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Abstract
A variety of molecular modeling, molecular docking, and first-principles electronic structure
calculations were performed to study how the α4β2 nicotinic acetylcholine receptor (nAChR)
binds with different species of two typical agonists, S-(−)-nicotine and R-(−)-
deschloroepibatidine, each of which are distinguished by different free bases and protonation
states. Based on these results, predictions were made regarding the corresponding microscopic
binding free energies. Hydrogen bonding and cation-π interactions between the receptor and the
respective ligands were found to be the dominant factors differentiating the binding strengths of
different microscopic binding species. The calculated results and analyses demonstrate that for
each agonist, all the species are interchangeable and can quickly achieve a thermodynamic
equilibration in solution and at the nAChR binding site. This allows quantitation of the
equilibrium concentration distributions of the free ligand species and the corresponding
microscopic ligand-receptor binding species, their pH-dependence, and their contributions to the
phenomenological binding affinity. The predicted equilibrium concentration distributions, pKa
values, absolute phenomenological 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 α4β2 nAChR-ligand binding. This should provide valuable information for future
rational design of drugs targeting nAChRs. The general strategy of the “from-microscopic-to-
phenomenological” approach for studying interactions of α4β2 nAChR with S-(−)-nicotine and R-
(−)-deschloroepibatidine may also be useful in studying other types of ligand-protein interactions
involving multiple molecular species of a ligand and in associated rational drug design.

Introduction
The alkaloid nicotine, initially found in tobacco leaves, is the addictive compound that
maintains tobacco smoking behavior. 1, 2, 3 More than any other abused psychostimulant,
nicotine addiction is the number one cause of preventable mortality and is responsible for
over 4 million smoking-related deaths each year.4,5 Nicotine produces its effects on the
central nervous system (CNS) by interacting with nicotinic acetylcholine receptors
(nAChRs) that are essential for synaptic transmission. Neuronal nAChRs are members of a
superfamily of ligand-gated ion channels, which modulate the function of many major
neurotransmitter systems and thereby influence a broad range of brain functions, such as
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cognition, learning and memory.5, 6, 7, 8, 9 Selective nAChR agonists/antagonists have
therapeutic potential in the treatment of Alzheimer’s disease, Parkinson’s disease,
dyskinesias, Tourette’s syndrome, schizophrenia, attention deficit disorder, anxiety, and
pain, as well as tobacco-use cessation agents.5,9,10,11,12,13,14,15,16,17

Each nAChR structure consists of five protein subunits which transverse the neuronal cell
membrane. A total of 12 different subunits (α2 to α10 and β2 to β4) have been identified for
neuronal nAChRs, and all of the nAChR protein subunits characterized to date possess a
high degree of sequence homology.18 Homo-oligomeric nAChRs can be formed by α7, α8,
or α9 subunits, but only α7 is widely distributed in the mammalian CNS. Most nAChR
subtypes are composed of two or more different types of subunits, combinations of α and β
subunits, the most common subtype being α4β2* which accounts for over 90% of the high-
affinity nicotine binding sites in brain.19 Activation of α4*-containing nAChRs is sufficient
for nicotine-induced reward, tolerance, and sensitization effects,4 and the β2 subunit has
been identified immunocytochemically a a in all dopaminergic neurons in the ventral
tegmental area in midbrain. Thus, α4β2 nAChRs have been recognized as a major target
mediating the pathology of several kinds of CNS pathologies and diseases4,5,9 and a variety
of α4β2 agonists and antagonists have been discovered. Therefore, it is particularly
important to understand how the α4β2 nAChR interacts with nicotine and other ligands (i.e.
agonists and/or antagonists).

On the other hand, a great challenge is to achieve a full understanding of the binding of
ligand molecules to nAChRs. Other than acetylcholine, most nAChR agonists, including
nicotine, and nAChR antagonists contain a protonatable amine moieties (see Table 1). In
many cases, such a functional group allows for the co-existence of multiple species of the
ligand in solution and, possibly, at the nAChR binding site through the dynamic interchange
and equilibration between the different protonated forms of the ligand (see below). Herein,
different molecular species of a given ligand refer to either different protonation states or
different diastereomeric species that might be interchangeable in solution. 20 For example,
S-(−)-nicotine has a total of six stable molecular species and R-(−)-deschloroepibatidine has
a total of four stable molecular species in solution, as shown in Table 1.

To understand the binding between a receptor and a ligand, first the 3D structure of the
receptor and especially the topography of the ligand binding domain (LBD) needs to be
known. Although the latest refined structure of the Torpedo (α)2(βγδ) nAChR at 4A˚
resolution has provided fundamental insights into the mechanisms of channel function, it is
basically a modeled structure of the resting state of the receptor.21 The binding site in this
structure is distorted by inter- and intra-subunit interactions, and thus, is not suitable for
studying binding with ligands. Nevertheless, the reported X-ray crystal structure of the
homologous acetylcholine-binding protein (AChBP)22, 23 can serve as a suitable template
for homology modeling of the LBD of the nAChR. The first X-ray crystal structure of the
AChBP22 incorporates an N-2-hydroxyethylpiperazine-N-9-(2-ethanesulphonic acid)
(HEPES) molecule at its binding site. The HEPES-bound AChBP was considered to
approximate the ligand-free state of this protein, but the protein conformation is different
from the latest X-ray crystal structure of the nicotine-bound complex.23 Earlier 3D models
of α4β2 nAChRs built on the HEPES-bound AChBP structure did not consider such
conformational rearrangements.24,25 Thus, the detailed atomic contacts between nicotine
and the receptor are not correct.23 Currently, the nicotine-bound AChBP is the most
satisfactory and appropriate template to model the LBD of nAChRs for the purpose of
studying ligand-receptor binding. The combined use of this latest X-ray crystal structure of
the AChBP complex and the computational chemistry approach enables a reasonable 3D
LBD structure of α4β2 nAChR to be built.
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Once a 3D LBD structure of the α4β2 nAChR is built, the important questions to be
answered will include the following: how does each possible molecular species (with a
given protonation state of each ligand) of the S-(−)-nicotine ligand bind with the receptor,
and are the six molecular species (i.e. the different combinations of free base and
protonation states) of S-(−)-nicotine all interchangeable in solution and/or at the nAChR
binding site? The answers to these questions would also suggest that different molecular
species of other ligands may or may not be interchangeable in solution at the nAChR
binding site. Other important questions include: 1) What is the dominant molecular species
for a given ligand binding with the nAChR, when more than one species of the ligand can
bind? 2) Can the binding free energies for all the possible molecular species of a ligand
binding with the nAChR be determined accurately? 3) Can the distributions of the possible
molecular species of a ligand in solution and at the nAChR binding site be determined? 4) Is
the dominant molecular species of a ligand in its binding with the nAChR necessarily also
the dominant molecular species of the ligand in solution? 5) Is the distribution of molecular
species of a ligand at the nAChR binding site dependent on the pH of the solution? 6) Can a
pH change alter the dominant molecular species of a ligand at the nAChR binding site? In
this respect, the experimentally measurable ligand-receptor binding affinity, called the
“phenomenological binding affinity” herein for convenience, could include significant
contributions from multiple microscopic binding species. However, such experimental data
usually do not provide information about the microscopic binding species. Thus, a further
question to be answered is: Is it possible to develop a general strategy to evaluate the
phenomenological binding affinity of a ligand with a receptor by quantitatively accounting
for the multiple microscopic ligand-receptor binding species?

The present study aims at developing and testing a reliable computational strategy by
answering the fundamental questions elaborated above. For this purpose, the 3D structure of
the LBD of the human α4β2 nAChR was modeled, focusing on its binding with two
representative agonists, S-(−)-nicotine, which has a phenomenological binding affinity of Kd
= 1.0 to 2.3 nM,10e,10f and R-(−)-deschloroepibatidine, which has a higher
phenomenological binding affinity of Kd = 0.020±0.001 nM.10b All of the six molecular
species of S-(−)-nicotine and the four molecular species of R-(−)-deschloroepibatidine were
docked into the binding site of the α4β2 nAChR and the microscopic binding free energies
were calculated. Meanwhile, reaction coordinate calculations, based on first-principles
electronic structure theory, were carried out to examine a key transition state involved in the
interchange between the different molecular species of S-(−)-nicotine. The calculated
activation free energy and the corresponding rate constant reveal how fast the interchange
between the different molecular species occurs in solution. The first-principles electronic
structure calculations accounting for solvent effects were also performed to determine the
relative Gibbs free energies of the molecular species of these ligands in solution. Further
statistical analyses of all the energetic results obtained lead to quantitative predictions of the
distributions of all the molecular species in solution and at the nAChR binding site. These
results enable us to quantitatively link the microscopic binding affinities with the
phenomenological binding affinity of a given ligand binding with the receptor. These
quantitative predictions will aid in the better understanding the phenomenological binding
affinities of the S-(−)-nicotine and R-(−)-deschloroepibatidine with α4β2 nAChRs and will
help predict how the distributions of the microscopic binding species and the
phenomenological binding affinities are dependent on the pH of the environment. The
calculated results are in good agreement with available experimental
observations.1,5,6,8,9,22,23 New insights into the microscopic and phenomenological binding
and the general computational strategy developed in this study provide a basis to guide
future rational design of more potent and selective nAChR agonists/antagonists for α4β2 and
for other nAChR subtypes.
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Computational methods
Homology modeling for the LBD domain of α4β2 nAChR

In order to study S-(−)-nicotine and R-(−)-deschloroepibatidine binding with the α4β2
nAChR in atomic detail, a homology model of the LBD of human α4β2 nAChR was built on
the latest X-ray crystal structure of the AChBP (PDB entry of 1UW6 at 2.2 Å resolution)23

by using the Homology module of InsightII (version 2000, Accelrys, Inc., San Diego, CA).
AChBP is not an ion channel (it is a soluble protein that lacks the transmembrane/
intracellular parts compared to nAChRs), but importantly displays many nAChR properties,
including binding of nAChR ligands and a conformational change in response to agonist
binding Interestingly, the highest percentage of identity (26.5%) has been found with the
ligand binding domain of the α7 neuronal nAChR subtype. The identity percentage increases
dramatically when considering only the loops forming the agonist binding pocket (40 –
60%), as expected from the functional homology. The sequence alignment was generated by
ClusterW with the Blosum scoring function.26,27 The sequence identity is 22% for 4 subunit
and 20% for β 2 subunit, showing the medium homology with the template. Several recent
studies by an array of advanced techniques, such as solid-state NMR, Lysine scanning,
fluorescence measurements, and theoretical simulations, have also demonstrated structural
determinants of agonist binding for AChBP, Torpedo nAChR, and human muscle nAChR,
and provided undisputable structural basis for modeling of other members of the nAChR
superfamily.28,29,30,31 All the five subunits were modeled simultaneously in order to
maintain the complementarity between these subunits at the interface. The best alignment
was selected according to both the alignment score and the reciprocal positions of the
conserved residues, especially those in or close to the nicotine-binding sites of the
template.23 These include the conserved GSWT sequence (in which Trp147 of the α4
subunit corresponds to Trp143 of the AChBP) and the C loop (containing Cys191 and
Cys192) between the β-strands 9 and 10 of the α4 subunit, whereas there is a gap of three
residues at this loop in the β2 subunit. The coordinates of the conserved regions of each
subunit were transformed directly from the template structure (i.e. the X-ray crystal structure
of AChBP23), whereas the non-equivalent residues were mutated from the template to the
corresponding ones in the α4β2 nAChR. The side chains of these non-conserved residues
were relaxed by using the Homology module of InsightII program, in order to remove
possible steric overlap (or hinderance) with the neighboring conserved residues. In
composing the whole LBD domain of the (α4β2α4β2β2) nAChR, the structural arrangement
at the two interfaces between each α4 and β2 subunits, particularly at the binding sites, was
kept as similar as possible to that of the template, whereas small adjustments were made for
the interfaces that are not involved in the binding sites.

Ionizable residues that are not in the binding site were set to the standard protonated or
deprotonated states. A careful check of the structural model allowed the proton be assigned
to the Nδ1 atoms for His59, His102, His107, and His160 of the α4 subunits and for His8,
His44, His84, and His134 of the β2 subunits under the physiological conditions (pH = ~7.4).
For the constructed structural model, the protonation states of ionizable residues may also be
titrated by solving Poisson-Boltzmann equation as did in previous electrostatic
calculations.32 However, the possible binding pocket of α4β2 nAChR (as described later)
does not involve any usually ionizable residue except Tyr; the standard pKa of Tyr is
9.6.32,33 When we only consider the pH 5.0 to 9.0, a Tyr residue is usually expected to be
unionized. The initial 3D model was energy-minimized by using the Sander module of the
Amber 7 program suite34 with a non-bonded cutoff of 10 Å and a conjugate gradient
minimization method. The 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 600 steps with the side chain atoms constrained in order to relax the backbone.
After each of these stages was finished, the whole receptor was visually checked to make
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sure that there was no any significant distortion during the energy minimization processes.
After 3 rounds of these partial energy-minimization runs, the convergence criterion of 0.001
kcal mol−1 Å−1 was quickly achieved in a full energy minimization. We carefully checked
the fully energy-minimized structure 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.35,36

First-principles electronic structure methods and pKa calculations
All geometries of the S-(−)-nicotine and R-(−)-deschloroepibatidine species involved in this
study were fully optimized by employing density functional theory (DFT) using Becke’s
three parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional37

(B3LYP) with the 6-31+G(d) basis set. Vibrational frequency calculations were carried out
to confirm the optimized stable molecular structures and transition state, and to perform
zero-point vibration thermal corrections to the Gibbs free energies. Intrinsic reaction
coordinate (IRC)38 calculations were performed to verify the expected connection of the
first-order saddle point with the two local minima found on the potential energy surface. 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) basis set. All
these electronic structure calculations in the gas phase were performed by using the
Gaussian03 program.39

Self-consistent reaction field (SCRF) calculations were performed to calculate solvent shifts
of the Gibbs free energies by using the geometries optimized at the B3LYP/6-31+G(d) level
in the gas phase. The free energy of a molecular species in aqueous solution was taken as a
sum of the free energy calculated at the MP2/6-31+G(d)//B3LYP/6-31+G(d) level in the gas
phase and the corresponding solvent shift determined by the SCRF calculation at the HF/
6-31+G(d) level. The SCRF method used in the calculations is our recently developed
GAMESS implementation40 of the surface and volume polarization for electrostatic
interactions (SVPE).41 The SVPE model is also known as the fully polarizable continuum
model (FPCM),42,43 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,44,45,46,47,48,49,50,51,52 or the
solute charge distribution is simply represented by a set of point charges at the solute
nuclei.53,54

Since 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.41a This single parameter value has been determined to be 0.001 au based on an
extensive calibration study.41b Accordingly, the default 0.001 au contour was used in this
study.

Concerning the calculation of absolute pKa characterizing the thermodynamic equilibration
between the different protonation states of the ligand(s), there are two kinds of protonated
states for S-(−)-nicotine and R-(−)-deschloroepibatidine. One state is the protonation of the
nitrogen atom (N1) of the saturated azaheterocyclic ring (the first protonation state), and the
other state is the protonation of nitrogen atom (N2) in the pyridine ring (the second
protonation state). The pKa is determined by the free energy change (ΔGa) of the protonation
process:
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(1)

(2)

in which L represents a neutral structure of ligand. LH+ and LHH2+ refer to the first and
second protonation states, respectively. Prediction of the free energy change of a protonation
process requires knowing the absolute free energy of the proton (H+) in aqueous solution,
ΔGhyd

298(H+), in addition to the free energies calculated for all of the molecular species
mentioned above. Due to the inherent difficulty of measuring absolute solvation free energy
of an ion, the reported “experimental” ΔGhyd

298(H+) values have a wide range from −252.6
to −264.1 kcal/mol.55 We recently calculated ΔGhyd

298(H+) by using a high-level, ab initio
method of incorporating a hybrid supermolecule-continuum approach 56, 57, 58, 59 based on
the same SVPE procedure used in the present study. ΔGhyd

298(H+) was predicted to be
−262.4 kcal/mol.56 Accordingly, this ΔGhyd

298(H+) value was used in the present study, and
we have:

(3)

The first-principles electronic structure approach described above 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, and thermodynamic properties,
etc. are all in good agreement with the available experimental data.45,46

Molecular docking and microscopic binding free energy calculations
After the 3D LBD model of the α4β2 nAChR was obtained by homology modeling, the
AutoDock 3.0.5 program60 was used to dock each of the molecular species of S-(−)-nicotine
and R-(−)-deschloroepibatidine into the α4β2 nAChR binding sites. There are two
equivalent ligand binding sites between two pairs of α4 and β2 subunits. We only need to
account for one of these two equivalent sites binding with the ligand because these two
equivalent binding sites is largely separated so that the ligand binding in one site should
have no significant effect on the ligand binding in the other binding site. The atomic charges
used for the docking with all the ligand species were the restrained electrostatic potential
(RESP) charges. These RESP charges were determined by performing single-point ab initio
electrostatic potential calculations at the HF/6-31G* level on the corresponding geometries
optimized at the B3LYP/6-31+G* level, followed by fitting with the standard RESP
procedure implemented in the Antechamber module of the Amber 7 program.34

During the docking process, conformational search was performed using the Solis and Wets
local search method,61 and the Lamarkian genetic algorithm (LGA)60 was applied to the
conformational search for the ligand-receptor binding structure. Among a series of docking
parameters, the grid size was enlarged to be 120 × 120 × 120, which is large enough for the
long-range electrostatic interaction calculation, and the used grid space was the default value
of 0.375A˚. The interacting energy resulting from probing of the LBD of the α4β2 nAChR
with the ligand was assessed by the empirical binding free energy and corrected by
hydrogen bonding energy, if it exists, according to the distance from the donor to the
acceptor.

The docked ligand-receptor complex structures were selected according to the criteria for
interacting energy combined with geometric matching quality. These complexes were used
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as starting structures for further energy minimizations using the Sander module of the
Amber 7 program before the final binding structures were achieved. The minimization
process was similar to that used for modeling the free α4β2 nAChR structure, i.e. first fixing
the backbone atoms of the receptor and the whole ligand structure for 1500 steps, in order to
relax the side chains, especially those in the binding site. Then the energy minimization was
performed by constraining the side chain atoms and also the ligand structure for another 500
steps. After several rounds of these partial energy-minimization runs, the convergence
criterion of 0.001 kcal mol−1 Å−1 was quickly achieved in a full energy minimization. We
carefully checked the fully energy-minimized structures to make sure that the overall
structures of the receptor in the ligand-receptor complexes were not significantly different
from that of the free receptor.

Finally, the microscopic binding free energies (i.e. the binding free energies corresponding
to the individual microscopic binding species) were estimated by using the standard
AutoDock scoring functional form, including a general hydrogen bonding energy (HBE)
equation implemented in the AutoDock 3.0.5 program. As one can see below, the N–H···O
type of ligand-receptor hydrogen bond exists in some of the docked structures. Based on the
general HBE equation, we have HBE(r) ≈ 5εr0

12/r12 – 6εr0
10/r10, in which r is the H···O

distance in the considered hydrogen bond, and r0 is the minimum value of the H···O distance
for which the HBE equation can be used. We used r0 = 1.60 Å, because it is the shortest
H···O distance found in our energy minimizations. The ε value was determined by using the
condition that HBE(r) = −5.0 kcal/mol when r = 1.90 Å (the default parameter values of the
AutoDock 3.0.5 program).

Most of the computations in the above studies were performed on the supercomputers at
University of Kentucky Center for Computational Sciences and at Pacific Northwest
National Laboratory. Some computations were carried out on SGI Fuel workstations and a
34-processors IBM x335 Linux cluster available in our own laboratory.

Results and discussion
(1) Ligand-receptor binding

A careful inspection of the optimized 3D model for the LBD of the α4β2 nAChR reveals
that all the structural features of the model are consistent with the available structural data
for both the AChBP and the α4β2 nAChR.6,8,9,21,22,23 The α4β2 nAChR consists of five
subunits of two α4 and three β2 along a five-fold axis (only two of the five subunits are
depicted in Figure 1), which is similar to the structural arrangement found in the X-ray
crystal structure of AChBP.22,23 The root mean square deviation (RMSD) of the modeled
structure from the template structure was found to be 0.32 Å for the Cα atoms and 0.43 Å
for the backbone atoms. Further, the nicotine-binding site of the modeled α4β2 nAChR is
very close to that of AChBP. One particular region rich in conserved aromatic residues is
found at the interface between the α4 and β2 subunits. This region corresponds to the
generally named “aromatic cage” in other nAChRs,6,8,9 and is expected to serve as a capture
area for ligand binding, in light of previous experimental and modeling studies of other
nAChR subtypes.5,6,9,62,63,64

Depicted in Figure 1 are some representative binding complex structures for both S-(−)-
nicotine (SRH, Figure 1A) and R-(−)-deschloroepibatidine (DCEH in Figure 1B) binding.
As expected, both SRH and DCEH are situated at the interface between subunits α4 and β2,
and they are completely buried by the pocket-forming residues of the receptor. However,
their relative orientations in the receptor binding site differ somewhat, mostly involving the
pyridine ring (Figure 1C and Figure 1D). The principal (+) binding side is composed of
more conservative residues from loops A, B, and C of the α4 subunit (according to the
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notations used in the X-ray crystal structure of AChBP), while the complementary (−)
binding side contains more variable modulating residues from loops D and E of the β2
subunit. Both ligands, acting as cations due to the protonated saturated azaheterocyclic
nitrogen, are wedged deeply in the bottom of the aromatic cage at the binding site.

As shown in Figure 2, the most important interactions between the receptor and ligands
come from hydrogen bonding of the N–H···O type, and from charge-charge interactions
between the protonated nitrogen on saturated azaheterocyclic ring of the ligands and the
carbonyl group at the backbone of αTrp147. The protonated nitrogen atom in the saturated
azaheterocyclic ring has a formal charge of +1, affording a strong attraction to the carbonyl
oxygen of αTrp147. This protonated nitrogen is also stabilized by the aromatic moiety
through cation-π interactions. Based on the general hydrogen bonding energy (HBE)
equation implemented in the AutoDock 3.0.5 program, an N–H···O hydrogen bond with an
H···O distance of 1.90 A˚, as shown in the modeled SRH-receptor complex (Figure 2A),
contributes −5.0 kcal/mol to the mutual interaction energy at T = 298.15 K.60 Based on the
critical distances shown in Figure 2 and listed in Table 2, the difference in HBE between
SRH and DCEH is obvious. The hydrogen bond of αTrp147 with DCEH (Figure 2B) should
be significantly stronger than that with SRH (Figure 2A), since the H···O distance with
DCEH is ~0.2 A˚ shorter than that with SRH. DCEH also has stronger cation-π interactions
with αTrp147 than does SRH, because not only does DCEH have one more hydrogen atom
make contact with the aromatic side chain of αTrp147, but also the distance from each
hydrogen atom to the center of the aromatic side chain of αTrp147 is significantly shorter
than that in the SRH interaction (Table 2).

In addition to hydrogen bonding and cation-π interactions, some aromatic and hydrophobic
interactions also significantly contribute to the receptor binding of both SRH and DCEH. At
the principal (+) side, the ligands make contact with side chains of residues in the aromatic
cage, which includes Trp147, Tyr188, and Tyr195 of the α4 subunit and Trp53 of the β2
subunit. αTyr91 interacts closely with the ligands through its phenolic group and helps to
form the aromatic cage. The vicinal αCys190 and αCys191 residues enhance the ligand-
receptor interactions, mainly through the disulfide moiety via hydrophobic and long-range
electrostatic interactions, since the sulfur atoms possess partial negative charges. αThr148 is
located within a 5 A˚ distance around the ligands and its side chain weakly interacts with the
ligands. On the complementary (−) side, the Try53 side chain of the β2 subunit is an
important component of the aromatic cage, and interacts with the ligands through the
aromatic moieties. βVal109, βPhe117, and βLeu119 significantly contribute to the
hydrophobic interactions with both of the ligands, whereas β Asn107 and βAla108 only
interact with DCEH.

The above described mode of interactions of SRH with the modeled α4β2 nAChR is quite
similar to the nicotine binding with AChBP demonstrated in the crystal structure.23 The
similarity exists not only in the general orientation of the SRH in the binding pocket, but
also in many key interactions including typical hydrogen bonding and cation-π interactions.
Although the composition of the principal (+) binding side in the present SRH—α4β2
nAChR complex is almost the same as that in the crystal structure,23 the details of
interactions are somewhat different. For example, the distance between the saturated
azaheterocyclic nitrogen of SRH and the carbonyl oxygen at the backbone of the conserved
αTrp147 is 2.72 A˚ and the length of hydrogen bond is 1.90 A˚ in our modeled SRH—α4β2
nAChR complex, whereas the corresponding distance between the saturated azaheterocyclic
nitrogen of nicotine and the carbonyl oxygen of Trp143 in the crystal structure of AChBP is
2.54 Å. Some significant difference exists on the complementary (−) side of the binding
pocket. In the crystal structure,23 residues on the complementary (−) side contains either the
short branched residue Leu112, or positively charged residue Arg104, having weaker
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interactions with the pyridine ring of nicotine, since the pyridine ring prefers contacts with
aromatic or hydrophobic groups to highly polar atoms. As replacement at the same side in
the α4β2 nAChR, these positions are filled with more hydrophobic and aromatic residues
βVal109, βPhe117, and βLeu119. Those branched side chains make better contacts with the
pyridine ring of nicotine and, therefore, enhance the intermolecular packing of SRH with
α4β2 nAChR (Figure 2A). These non-conserved residues are at least partially responsible
for the higher binding affinity of SRH with α4β2 nAChR (Table 3) compared to nicotine
binding with AChBP.23 Such enhanced interactions are more apparent in R-(−)-
deschloroepibatidine binding, as R-(−)-deschloroepibatidine is more bulky than SRH and
can pack more tightly with residues at the complementary side (Figure 2B).

Our modeled receptor-ligand binding structures are consistent with the known binding
information derived from the experimental studies, including site-directed mutagenesis, on
the agonist-binding sites of AChBP and nAChRs.65,66,67,68,69 For example, early site-
directed mutagenesis studies revealed large decreases of agonist affinities following
mutations on the aromatic residues at the subunit interface as αTyr93, αTrp149, αTyr190,
and αTyr198 (in numbering of the Torpedo nAChR).65,66,67 Recently reported experimental
studies using unnatural amino acid mutagenesis revealed that nicotine employs a hydrogen
bond to a backbone carbonyl of αTrp147.31 These aromatic residues are found to be at the
most conserved positions by sequence alignment with the AChBP for several α subunits
including the α4. These essential residues are αTyr91, αTrp147, αTyr188, and αTyr195 in
our modeled LBD of α4β2 nAChR and its complexes with SRH and DCEH, as seen in
Figures 1, 2A, and 2B. αTrp147 was found to be the most important determinant of binding
with the α2, α3 and α4 subunit containing nAChRs for the typical agonist α-neurotoxin.68 It
was found that the γTrp55Leu mutation at the αγ interface of the Torpedo nAChR resulted
in a 7000-fold decrease of ACh binding affinity,69 demonstrating the importance of the
residue γTrp55 in Torpedo nAChR. The corresponding residue βTrp53 in our modeled LBD
of α4β2 nAChR is involved in the cation-π interactions with both SRH and DCEH (Figure
2A and 2B). In addition, a solid-state NMR study revealed a disulfide bond between Cys192
and Cys193,28 which is equivalent to the disulfide bond between αCys190 and αCys191 in
our modeled LBD of α 4β2 nAChR.

Figure 2C shows the relative positions of the six molecular species (SR, SRH, SRHH, SS,
SSH, and SSHH) of S-(−)-nicotine stabilized in the binding site of the α4β2 nAChR. All of
the six molecular species bind with the receptor in a very similar way, but some significant
differences can be seen in the vicinity of pyridine moiety. Another significant difference
exists in the orientation of the proton at the saturated azaheterocyclic nitrogen. The N–H···O
hydrogen bonding and cation-π interactions exist only in the complexes of the receptor
binding with SRH and SRHH (Table 2). The relative positions of the four R-(−)-
deschloroepibatidine species stabilized at the receptor binding site are depicted in Figure 2D,
and show no significant difference in the orientation of R-(−)-deschloroepibatidine
framework for the four ligand-receptor binding complexes.

(2) Microscopic binding affinity
Based on each of the docked microscopic ligand-receptor binding species mentioned above,
the microscopic ligand-receptor binding free energy (ΔG) and the corresponding
dissociation constant (Kd) were calculated. The calculated microscopic ΔG and Kd values
are summarized in Table 3 for comparison. As seen in Table 3, the binding affinity of the R-
(−)-deschloroepibatidine species is generally higher than that of the S-(−)nicotine species,
except for DCEb. The calculated microscopic binding free energies are dominated by the
hydrogen bonding and cation-π interactions between the receptor and the ligand, based on
the numerical information summarized in Tables 2 and 3. The shorter the H···O distance in
the N–H···O hydrogen bond, the stronger the hydrogen bond and, therefore, the larger the
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contribution of the hydrogen bond to the binding affinity. Within the six microscopic
binding species of S-(−)-nicotine, only the microscopic binding species SRH and SRHH are
involved in ligand-receptor hydrogen bonding. Thus, SRH and SRHH bind with the receptor
much more strongly than the other four species of S-(−)-nicotine, as is supported by the
calculated binding free energies (see Table 3). SRH is associated with the lowest
microscopic binding free energy (−12.57 kcal/mol), i.e. the highest microscopic binding
affinity, which is consistent with the shortest H···O distance in the N–H···O hydrogen bond of
SRH with the receptor.

Of the four microscopic binding species of R-(−)-deschloroepibatidine, i.e. DCEH, DCEH2,
DCEa, and DCEb, only DCEb does not form a hydrogen bond with the receptor and,
therefore, its binding affinity with the receptor is much lower than those for the other three
species. The highest binding affinity (i.e. the lowest binding free energy) is associated with
DCEH2 (−14.68 kcal/mol), due to the strengthened electrostatic interactions of the receptor
with the saturated azaheterocyclic nitrogen in DCEH2, as compared to that with the
unprotonated pyridine species in DCEH. DCEa has a slightly lower binding affinity with the
α4β2 nAChR than DCEH and DCEH2, due to the loss of the cation-π interactions between
the saturated azaheterocyclic nitrogen and the αTrp147 side chain.

(3) Distribution of molecular species of ligands in solution
Interchange between different species of S-(−)-nicotine in solution—In order to
determine the distribution of all the molecular species of a given ligand, i.e. S-(−)-nicotine
or R-(−)-deschloroepibatidine, in solution, we first need to know whether these molecular
species are interchangeable and are able to reach a thermodynamic equilibration in solution.
In the case of the six molecular species of S-(−)-nicotine, it is clear that a thermodynamic
equilibration between SR, SRH, and SRHH, in which the methyl group on the saturated
azaheterocyclic nitrogen is trans to the pyridine ring can exist, because the protonation/
deprotonation processes are well-recognized as being very fast. For the same reason, a
thermodynamic equilibration between SS, SSH, and SSHH, in which the methyl group on
the saturated azaheterocyclic nitrogen is cis to the pyridine ring can also exist (see Figure 3
for the structures of these species). An important question to be answered is whether the
interchange between the first set of molecular species (SR, SRH, and SRHH) and the second
set of molecular species (SS, SSH, and SSHH) is possible, and if the interchange occurs,
how fast is this interchange? We propose that it is not likely that a direct interchange
between SRH and SSH or between SRHH and SSHH can occur. However, these species are
indirectly interchangeable when the direct interchange between SR and SS can occur. For
example, the pathway of the change from SRH to SSH is SRH → SR → SS → SSH. The
pathway of the change from SRHH to SSHH is SRHH → SRH → SR → SS → SSH →
SSHH. Further, the different microscopic binding structures (L-R) are also indirectly
interchangeable. For example, the pathway of the change from SRH-R to SSH-R is SRH-R
(complex) → SRH (free ligand + free receptor) → SR (free ligand + free receptor) → SS
(free ligand + free receptor) → SSH (free ligand + free receptor) → SSH-R (complex).

Is a direct interchange between SR and SS possible? Clearly, in both the SR and SS species,
the saturated azaheterocyclic nitrogen utilizes three sp3 hybrid orbitals to form σ-bonds with
three C-atoms; the remaining sp3 hybrid orbital is occupied by a lone-pair of electrons. The
interchange between SR and SS can only result from a pyramidal inversion of the saturated
azaheterocyclic nitrogen, resulting in a change in the orientation of the methyl group (i.e.
from cis to trans with the pyridine ring, or vice verse). During the hypothetical nitrogen
inversion from SR (or SS) to SS (or SR), an sp3 hybridization of the nitrogen atom in one
stable structure will gradually change into a sp2 hybridization when the three C–N bonds are
in the same plane, followed by a gradual change into the new sp3 hybridization in the stable
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inverted structure. Reaction coordinate calculations revealed a transition state (TS) structure
between stable structures SR and SS. The geometry optimized for this transition state is
depicted in Figure 4, along with the stable SR and SS geometries optimized. The optimized
TS geometry reveals that the three C–N bonds are almost planar. In the TS structure, three
sp2 hybrid orbitals of the saturated azaheterocyclic nitrogen are used to form three C–N
bonds, and the lone-pair becomes a pure p orbital.

The activation free energy, ΔGav(SR→SS), for the structural change from SR to SS is the
free energy change from SR to TS, whereas the activation free energy, ΔGav(SS→SR), for
the structural change from SS to SR is the free energy change from SS to TS. Based on our
first-principles electronic structure calculations accounting for the solvent effects,
ΔGav(SR→SS) = 6.78 kcal/mol and ΔGav(SS→SR) = 2.64 kcal/mol, when T = 298.15 K.
Based on the calculated activation free energies, the corresponding rate constants can be
evaluated by using the conventional transition state theory (CTST),70 i.e.

(4)

where kB is the Boltzmann constant, T is the absolute temperature, h is Planck’s constant,
and ΔGav is the activation free energy. Thus, our calculations predict that k(SR→SS) = ~7 ×
107 s−1 and k(SR→SS) = ~8 × 1010 s−1. Such large rate constants for the structural
interchange between SR and SS reveal that a thermodynamic equilibration of the six
nicotine species can be achieved very quickly in solution. This allows us to calculate the
Boltzmann distribution of the concentrations of the six S-(−)-nicotine species in solution by
using the calculated relative Gibbs free energies.

In a similar manner, the four molecular species of R-(−)-deschloroepibatidine can also be
expected to quickly reach a thermodynamic equilibration in solution. The interchange
between structures DCEa and DCEb of R-(−)-deschloroepibatidine involves two pathways.
One pathway is associated with a nitrogen pyramidal inversion, similar to the pathway for
the interchange between species SR and SS of S-(−)-nicotine. The other pathway is through
protonation and deprotonation, using the protonated structure DCEH as an intermediate
between structures DCEa and DCEb, as shown in Figure 5.

Distribution of the molecular species of S-(−)-nicotine—Thermodynamic
equilibration between a molecular species and its deprotonated state is characterized by the
pKa associated with the deprotonation process. The pKa values calculated for the SRH, SSH,
SRHH, and SSHH species of S-(−)-nicotine, by using our first-principles electronic
structure approach, are given in Figure 3. Thermodynamic equilibration between a pair of
enantiomers, i.e. SR/SS, SRH/SSH, or SRHH/SSHH, is determined by the relative Gibbs
free energies. Based on our first-principles electronic structure calculations, the free energy
of SR is 4.14 kcal/mol lower than that of SS, when T = 298.15 K. Remarkably, the free
energy difference between the two enantiomers becomes much smaller after they are
protonated; the calculated free energy of SRH is only 1.96 kcal/mol lower than that of SSH.
Further protonation does not decrease this free energy difference; i.e. the calculated free
energy of SRHH is 2.11 kcal/mol lower than that of SSHH. The calculated free energy
differences and pKa values together indicate that SRH should be the primary molecular
species of S-(−)-nicotine in solution under physiologic conditions (pH 7.4), but other
molecular species, particularly SSH and SR, should also be present in significant
concentrations.

We can compare the calculated results with available experimental data to see how good the
calculations are. Whidby and Seeman’s NMR spectroscope studies 71 demonstrated that the
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protonated S-(−)-nicotine species with the methyl group trans to the pyridine ring
predominates in solution to the extent of more than 90%. The latter observations indicate
that the free energy of SRH should be lower than that of SSH by at least 1.37 kcal/mol,
when T = 298.15 K. The experimentally-derived free energy difference of > 1.37 kcal/mol is
in good agreement with our calculated free energy difference of 1.96 kcal/mol between SRH
and SSH. In addition, the pKa values 8.95 and 2.43 calculated for SRH and SRHH,
respectively, are also reasonably close to the corresponding experimental pKa values of ~8.0
and ~3.0.1 The experimental pKa values were determined by analyzing of the
thermodynamic data available for different protonation states in both the gas phase and
solution (including the heat of vaporization).1 We note that the experimental pKa values are
phenomenological, whereas our calculated pKa values are only associated with the
microscopic structures SR, SRH, and SRHH. In principle, the microscopic pKa values are
not exactly equal to the corresponding phenomenological pKa values unless only SR, SRH,
and SRHH of nicotine exist in solution. Nevertheless, in light of our calculated relative free
energies discussed above, the concentrations of SR, SRH, and SRHH are much higher than
the corresponding concentrations of SS, SSH, and SSHH. Therefore, the microscopic pKa
values associated with SR, SRH, and SRHH should be very close to the corresponding
phenomenological pKa values determined at the same level of theory.

The calculated free energy differences and pKa values can also be used to quantitatively
evaluate the concentrations of all the molecular species in solution as a function of pH.
Assuming that the concentration of SRH is C0 at a given pH, the concentrations of other
related species can be evaluated using the well-known Boltzmann distribution as:

(5)

(6)

(7)

(8)

(9)

In these equations, ΔG(SR → SS) is the free energy change from SR to SS and 
represents the pKa of species X (X = SRH, SRHH, SSH, or SSHH). The total concentration
( ) of S-(−)-nicotine in solution is a sum of the concentrations of all these species:

(10)

Based on Eqs.(5) to (10), the concentration fraction, , for each species total can
be evaluated. Depicted in Figure 6 are the calculated concentration fractions from pH 0 to
14, when T = 298.15 K. As seen in Figure 6, the species in which the methyl group is trans
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to the pyridine ring are dominant in solution over the whole pH range. The cationic form
(SRH) is dominant around physiologic pH, but the free base form (SR) is also present as a
significant fraction. At very high pH, SR is present as the highest fraction, whereas at a very
low pH, the dication (SRHH) is present as the highest fraction, and decreases sharply as the
pH increases.

Distribution of the molecular species of R-(−)-deschloroepibatidine in
solution—The same approach used to calculate the thermodynamic distribution of the S-
(−)-nicotine species in solution can also be utilized to evaluate the thermodynamic
distribution of the four molecular species of R-(−)-deschloroepibatidine in solution.
Assuming the concentration of DCEH to be C1, the concentrations of the other three species
can be calculated as follows:

(11)

(12)

(13)

In these equations,  is the pKa of DCEH2 whose conjugated base is DCEH,
 is the pKa of DCEH when its conjugated base is considered to be DCEa, and
 is the pKa of DCEH when its conjugated base is considered to be DCEb. The

total concentration ( ) of R-(−)-deschloroepibatidine in solution is calculated by

(14)

Figure 7 illustrates the pH-dependence of the concentration fractions for the four species of
R-(−)-deschloroepibatidine. As seen in Figure 7, the monocationic form (DCEH) is
dominant around physiologic pH. At very high pH, the two free base forms (DCEa and
DCEb) are present in the highest fractions, whereas at very low pH, the dication (DCEH2) is
present in the highest fraction.

(4) Distribution of microscopic binding species
Herein, we relate a microscopic binding species to a ligand-receptor binding structure, in
which the receptor binds with a specific molecular species of a given ligand. As a given
ligand (i.e. S-(−)-nicotine or R-(−)-deschloroepibatidine) exists as multiple molecular
species in solution, these multiple molecular species can also exist at the nAChR binding
site and, therefore, one has to consider multiple microscopic binding species for a ligand
binding with the receptor. Thermodynamic distribution of the microscopic binding species
of a given ligand is determined by both the thermodynamic distribution of the molecular
species of the free ligand in solution and the relative microscopic binding free energies.
Considering a microscopic ligand-receptor binding species (LR) formed from a specific
molecular species (L) of the ligand and the α4β2 nAChR (R), we have
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(15)

(16)

in which ΔGbind is the microscopic binding free energy between L and R, and Kd is the
dissociation constant of the microscopic binding complex LR.

For S-(−)-nicotine, a microscopic binding species LR can be SR-R, SRH-R, SRHH-R, SS-
R, SSH-R or SSHH-R. Similarly for R-(−)-deschloroepibatidine, LR can be DCEa-R,
DCEb-R, DCEH-R, or DCEH2-R. The total concentration ( ) of all the
microscopic S-(−)-nicotine-receptor binding species is a sum of the concentrations of all of
the microscopic binding species:

(17)

Similarly, we can also evaluate the total concentration ( ) of all the microscopic
total R-(−)-deschloroepibatidine-receptor binding species:

(18)

Equations (16) to (18) reveal that the concentration fractions of the microscopic binding
species are also pH-dependent, since the concentration fractions of the molecular species of
the free ligand are dependent on the pH of the solution. However, the concentration fractions
of the microscopic binding species should not be the same as the concentration fractions of
the corresponding species of the free ligand in solution, unless the ΔGbind values for
different microscopic binding species are exactly the same. Figures 8 and 9 illustrate the
calculated pH-dependence of the concentration fractions of the microscopic binding species
for α4β2 nAChR binding with S-(−)-nicotine and R-(−)-deschloroepibatidine, respectively.
As seen in Figure 8, the concentration fractions of SS-R, SSH-R, and SSHH-R are
overwhelmed by those of SR-R, SRH-R, and SRHH-R for S-(−)-nicotine binding with the
receptor. The overall fraction of the S-(−)-nicotine species (i.e. SS, SSH, and SSHH) with
the methyl group cis to the pyridine ring in the microscopic S-(−)-nicotine-receptor binding
(Figure 8) is even smaller than that of the same free ligand species in solution (Figure 6).

α4β2 nAChR binding of the four molecular species of R-(−)-deschloroepibatidine is
illustrated in Figure 9. The overall concentration fractions of the receptor binding with the
dication (DCEH2), monocation (DCEH), and the free base species (DCEa and DCEb) are
very similar to the corresponding overall concentration fractions of the three species in
solution (Figure 7). A significant difference exists in the relative fractions associated with
the two free base species, DCEa and DCEb. The concentration fractions of species DCEa
and DCEb are very close to each other in solution, whereas the concentration fractions of the
binding species DCEa-R and DCEb-R are quite different. The fraction of DCEb-R is
negligible compared to that of DCEa-R; also, the microscopic binding species DCEa-R is
dominant at high pH. This is because the calculated DCEb-R binding free energy (−8.96
kcal/mol) is significantly higher than the calculated DCEa-R binding free energy (−13.64
kcal/mol).
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(5) Phenomenological binding affinity
Generally speaking, the experimentally measured ligand-receptor binding affinity is the
phenomenological binding affinity which includes contributions from all of the possible
microscopic binding species. As discussed above, the total concentration of the molecular
species of the ligand in solution can be calculated by using Eq. (10) or (14) and the total
concentration of the microscopic binding species can be calculated by using Eq.(17) or (18).
Based on the total of the concentrations of the microscopic binding species (  or

), the structures of the free ligand (  or ), and the free receptor ([R]) in
solution, the “phenomenological dissociation constant” ( ) can be evaluated using the
following equation:

(19)

The superscript “ligand” in Eq.(19) is “nicotine” for S-(−)-nicotine or “DCEH” for R-(−)-
deschloroepibatidine. The corresponding “phenomenological binding free energy” can be
evaluated by using the phenomenological dissociation constant :

(20)

In terms of the technical detail of the  calculation process, we take S-(−)-nicotine as an
example. One can simply use two arbitrarily given concentrations, one is [SRH] and the
other is [SRH-R]. Then, the concentrations of the other five molecular species and the other
five microscopic binding structures can be evaulated at any pH by using the relative free
energies of the free molecular species and the determined microscopic binding constants.
Then, one can easily evaluate , [R], and  required to calculate  through
Eq.(19). The calculated overall binding constant is independent of the arbitrarily chosen
[SRH] and [SRH-R] values.

Both the calculated phenomenological dissociation constant  and the phenomenological
binding free energy  are pH-dependent for S-(−)-nicotine and R-(−)-
deschloroepibatidine (Figures 10 and 11). This is because the thermodynamic distributions
of the microscopic species both in solution and at the receptor binding site are dependent on

the pH of the solution, so that  and  are also pH-dependent. The predicted pH-
dependence of the phenomenological binding of S-(−)nicotine with the nAChR is
qualitatively consistent with a recent experimental observation with voltage-clamp
electrophysiology which demonstrated that the efficacy of nicotine as an agonist at the α4β2
nAChR decreased from ~90% at pH 6.5 to ~10% at pH 9.0; the observed nicotine efficacy at
pH 9.0 is only a ninth of that at pH 6.5.72 As seen in Figure 10, when the experimental pKa

values are used, our calculated  value for S-(−)-nicotine binding with the α4β2 nAChR is
1.32 nM at pH 6.5 and 13.34 nM at pH 9.0. This calculated  value increase of ~10-fold is
in excellent agreement with the efficacy decrease of ~9-fold observed experimentally. When
the calculated pKa values are used, the same  values of 1.32 nM and 13.34 nM for S-(−)-
nicotine binding with the α4β2 nAChR are obtained at pH 7.45 and pH 9.95, respectively.
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Predicting the same  values at the higher pH values is consistent with the fact that our
calculations overestimated the pKa of SRH by 0.95 (Figure 3).

Figures 10 and 11 reveal a qualitative trend that decreasing the pH of the solution generally
favors the phenomenological binding affinity. However, the  and  values are not
sensitive to changes in the pH 5 to 7 range for S-(−)-nicotine (Figure 10) and in pH 6 to 9
range for R-(−)-deschloroepibatidine (Figure 11). The  and  values calculated for
S-(−)-nicotine under physiologic conditions (pH 7.4) are 1.3 nM and −12.10 kcal/mol,
respectively, which is in excellent agreement with the reported experimental range of the Ki

values (1.0 to 2.3 nM).10e,10f The  and  values calculated for R-(−)-
deschloroepibatidine under the physiologic conditions (pH 7.4) are 0.064 nM and −13.89
kcal/mol, respectively, which is also in excellent agreement with the reported experimental
Ki value of 0.020 ± 0.001 nM10b or 0.031 nM.11a Thus, the calculated absolute
phenomenological binding affinity data are also consistent with the available experimental
data.

The general computational strategy for studying interactions of the α4β2 nAChR with S-(−)-
nicotine and R-(−)-deschloroepibatidine from the microscopic binding species and affinities
to the phenomenological binding affinities might also be useful for studying other types of
ligand-protein interactions involving multiple molecular species of a specific ligand. As is
well known, a receptor is activated or inhibited by a ligand through a specific interaction
with the binding site. The (microscopic) binding information at the atomic level is usually
provided by X-ray crystallography or NMR spectroscopy,22,23,73,74,75 whereas the
(phenomenological) binding affinity is measured through reaction kinetics and/or
thermodynamics studies.5,76,77 When these two aspects are complementary to each other,
one can achieve a better understanding of these biological processes.73,74,75 The
computational modeling approach provides a unique way of predicting microscopic binding
events and for quantitatively linking microscopic binding to phenomenological binding
events. In view of this “from-microscopic-to-phenomenological” computational strategy, the
dominant species of a ligand binding with a receptor is not necessarily the dominant species
of the ligand in solution, particularly when the dominant structural form of the ligand in
solution has a lower binding affinity at that receptor.

Conclusion
Molecular modeling, molecular docking, and first-principles electronic structure calculations
carried out in this study have demonstrated how the α4β2 nAChR binds with different
species of two typical agonist molecules, i.e. six species of S-(−)-nicotine and four species
of R-(−)-deschloroepibatidine, and have provided a prediction of the corresponding
microscopic binding free energies. In both cases, of these two molecules hydrogen bonding
and cation-π interactions between the receptor and the ligand were found to be the dominant
factors that differentiate the binding strengths of the different microscopic binding species.

Our reaction coordinate calculations using first-principles electronic structure theory
revealed a transition state (TS) for the structural interchange between two diastereomeric
protonated species (SR and SS) of the free base form of S-(−)-nicotine in solution. In light
of the calculated low activation free energies (6.78 kcal/mol for SR → SS and 2.64 kcal/mol
for SR → SS) and very high rate constants (~7 × 107 s−1 for SR → SS and ~8 × 1010 s−1 for
SR → SS) for the structural interchange of these species in solution, as well as some further
analysis, we conclude that all the molecular species (distinguished by the free base and the
different protonation states) of the ligand, i.e. S-(−)-nicotine or R-(−)-deschloroepibatidine,
can quickly achieve a thermodynamic equilibration in solution and at the receptor binding

Huang et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2011 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



site. This allows us to evaluate the equilibrium concentration distributions of the free ligand
species and the corresponding microscopic ligand-receptor binding species. The calculated
equilibrium concentration distributions of the ligand species clearly show their pH-
dependence and provide the microscopic information required for further determination of
the phenomenological binding affinity of the ligand with the α4β2 nAChR.

The predicted equilibrium concentration distributions, pKa values, absolute
phenomenological binding affinities of the ligand species and their pH-dependence are all in
good agreement with available experimental data. This suggests that the computational
strategy of studying interactions of ligands with receptors from their microscopic binding
species and affinities to the phenomenological binding affinity is reliable for studying
ligand-α4β2 nAChR binding, and thus, should be a valuable approach for future rational
design of drugs targeting the α4β2 nAChR.

The general strategy of the “from-microscopic-to-phenomenological” approach used in the
present work could also be useful in future studies of other types of ligand-protein
interactions involving multiple molecular species of a ligand, and in any related rational
drug design endeavors. Such a strategy enables us to quantitatively account for the
thermodynamic distribution of all the possible microscopic ligand-protein binding species
for a given ligand, their pH-dependence, and their contributions to the phenomenological
binding affinity.
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Figure 1.
SRH of S-(−)-nicotine and DCEH of R-(−)-deschloroepibatidine binding to the α4β2
nAChR. (A) Viewing the SRH structure in the complex perpendicular to the fivefold axis.
Only two subunits of the receptor are shown, along with the ligand in CPK mode. (B)
Similar view for DCEH in the complex with the receptor. (C) Viewing the SRH structure (in
stick) in the binding site oriented toward the α4 subunit. The pocket is represented in
molecular surface format, colored with electrostatic potential in which blue represents
positive charge and red represents negative charge; the front part of the pocket has been
removed for clarity. (D) A similar view of DCEH at the α4β2 nAChR binding site.
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Figure 2.
Molecular interactions at the atomic level. (A) Interactions between SRH of S-(−)-nicotine
and the α4β2 nAChR in which residues from the receptor are labeled and shown in stick; the
ligand is shown in ball-and-stick. A dashed line represents the hydrogen bonding (HB)
interactions between the proton at the nitrogen of pyrrolidine ring of SRH and the carbonyl
oxygen of the αTrp147 backbone. Another dashed line represents the cation-π interaction
between the protonated nitrogen of SRH and the aromatic side chain of αTrp147, and shows
the distance to the center (a pseudo-atom in ball) of the same side chain. (B) Similar view of
interactions between DCEH of R-(−)-deschloroepibatidine and the receptor. (C)
Superimposed binding conformations of all six molecular species of S-(−)-nicotine extracted
from the complex structures by molecular docking. (D) Superimposed binding
conformations of all four molecular species of R-(−)-deschloroepibatidine extracted directly
from the molecular docking complexes.
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Figure 3.
Schematic representation of the structural interchange in solution and pKa values of the six
molecular species of S-(−)-nicotine. The calculated activation free energies and the
corresponding rate constants are also shown.
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Figure 4.
Geometries optimized at the B3LYP/6-31+G* level for the free base species SR and SS of
S-(−)-nicotine and the transition state involved in the structural interchange between SR and
SS.
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Figure 5.
Schematic representation of the structural interchange in solution and pKa values of different
molecular species of R-(−)-deschloroepibatidine.
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Figure 6.
pH-dependence of the calculated equilibrium distribution (molar fraction) of different
molecular species of S-(−)-nicotine in solution. The labeled curves (i.e. the curves labeled
with a circle, triangle, star, or pentagon) refer to the results evaluated by using the calculated
pKa values of SRH and SRHH, whereas the unlabeled curves in the same colors represent
the corresponding results evaluated by using the experimental pKa values for SRH and
SRHH. When the experimental pKa values were used for SRH and SRHH, the pKa value
used for SSH was the calculated pKa value of SSH minus 0.95, since the same
computational approach overestimated the pKa of SRH by ~0.95; the pKa value used for
SSHH was the calculated pKa value of SSHH plus 0.57, since the same computational
approach underestimated the pKa of SRHH by ~0.57.
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Figure 7.
pH-dependence of the calculated equilibrium distribution (molar fraction) of different
molecular species of R-(−)-deschloroepibatidine in solution.
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Figure 8.
pH-dependence of the calculated equilibrium distribution (molar fraction) of different
microscopic binding complexes between S-(−)-nicotine and the α4β2 nAChR. The labeled
curves (i.e. the curves labeled with a circle, triangle, star, or pentagon) refer to the results
evaluated by using the calculated pKa values of SRH and SRHH, whereas the unlabeled
curves in the same color represent the corresponding results evaluated by using the
experimental pKa values for SRH and SRHH. When the experimental pKa values were used
for SRH and SRHH, the pKa value used for SSH was the calculated pKa value of SSH minus
0.95, since the same computational approach overestimated the pKa of SRH by ~0.95; the
pKa value used for SSHH was the calculated pKa value of SSHH plus 0.57, since the same
computational approach underestimated the pKa of SRHH by ~0.57.
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Figure 9.
pH-dependence of the calculated equilibrium distribution (molar fraction) of different
microscopic binding complexes between R-(−)-deschloroepibatidine and the α 4β2 nAChR.
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Figure 10.
pH-dependence of the calculated phenomenological binding free energy (ΔG) and binding
affinity (Kd) of S-(−)-nicotine with the α4β2 nAChR. The black curves refer to the results
evaluated by using the calculated pKa values of SRH and SRHH, whereas the red curves
represent the corresponding results evaluated by using the experimental pKa values for SRH
and SRHH. The experimentally determined −log(Kd) value (9.0) is3 also indicated as black
star. When the experimental pKa values were used for SRH and SRHH, the pKa value used
for SSH was the calculated pKa value of SSH minus 0.95, since the same computational
approach overestimated the pKa of SRH by ~0.95; the pKa value used for SSHH was the
calculated pKa value of SSHH plus 0.57, since the same computational approach
underestimated the pKa of SRHH by ~0.57.
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Figure 11.
pH-dependence of the calculated phenomenological binding free energy (ΔG) and binding
affinity (Kd) of R-(−)-deschloroepibatidine at the α4β2 nAChR. The experimentally
determined −log(Kd) value (10.7) is also indicated as black star.
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Table 2

Key intermolecular distances involved in the hydrogen-bond (HB) and cation-π interactions in the microscopic
binding complexes of several molecular species of S-(−)-nicotine and R-
(−)-deschloroepibatidine with the α4β2 nAChR (R).

HB distance (Å) Cation-π distance (Å)

SRH-R 1.90 3.30

SRHH-R 1.82 3.39

DCEH-R 1.70 2.82, 2.72

DCEH2-R 1.84 2.69, 2.96

DCEa-R 1.91 2.69*

*
no cation-π interaction.
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Table 3

The calculated microscopic binding free energies (ΔG), microscopic binding affinities (Kd), and concentration
fractions (at pH 7.4) of different molecular species of the ligands S-(−)-nicotine and R-(−)-
deschloroepibatidine in solution, and at the α4β2 nAChR binding site. The calculated phenomenological
binding affinities (  and ) are also provided.

Fraction in solution Fraction in the binding site ΔG (kcal/mol) Kd (nM)

S-(−)-nicotine

SR 2.650×10−2 0.320×10−4 −8.14 1080.00

SRH 0.939 0.999 −12.17 1.10

SRHH 0.101×10−4 0.210×10−4 −12.57 0.56

SS 0.262×10−4 0.297×10−7 −8.11 1130.00

SSH 3.450×10−2 0.104×10−3 −8.69 429.00

SSHH 4.760×10−7 0.655×10−8 −9.59 94.20

phenomenological

R-(−)-deschloroepibatidine

DCEH 0.991 0.999 −13.92 0.057

DCEH2 2.290×10−3 0.001 −14.68 0.016

DCEa 3.160×10−3 1.570×10−4 −13.64 0.091

DCEb 3.710×10−3 6.890×10−8 −8.96 272.0

phenomenological
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