R-1-azabicyclo[2.2.2]oct-
3-yl)benzofuro[2,3-c]pyridine-5-carboxamide (13),25d andN-(3R-
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1-azabicyclo[2.2.2]oct-3-yl)furo[2,3-c]pyridine-5-carboxamide
(PHA-543613,14).25d

Structure-activity relationships established in the litera-
ture15,16 cannot satisfactorily explain the observed binding
affinity differences. Generally, it is known that an agonist with
a protonable amine moiety (Table 1) can have multiple
molecular species coexisting in solution.26 This generates
questions concerning the dominant molecular species for a given
ligand binding with a specific receptor. Hence, to fully
understand the selective binding of an agonist with different
nAChR subtypes, one first needs to know both the detailed three-
dimensional (3D) structures of nAChRs and the thermodynamic
distribution of the different molecular species of the agonist in
solution. The required 3D structures of the nAChRs can be
modeled by using the reported crystal structure of the homolo-
gous acetylcholine-binding protein (AChBP) as a template,27

in the absence of a high-resolution X-ray crystal structure of
nAChR. Although the recently refined structure of the Torpedo
(R)2(âδγ) nAChR at 4 Å resolution has provided fundamental
insights into the mechanism underlying channel function,28 this
structure is a modeled structure of the closed channel, and the
binding site in this structure is obviously distorted by inter- and
intrasubunit interactions. Earlier structural models ofR4â2 and
R7 nAChRs built on the HEPES-bound AChBP structure did
not consider the conformational rearrangements occurring during
agonist binding;29 thus, the detailed atomic contacts between
nicotine and the receptor are not reliable.30 Thus far, the agonist-
bound AChBP can be used as the most appropriate template to
model the ligand-binding domain (LBD) of nAChRs for the
purpose of studying receptor-ligand binding.31 We found no
remarkable difference in the binding site between the nicotine-
boundLymnaea stagnalisAChBP structure (L-AChBP, PDB
entry of 1UW6 at 2.2 Å resolution)27b and the latest epibatidine-
bound Aplysia AChBP structure (A-AChBP, PDB entry of
2BYQ at 3.4 Å resolution)31a because their root-mean-square-
deviation (rmsd) was 0.51 Å for the CR atoms within the binding
site and 0.55 Å for the corresponding backbone atoms. Hence,
the X-ray crystal structure of the nicotine-boundL-AChBP27b

was used as a template to model the LBD of theR4â2 nAChR
in our recent computational studies onR4â2 nAChR binding
with multiple molecular species of1 and 2.26 The modeled
structure is consistent with all of the experimental observations
reported forR4â2 nAChRs in the literature and has led us to
satisfactorily elucidate the microscopic and phenomenological
binding of theR4â2 nAChR with1 and2.26 The computational
results and analyses also demonstrate that all the molecular
species of an agonist (i.e.,1 or 2) are interchangeable and can
quickly achieve a thermodynamic equilibration in solution and
at the nAChR binding site. This allows quantification of the

equilibrium concentration distributions of the free ligand species
and the corresponding microscopic receptor-ligand binding
species, pH dependencies, and their contributions to the
phenomenological binding affinity. The predicted equilibrium
concentration distributions, pKa values, absolute phenomeno-
logical binding affinities, and their pH dependence are all in
good agreement with available experimental data, suggesting
that the computational strategy from the microscopic binding
species and affinities to the phenomenological binding affinity
is reliable for studying nAChR binding with a ligand.26

The general computational strategy of the “from microscopic
to phenomenological binding” approach used for studyingR4â2
nAChR binding with1 and2 has been extended in the present
work to examine the aforementioned crucial question of subtype
selectivity for nAChR agonist binding. Specifically, this com-
putational study focuses on understanding how the aforemen-
tioned representative agonists (Table 1) bind withR4â2 and
R7 nAChRs and why these agonists have remarkably different
binding affinities with these two important nAChR subtypes.
For this purpose, we first modeled the LBD of theR7 nAChR
utilizing a similar approach as that used for the LBD of the
R4â2 nAChR.26 The modeled structures of the receptors were
then used to determine the microscopic receptor-ligand binding
structures and to evaluate the phenomenological binding affini-
ties. The determined microscopic binding structures and the
calculated binding free energies will provide valuable clues for
understanding the selective binding of ligands with different
nAChR subtypes and will be useful for future rational design
of subtype-selective ligands as possible therapeutic treatments
for the aforementioned diseases.

Computational Methods

Homology Modeling of the LBD of the r7 nAChR. The
LBD of theR7 nAChR was modeled in a similar way (including
use of the same template, i.e., the X-ray crystal structure of
nicotine-boundL-AChBP, PDB entry of 1UW6 at 2.2 Å
resolution) as our previous modeling of the LBD of theR4â2
nAChR.26 Briefly, the sequence alignment was generated by
ClusterW with the Blosum scoring function32,33 and all of the
five subunits were modeled simultaneously in order to maintain
complementarity between these subunits at the interface. The
best alignment was selected according to both the alignment
score and the reciprocal position of the conserved residues.
These include the conserved GSWS sequence (in which Trp148
of the R7 nAChR corresponded to Trp143 of theL-AChBP)
and the C loop (containing Cys189 and Cys190) between
â-strands 9 and 10 of theR7 nAChR. The coordinates of the
conserved regions were transformed directly from the template
structure (i.e., the X-ray crystal structure of theL-AChBP27b),

Figure 1. Ligand-binding domain (LBD) of theR7 nAChR modeled in this study (see text for the modeling method). (A) Parallel view along the
normal of membrane: one subunit in green, another in red, and the other three in blue. For comparison, the LBD of theR4â2 nAChR is superimposed
and is in gray. (B) Top view of (A) toward the membrane. All five subunits of theR7 nAChR are shown in different colors, and theR4â2 nAChR
is shown in gray.
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whereas the nonequivalent residues were mutated from the
template to the corresponding ones of theR7 nAChR. The side
chains of these nonconserved residues were relaxed by using
the Homology module of InsightII (version 2000, Accelrys, Inc.,
San Diego, CA) in order to remove possible steric overlap or
hindrance with the neighboring conserved residues.

The other steps of model construction were identical to those
reported previously for theR4â2 nAChR;26 the standard
protonation states in the physiological environment (pH∼7.4)
were set to all ionizable residues, and the proton was set on
Nε2 atoms in His62 and His104 and on Nδ1 in His114. The 3D

model was energy-minimized using the Sander module of the
Amber7 program suite34 with a nonbonded cutoff of 10 Å and
a conjugate gradient minimization method. Energy minimization
was performed first for 1000 steps with the backbone atoms
fixed while the side chain atoms were relaxed in the gas phase
and then for another 1000 steps with the side chain atoms
constrained in order to relax the backbone. After each of these
stages was finished, the receptor structure was visually checked
to ensure that there was no significant distortion during the
energy-minimization processes, checking especially for any
possible distortion at the corresponding binding site. After

Table 1. Protonated Molecular Structures of Some Representative Agonists forR4â2 andR7 nAChRs, along with Their Experimental Binding
Affinities (Kd) and Selectivities (Kd(R7)/Kd(R4â2))

a From rat brain homogenate binding assay: % block with 1µM agonist.
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several rounds of these partial energy-minimization runs, the
convergence criterion of 0.01 kcal mol-1 Å-1 was achieved in
a full energy minimization. The fully energy-minimized structure
was carefully checked to make sure that the overall structure
of the final model was not significantly different from that of
the initial model and the template. Finally, the modeled structure
was validated by using PROCHECK and WHATIF programs.35

Molecular Dynamics Simulation. In order to determine how
stable the LBD structures ofR4â2 and R7 nAChRs are,
molecular dynamics (MD) simulations were performed on both
of the modeled receptors. Each of the LBD structures was
solvated in a rectangular box of TIP3P water molecules36 with
a minimum solute-wall distance of 10 Å. Different numbers
of counterions (67 Na+ ions and 30 Cl- ions for theR4â2
nAChR; 50 Na+ ions and 30 Cl- ions for theR7 nAChR) were
randomly swapped with water molecules. These ion concentra-
tions, when combined with the different net charges (i.e.,-37e
for the LBD of theR4â2 nAChR and-20e for the LBD of the
R7 nAChR), produced neutral systems that closely mimic the
physiological conditions of 0.10 M Na+ and 0.05 M Cl- ions.
The total number of atoms of the MD-simulated system was
119 925 (including 33 903 water molecules) for the solvated
LBD of the R4â2 nAChR and was 124 502 (including 35 274
water molecules) for the solvated LBD of theR7 nAChR.

The MD simulations were performed by using the Sander
module of Amber734 in a manner similar to the procedures we
used for the other protein-ligand systems.37 The solvated system
was energy-minimized prior to the MD simulation. The energy
minimization was performed first on the water molecules and
Na+ and Cl- ions and then on the protein atoms by using the
conjugate-gradient energy minimization method, each for 6000
steps. To avoid possible aggregation of vacuum bubbles and
small gaps at the edges of the box due to solvent packing, a 1.2
ps MD equilibration at theNTV ensemble was performed.
Subsequently, the whole system was energy-minimized again
for 6000 steps, while the backbone of the protein was
constrained. This system was then gradually heated to 300 K
by the weak-coupling method and equilibrated for about 37 ps.38

Throughout the MD simulations, a 10 Å nonbonded interaction
cutoff was used and the nonbonded list was updated every 1000
steps. The particle mesh Ewald (PME) method39 was applied
to treat long-range electrostatic interactions. The lengths of
bonds involving hydrogen atoms were fixed with the SHAKE
algorithm,40 enabling the use of a 2 fstime step to integrate the
equations of motion. Finally, each production MD was kept
running for longer than 13 ns with a periodic boundary condition
in theNTPensemble atT ) 300 K with Berendsen temperature
coupling38 and atP ) 1 atm with isotropic molecule-based
scaling.38

First-Principles Electronic Structure Calculation . Geom-
etries of the molecular species of the agonists utilized in this
study were fully optimized by using density functional theory
(DFT) with Becke’s three-parameter hybrid exchange function
and the Lee-Yang-Parr correlation function41 (B3LYP) in
combination with the 6-31+G(d) basis set. Vibrational frequency
calculations were carried out to confirm the optimized stable
molecular structures and to perform zero-point vibration and
thermal corrections to the Gibbs free energies. The geometries
optimized at the B3LYP/6-31+G(d) level were used to carry
out second-order Møller-Plesset (MP2) single-point energy
calculations with the 6-31++G(d,p) basis set. All these
electronic structure calculations in the gas phase were performed
by using the Gaussian 03 program.42

The solvent shifts of the Gibbs free energies were calculated
by performing self-consistent reaction field (SCRF) calculations
on the geometries optimized at the B3LYP/6-31+G(d) level in
the gas phase. The SCRF method used in the calculations is
our recently developed GAMESS implementation43 of the
surface and volume polarization for electrostatic interactions
(SVPE).44 The SVPE model is also known as the fully
polarizable continuum model (FPCM)45,46 because it fully
accounts for both surface and volume polarization effects in
the SCRF calculation. In other SCRF implementations, volume
polarization effects are ignored or approximately modeled by
modifying the surface polarization charge distribution through
a simulation and/or charge renormalization,47-55 or the solute
charge distribution is simply represented by a set of point
charges at the solute nuclei.56,57Since the solute cavity surface
is defined as a solute electron charge isodensity contour
determined self-consistently during the SVPE iteration process,
the SVPE results, converged to the exact solution of Poisson’s
equation with a given numerical tolerance, depend only on the
contour value at a given dielectric constant and a certain
quantum chemical calculation level.44a This single parameter
value has been determined to be 0.001 au based on an extensive
calibration study.44b Accordingly, the default 0.001 au contour
was used in this study. The free energy of a molecular species
in aqueous solution was taken as the sum of the free energy
calculated at the MP2/6-31++G(d,p)//B3LYP/6-31+G(d) level
in the gas phase and the corresponding solvent shift determined
by the SVPE calculation at the HF/6-31+G(d) level.

On the basis of the calculated Gibbs free energies and the
previously determined absolute free energy of the proton (H+)
in aqueous solution, i.e.,∆Ghyd

298(H+) ) -262.4 kcal/mol,58-61

we were able to evaluate the free energy change (∆Ga) of a
given deprotonation process and therefore to estimate the
corresponding pKa via pKa ) ∆Ga/(2.303RT). This SVPE-based
first-principles electronic structure approach has been used
previously to solve a variety of chemical and biochemical
problems in solution, and the predicted activation free energies
for chemical reactions, pKa values, thermodynamic properties,
etc. are all in good agreement with the available experimental
data.45,46

Molecular Docking and Optimization of the Microscopic
Binding Mode. On the basis of the LBD model of theR7
nAChR obtained in the present study and the LBD model of
the R4â2 nAChR obtained in an earlier study,26 each of the
considered agonist structures was docked into the binding sites
of R4â2 andR7 nAChRs using the AutoDock 3.0.5 program.62

The hydrogen-bonding energies were calculated by using a
reparametrized equation (see below). The docking and subse-
quent binding free energy calculations were performed in a
similar manner as previously reported26 for the R4â2 nAChR
binding with 1 and 2. Briefly, the atomic charges of all
molecular species were the restrained electrostatic potential
(RESP) charges determined using the standard RESP procedure
implemented in the Antechamber module of the Amber 7
program34 following the electronic structure and electrostatic
potential calculations. During the docking process, a confor-
mational search was performed using the Solis and Wets local
search method,63 and the Lamarkian genetic algorithm (LGA)62

was applied to deal with the receptor-ligand interactions.
Among a series of docking parameters, the grid size was set to
60 × 60 × 60 and the grid space used was the default value of
0.375 Å. The docked receptor-ligand complex structures from
this first round of docking were ranked according to the criteria
of interacting energy combined with geometric matching quality.
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Because molecular docking with the AutoDock 3.0.5 program
could not consider structural flexibility of the binding site, we
further performed energy minimization and conformational
relaxation for these initial complexes as follows. By use of the
Sander module of the Amber 7 program,34 1000 steps of energy
minimization were performed first with the backbone and the
ligand fixed and then for the whole complex system. This was
followed by∼3.8 ps MD simulation in theNTVensemble with
the backbone constrained and ended with the same minimization
process as was performed prior to the MD simulation.

The second round of molecular docking was performed in
situ on the energy-minimized complexes, and for each molecular
species binding with a receptor, the final microscopic binding
complex was identified from 10 candidates of the docked
structures, according to the extent of fit between the ligand and
receptor and the interacting energy score determined initially
by the AutoDock 3.0.5 program.62 The microscopic binding
structure with the best score was subjected to a final, fully
relaxed energy minimization with the Sander module of the
Amber 7 program.

Calculation of Microscopic Binding Free Energy.On the
basis of the final energy-minimized structures, the microscopic
binding free energy for each molecular species binding with
either R4â2 or R7 nAChR was estimated by using a slightly
modified binding free energy functional form:

In eq 1,∆GAD is the binding free energy calculated using the
standard binding free energy functional form implemented in
the AutoDock 3.0.5 program62 but with the contribution from
hydrogen bonding to the binding free energy removed. The
hydrogen-bonding energy was excluded in the calculation of
∆GAD because we noted that the standard binding free energy
functional form implemented in the program generally under-
estimated the hydrogen-bonding energy. Thus, we needed to
reparametrize the parameters used in the hydrogen-bonding
energy calculation. We also noted that the long-range electro-
static interactions between the ligand and receptor were
underestimated considerably in the calculations with the standard
binding free energy functional form implemented in the Au-
toDock 3.0.5 program.62 Hence, we also added an additional
correction of binding free energy reflecting the underestimated
long-range electrostatic interactions.∆GHB is the contribution
from the receptor-ligand hydrogen bonding to the binding free

energy.∆GLRE is the binding free energy correction associated
with the long-range electrostatic interactions between all of the
ligand atoms and all of the receptor atoms outside a 22.5 Å×
22.5 Å× 22.5 Å box (corresponding to the 60× 60× 60 grid)
centered at the mass center of the ligand.∆GHB and∆GLRE are
determined by using the following equations:

in which Ri is the H‚‚‚O distance for theith hydrogen bond
between the ligand and receptor;

in which Rij is the internuclear distance between theith atom
(with a point charge ofqi) of the receptor and thejth atom (with
a point charge ofqj) of the ligand. ε(Rij) is the distance-
dependent dielectric constant determined by using the same
function64 implemented in the AutoDock 3.0.5 program.62

In eqs 1-3, R, E0, â12, â10, andλ are the universal empirical
parameters to be calibrated.

Most of the MD simulations were performed on the HP
supercomputers (Superdome SDX and Linux cluster XC) at the
University of Kentucky Center for Computational Sciences and
at the Pacific Northwest National Laboratory. The other
computations were carried out on SGI Fuel workstations and
on a 34-processor IBM x335 Linux cluster in our laboratory.

Results and Discussion

(1) Structural Models of r4â2 and r7 nAChRs. The
sequence alignment (see Figure 2) revealed that most of the
amino acid residues within the binding sites of theR7 andR4â2
nAChRs are the same or quite similar. The similar residues form
a typical aromatic cage27b at the bottom of the binding pocket,
including Trp148, Tyr92, Tyr187, Tyr194, and the disulfide at
positions 189 and 190 of the C loop of the principal (+)-binding
side and Trp54 of the complementary (-)-binding side. Note
that all of the amino acid numbers given here are for theR7
nAChR. The corresponding numbering of theR4â2 nAChR is
slightly different. For example, Trp54 at the complementary (-)-
side in theR7 nAChR becomesâTrp53 (i.e., Trp53 of theâ2

Figure 2. Sequence alignment of the amino acid residues around the agonist binding site for the subunits ofR4â2, R7, and other nAChR subtypes
with the reported acetylcholine binding protein (AChBP) fromAplysia californica(A-AChBP)27b andLymnaea stagnalis(L-AChBP).31aThe binding
pocket is composed of the colored residues; red ones are in the aromatic cage. Residues in the binding site that are different in the various subtypes
are in blue, while the typical disulfide is colored in pink. The binding site is decomposed as the principal (+)-side and complementary (-)-side
according to the convention used for the X-ray crystal structure ofL-AChBP.27b The sequence numbers are labeled for bothL-AChBP andR7
nAChR.
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∆GHB ) ∑
i)1

N (â12

Ri
12

-
â10

Ri
10) ) â12∑

i)1

N 1

Ri
12

- â10∑
i)1

N 1

Ri
10

(2)

∆GLRE ) λ∑
i∈R

∑
j∈L

qiqj

ε(Rij) Rij

(3)

Subtype-SelectiVe Agonists Binding with nAChRs Journal of Medicinal Chemistry, 2006, Vol. 49, No. 267665



subunit)) in theR4â2 nAChR. A major structural difference
betweenR7 andR4â2 nAChRs exists in the complementary
side. There is a hydrophilic amino acid residue Gln116 ofR7,
which corresponds to an aromatic residueâPhe117 ofR4â2.
This major structural difference could be responsible for the
subtype-selective ligand binding with these two nAChR subtypes
if a ligand is bulky enough to fill the binding pocket. Such a
structural difference was not well appreciated in previous
structure-function studies.14,28-30,65,66

Through careful inspection of the optimized 3D structure of
the LBD of theR7 nAChR (Figure 1), we noted that the modeled
LBD structure of theR7 nAChR is consistent with all of the
general structural features known for both the AChBP and
nAChRs.2,3,4,9,14,27-29,31 Our 3D model obtained for theR7
nAChR also agrees well with other recently reported 3D models
of nAChRs.30 The homo-oligomer with a 5-fold axis of theR7
nAChR is similar to the topological arrangement found in the
X-ray crystal structures of the AChBP,27,28in the recently refined
structure of the (R)2(âγδ) nAChR,28 and also in our recently
reportedR4â2 nAChR model (Figure 1).26 The corresponding
aromatic cage at the interface of two neighboring subunits, of
which one must be theR type, could serve as a capture area for
cationic ligand binding in light of previous experimental and
modeling studies of all the nAChR subtypes.2,3,4,9,14,29,30Starting
from these homologies, the dynamic properties of the LBDs of
these two receptor subtypes (i.e.,R4â2 andR7 nAChRs) exhibit
differences to some extent but had enough overall similarity
during the MD simulations (Figures 3 and 4).

As seen in Figure 3, the root-mean-square deviation (rmsd)
of CR atoms fluctuated over 4.0 Å during the simulation
processes. The rmsd for theR7 nAChR from the initial structure
(Figure 3B) is slightly larger than that for theR4â2 nAChR
(Figure 3A). Large root-mean-square fluctuations (rmsf values)
can be seen for several regions, including not only the
N-terminal and the C-terminal but also some local regions
without regular secondary structures. Interestingly, all the
residues composing the binding sites (colored residues in Figures
2 and 3) retained very small rmsf values during the MD
simulations. The Trp residues at positions 54 and 148 have much
smaller fluctuations compared with the other binding site
residues (Figures 3 and 4). The relative stability of these Trp
residues can be illustrated also by the critical distance of each
site from the CR of Trp148 forR7 (or RTrp147 forR4â2) to
the geometric center of the aromatic cage (composed ofRTyr91,
RTrp147,RTyr188,RTyr195, andâTrp53 for R4â2 or Tyr92,
Trp148, Tyr187, and Tyr194 of the principal side and Trp54 of
the complementary side forR7). As shown in Figure 4, this
distance fluctuates within 1 Å for most sites. The fluctuations
for the fifth site at the interface of subunits E and A (site EA)
of the R7 nAChR are larger than the others (as is also seen
from the rmsf in Figure 3 and the distance parameters in Figure
4), indicating the unbalanced motions among different subunits
even for this symmetric nAChR subtype (R7), needless to say
the unbalanced motions forR4â2 or other hetero-oligomeric
nAChRs. Similar asymmetric motions have been reported in
other computational modeling and simulation studies onR7 and
other nAChRs.28,30,65,66

Figure 3. Residue-based fluctuations during the MD simulations in which all five subunits are represented sequentially in different line styles.
Pasted also are the plots of the CR rmsd of the whole system versus the simulation time. (A) The LBD of theR4â2 nAChR, where the dots
represent the rmsf values for the residues at the binding sites (red for the first binding site and blue for the second binding site). (B) The LBD of
the R7 nAChR, where the five different colors refer to the five different binding sites.
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(2) Microscopic Binding Structures. We examined micro-
scopic binding of R4â2 and R7 nAChRs with both the
protonated and deprotonated molecular species for each agonist
under consideration. Here, we only discuss the binding with
the protonated molecular species because the contributions of
the binding with the corresponding deprotonated molecular
species to the phenomenological binding is negligible for all of
the agonists considered. Some representative microscopic bind-
ing structures are depicted in Figures 5 and 6; additional
information about the microscopic binding structures is provided
as Supporting Information (Figures S1-S13). A survey of

Figures 5 and 6 and other figures in Supporting Information
reveals that all of the microscopic binding structures are featured
with some hydrogen bonds (H-bonds) and/or cation-π interac-
tions. The binding modes for5 and7 are different from those
for 1 and4 (see Figures S1-S13 in Supporting Information).
The distances between the cationic head and the six-membered
ring in 5 and7 are significantly longer than those in1 and4.
As a result, the cationic heads of5 and7 stay in the binding
site more deeply than that of1 and4, as seen in Figures S1A,
S4, S5, and S7 of the Supporting Information. This is why the
cationic heads of5 and7 can also form an additional H-bond
with Tyr91. The bulk size of the cationic head of5 is the
smallest, allowing the cationic head of5 to form H-bonds with
both Tyr91 and Trp147 simultaneously. The bulk size of the
cationic head of7 is also very small. However, the methyl group
on the six-membered ring of7 would be too close to the
disulfide bond between Cys189 and Cys190 if7 stayed in
exactly the same orientation as5; the methyl group significantly
affects the binding mode. Thus, the two H-bonds of7 with
Tyr91 and Trp147 are all significantly weaker than those of5
with Tyr91 and Trp147, as seen from the distances indicated in
Figures S5 and S7 of the Supporting Information. The bulk size
of the cationic head of4 is too large to form H-bonds with
both Tyr91 and Trp147 simultaneously.

Each of theR4â2-specific agonists, including1-8, binds with
R4â2 andR7 nAChRs in a similar way. However, each of the
R7-specific agonists, including9 and its derivatives (i.e.,10
and11) and12 and its analogues (i.e.,13 and14), binds with
R4â2 andR7 nAChRs in remarkably different ways; their local
binding with theR7 nAChR is always much stronger than that
with theR4â2 nAChR. In particular,12 and its analogues (i.e.,
13 and14) form strong hydrogen bonds and cation-π interac-
tions with theR7 nAChR, whereas9 and its derivatives10 and
11 not only directly form hydrogen bonds with theR7 nAChR
but also have a hydrogen-bonding network with theR7 nAChR
through solvent water molecules.

Especially, for9 (and its derivatives10and11), the relatively
large bulky size of the cationic head of9 makes it hard to fit
into the aromatic cage in the binding site of theR4â2 nAChR.
As a result, the N-H‚‚‚O hydrogen bonding between the
cationic head of9 and the backbone carbonyl oxygen of
RTrp147 is expected to be weakened considerably, with the H‚
‚‚O distance as long as 2.36 Å. On the other hand, there exists
an N-H‚‚‚O hydrogen bond between the-NH group on the

Figure 4. Evolution of distances from the geometric center of the
aromatic cage to the CR of conserved residueRTrp147 (R4â2) or
Trp148 (R7) during the MD simulation. (A) The LBD of theR4â2
nAChR, where the aromatic cage is composed ofRTyr91, RTrp147,
RTyr188, RTyr195, andâTrp53. Red refers to the first binding site
and blue to the second binding site. (B) The LBD of theR7 nAChR,
where the aromatic cage is formed by Tyr92, Trp148, Tyr187, Tyr194,
and Trp54 from the next subunits. Five different colors are used for
five different binding sites.

Figure 5. (A) Molecular interactions between2 and theR7 nAChR. Residues of the receptor are labeled and shown in stick form, whereas the
ligand is in ball-and-stick form. Both the hydrogen bonding (HB) and the cation-π interactions between the protons of2 and the aromatic Trp148
of R7 nAChR are represented by the dashed lines. Distances are labeled for these typical interactions. The corresponding complex of2 binding with
theR4â2 nAChR is superimposed and colored in cyan but not labeled. (B) Similar view of interactions of3 with theR4â2 nAChR. (C)3 binding
with the R7 nAChR.
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five-membered ring of9 and the backbone carbonyl oxygen of
âPhe117 at an H‚‚‚O distance of 1.93 Å. The microscopic
binding mode of9 binding with theR7 nAChR is significantly
different from that with theR4â2 nAChR. Our initial docking
without explicitly accounting for any solvent water molecule
in the binding site revealed that for9 binding withR7 nAChR,
the-NH group on the five-membered ring of9 could potentially
form a N-H‚‚‚O hydrogen bond with the carbonyl oxygen of
the Gln116 side chain. This is remarkably different from the
above-mentioned N-H‚‚‚O hydrogen bond between the-NH
group on the five-membered ring of9 and the backbone carbonyl
oxygen ofâPhe117 for9 binding with theR4â2 nAChR. We
further noted a large gap between the carbonyl oxygen of9
and the backbone carbonyl oxygen of Gln116. We also noted
that the backbone carbonyl group of Gln116 and other residues
nearby provide a hydrophilic environment that could accom-
modate some solvent water molecules. Hence, the best possible
binding of 9 with the R7 nAChR could be obtained when the
large gap between the carbonyl group of9 and the binding site
of theR7 nAChR is filled by water molecules. Such a hypothesis
is supported conceptually by the fact that a water molecule was
found in the X-ray crystal structure of the nicotine-bound
AChBP,27b although the computational modeling in our recently
reported work (with theR4â2 nAChR)26 and in the present work
(with theR7 nAChR; results not shown) indicated that the water
molecule will leave when the AChBP was replaced byR4â2
nAChR (see Figure S1 of the Supporting Information). In the
X-ray crystal structure of nicotine-bound AChBP, the water
molecule bridged the pyridine nitrogen of nicotine with the
carbonyl oxygen at the backbone of Leu102 and the-NH group
of Met114 in the binding site. This water bridge was thought
to enhance the binding or stabilize the receptor-ligand binding
complex.27b Hence, we used two water molecules to fill the
similar gap positions at the binding site of theR7 nAChR. This
new structural model was energy-minimized prior to the
molecular docking of9 in the second round. Explicit consid-
eration of these two water molecules led to a very stable
microscopic structure of9 binding with theR7 nAChR (Figure
6B).

As seen in Figure 6B, the favorable binding structure includes
three N-H‚‚‚O hydrogen bonds between9 and the backbone
carbonyl oxygen of Trp148, the hydroxyl oxygen of the Tyr92
side chain, and the carbonyl oxygen of the Gln116 side chain

of theR7 nAChR. The H‚‚‚O distances for these three hydrogen
bonds are 2.13, 2.12, and 1.98 Å for the hydrogen bonds with
Trp148, Tyr92, and Gln116, respectively. In addition, the
carbonyl oxygen of9 has a strong O-H‚‚‚O hydrogen bond
with one of the explicitly considered water molecule (Wat1).
Wat1 effectively bridges the carbonyl oxygen of9 with the
backbone carbonyl oxygen of Gln116 through a hydrogen-
bonding network. The second water molecule (Wat2) forms a
hydrogen bond with Wat1 and two other hydrogen bonds with
the receptor. Thus, the two water molecules are involved in a
total of five hydrogen bonds in the binding pocket. This
microscopic binding mode is expected to be very stable. We
also carefully considered whether theR4â2 nAChR can also
accommodate water molecules nearâPhe117 in the binding site
to form a hydrogen-bonding network similar to that in theR7
nAChR binding site. We noted that the corresponding part of
the binding pocket nearâPhe117 is much smaller and is
hydrophobic and therefore cannot accommodate water mol-
ecules.

(3) Microscopic and Phenomenological Binding Free
Energies.On the basis of the microscopic binding structures
discussed above, the microscopic binding free energies (∆Gbind)
were calculated using eqs 1-3. The empirical parameters, i.e.,
R, E0, â12, â10, and λ, used in the equations were calibrated
through least-squares fitting of the∆Gbind values calculated for
R4â2 andR7 nAChRs binding with the protonated structures
of the 14 agonists to the available experimental data. The
calibratedR, E0, â12, â10, andλ values are 0.521,-2.128, 5.571,
668.580, and 1.558, respectively, when the energies and
distances used are in kcal/mol (for energy) and Å (for distance).
The correlation coefficient is 0.90 and the rmsd of the calculated
∆Gbind values (for the protonated structures) to the corresponding
experimental data is 1.08 kcal/mol.

By use of the calibrated parameters, the calculated∆GHB and
∆GLRE values are summarized in Table 2, along with the∆GAD

values. Besides the microscopic binding structures and free
energies of the protonated structures binding withR4â2 and
R7 nAChRs, we also examined the microscopic binding
structures and free energies of the corresponding deprotonated
(neutral) structures binding withR4â2 andR7 nAChRs. On the
basis of the calibrated parameters discussed above, the calculated
∆GHB and∆GLRE values are summarized in Table 2, along with
the calculated∆GAD and pKa values. By using the calculated

Figure 6. (A) Compound9 binding with theR4â2 nAChR. The protons at the cationic head of9 are weakly hydrogen-bonded with both the
carbonyl oxygen on the backbone of Trp147 and the hydroxyl oxygen on the side chain of Tyr195 of theR4 subunit, and the-NH group at the
other end of9 forms a hydrogen bond with the carbonyl oxygen on the backbone of Phe117 of theâ2 subunit. (B)9 binding with theR7 nAChR.
The proton on the cationic head forms hydrogen bonds with both the carbonyl oxygen on the backbone of Trp148 and the hydroxyl group on the
side chain of Tyr92. The-NH group at the other end of9 has hydrogen bonding with the carbonyl oxygen on the side chain of Gln116. The water
molecule (Wat1) bridges the carbonyl oxygen near the-NH group of9 with the carbonyl oxygen on the backbone of Gln116 and another water
molecule (Wat2).
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microscopic binding free energies and the pKa values, we were
able to calculate the phenomenological binding free energy for
each agonist binding with a receptor at a given pH, according
to the “from-microscopic-to-phenomenological binding” ap-
proach described in our previous work.26 The computational
determination of the phenomenological binding free energy for
a ligand binding with a receptor accounts for the receptor
binding with all of the possible molecular species of the ligand.
The phenomenological binding free energy is determined by
using both the microscopic binding free energies for all of the
molecular species and their concentration distribution in solution
under a given pH.26 The phenomenological binding free energies
calculated at physiological pH (i.e., pH 7.4) are summarized in
Table 3 in comparison with the corresponding experimental data.

As seen in Table 2, the∆GLRE values calculated for the
protonated structures binding with a receptor are generally much
lower than those calculated for the corresponding deprotonated
structures binding with the same receptor. This general trend
can be attributed to a common factor for all of these receptor-

agonist binding structures: the nAChRs are all negatively
charged, and negatively charged receptors are generally more
attractive to the positively charged structures of the ligands. As
mentioned above, the net charges of the LBD are-37e and
-20e for R4â2 andR7 nAChRs, respectively, but none of the
charged amino acid residues interact strongly with any of these
agonist structures, according to our docked microscopic binding
structures. Relatively, the negatively charged residues of the
receptor closer to the ligand contribute more to∆GLRE according
to eq 3. Hence, the microscopic binding free energy for an
agonist structure binding with an nAChR is the sum of
contributions from both the local receptor-ligand binding within
the binding pocket and the long-range electrostatic interactions
between the positively charged agonist and the negatively
charged protein environment outside the binding pocket. The
local binding modes of a receptor binding with the protonated
and deprotonated structures of an agonist are usually similar
except for one hydrogen bond involving the proton that exists
only in the protonated ligand structure. Generally speaking,
when the energetic contributions from the local binding are
close, the contributions from the long-range electrostatic interac-
tions will have a large impact on the different binding of the
protonated and deprotonated structures to the receptor. Only
when the local binding with the deprotonated structure is
significantly stronger than that with the corresponding proto-
nated structure can the microscopic binding free energy
calculated for the deprotonated structure be lower than, or close
to, that calculated for the corresponding protonated structure.
Specifically, for all of the agonists considered in this study, the
microscopic binding free energies calculated for the protonated
structures are always significantly lower than those calculated
for the corresponding deprotonated structures. Thus, the mi-
croscopic binding of an agonist binding withR4â2 and R7
nAChRs is always dominated by the protonated structure, and
therefore, the calculated phenomenological binding free energies
are always close to the corresponding microscopic binding free
energies calculated for the protonated structures.

Table 2. Energy Results (in kcal/mol) Calculated for Microscopic
Binding of R4â2 andR7 nAChRs with Protonated and Deprotonated
Molecular Species of Agonists

binding withR4â2 nAChR binding withR7 nAChRmolecular
speciesa pKa

b ∆GAD
c ∆GHB

d ∆GLRE
e ∆GAD

c ∆GHB
d ∆GLRE

e

1 -7.41 -1.10 -6.46 -5.96 -1.04 -3.55
deprotonated1 8.9 -6.44 0.00 -0.10 -6.17 0.00 -0.08

2 -9.08 -3.39 -6.06 -7.85 -1.26 -5.16
deprotonated2a 10.8 -7.98 -2.64 -0.02 -7.79 -2.07 0.02
deprotonated2b 10.9 -7.76 0.00 -0.05 -7.65 0.00 -0.08

3 -7.70 -1.19 -5.87 -7.05 -1.11 -3.22
deprotonated3 8.2 -6.25 -0.00 -0.04 -6.01 -0.00 0.00

4 -8.93 -1.37 -6.59 -8.43 -0.81 -2.82
deprotonated4a 7.4 -7.80 -0.13 0.04 -7.53 -0.02 -0.02
deprotonated4b 7.0 -7.81 -0.14 0.08 -7.75 -0.88 0.01

5 -7.41 -4.69 -5.58 -6.67 -3.86 -3.89
deprotonated5a 7.6 -6.51 -0.23 -0.02 -5.89 -0.40 -0.02
deprotonated5b 8.4 -6.43 -0.33 0.02 -5.81 -0.32 0.00

6 -10.94 -1.87 -6.16 -9.76 -0.72 -2.65
deprotonated6a (10.8) -9.66 -0.76 -0.03 -8.95 -0.40 -0.04
deprotonated6b (10.9) -9.62 -0.62 -0.14 -8.84 0.00 -0.05

7 -7.27 -1.78 -6.36 -7.51 -1.91 -2.63
deprotonated7a 10.2 -6.90 -1.49 0.00 -6.49 -1.44 -0.02
deprotonated7b 6.7 -6.83 -0.78 0.04 -6.43 -0.14 -0.02

8 -9.10 -1.32 -6.03 -8.90 -0.01 -1.70
deprotonated8a 10.6 -7.85 0.00 -0.03 -8.38 -0.01 -0.03
deprotonated8b 10.7 -7.97 -1.72 0.00 -8.33 0.00 -0.05

9 -6.68 -1.13 -4.85 -6.92 -4.60 -4.79
deprotonated9 8.2 -6.84 -0.78 0.08 -6.89 -0.38 0.00

10 -9.26 0.00 -3.79 -10.63 -3.85 -3.83
deprotonated10 (8.2) -8.95 0.00 0.03 -8.23 -0.84 -0. 03

11 -9.29 0.00 -4.97 -10.54 -3.77 -4.11
deprotonated11 (8.2) -8.92 0.00 -0.07 -8.24 -0.65 0.02

12 -8.43 0.00 -4.64 -10.00 -2.40 -4.36
deprotonated12 (8.2) -6.53 0.00 0.01 -7.95 -0.13 0.13

13 -8.62 0.00 -4.79 -10.95 -2.48 -4.76
deprotonated13 (8.2) -7.68 0.00 -0.03 -7.93 -0.10 0.01

14 -8.70 0.00 -4.36 -10.76 -2.11 -4.36
deprotonated14 (8.2) -7.72 0.00 0.04 -7.65 -0.21 0.06

a Each agonist has two or three molecular species, and the first species
(as shown in Table 1) is the protonated structure. When the agonist has
two protons on the protonated amine (see Table 1), there are two
deprotonated structures with slightly different conformations that are
designated as “deprotonated” and ending with the letter “a” and “b”. The
“a”/“b” refers to the structure in which the deprotonation occurs for the
proton on the right/left side based on the protonated structure illustrated in
Table 1.b pKa is estimated for the protonated agonist associated with a given
deprotonated structure. The pKa values for6 were considered to be roughly
the same as those for2. The pKa values for10-14 were all considered to
be roughly the same as that for9 because of their structural similarity.
c ∆GAD represents the binding free energy estimated by using the modified
AutoDock 3.0.5 function without contribution from hydrogen bonding.
d ∆GHB is the hydrogen-bonding energy.e ∆GLRE refers to the long-range
electrostatic interaction energy between all ligand atoms and all protein
atoms outside the 22.5 Å× 22.5 Å × 22.5 Å box.

Table 3. Phenomenological Binding Free Energies (∆Gbind
all , in kcal/mol)

Calculated for Representative Agonists Binding withR4â2 andR7
nAChRs in Comparison with Available Experimental Dataa

∆Gbind
all (R4â2) ∆Gbind

all (R7)
∆Gbind

all (R7) -
∆Gbind

all (R4â2)

agonist calcd exptl calcd exptl calcd exptl

1 -10.2 (-10.3) -12.2 -6.5 (-6.6) -8.2 3.7 (3.7) 4.0
2 -13.1 (-13.1) -14.6 -9.4 (-9.4) -9.5 3.7 (3.7) 5.1
3 -9.9 (-10.0) -9.9 -6.8 (-6.9) >-6.8 3.1 (3.1) >3.1
4 -10.8 (-11.5) -11.7 -6.2 (-6.9) -7.9 4.6 (4.6) 3.9
5 -12.7 (-13.0) -14.8 -9.8 (-10.1) -10.6 2.9 (2.9) 4.2
6 -12.6 (-12.6) -13.9 -7.4 (-7.4) -8.9 5.2 (5.2) 5.0
7 -9.7 (-10.8) -10.1 -6.2 (-7.3) >-6.8 3.5 (3.5) >3.3
8 -11.0 (-11.0) -10.3 -5.2 (-5.2) -6.1 5.8 (5.8) 4.2
9 -8.3 (-8.4) -6.5 -11.8 (-11.9) -9.6 -3.5 (-3.5) -3.1

10 -7.3 (-7.4) >-6.8 -12.0 (-12.1) -11.6 -4.7 (-4.7) <-4.8
11 -8.6 (-8.7) -7.8 -12.2 (-12.3) -11.0 -3.6 (-3.6) -3.2
12 -7.8 (-7.9) >-7.4b -10.8 (-10.9) -10.4 -3.0 (-3.0) <-3.0
13 -8.1 (-8.2) >-6.8b -11.7 (-11.8) -12.0 -3.6 (-3.6) <-5.2
14 -7.7 (-7.8) >-7.4b -10.9 (-11.0) -11.0 -3.2 (-3.2) <-3.6

a All binding free energies are given in kcal/mol at 298.15 K. The
experimental∆Gbind

all values are derived from theKd values listed in Table
1. The values given in parentheses are the microscopic binding free energies
calculated for the protonated structures. The microscopic binding free
energies are regarded as the phenomenological binding free energies when
the deprotonation of the agonists are completely neglected.b Estimated from
the experimentally measured % inhibition with 1µM 12 or 13 or 14 in the
rat brain homogenate binding assays;25c thus, 50% inhibition (IC50) was
extrapolated/estimated from the % inhibition and∆Gbind

all ) -RT ln(Kd) ≈
-RT ln(IC50) because of the lack of the quantitative binding affinity data.
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In light of the insights obtained from the receptor-ligand
electrostatic interactions, one can also understand another
general trend regarding the relative binding free energies
calculated for the same protonated agonist structure binding to
two different nAChR subtypes. As seen in Table 3, the
calculated binding free energy of an agonist binding with the
R4â2 nAChR is about 2.9-5.8 kcal/mol lower than that with
theR7 nAChR for all of theR4â2-specific agonists in Table 3.
This is because, as mentioned above, the microscopic binding
modes for a protonated structure binding withR4â2 andR7
nAChRs are very similar for all of these agonists. For an agonist
with a similar microscopic mode of binding withR4â2 andR7
nAChRs, the contributions from the local binding to the
microscopic binding free energies of the protonated structure
binding with R4â2 andR7 nAChRs are close, but the long-
range receptor-ligand electrostatic interactions are usually
stronger for the binding with theR4â2 nAChR (whose LBD
has a net charge of-37e) than for binding with theR7 nAChR
(whose LBD has a net charge of-20e), as seen in Table 2.
Only when the microscopic binding modes are quite different
will the different orientations of the agonist dipole moment
significantly affect the difference in the long-range electrostatic
interactions.

Each of theR7-specific agonists, including9 and structurally
similar compounds, has quite different microscopic modes of
binding with R4â2 andR7 nAChRs. As seen in Figure 6 and
other figures (i.e., Figures S8-S13 of the Supporting Informa-
tion), the local binding modes of the protonated structures of9
and related compounds with theR7 nAChR are much stronger
than those of the same agonist structures binding withR4â2
nAChR. In these special cases, the difference in the local binding
mode dominates the difference in the microscopic binding free
energy (particularly the calculated∆GHB value, as seen in Table
2). At the same time, because of the different binding modes,
the difference in∆GLRE is also significantly smaller than those
found for the other agonists. This analysis qualitatively explains
why the calculated microscopic binding free energy of the
protonated9 structure for binding with theR7 nAChR is
markedly lower than that obtained for its binding with theR4â2
nAChR by∼3.5 kcal/mol.

As seen in Table 3, overall agreement between the calculated
and experimental phenomenological binding free energies is
good. Subtype selectivity for an agonist binding withR4â2 and
R7 nAChRs can be represented quantitatively by the difference
between the phenomenological binding free energies, i.e.,

As seen in Table 3, the calculated∆∆Gbind
all values are all in

good agreement with the corresponding experimental∆∆Gbind
all

values, suggesting that the computational protocol developed
in this study is suitable not only for reproducing the relative
binding free energies of a given nAChR binding with different
agonists but also for studying the subtype selectivity of agonists
binding with different nAChR subtypes.

(4) Comparison with Previous Modeling Studies of Sub-
type Selectivity. Understanding the subtype selectivity of
agonists binding with different nAChR subtypes is critically
important for rational drug design targeting specific nAChRs
but is very challenging for computational modeling. Very
recently, some other molecular docking studies30d,eon a series
of agonists binding with ratR4â2 andR3â4 nAChRs have been
reported. Those docking studies were based on the previously
reported homology models ofR4â2 (PDB code 1ole) andR3â4

(PDB code 1olf) nAChRs modeled by other researchers using
an earlier X-ray crystal structure of the AChBP as the template.
Bisson et al.30d docked agonists into the interface cleft of the
models by using the FlexX module of the Sybyl software
package (Tripos Inc., St. Louis, MO) and then ranked binding
affinities by using a consensus scoring (CScore) system (from
a minimum of 0 to a maximum of 5). Yuan et al.30e performed
molecular docking of only five agonists into the postulated
binding site of pre-existing models ofR4â2 andR3â4 nAChRs30b

even without ranking. The microscopic binding modes obtained
from their docking studies are distinctly different from what
were obtained in the present study. For example, in ourR4â2
nAChR model, compound2 does not make contact withâLys77
at all. According to the microscopic binding structures described
by Bisson et al.30dand Yuan et al.,30ein addition to the cation-π
interactions with theR4â2 nAChR, the pyridine nitrogen atoms
of epibatidine and2 also exhibit hydrogen bonding with the
positively charged side chain ofâLys77 of theâ2 subunit, and
the pyridine ring makes contacts with the aromatic side chains
of RTyr188 andRTyr195 of theR4 subunit at the bottom of
the aromatic cage.30d,e The additional hydrogen bonding with
âLys77 was considered in the studies by Bisson et al.30d and
Yuan et al.30e as a major structural factor for the exceptionally
high binding affinity of epibatidine and2 with theR4â2 nAChR.
In addition, the binding of epibatidine and2 with the R3â4
nAChR was considered to be weakened by an Ile residue of
the â4 subunit at a reciprocal position asâLys77 in theâ2
subunit.30d,e The role ofâLys77 was replaced by the neutral
side chain ofâGln115 of theâ4 subunit, which forms hydrogen
bonds with the same pyridine nitrogen atom of epibatidine and
2. Bisson et al.30d and Yuan et al.30eattributed these differences
to structural determinants for the much lower binding affinities
of epibatidine and2 with the R4â2 nAChR.

The remarkable discrepancy between our modeled micro-
scopic binding structures and those reported by Bisson et al.30d

and Yuan et al.30emay be attributed to the fact that the nAChR
models used in the docking studies were built using different
templates. The nAChR models used by Bisson et al.30dand Yuan
et al.30e were built by other researchers30a-c using an earlier
X-ray crystal structure of the AChBP. The construction of those
nAChR models did not consider the conformational rearrange-
ments during agonist binding;30a,bthe models were regarded as
lacking the rearrangements of the protein, and “thus these
models are not very good” in comparison with the subsequently
reported X-ray crystal structure of nicotine-bound AChBP.27b

Our nAChR models were constructed on the basis of the newer
X-ray crystal structure of the nicotine-bound AChBP.27b After
the initial structural models were built, a series of geometric
optimizations were performed on both the pure nAChR models
and each of their agonist-bound structures to further refine the
modeled structures. It is emphasized that ourR4â2 nAChR
model and its binding with2 were constructed and published26

prior to publication of the latest X-ray crystal structure of the
AChBP-epibatidine complex,31aalthough our ownR7 nAChR
model is reported for the first time in the present study. It is
generally believed that the agonist binding with an nAChR
should be very similar to the corresponding binding with
AChBP. Our modeled microscopic binding mode between the
R4â2 nAChR and2 is consistent with that in the subsequently
reported X-ray crystal structure of the AChBP-epibatidine
complex.31a This agreement suggests that our modeled nAChR
models and their microscopic binding modes with the agonist
molecules are more reasonable.

∆∆Gbind
all ) ∆Gbind

all (R7) - ∆Gbind
all (R4â2) (4)
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In addition, we have demonstrated, in the present study for
the first time, that the subtype selectivity for an agonist binding
with two different nAChR subtypes is dominated by the long-
range receptor-agonist electrostatic interactions.

Conclusion

The present computational modeling study indicates that the
agonist binding pocket of theR7 nAChR is very similar to that
of theR4â2 nAChR. A major structural difference betweenR7
and R4â2 nAChRs exists in the complementary side of the
receptor; i.e., there is a hydrophilic amino acid residue Gln116
of the R7 nAChR that corresponds to an aromatic residue
âPhe117 of theR4â2 nAChR.

All of the computational results demonstrate that the subtype-
selective binding of agonists withR4â2 and R7 nAChRs is
affected not only by local binding but also by long-range
electrostatic interactions between the receptors and the proto-
nated structures of the agonists. The effects of the long-range
electrostatic interactions on receptor subtype selectivity are
primarily due to the distinct difference in the net charge of the
LBD between the two nAChR subtypes (-37e for R4â2 and
-20e for R7). For R4â2-selective agonists, the microscopic
binding modes for theR4â2 nAChR are very similar to the
corresponding binding modes for theR7 nAChR, and therefore,
the subtype selectivity of these agonists binding toR4â2 and
R7 nAChRs is dominated by the long-range electrostatic
interactions. Especially, for9 and related compounds, their
microscopic binding modes with theR7 nAChR are remarkably
different from those with theR4â2 nAChR so that the local
binding (including the hydrogen bonding and cation-π interac-
tion) with theR7 nAChR is much stronger than that with the
R4â2 nAChR. For example, the present study suggests that
nAChR agonists can apparently gain selectivity for theR7
nAChR if they have an H-bond donor and are able to form a
tight water-mediated H-bond network with Q116.

On the basis of the determined microscopic binding and pKa

and the computational protocol developed in this study, the
calculated phenomenological binding free energies are in good
agreement with the available experimental data for both the
relative binding free energies with regard to the subtype
selectivity of agonists binding to the two different nAChR
subtypes. The fundamental insights obtained in the present
computational study are expected to be valuable for future
rational design of the subtype-selective agonists targeted to
specific nAChR subtypes.
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