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ABSTRACT:

A series of computational methods were used to study how cytochrome P450 2A6 (CYP2A6) interacts with (S)-(�)-nicotine,
demonstrating that the dominant molecular species of (S)-(�)-nicotine in CYP2A6 active site exists in the free base state (with two
conformations, SRt and SRc), despite the fact that the protonated state is dominant for the free ligand in solution. The computational
results reveal that the dominant pathway of nicotine metabolism in CYP2A6 is through nicotine free base oxidation. Further, first-
principles quantum mechanical/molecular mechanical free energy (QM/MM-FE) calculations were carried out to uncover the
detailed reaction pathways for the CYP2A6-catalyzed nicotine 50-hydroxylation reaction. In the determined CYP2A6�(S)-(�)-
nicotine binding structures, the oxygen of Compound I (Cpd I) can abstract a hydrogen from either the trans-50- or the cis-50-
position of (S)-(�)-nicotine. CYP2A6-catalyzed (S)-(�)-nicotine 50-hydroxylation consists of two reaction steps, that is, the
hydrogen transfer from the 50-position of (S)-(�)-nicotine to the oxygen of Cpd I (the H-transfer step), followed by the
recombination of the (S)-(�)-nicotine moiety with the iron-bound hydroxyl group to generate the 50-hydroxynicotine product
(the O-rebound step). The H-transfer step is rate-determining. The 50-hydroxylation proceeds mainly with the stereoselective loss
of the trans-50-hydrogen, that is, the 50-hydrogen trans to the pyridine ring. The calculated overall stereoselectivity of∼97% favoring
the trans-50-hydroxylation is close to the observed stereoselectivity of 89�94%. This is the first time it has been demonstrated that a
CYP substrate exists dominantly in one protonation state (cationic species) in solution, but uses its less-favorable protonation state
(neutral free base) to perform the enzymatic reaction.

’ INTRODUCTION

Tobacco use kills more than 5 million people worldwide each
year, and this number is expected to grow.1 Recent surveys2 in
the United States show that cigarette smoking kills an estimated
440 000 Americans each year, more than alcohol, illegal drug use,
homicide, suicide, car accidents, and AIDS combined. Cigarette
smoking accounts for 90% of all cases of lung cancer, and about
38 000 deaths per year can be attributed to secondhand smoke. In
face of the negative health consequences of cigarette smoking,
most smokers have realized that tobacco is health-eroding and
expressed a desire to stop or reduce smoking. However, more than
85% of these smokers relapse in a week. Nicotine, an alkaloid
found in tobacco leaves, is the primary compound responsible for
tobacco dependence, although cigarette smoke contains many

other harmful chemicals, including tar, carbon monoxide, acet-
aldehyde, and nitrosamines, etc.3�6

Nicotine activates reward pathway, the brain circuitry that
regulates feelings of pleasure. Nicotine-dependent individuals
regulate their smoking to maintain nicotine concentration in
their blood and brain.7,8 In humans, the principal pathway of
nicotine metabolism is 50-hydroxylation by the hepatic enzyme
cytochrome P450 2A6 (CYP2A6).9,10 The metabolite 50-hydro-
xynicotine, which exists in equilibrium with Δ10(50)-iminium ion,
is further oxidized to pharmacologically less active cotinine by
cytosolic aldehyde oxidase.11�13 A deficiency in CYP2A6-mediated
metabolism of nicotine may permit longer exposure to nicotine
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and, in turn, may decrease the number of cigarettes a person needs
to smoke to obtain their desired blood nicotine concentration.14�16

Hence, inhibition of CYP2A6 could be used as a potential ther-
apeutic strategy for smoking cessation and tobacco-use reduction.17

It has been reported that inhibition of CYP2A6 could cause the
decrease in smoking.17 For this purpose, a number of compounds,
such as tranylcypromine and methoxsalen, have been identified
as inhibitors of CYP2A6.18,19 However, these compounds inhibit
both the target CYP2A6 and some other cytochrome P450
enzymes and, thus, have unexpected side effects.20,21 To date,
no satisfactory CYP2A6 inhibitor has been used in practical
treatment of tobacco dependence.22�24 Potent and selective
CYP2A6 inhibitors are highly desirable for therapeutic treatment
that aims to reduce the metabolism of nicotine.

For rational design of novel inhibitors of CYP2A6, it is
important to understand the detailed mechanism concerning
how the enzyme catalyzes nicotine metabolism. A detailed
understanding of the mechanism of CYP2A6-catalyzed nicotine
metabolism could provide a valuable mechanistic base for
rational design of a possible stable analogue of the rate-determin-
ing transition state as a novel type of CYP2A6 inhibitor.

Nicotinemetabolism catalyzedby cytochromeP450has attracted
considerable attention for several decades.4,9,25�31 TheCYP2A6-
catalyzed hydroxylation of nicotine (1 in Scheme 1) at the
prochiral 50-position to form the Δ10(50)-iminium ion, 2, is the
initial step in the biotransformation of nicotine to cotinine, which
is the principal metabolite of nicotine in humans. Structurally, the
two methylene hydrogen atoms at the 50-position of nicotine
molecule are diastereotopic, that is, the 50-hydrogen in trans
position to the pyridine ring (trans-50-hydrogen) and the 50-
hydrogen in cis position to the pyridine ring (cis-50-hydrogen).
This leads to two possible choices for hydrogen abstraction along
the pathway of 50-hydroxylation reaction: one is that the reaction
may proceed to selectively abstract the trans-50-hydrogen, and
the other is to selectively abstract the cis-50-hydrogen of nicotine.
Are these two choices equally possible? If not, which one is
dominant? Why is one choice dominant over the other? In
pursuing the answers to these questions, extensive experimental
studies have been performed. The metabolically generated
iminium ion species 2 has been trapped and analyzed as the
corresponding diastereomeric 50-cyano adducts (5) by the
inclusion of cyanide ion in the reaction mixture.9,10,26,27,32,33

An early study10 using human liver microsomal preparations
assessed the stereochemical course of this transformation using
the selectively deuterated trans- and cis-50-monodeutero disater-
eomers 3 and 4, respectively, as substrate (Scheme 1). The
deuterium content of the resulting mixture of iminium species 2a
and 2b, as assessed by the GC/EIMS analysis of the correspond-
ing cyano adducts 5a and 5b, established thatΔ10(50)-iminium ion
was formed after the stereoselective loss of the trans-50-hydrogen.
The percentage of stereoselectivity was found to be ∼90% and
∼89% from 3 and 4, resepectively, and was found to be

independent of isotopic substitution. A later work by Carlson
et al.33 using human liver microsomal preparations led to the
similar result; that is, ∼94% of the 50-cyanonicotine isomers
obtained from 3were protium enriched, whereas∼93% of the 50-
cyanonicotine isomers obtained from 4 were deuterium en-
riched. All of these stereochemical investigations demonstrated
that CYP2A6-catalyzed hydroxylation of nicotine proceeded
with a highly stereoselective loss of the trans-50-hydrogen at
the azaheterocyclic ring of the nicotine molecule, but the
molecular mechanism for such selective loss of trans-50-hydrogen
remains intriguing and unsolved.

In a previous study, QM reaction coordinate calculations were
performed on a simplified model system including nicotine and
the active site (Compound I, Cpd I in brief) of cytochrome
P450.34 According to the QM results, the metabolism of nicotine
is progressed dominantly through the 50-hydroxylation pathway,
rather than the N-demethylation pathway. However, the stereo-
selectivity (trans-50-hydroxylation vs cis-50-hydroxylation) of the
50-hydroxylation pathway observed in experimental studies has
not been elaborated theoretically. In addition, the QM calcula-
tions on the simplified model system could not account for the
actual protein environment of CYP2A6, although the bulky
polarity and the N�H 3 3 3 S hydrogen bonding were used as a
mimic. To understand the molecular mechanism about the 50-
hydroxylation pathway for the CYP2A6-catalyzed nicotine me-
tabolism, and to reveal the structural/energetic determinants for
the experimentally observed stereoselectivity of the catalytic
reaction, we performed molecular modeling on the nicotine
binding mode at the catalytic site of CYP2A6 enzyme and first-
principles quantum mechanical/molecular mechanical-free en-
ergy (QM/MM-FE) calculations35�38 on the CYP2A6-catalyzed
50-hydroxylation reaction. In the present study, we accounted for
the actual protein environment of CYP2A6 for nicotine meta-
bolism for the first time. First, the nicotine binding mode at the
catalytic site of CYP2A6 was modeled by molecular docking,
molecular dynamics (MD) simulations, and binding free energy
calculations. For the CYP2A6�nicotine binding modeling, six
possible molecular species of nicotine accounting for various free
bases and their protonation states of (S)-(�)-nicotine39 (as
shown in Table 1) were considered. In the QM/MM-FE
calculations, first-principles QM/MM reaction coordinate calcu-
lations were followed by free energy perturbation (FEP) calcula-
tions to more reasonably account for the dynamic effects of the
protein environment on the free energy barriers for the catalytic
reaction processes. Our calculations demonstrated that CYP2A6-
catalyzed 50-hydroxylation of (S)-(�)-nicotine proceeds mainly
with the stereoselective loss of the trans-50-hydrogen.

’COMPUTATIONAL METHODS

First-Principles Electronic Structure Calculations. The geom-
etries of all of the (S)-(�)-nicotine species involved in this study were

Scheme 1. CYP2A6-Catalyzed Biotransformation of Monodeutero-Substituted Nicotines, 3 and 4, to the Corresponding
Δ10(50)-Iminium Ion Species, 2, and Their Cyano Adducts, 5
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fully optimized by employing density functional theory (DFT) using
Becke’s three-parameter hybrid exchange functional and the Lee�Yang�
Parr correlation functional (B3LYP)40�42 with the 6-31þG* basis set.
The optimized geometries then were used to carry out second-order
Møller�Plesset (MP2) single-point energy calculations with the
6-31þG* basis set. All of these electronic structure calculations in the
gas phase were performed by using the Gaussian 03 program.43

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/6-31þG* level in the gas phase. The SCRF
procedure used in the present study is our recently developed surface
and volume polarization for electrostatic interactions (SVPE) model44�46

implemented in the Gaussian 03 program. The SVPE model is also
known as the fully polarizable continuummodel (FPCM),47�51 because
it fully accounts for both surface and volume polarization effects in the
SCRF calculation. Because 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 the Poisson equation with a given numerical tolerance) depend
only on the value of the contour for a given dielectric constant under a
given QM calculation level.44 This single parameter value has been
calibrated to be 0.001 au on the basis of an extensive calibration study.45

Molecular Docking and Molecular Dynamics Simulations.
To construct a reasonable binding structure for CYP2A6 binding with
each molecular species of (S)-(�)-nicotine, molecular docking and
MD simulations were performed. The A chain in the crystal structure of
human microsomal CYP2A6 in complex with methoxsalen (PDB entry
1Z11 at 2.05 Å resolution)52 was selected as the initial structure of
CYP2A6. The first 29 residues at the N-terminal and the last 2 residues at
the C-terminal were omitted as these residues did not show any regular
secondary structure in the crystal. After all of the ionizable residues of
CYP2A6 were set to the standard protonated or deprotonated states, the
hydrogen atoms were added by using the X-leap module of the Amber 8
program.53

The molecular mechanical force field parameters for Cpd I were
developed on the basis of our first principles electronic structure calcula-
tions. The geometry of Cpd I was optimized by using the Gaussian 03
program43 with the B3LYP functional40�42 and the 6-31G* basis set.
The atomic charges for Cpd I, and for various molecular species of
(S)-(�)-nicotine, were the restrained electrostatic potential (RESP)
charges determined by fitting with the standard RESP procedure
implemented in the Antechamber module of the Amber 8 program.
Bonded and nonbonded parameters for Cpd I were derived from the
default libraries of the Amber 8 program.53

In molecular mechanics (MM) minimizations and MD simulations,
the AMBER ff03 force field54 was used for the protein, and the general

AMBER force field (gaff)55 was used for ligands. The whole CYP2A6
molecule including Cpd I and the water molecules in the original X-ray
crystal structure was neutralized by adding chloride counterions and was
solvated in a rectangular box of TIP3P56 water molecules, with aminimal
distance of 10 Å from the protein to the box boundary. After the whole
system was set up, a series of energy minimizations were carried out by
using the Sander module of Amber 8 program.53 First, the atomic
position of water molecules was minimized for 20 000 steps. Next, an
additional 20 000 steps of minimization on the side chains of CYP2A6
along with water molecules was performed. Finally, the entire system
was energy-minimized, and a convergence criterion of 0.001
kcal/(mol 3 Å) was achieved. On the basis of the energy-minimized
CYP2A6 structure, each of the considered species of (S)-(�)-
nicotine (as listed in Table 1) was docked into the active site of
CYP2A6 by using the AutoDock 4.0 program.57 During the docking
process, the Lamarkian genetic algorithm (LGA) was applied to the
conformational search for the protein�ligand binding structure.
Among a series of docking parameters, the grid size was set to be
60� 60� 60, and the grid space was the default value of 0.375 Å. The
poses with the lowest free energies of binding were selected as the
best binding modes.

The binding complexes of CYP2A6 with various species of (S)-(�)-
nicotine obtained from the molecular docking were used as the starting
structures for MD simulations. The MD simulations were performed by
using the Sander module of the Amber 8 program.53 Each aforemen-
tioned starting structure was neutralized by adding chloride counterions
and was solvated in a rectangular box of TIP3P56 water molecules, with a
minimal distance of 10 Å from the protein to the box boundary. The
solvated system was subject to energy minimization in a way similar to
that used to minimize the CYP2A6 itself. Next, each of the solvated
CYP2A6�ligand complexes was gradually heated from 10 to 298.15 K
with a constraint force constant on the docked ligand (all atoms of
ligand). The constraint force constant was gradually decreased and
finally removed for the production MD simulations at 298.15 K. The
production MD at 298.15 K was kept running 1.0 ns or longer to
obtain a stable MD trajectory. For example, with SRH, the constraint
force constant is 100 kcal/mol for 400 ps, 80 kcal/mol for 200 ps, 50
kcal/mol for 200 ps, and 20 kcal/mol for 200 ps, before the fully
relaxed MD simulation for 1.5 ns, all at 298.15 K. During the MD
simulations, a 10 Å nonbonded interaction cutoff was used, and the
nonbonded list was updated every 500 steps. The SHAKE algorithm58

was employed to constrain all covalent bonds involving hydrogen
atoms, enabling the use of a 2 fs time step to numerically integrate the
equations of motion. The particle mesh Ewald (PME) method was
applied to treat long-range electrostatic interactions. Periodic bound-
ary condition was used in the NTP ensemble at T = 298.15 K with
Berendsen temperature coupling and at P = 1 atm with anisotropic
molecule-based scaling.
Binding Free Energy Calculations. The binding free energy

(ΔGbind) for CYP2A6 with each molecular species of (S)-(�)-nicotine
was calculated by using the molecular mechanics-Poisson�Boltzmann
surface area (MM-PBSA) method,59 following the production MD
simulations at 298.15 K. During theMD simulations, the atomic charges
used for the ligand were the RESP charges calculated at the HF/6-31G*
level (the same QM level used to determine the RESP charges used in
the standard AMBER force field for proteins) without any scaling. In the
MM-PBSA method, the free energy of the ligand binding with CYP2A6,
ΔGbind, is calculated from the difference between the free energy of the
CYP2A6�ligand complex (Gcomplex) and the sum of the free energies of
the unbound CYP2A6 (GCYP2A6) and ligand (Gligand) as eq 1:

ΔGbind ¼ Gcomplex � ðGCYP2A6 þGligandÞ ð1Þ
ΔGbind was evaluated as a sum of the changes in the MM gas-phase

binding energy (ΔEMM), solvation free energy (ΔGsolv), and entropy

Table 1. Various Molecular Species for (S)-(�)-Nicotine

name config. R1 R2 R3 charge (e) pKa (ref 3)

SR (S,R) CH3 lone pair lone pair 0

SRH (S,R) CH3 H lone pair 1 8.0

SRHH (S,R) CH3 H H 2 3.0

SS (S,S) lone pair CH3 lone pair 0

SSH (S,S) H CH3 lone pair 1

SSHH (S,S) H CH3 H 2
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contribution (�TΔS).

ΔGbind ¼ ΔEbind � TΔS ð2Þ

ΔEbind ¼ ΔEMM þΔGsolv ð3Þ

ΔGsolv ¼ ΔGPB þΔGnp ð4Þ

ΔGnp ¼ γSASA þ β ð5Þ
TheMM binding energies were calculated with the Sander module of

the Amber 8 program.53 Electrostatic solvation free energy (ΔGPB) was
calculated by the finite-difference solution to the PB equation imple-
mented in the Delphi program.60,61 The MSMS program62 was used to
calculate the solvent-accessible surface area (SASA) for the estimation of
the nonpolar solvation energy (ΔGnp) using eq 5 with parameters γ =
0.00542 kcal/Å2 and β = 0.92 kcal/mol.

The entropy contribution, �TΔS, to the binding free energy was
calculated using a local program (a standalone program) developed in
our own laboratory. The computational procedure used to evaluate the
�TΔS was the same as that described in our recent publication.63 As we
described previously, the entropy contribution is divided into two parts,
solvation entropy (ΔSsolv) and conformational entropy (ΔSconf):

ΔS ¼ ΔSsolv þΔSconf ð6Þ
The solvation entropy is gained by solvent water molecules on being

displaced from the active site by the ligand during binding64 and was
calculated by using the parameters established previously.63 The con-
tribution to the binding free energy from the conformational entropy
change is proportional to the number (ΔNrot) of the lost rotatable bonds
during the binding:

� TΔSconf ¼ wðΔNrotÞ ð7Þ
in which w is the scaling factor to be calibrated. Thus, we have:

ΔGbind ¼ ΔEbind � TΔSsolv þ wðΔNrotÞ ð8Þ
Although all of the other parameters used in our MM-PBSA calcula-

tions are the standard ones reported in literature or the default ones of
the Amber 8 program, the adjustable parameter, w, was calibrated by
fitting the ΔGbind value calculated for the most favorable binding mode
to the corresponding ΔGbind value derived from experimentally mea-
sured KM values. There were multiple KM values reported in different
experimental studies,65�70 and the averaged value was 37.6 μM. This
averaged value of KM was used in the process of calibrating the value of
adjustablew in eq 8. The experimentally derivedΔGbind was�6.86 kcal/
mol. According to the reported pKa value of 8.0 for (S)-(�)-nicotine,3

the molar ratio of SRH to SR in solution should be ∼4:1 at pH 7.4. By
taking all of these into account, the parameter w was calibrated to be
0.6434 kcal/mol, and this value was used in our MM-PBSA calculations
of ΔGbind for all of the MD-simulated binding structures of CYP2A6
with (S)-(�)-nicotine.

The final binding free energy for each CYP2A6�ligand complex was
taken as the average of the ΔGbind values calculated for the equally
distributed 100 snapshots of the stable MD trajectory for each binding
structure.
Minimum-Energy Path Determination. For each reaction

pathway (trans- and cis-50-hydroxylation), a snapshot that was close to
the average structure simulated was extracted from the stable trajectory
as the starting structure. Specifically, we tracked the key distances
between the oxygen of Cpd I and the (trans and cis) 50-hydrogen atoms
of nicotine, that is, distances D1 and D2 in Figure 3. Within a stable MD
trajectory, we obtained an average D1 value and average D2 value. We
chose the snapshot with D1 and D2 values being closest to the
corresponding D1 and D2 values. Prior to QM/MM calculations, each
selected starting structure was energy-minimized for 1000 steps by using

the Sander module of the Amber 8 program. As the outer water
molecules were far away from the molecular surface of the CYP2A6�
(S)-(�)-nicotine complex structure, the role of these outer water
molecules was only to solvate inner water molecules nearby the
molecular surface of the CYP2A6�(S)-(�)-nicotine complex. To save
computing resource and decrease the size of our QM/MM calculations,
the water molecules beyond 40 Å of the iron atom were ignored. The
final QM/MM system contained 909 water molecules with a total
number of 10 377 atoms for the trans-50-system, and the cis-50-system
had 1039 water molecules with totally 10 767 atoms. As illustrated in
Figures 4A and 5A, the substrate, the porphyrin�iron�oxygen complex,
and the side chain of Cys439 were defined as QM atoms. The QM/MM
interface has been described by a pseudobond approach.35�38 The
pseudobond first-principles QM/MM approach used in the present
study has been demonstrated to be a powerful tool in simulating a variety
of enzymes,71�78 and some theoretical predictions71,73 have been
confirmed by experimental studies.79�81

With a reaction coordinate driving method and an interactive energy
minimization procedure,36 the enzymatic reaction path was determined
by the pseudobondQM/MMcalculations, in which theQMcalculations
were performed with the B3LYP functional40�42 by using a modified
version of the Gaussian 03 program,43 and the MM calculations were
performed by using a modified version of the Amber 8 program.53

Normal mode analyses were performed to characterize the reactant,
transition state, intermediate, and final product. During the geometry
optimization, the basis set for the QM part was a mixed basis set,
involving 6-31G* for iron and the six atoms coordinated to iron, and
6-31G basis set for all other atoms, which is denoted by B1 in brief. In
addition, the optimized geometries were used to carry out the QM/MM
single-point energy calculations with a larger basis set, denoted by B2,
which describes iron by the Wachtersþf basis set82,83 and the rest of the
atoms by the 6-31þG* basis set. No cutoff for nonbonded interactions
was used in the QM/MM calculations. For the QM subsystem, the SCF
convergence criterion for geometry optimizations was set to 10�6. For
the MM subsystem, the geometry optimization convergence criterion
was that the rmsd of energy gradient is less than 0.1 kcal/(mol 3Å).
Atoms within 20 Å of the iron atom were allowed to move, while all of
the other atoms outside this range were frozen in all of the QM/MM
calculations, resulting in 2893 movable atoms in the QM/MM calcula-
tions for the trans-50-system and 3007 movable atoms in the QM/MM
calculations for the cis-50-system.
Free Energy Perturbation. After the minimum-energy path was

determined by the QM/MM calculations, the free energy changes
associated with the QM�MM interactions were determined by using
the FEP method.36 In FEP calculations, sampling of the MM subsystem
was carried out with the QM subsystem frozen at different geometries
along the reaction path. The point charges on the frozenQM atoms used
in the FEP calculation are those determined by fitting the electrostatic
potential (ESP) in the QM part of the QM/MM calculation. The total
free energy difference between the transition state and the reactant was
obtained from the following formula:

ΔFðRC f TSÞ ¼ ΔFqm=mmðRC f TSÞ þΔEqmðRC f TSÞ
þΔFf luctuationqm ðRC f TSÞ ð9Þ

whereΔFqm/mm(RCfTS) is the free energy change associated with the
QM�MM interaction, ΔEqm(RCfTS) refers to the QM energy
difference between the two QM subsystems, andΔFqm

fluctuation(RCfTS)
is the change in contribution from the QM subsystem fluctuation to the
free energy difference.84 The FEP calculations enabled us to more
reasonably determine relative free energy changes due to the QM�MM
interaction. Technically, the final (relative) free energy determined by
the QM/MM-FE calculations is the QM part of the QM/MM energy
(excluding the Coulombic interaction energy between the point charges



7420 dx.doi.org/10.1021/ja111657j |J. Am. Chem. Soc. 2011, 133, 7416–7427

Journal of the American Chemical Society ARTICLE

of the MM atoms and the ESP charges of the QM atoms) plus the
relative free energy change determined by the FEP calculations. In FEP
calculations, the time step used was 2 fs, and bond lengths involving
hydrogen atoms were constrained. In sampling of the MM subsystem by
MD simulations, the temperature was maintained at 298.15 K. Each FEP
calculation consisted of 50 ps of equilibration and 300 ps of production
sampling.

The first-principles electronic structure calculations, MD simulations,
and QM/MM-FE calculations were performed on a supercomputer
(e.g., IBM X-series Cluster with 340 nodes or 1360 processors) at the
Center for Computational Sciences, University of Kentucky. The other
modeling and computations were carried out on SGI Fuel workstations
in our own laboratory.

’RESULTS AND DISCUSSION

Binding Mode of CYP2A6 with (S)-(�)-Nicotine. As ob-
served in the CYP2A6 structure, the active site of CYP2A6 is
highly hydrophobic, and Asn297 is the only polar residue
involved in ligand binding. The aromatic cage at the binding site
is composed of several aromatic residues including Phe107,
Phe111, Phe118, Phe209, and Phe480. Depicted in Figure 1
are the representative structures of CYP2A6�ligand complexes
obtained from our MD simulations. As shown in Figure 1, each
of the (S)-(�)-nicotine species fits well in the narrow active-
site cavity of CYP2A6. The pyridine ring of (S)-(�)-nicotine
packs closely with the aromatic side chains of residues at
the aromatic cage, while the azaheterocyclic ring sits just
above Cpd I in the active site of CYP2A6. As seen in Table 1,
SR and SS of (S)-(�)-nicotine are two different molecular
species of the free base (neutral species). Yet these two neutral
species can exchange very rapidly in solution because the free
energy barriers for the exchange are very low.39 We examined
CYP2A6 binding with both the SR and the SS species and
found that CYP2A6 can bind only with SR. During the MD

simulation on the complex of CYP2A6 binding with the SS
species, the SS structure of (S)-(�)-nicotine gradually changed
to the SR structure. The C�C�N�C dihedral (associated
with numbers in pink in Figure 2) is about 140� in the SS
species and about�130� in the SR species. As seen in Figure 2,
the SS species changed to SR in the heating process of MD
simulation. Thus, the SS species of (S)-(�)-nicotine actually
became the SR species to bind with CYP2A6 in the same
way as SR.
Further, we noted that the SR species can take two slightly

different conformations (i.e., SRt and SRc) in its binding with
CYP2A6. In both SRt and SRc, the planes of the pyridine and
azaheterocyclic rings are nearly vertical to each other; SRt

becomes SRc when the azaheterocyclic ring rotates for about
180� as one can see in Figure 1A and B. In the SRt conformation,
the nitrogen atom on the pyridine ring of (S)-(�)-nicotine forms
a stable hydrogen bond with the amine group of Asn297 side
chain during the MD simulation, and the average N 3 3 3H
distance is ∼2.3 Å as shown in Figure 1A. The pyridine ring of
SRt is surrounded by residues Phe107, Phe111, and Phe118
through face-to-edge aromatic interactions.

Figure 1. Representative CYP2A6�(S)-(�)-nicotine binding structures derived from the trajectory of MD simulations. Cpd I of CYP2A6 is shown in
stick style, and residues within 5 Å around the ligand are shown in lines. (S)-(�)-Nicotine is displayed in ball-and-stick style. Possible hydrogen bonds
between CYP2A6 and (S)-(�)-nicotine are represented by dashed lines with the distances (Å) labeled. (A) CYP2A6�SRt; (B) CYP2A6�SRc; (C)
CYP2A6�SRH; (D) CYP2A6�SSH; (E) CYP2A6�SRHH; and (F) CYP2A6�SSHH.

Figure 2. Plots of the C�C�N�C dihedral (associated with numbers
in pink) versus the simulation time.
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In the mode of CYP2A6 binding with SRc conformation of
(S)-(�)-nicotine (see Figure 1B), placement of the cis-50-hydro-
gen in the immediate vicinity of the oxygen of Cpd I allows for
reaction at the experimentally determined cis-50-site.10,33 As
noted in Figure 1B, SRc interacts with CYP2A6 in a way similar
to that of the CYP2A6�SRt binding, including the aforemen-
tioned hydrogen-bonding interaction and the face-to-edge aro-
matic interactions between the pyridine ring of (S)-(�)-nicotine
and the surrounding residues.
Concerning CYP2A6 binding with other (protonated) mo-

lecular species, the overall orientation of the ligand in the binding
structures is similar to that of SRt and SRc in the CYP2A6�SRt

and CYP2A6�SRc binding structures. The primary difference
exists in the hydrogen bonding with the enzyme, as depicted in
Figure 1. For example, as shown in Figure 1C, the N 3 3 3H�N
hydrogen bond (with a N 3 3 3H distance of∼2.5 Å) between the
nitrogen atom on the pyridine ring of SRH and the amine group
of Asn297 side chain is not as strong as that in the CYP2A6�SRt

or CYP2A6�SRc binding structure (with a N 3 3 3H distance of
∼2.3 Å). In the CYP2A6�SSH binding structure (Figure 1D),
the above-mentioned N 3 3 3H�N hydrogen bond with Asn297
does not exist. Instead, the proton on the azaheterocyclic
nitrogen of SSH interacts with the oxygen of Cpd I through an
N�H 3 3 3Ohydrogen bondwith aH 3 3 3Odistance of∼2.1 Å. In
the CYP2A6�SRHH binding structure, an N�H 3 3 3O hydro-
gen bond exists between the protonated nitrogen on the pyridine
ring of SRHH and the backbone oxygen of Asn297 (with a
H 3 3 3O distance of ∼2.2 Å as shown in Figure 1E). Meanwhile,
there is an N�H 3 3 3O hydrogen bond (with a H 3 3 3O distance
of∼1.9 Å; see Figure 1E) between the protonated nitrogen on its
azaheterocyclic ring and the oxygen of Cpd I. The CY-
P2A6�SSHH binding structure involves two intermolecular
hydrogen bonds. One is theN�H 3 3 3Ohydrogen bond between
the protonated nitrogen on the pyridine ring of SSHH and the
carbonyl oxygen of Asn297 side chain (Figure 1F), with a
H 3 3 3O distance of ∼2.2 Å. The other is N�H 3 3 3O hydrogen
bond between the protonated azaheterocyclic nitrogen of SSHH
and the oxygen of Cpd I, with a H 3 3 3O distance of ∼1.8 Å.
Among the computationally determined six binding structures

depicted in Figure 1, the CYP2A6�SRt, CYP2A6�SRc, and
CYP2A6�SRH binding structures may be considered suitable
for the experimentally observed enzymatic 50-hydroxylation
reaction of (S)-(�)-nicotine. This is because in these binding
structures, one of the 50-hydrogen atoms on the azaheterocyclic
ring of SRt, SRc, or SRH is orientated pointing to the oxygen of
Cpd I. Specifically, in the CYP2A6�SRt and CYP2A6�SRH
binding structures (see Figure 1A and C), the trans-50-hydrogen
on the azaheterocyclic ring of (S)-(�)-nicotine is positioned to

allow for the hydroxylation reaction. In the CYP2A6�SRc

binding structure (Figure 1B), the cis-50-hydrogen on the azahe-
terocyclic ring of (S)-(�)-nicotine is positioned to allow for the
hydroxylation reaction. The determined CYP2A6�SRt, CY-
P2A6�SRc, and CYP2A6�SRH binding structures are qualita-
tively consistent with reported experimental data, indicating that
hydroxylation occurs at both the trans-50-hydrogen and the cis-50-
hydrogen on the azaheterocyclic ring of (S)-(�)-nicotine,
although the stereoselectivity for the trans-50-hydrogen was
commonly observed.10,33 In the CYP2A6�SSH, CYP2A6�
SRHH, and CYP2A6�SSHH binding structures, the proto-
nated nitrogen on the azaheterocyclic ring of (S)-(�)-nicotine
forms a favorable hydrogen bond with the oxygen of Cpd I.
Thus, the 50-hydrogen atoms on the azaheterocyclic ring of
SSH, SRHH, or SSHH cannot reach the oxygen of Cpd I such
that the 50-hydroxylation reaction cannot occur with these
binding structures. Hence, the CYP2A6�SSH, CYP2A6�SRHH,
and CYP2A6�SSHH binding structures may be excluded from
the 50-hydroxylation reaction pathway.
Summarized in Table 2 are the binding free energies calculated

by using the MM-PBSA approach for CYP2A6 binding with
(S)-(�)-nicotine in all of the binding structures. As shown in
Table 2, the van der Waals interactions contributed mostly to the
calculated binding free energies for CYP2A6 binding with SRt,
SRc, SSH, and SRH of (S)-(�)-nicotine. This may suggest that
the major driving force for the binding of the enzyme with these
molecular species of (S)-(�)-nicotine is the van der Waals
interactions, and this is in line with the fact that the active site
of CYP2A6 is mainly composed of hydrophobic residues.
Although the electrostatic interactions between the SRHH or
SSHH species of (S)-(�)-nicotine and the CYP2A6 contributed
largely to the enzyme�ligand binding, such favorable contribu-
tion was counteracted by the unfavorable desolvation. As listed in
Table 2, the binding free energies for both the CYP2A6�SRt

complex and the CYP2A6�SRc binding structures are low
enough and comparable with the ΔGbind values for the CY-
P2A6�SRHH and CYP2A6�SSHH binding structures.
Distribution of Binding Structures in Solution. In solution,

the different diastereomeric species SR and SS can exchange to
each other through the pyramidal inversion of the azaheterocyc-
lic nitrogen. The conformations SRt and SRc can also exchange to
each other when the azaheterocyclic ring rotates for about 180�.
The distribution of different diastereomeric species or conforma-
tions of (S)-(�)-nicotine (L1 and L2) in solution can be evaluated
using the Boltzmann distribution as

½L1�
½L2� ¼ exp �ΔGðL2 f L1Þ

RT

� �
ð10Þ

Table 2. Calculated Binding Free Energies (ΔGbind, in kcal/mol) for CYP2A6 Binding with (S)-(�)-Nicotine in All of the Binding
Structures, and in Comparison with the ΔGbind Value Derived from Experimental Data

ligand ΔEele ΔEvdw ΔEMM ΔGsolv �TΔS ΔGbind expt. ΔGbind
a distributionb

SRt �7.89 �28.39 �36.28 21.4 8.02 �6.86 �6.86 0.95

SRc �5.96 �30.77 �36.73 20.93 10.37 �5.42 4.41� 10�2

SRH 8.33 �29.97 �21.64 10.38 9.21 �2.04 1.11� 10�3

SSH �1.73 �29.41 �31.14 16.95 9.47 �4.73 2.69� 10�4

SRHH �60.76 �27.48 �88.24 72.6 9.53 �6.11 4.25� 10�5

SSHH �62.14 �27.64 �89.78 72.8 10.96 �6.02 9.43� 10�8

a Experimental binding free energy was estimated from the average experimental KM values reported in refs 65�70. bDistribution of the binding
structures in solution.
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in whichΔG(L2fL1) is the free energy change from L2 to L1. The
species SR, SRH, and SRHH can reach a thermodynamic equilib-
rium through the protonation/deprotonation processes. In the
same manner, the thermodynamic equilibrium can also exist
between SS, SSH, and SSHH. The distribution of different proton-
ation states of (S)-(�)-nicotine (L) in solution can be evaluated as

½LH�
½L� ¼ exp½2:303ðpKLH

a � pHÞ� ð11Þ

in which LH is the protonated form of L.
As multiple molecular species or conformations of (S)-(�)-

nicotine can exist in solution, they can also exist at the CYP2A6
binding site. The thermodynamic distribution of each CYP2A6�
(S)-(�)-nicotine binding structure is determined by both the
distribution of the molecular species (or conformations) of the
free ligand in solution and the relative binding free energies
associated with the binding structures. Considering a receptor�
ligand binding structure (RL) formed from the CYP2A6 enzyme
(R) and a specific molecular species or conformation (L) of (S)-
(�)-nicotine, we have

R þ L h RL ð12Þ

½RL� ¼ ½R�½L�
Kd

¼ ½R�½L� exp �ΔGbind

RT

� �
ð13Þ

in which ΔGbind is the binding free energy between R and L, and
Kd is the dissociation constant of the binding complex RL. The
calculated distributions of the CYP2A6�(S)-(�)-nicotine bind-
ing structures in solution are listed in the last column of Table 2.
According to the experimental pKa of (S)-(�)-nicotine (i.e.,

8.0),3 the primary molecular species in solution under physiolo-
gic condition (pH 7.4) should be SRH. However, combining the
distribution of the free ligands in solution and the binding free
energies of the binding structures, the dominant binding struc-
ture should be the CYP2A6�SRt complex (∼95.4%), while the
CYP2A6�SRc binding structure should also have a significant
distribution (∼4.4%), as seen in Table 2. Combining the
structural features (Figure 1) and the results of binding free
energy calculations (Table 2), both the CYP2A6�SRt and the
CYP2A6�SRc binding structures were selected for theQM/MM
reaction coordinate calculations (see below for the results).
It is interesting to note that the CYP2A6�SRt and CY-

P2A6�SRc binding structures are similar to that of coumarin,
methoxsalen, and some other inhibitors complexed with
CYP2A6 determined by Yano et al. using crystallography,52,85

involving a hydrogen bond with the side chain of Asn297 and
through face-to-edge aromatic interactions with the phenylana-
lines around the pyridine ring of (S)-(�)-nicotine. The oxygen
of Cpd I acts to hold the azaheterocyclic ring with either the
trans-50- (Figure 1A) or the cis-50-hydrogen (Figure 1B) close to
the porphyrin�iron�oxygen species. The distances from the
oxygen of Cpd I for each hydrogen atom (trans-50-hydrogen or
cis-50-hydrogen) are shown in Figure 3. In the CYP2A6�SRt

complex, the trans-50-hydrogen is closer to the oxygen of Cpd I
than the cis-50-hydrogen. The average distance between the trans-
50-hydrogen to the oxygen is ∼3.1 Å, while the average distance
for the cis-50-hydrogen is∼4.8 Å. Likewise, in the CYP2A6�SRc

complex, the cis-50-hydrogen is pointed toward the oxygen of
Cpd I. The average distances from the cis-50-hydrogen and trans-
50-hydrogen to the oxygen of Cpd I are ∼2.5 and ∼3.8 Å,
respectively. From each of these complexes, the oxygen of Cpd I

can abstract a hydrogen atom from the 50-position of (S)-(�)-
nicotine.
Fundamental Reaction Pathways. Molecular docking and

MD simulations led to dynamically stable CYP2A6�SRt and
CYP2A6�SRc binding complexes. These stable complexes were
chosen as the initial structures to perform QM/MM reaction
coordinate calculations. Because the active species of CYP2A6,
Cpd I, involves two spin states (i.e., the high-spin quartet state
and the low-spin doublet state),86 we carried out the QM/MM
calculations on both the quartet and the doublet states to explore
the possible reaction pathways associated with the trans-50-
hydroxylation and cis-50-hydroxylation. Throughout this Article,
the superscript 4/2 represents the quartet/doublet spin state of
the reaction system.
The 50-hydroxylation reaction involves the breaking of the

C�H bond, the formation of the H�O bond, the formation of
the C�O bond, and the breaking of the O�Fe bond. The
changes of the distance (RC�H) between the C and H atoms, the
distance (RH�O) between the H and O atoms, the distance
(RC�O) between the C and O atoms, and the distance (RO�Fe)
between the O and Fe atoms reflect the nature of the chemical
reaction process. Thus, the distances RC�H, RH�O, RC�O, and
RO�Fe were chosen to establish the reaction coordinate as RC�H

� RH�O� RC�Oþ RO�Fe for CYP2A6-catalyzed 50-hydroxyla-
tion of (S)-(�)-nicotine. Our QM/MM reaction-coordinate
calculations at the B3LYP/B1:AMBER level reveal that the
CYP2A6-catalyzed 50-hydroxylation of (S)-(�)-nicotine consists
of two steps. The first step is the hydrogen transfer from the 50-
position of (S)-(�)-nicotine to the oxygen of Cpd I (the
H-transfer step). The second step is the recombination of the
(S)-(�)-nicotine moiety with the iron-bound hydroxyl group to
generate the 50-hydroxynicotine product (the O-rebound step).
The optimized geometries of the reactant complex (RC), transi-
tion state (TS), intermediate (IM), and final product complex
(PC) are depicted in Figures 4 and 5.

Figure 3. Plots of the key internuclear distances versus simulation time
for (a) SRt and (b) SRc binding with CYP2A6. D1 refers to the distance
between the trans-50-hydrogen and the oxygen of Cpd I; D2 refers to the
distance between the cis-50-hydrogen and the oxygen of Cpd I.
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Free Energy Barriers. On the basis of the QM/MM-
optimized geometries at the B3LYP/B1:AMBER level, we
carried out QM/MM single-point energy calculation at the
B3LYP/B2:AMBER level on each geometry point along the

minimum-energy path of CYP2A6-catalyzed 50-hydroxylation
of (S)-(�)-nicotine. For each geometry, the ESP charges
determined in the QM part of the QM/MM single-point
energy calculation were used in subsequent FEP simulations

Figure 4. (A) Division of the QM/MM system. Atoms in blue are treated by the QM method. The boundary carbon atom (colored in red) is treated
with the improved pseudobond parameters. All other atoms belong to the MM subsystem. (B�F) Optimized geometries of key configurations of
CYP2A6-catalyzed trans-50-hydroxylation of (S)-(�)-nicotine. The geometries were optimized at the QM/MM (B3LYP/B1:AMBER) level. Nicotine
and Cpd I are shown in ball-and-stick style, while the rest of CYP2A6 is displayed in cartoon style. Values outside the parentheses are for the quartet state,
while the values in parentheses are for the doublet state. RC, reactant complex; TS, transition state; IM, intermediate; PC, product complex. Distances
are in angstroms (Å), and angles are in degrees.

Figure 5. (A) Division of the QM/MM system. Atoms in blue are treated by the QM method. The boundary carbon atom (colored in red) is treated
with the improved pseudobond parameters. All other atoms belong to the MM subsystem. (B�F) Optimized geometries of key configurations for
CYP2A6-catalyzed cis-50-hydroxylation of (S)-(�)-nicotine. The geometries were optimized at the QM/MM (B3LYP/B1:AMBER) level. Nicotine and
Cpd I are shown in ball-and-stick style; the rest of CYP2A6 is displayed in cartoon style. Values outside the parentheses are for the quartet state, while the
values in parentheses are for the doublet state. RC, reactant complex; TS, transition state; IM, intermediate; PC, product complex. Distances are in
angstroms (Å), and angles are in degrees.
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for estimating the free energy changes along the reaction
path.
Figure 6 shows the free energy profiles obtained from the

QM/MM-FE calculations on the trans-50-hydroxylation and
cis-50-hydroxylation. For the trans-50-hydroxylation, the reac-
tion proceeds in two steps on both the quartet (Figure 6A) and
the doublet states (Figure 6B), that is, the H-transfer and the
O-rebound steps. The free energy barrier with thermal
corrections for the QM subsystem is 16.9/14.1 kcal/mol
on the quartet/doublet state for the H-transfer step, and the
free energy barrier for the O-rebound step is 0.1/1.1 kcal/
mol. With this low rebound barrier, the intermediate can
easily go through the transition state and down to the
product complex. For cis-50-hydroxylation (Figure 6C and
D), the reaction process is also a stepwise one with an
intermediate, and there is a low barrier of 0.3/0.9 kcal/mol
for the rebound step. The free energy barrier with thermal
corrections for the QM subsystem is 16.5/14.4 kcal/mol for
the H-transfer step.
As seen in Figure 6, for each reaction pathway and each

spin state, the free energy barrier, that is, the energy change
from RC to TSH, calculated for the H-transfer step is much
higher than that of the O-rebound step. Thus, the hydrogen-
transfer step is rate-determining during the 50-hydroxylation
reaction. The difficulties of reaching conclusions about rate-
determining steps in enzymatic reactions have been ad-
dressed by Northrop.87�89 The complication of P450
catalysis86,90,91 makes it more difficult to determine which
step is rate-determining in the whole catalytic cycle, as more
than one step may have a strong influence on the catalytic
constant kcat.

91 Nevertheless, the free energy barriers calcu-
lated here can be used to predict the relative reaction rates of

the two reaction pathways, that is, the stereoselectivity of
nicotine 50-hydroxylation.
Distribution of Products Associated with the Stereoselec-

tivity. Experimental investigations revealed that CYP2A6-cata-
lyzed 50-hydroxylation of nicotine proceeds with a highly
stereoselective loss of the trans-50-hydrogen at the azaheterocyc-
lic ring (89�94%).10,33 The small percentage of product ob-
tained by the hydroxylation of the cis-50-hydrogen can be
explained through the existence of a second, less favorable,
binding mode in which the conformation of (S)-(�)-nicotine
in its interaction with the enzyme would be oriented such that the
cis-50-hydrogen is positioned for reaction. The lack of an ob-
servable isotope effect33 could be attributed to the slow exchange
between the two binding modes (CYP2A6�SRt and CYP2A6�
SRc) relative to the forward rate of the catalytic reaction. Generally
speaking, the experimentally measured stereoselectivity10,33 of
89�94% is the phenomenological stereoselectivity, which re-
flects the contributions from both the relative distribution of
CYP2A6�SRt and CYP2A6�SRc binding structures in solution
and the relative free energy barriers for the trans-50-hydroxylation
and cis-50-hydroxylation reactions.
The lowest free energy barriers calculated for tran-50-hydro-

xylation and cis-50-hydroxylation are 14.1 and 14.4 kcal/mol,
respectively. Thus, the QM/MM-FE free energy barriers alone
indicate that loss of the trans-50-hydrogen is competitive with
loss of the cis-50-hydrogen. However, the stereoselectivity of
CYP2A6-catalyzed (S)-(�)-nicotine 50-hydroxylation, that is,
the product distribution of trans-50-hydroxynicotine and cis-50-
hydroxynicotine, is determined not only by the relative free
energy barriers of the two reaction pathways, but also by the
distribution of the CYP2A6�SRt and SYP2A6�SRc binding
structures in solution. The overall product distribution can be

Figure 6. Free energy profile determined by the QM/MM-FE calculations at the B3LYP/B2:AMBER level. Values are relative free energies including
zero-point and thermal corrections for the QM subsystem.
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evaluated as

½Ptrans�
½Pcis� ¼ ktranscat

kciscat
� ½CYP2A6� SRt�
½CYP2A6� SRc�

¼ exp
ΔGcis �ΔGtrans þΔGcis

bind �ΔGtrans
bind �ΔGðSRc f SRtÞ

RT

" #

ð14Þ
in which ΔGbind is the binding free energy (see Table 2 for the
specific values), ΔG(SRcfSRt) (=∼0.38 kcal/mol) is the free
energy change from SRc to SRt. ΔGtrans (=14.1 kcal/mol) and
ΔGcis (=14.4 kcal/mol) are the free energy barriers calculated for
tran-50-hydroxylation and cis-50-hydroxylation, respectively.
Thus, the calculations in the present study predict a product
distribution of ∼36:1 for trans-50-hydroxynicotine and cis-50-
hydroxynicotine. The final calculated overall stereoselectivity for
trans-50-hydroxylation over cis-50-hydroxylation of (S)-(�)-
nicotine catalyzed by CYP2A6 is ∼97%, which is close to the
experimentally observed stereoselectivity of 89�94%.10,33

As mentioned above, the QM/MM-FE free energy barriers
alone predict a competition of trans-50-hydroxylation and cis-50-
hydroxylation because the difference between the two lowest
barriers is only 0.3 kcal/mol. Insight into the origin of the
preference of trans-50-hydroxynicotine in the product distribu-
tion can be gained from the distribution of CYP2A6�SRt and
CYP2A6�SRc binding structures in solution. The slight pre-
ference of SRt over SRc free ligand in solution and the higher
binding affinity of SRt with CYP2A6 as compared to SRc binding
with the enzyme lead to the predominance of the CYP2A6�SRt

binding structure in solution and, therefore, the stereoselectivity
of the (S)-(�)-nicotine 50-hydroxylation reaction.

’CONCLUSION

Molecular docking, molecular dynamics simulations, and
binding free energy calculations, in combination with first-
principles electronic structure calculations accounting for solvent
effects, carried out in this study have demonstrated how (S)-(�)-
nicotine species bind at the active site of CYP2A6. It has been
demonstrated that the dominant molecular species of (S)-(�)-
nicotine in the active site of the enzyme exists in the neutral state
(the free base), despite the fact that the dominant molecular
species of the free (S)-(�)-nicotine in aqueous solution is the
protonated state (cation). In other words, the present study
demonstrates for the first time that a CYP substrate exists
dominantly in one protonation state (cationic species) in solu-
tion, but uses its less-favorable protonation state (neutral free
base) to perform the enzymatic reaction. This novel mechanistic
insight suggests that future studies on the possible mechanisms
for a CYP-catalyzed (or other enzymatic) reaction should
account for not only the most favorable protonation state, but
also the less-favorable protonation state, of substrates in solution.

For the determined enzyme�(S)-(�)-nicotine binding struc-
tures, the only polar residue, that is, Asn297, in the active site
provides a hydrogen-bond donor to the pyridine nitrogen of
(S)-(�)-nicotine. The phenylanalines around the pyridine ring
contact with (S)-(�)-nicotine through face-to-edge aromatic
interactions. The oxygen of Cpd I acts to hold the azaheterocyclic
ring with either the trans-50- or the cis-50-hydrogen close to the
porphyrin�iron�oxygen species.

The computational results reveal that the dominant pathway
of nicotine metabolism in CYP2A6 is the CYP2A6-catalyzed

oxidation of the nicotine free base (neutral state), rather than the
protonated nicotine. The detailed reaction pathway of CYP2A6-
catalyzed 50-hydroxylation of (S)-(�)-nicotine has been studied
further by using the first-principles QM/MM-FE approach.
(S)-(�)-Nicotine 50-hydroxylation catalyzed by CYP2A6 in-
volves two steps. The first step is the hydrogen transfer from
the 50-position of (S)-(�)-nicotine to the oxygen of Cpd I (the
H-transfer step). The second step is the recombination of the
(S)-(�)-nicotine moiety with the iron-bound hydroxyl group to
generate the 50-hydroxynicotine product (the O-rebound step).
Reaction step one where the oxygen of Cpd I abstracts a
hydrogen from the 50-position of (S)-(�)-nicotine is found to
be rate-determining during the 50-hydroxylation reaction.

It has been demonstrated that CYP2A6-catalyzed (S)-(�)-
nicotine 50-hydroxylation proceeds mainly with the stereoselec-
tive loss of the trans-50-hydrogen, that is, the 50-hydrogen atom
trans to the pyridine ring. The calculated overall stereoselectivity
of ∼97% favoring the trans-50-hydroxylation is close to the
experimentally observed stereoselectivity of 89�94%.

Concerning the origin of the preference of trans-50-hydro-
xynicotine in the product distribution, computational results and
analysis reveal that the slight preference of SRt over SRc in
solution and the higher binding affinity of SRt with CYP2A6 as
compared to SRc binding with the enzyme lead to the
predominance of the CYP2A6�SRt binding structure and,
thus, the stereoselectivity of the (S)-(�)-nicotine 50-hydro-
xylation reaction.

The computationally determined binding modes of (S)-(�)-
nicotine at the active site of CYP2A6, the detailed mechanism of
CYP2A6-catalyzed 50-hydroxylation, the structures of hydrogen-
transfer transition states, and the insights into the stereoselectiv-
ity of the 50-hydroxylation reaction described in the present study
provide a solid base for rational design of selective CYP2A6
inhibitors (e.g., substrate analogues with a similar binding mode
of (S)-(�)-nicotine with CYP2A6, or stable analogues of the
transition-state structures or intermediates) and should facilitate
the future design of potent and selective compounds in smoking
cessation studies and reduce tobacco dependence.
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