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Abstract

Molecular dynamics (MD) simulations and hybrid quantum mechanical/molecular mechanical
(QM/MM) calculations have been perforemd to explore the dynamic behaviors of cytochrome
P450 2A6 (CYP2A6) binding with nicotine analogs (that are typical inhibitors) and to calculate
their binding free energies in combination with Poisson-Boltzmann surface area (PBSA)
calculations. The combined MD simulations and QM/MM-PBSA calculations reveal that the most
important structural parameters affecting the CYP2A6-inhibitor binding affinity are two crucial
internuclear distances, i.e. the distance between the heme iron atom of CYP2A6 and the
coordinating atom of the inhibitor, and the hydrogen-bonding distance between the N297 side
chain of CYP2AG6 and the pyridine nitrogen of the inhibitor. The combined MD simulations and
QM/MM-PBSA calculations have led to dynamic CYP2AG6-inhibitor binding structures that are
consistent with the observed dynamic behaviors and structural features of CYP2A6-inhibitor
binding, and led to the binding free energies that are in good agreement with the experimentally-
derived binding free energies. The agreement between the calculated binding free energies and the
experimentally-derived binding free energies suggests that the combined MD and QM/MM-PBSA
approach may be used as a valuable tool to accurately predict the CYP2A6-inhibitor binding
affinities in future computational design of new, potent and selective CYP2AG6 inhibitors.

1. Introduction

Smoking is known as the leading cause of preventable disease, disability and death.! In the
United States, about 440,000 people are killed directly or indirectly by cigarette smoking
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every year.2 This number is even bigger than that caused by alcohol, illegal drug use,
homicide, suicide, car accidents, and AIDS combined. It has also been known that 90% of
lung cancer cases can be attributed to cigarette smoking. Most smokers realized that tobacco
is health-eroding, and expressed a desire to stop or reduce smoking. However, more than
85% of these smokers get relapsed in a week.3 Nicotine, an alkaloid found in tobacco leaves,
is the primary compound responsible for tobacco dependence.4® Currently, the most widely
used therapies for smoking cessation include nicotine replacement therapies (NRT), the
dopamine reuptake inhibitor bupropion, tricyclic antidepressant nortryptaline and the anti-
anxiety agent buspirone. The success rate for these therapies is up to 36.5% as counted at the
year of 2008, plus numerous side effects.®” These factors have made it a high priority to
implement new smoking cessation agents with novel mechanisms of action.

Latest studies89:10.11,12,13,14,15,16,17.18 haye found that the cytochrome P450 2A6
(CYP2AB) is the primary enzyme for nicotine metabolism. This enzyme metabolizes
nicotine into cotinine and nornicotine. Other enzymes such as CYP2A13 mainly metabolize
the procarcinognic nitrosamines from tobacco. CYP82E4 acts as a nicotine N-demethylase,
metabolizing nicotine into nornicotine. CYP2AG is found predominantly in the liver, and its
inhibition by Methoxsalen and other compounds decrease nicotine metabolism and, thus,
decrease further smoking.#9:15:19.20.21 Therefore, the inhibition of CYP2A6 can be used as a
novel therapeutic strategy for smoking cessation and tobacco-use reduction. For this reason,
a number of compounds, including Methoxsalen and nicotine analogs, have been designed
and used as selective inhibitors of CYP2A6.9:19.20. 22, 23, 24, 25 However, the inhibitory
activity of these compounds is only at pM level and their selectivity needs to be further
improved.2425 |n order to rationally design new, potent and selective inhibitors of CYP2AG,
it is very important to be able to accurately predict the binding affinity of CYP2A6 with its
potential inhibitors. Accurate calculation of CYP2AG6-inhibitior binding free energy could
provide a valuable tool for future computational design of new CYP2AG6 inhibitors. Among
a series of methods of binding free energy calculations, molecular mechanics-Poisson-
Boltzmann surface area (MM-PBSA) approach has been popularly used to determine the
mode of ligand binding and to discover novel lead compounds in virtual
screening.26:27:28,29.30.31.32 However, the MM-PBSA calculations usually depend heavily on
the conformation sampling by MD simulations and the type of force field parameters.39 In
our previous study, 33 a combined use of the hybrid quantum mechanical/molecular
mechanical (QM/MM) geometry optimizations and the PBSA calculations (i.e. a QM/MM-
PBSA protocol using our recently developed/modified computer codes, see below) was
carried out to more reasonably re-assign a key residue side-chain conformations in the
previously reported X-ray crystal structures of an enzyme (i.e. phosphodiesterasel?)
interacting with its reaction products. Further, we would like to know whether our QM/MM-
PBSA protocol in combination with MD simulations can be used to reliably predict binding
free energies for CYP2A6 binding with its ligands. Hence, the combined MD and QM/MM-
PBSA approach has been examined, in the present study, in calculating the binding free
energies of CYP2AG6 with four typical inhibitors that are nicotine analogs (Scheme 1).
Starting from the X-ray crystal structures of CYP2A6 in complex with these inhibitors,24:2
the dynamic behavior of the CYP2A6-inhibitor binding was explored by MD simulations
and analysis of critical intermolecular interactions. The simulated binding structures and
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calculated binding free energies are in good agreement with the corresponding experimental
data for the CYP2AG6-inhibitor binding. The agreement between the calculated and
experimentally-derived binding free energies suggests that the QM/MM-PBSA method may
be a valuable tool capable of accurately predicting the CYP2A6-inhibitor binding free
energies and, thus, may be valuable for future computational design of new, potent and
selective CYP2AG inhibitors.

2. Computational Methods

Our combined MD and QM/MM-PBSA approach is based on a combined use of molecular
dynamics simulations (MD), quantum mechanical/molecular mechanical (QM/MM)
calculations, and Poisson-Boltzmann surface area (PBSA) calculations. By using the
combined MD and QM/MM-PBSA approach for an enzyme-inhibitor binding system, one
first needs to perform MD simulations on the system and obtain a stable MD trajectory,
followed by QM/MM geometry optimizations starting from the snapshots of the MD
trajectory and, finally, the QM/MM-PBSA binding free energy calculations.

MD simulations

The initial structure of each CYP2A6-inhibitor complex was prepared directly from the
available X-ray structures of the CYP2A6-inhibitor complexes.2425 The PDB codes are
2FDW at resolution of 2.05 A for CYP2A6-Nic2a complex, 2FDV at resolution of 1.65 A
for CYP2A6-Nic2b complex, 2FDU at resolution of 1.85 A for CYP2A6-Nic2c complex,25
and 1711 at resolution of 2.05 A for CYP2A6-Methoxsalen complex.24 In order to further
relax each complex structure, and to sample the binding conformations in solution, MD
simulations were performed by using the Sander module of Amber8 program package3# for
each of the CYP2A6-inhibitor complexes. After all 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 Amber8 program.34 The molecular mechanical force field
parameters for the heme group were developed based on our first-principles electronic
structure calculations. The geometry of the heme group was optimized by using the
Gaussian03 program at the B3LYP/6-31G* level.3° The atomic charges for the heme group,
and for all the inhibitor molecules were the restrained electrostatic potential (RESP) charges
determined by fitting with the standard RESP procedure implemented in the Antechamber
module of the Amber8 program.34 Bonded and nonbonded parameters for atoms of the heme
group were derived from the default libraries of Amber8 program.

The procedure of MD simulations was similar to that used in our previous studies on other
protein-ligand systems.27:28:31 |n particular, the Amber ff03 force field36 was used for all the
amino acid residues of CYP2A6 and the general Amber force field (gaff)37 was used for the
heme group and inhibitors. Each of the CYP2A6-inhibitor complex structure was solvated in
an orthorhombic box of TIP3P water molecules38 with a minimum solvent-wall distance of
10 A. Chloride counter ions (CI-) were added to neutralize the solvated system. After the
whole system was set up, a series of energy minimizations were carried out by using the
Sander.34 First, the atomic position of water molecules was minimized for 20,000 steps.
Then, additional 20,000 steps of energy minimization on the side chains of CYP2A6 along
with water molecules were performed. Finally, the entire system was energy-minimized and
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a convergence criterion of 0.001 kcal/(mol-A) was achieved. The energy-minimized system
was gradually heated to 298.15 K by using weak-coupling method3® and equilibrated for
400 ps. During the MD simulations, a 10.0 A non-bonded interaction cutoff was used and
the non-bonded list was updated every 25 steps. The motion for the mass center of the
system was removed every 1,000 steps. The particle-mesh Ewald (PME) method® was
applied to treat long-range electrostatic interactions. The lengths of covalent bonds
involving hydrogen atoms were fixed with the SHAKE algorithm,*! enabling the use of a 2-
fs time step to numerically integrate the equations of motion. The production MD for each
enzyme-inhibitor complex was first kept running for ~1.5 ns with a periodic boundary
condition in the NTP ensemble at T = 298.15 K with Berendsen temperature coupling®® and
at P = 1 atm with isotropic molecule-based scaling, and then was repeated by using different
starting velocities. Finally, the total length of the MD trajectory for each enzyme-inhibitor
complex reached 12.0 ns by aggregating all the short MD trajectories.

QM/MM geometry optimization

In order to further optimize each of the CYP2A6-inhibitor binding structure, QM/MM
optimization was performed by using a pseudobond QM/MM method.424344 The
pseudobond QM/MM method was initially implemented in revised Gaussian03 and Tinker
programs.#243 In the present study, we used the modified Gaussian03 program and modified
Amber8 program which were developed in our laboratory for the purpose of performing
parallel computing in both the QM and MM parts of the QM/MM calculations, 45464748

For each CYP2AG6-inhibitor complex, after the MD simulation was finished, 10 snapshots
from the last 500 ps of the MD trajectory, with one snapshot for every 50 ps were extracted
and subject to the QM/MM geometry optimization. The QM subsystem contains the heme
group and the inhibitor molecule. This subsystem was optimized by employing density
functional theory (DFT) using Becke’s three-parameter hybrid exchange functional and the
Lee-Yang-Parr correlation functional (B3LYP) with the 6-31G(d) basis set*? in Gaussian03
program,3° and the convergence criterion for geometry optimizations followed the original
Gaussian03 defaults. The remaining subsystem was treated with the MM method, and was
geometry-optimized by using the Sander.34 The geometry optimization convergence
criterion for MM subsystem was set as the root-mean- square deviation (RMSD) of energy
gradient < 0.1 kcal-mol't- A1, and no cutoff was used for non-bonded interactions during
the QM/MM calculations. Throughout the QM/MM calculations, the boundary carbon atom
(i.e. the CP atom of residue C439) was treated with improved pseudobond parameters,*3 and
the atoms within 20 A of the ion atom at the heme group of CYP2A6 were allowed to move
while all the other atoms outside this range were frozen.

Concerning the use of B3LYP functional as the QM method, B3LYP might not be the best
functional because it may be not able to cover non-local electron correlation effects in the
dispersion-bound non-covalent complexes.>%:51 Nevertheless, one may reasonably expect
that the computational errors due to this factor are systematic for the same type of protein-
ligand binding systems. Thus, this factor is not expected to dramatically affect the relative
values of the calculated binding free energies in the present study.
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QM/MM-PBSA binding free energy calculation

Starting from the QM/MM-optimized 10 structures for each CYP2A6-inhibitor complex, the
binding free energies were calculated by using the QM/MM-PBSA method. The QM/MM-
PBSA method was used to accurately predict the enzyme-substrate binding free energies.33

According to the QM/MM-PBSA method,33 the free energy of each CYP2A6-inhibitor
binding, AGying, Was calculated from the difference between the free energy of the
CYP2A6-inhibitor complex (Geomplex) and the sum of the free energies of the unbound
CYP2A6 (Geypoag) and the free inhibitor (Giphibitor) USing the following equation:

AC;’bind:C;complez - (GCYP2A6 +Ginhibitor) Q)

Actually, the binding free energy AGyinq Was evaluated as a sum of the changes in the
QM/MM gas-phase binding energy (AEqm/mm), solvation free energy (AGsoy), and the
entropy contribution (—-TAS) by the following equations

AGhina=AE

QM/MM

+AG o1y — TAS = AEping — TAS ()
AE, i =Equmn (complex) —E, ., (CYP2A6) — E,,, (inhibitor) (3
AGsoy=AG p +AGH,  (4)
AG,,=7SASA+S (5

In EQ.(2), AEping = AEgmimm + AGsoly- I EQ.(3), Egmmm (complex) represents the energy
of the CYP2AB6-inhibitor complex, and was calculated at the B3LYP/6-31G*:Amber level.
The Egmmm (CYP2A6) represents the energy of MM subsystem and was calculated at the
same level using the QM/MM method as well. The CYP2AG6 structure was optimized again
after the inhibitor was deleted from the optimized complex structure. All QM calculations
contain the same atoms except the inhibitor atoms. For the energy calculation of the
inhibitor, i.e. Eqwm (inhibitor), we always used the lowest-energy geometry optimized at the
B3LYP/6-31G* level.

The solvation free energy (AGsgy) is the sum of the electrostatic solvation free energy
(AGpg) and the nonpolar solvation energy (AGpp). The AGpg was calculated by the finite-
difference solution to the PB equation implemented in the Delphi program.52:53 The MSMS
program®* was used to calculate the solvent-accessible surface area (SASA) for the
estimation of AGy,, using Eq.(5) with parameters y = 0.00542 kcal/AZ and B = 0.92 kcal/
mol.

The entropy contribution, —TAS to the binding free energy was calculated using a local
program (a standalone program) developed in our own laboratory. 5° The computational
procedure for the evaluation of —TASwas the same as that described in our recent
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publications. As we described previously, the entropy contribution was divided into two
parts, solvation entropy (ASsop,) and conformational entropy (AS.onf):

ASzASSOlU+ASCOnf' (6)

The solvation entropy is gained by solvent water molecules on being displaced from the
active site by the ligand during binding and was calculated by using the parameters
established previously.5®6 The contribution of conformational entropy change to the
binding free energy is proportional to the number (AN,qt) of the lost rotatable bonds during
the binding. Thus, we have:

A(;’ln'nd:AEbind - w(TASsolv"_ANrot)‘ 8)

Although all of the other parameters used in our QM/MM-PBSA calculations are the
standard ones reported in literatures®2:53.54 or the default ones of the Amber8 program,3# the
adjustable parameter, w, was calibrated by fitting the calculated AGp;,q values to the
corresponding AGpjng Values derived from experimentally measured inhibitory constant (K;)
values.2425

The final binding free energy AGp;ng for each CYP2A6-inhibitor binding structure was taken
as the average of the AGyjng values calculated for the QM/MM-optimized 10 structures
extracted from the MD trajectory.

3. Results and Discussion

Dynamics of CYP2A6-inhibitor binding

Depicted in Figure 1 are the tracked distances from MD simulations on CYP2A6-Nic2a
binding structure (Figure 1A), and the QM/MM-optimized complex structure (Figure 1B)
with detailed information about important intermolecular interactions (Figure 1C). Depicted
in Figure S1 (see Supporting Information) are the tracked positional root-mean square
deviation (RMSD) values for Ca atoms of CYP2A6-Nic2a binding structure from the
starting X-ray crystal structure (PDB entry code: 2FDW), and tracked RMSD values for
non-hydrogen atoms of CYP2A6-Nic2a complex from the X-ray crystal structure of
CYP2AG6 binding with nicotine (PDB entry code: 4EJJ) along the MD trajectory. As shown
in Figure S1, the change of the RMSD values for Ca atoms of CYP2A6-Nic2A complex
became very small after fluctuating for a period of 1 ns of MD trajectory, indicating that the
CYP2A6-Nic2a binding structure was stabilized in the MD simulations. As shown in Figure
1 (B and C), the inhibitor Nic2a fits very well inside the narrow active-site cavity just above
the heme group of CYP2A6. The pyridine ring of Nic2a packs closely with aromatic side
chains of residues F107, F111, F118, F209, and F480. It also contacts closely with
hydrophobic side chains of residues V117 and 1300. The pyridine nitrogen atom of Nic2a
formed a strong hydrogen bond with H® atom at the side chain of residue N297 of CYP2A6.
The average distance between this nitrogen atom of Nic2a and the N® atom of N297 side
chain is 3.19 + 0.17 A as tracked from the 12.0 ns MD trajectory (red curve in Figure 1A).
The primary amine group of Nic2a is weakly hydrogen-bonded with the carbonyl oxygen at
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the backbone of residue G301 (Figure 1C). The tracked average distance between the
nitrogen atom on the amine group of Nic2a and the carbonyl oxygen on the backbone of
residue G301 is 3.71 + 0.55 A based on the MD simulations (green curve in Figure 1A). As
shown in Figure 1, the nitrogen atom at the amine group of Nic2a is located directly above
the heme ion atom in the axial ligation position (Figure 1B). The average coordinating
distance (i.e. the distance between the Fe and N atoms) is 2.41 + 0.22 A (Figure 1A) as
tracked from MD trajectory (black curve in Figure 1A).

Depicted in Figure 2 are the tracked distances and the QM/MM-optimized structure of
CYP2A6-Nic2b binding, Figure 3 for the CYP2A6-Nic2c binding structure, and Figure 4 for
the CYP2A6-Methoxsalen binding structure. In general, the dynamic behavior and the mode
for CYP2A6 binding with these three inhibitors are quite similar to that of the CYP2A6-
Nic2a binding. In a previous report of CYP82E4-nicotine binding structure obtained through
homology modeling and MD simulations,” nicotine molecule was orientated
perpendicularly inside the binding cavity of CYP82E4, with one carbon atom at the pyridine
ring of nicotine pointing to the iron atom of the heme group. This binding mode of nicotine
with CYP82E4 is totally different from the binding mode for each inhibitor with CYP2AG6 as
described in the present report. As shown in Figure S1, the MD trajectory for each of the
CYP2AG6-inhibitor complex is quite stable as each of the tracked Ca RMSD curve is flat
after the first 1 ns period of the MD simulations. Comparing the CYP2A6-Nic2a binding
structure with the X-ray crystal structure of CYP2A6-nicotine complex (PDB entry code:
4EJJ), the overall conformation is very similar (left panel of Figure S2 in Supporting
Information). The difference is that there is no direct hydrogen bonding between N297 side
chain of CYP2AG6 and the nitrogen atom of the pyridine ring of nicotine (Figure S2) in the
X-ray crystal structure of CYP2A6-nicotine complex.18 Figure S3 depicts the calculated
cavity at the ligand-binding site of the reported CYP2A6-nicotine complex!8 and that of the
CYP2A6-Nic2a binding structure (Figure 1) by using program HOLLOW.>” As shown in
Figure S3, the displayed shape of cavity for CYP2A6-nicotine complex!8 is smaller than
that of the CYP2A6-Nic2a complex. According to the X-ray crystal structures of CYP2A6
and CYP2A13,18.24.25 there s a substrate-entry channel along Helix | of these enzymes, and
residues F209, T305, and 1366 (numbering in CYP2A6 as shown in Figure S3) act as the
gate along the channel to the ligand-binding site. When the side chains of these residues
come close to each other, e.g. the shortest distance among non-hydrogen atoms of these side
chains is < 5.0 A, the gate is closed. Based on this criterion, we tracked the distances
between each pair of the non-hydrogen atoms of the side chains of F209, T305, and 1366
using the CYP2A6-Nic2a binding structure as an example. As shown in Figure S4, the
average shortest distance between non-hydrogen atoms of F209 side chain and non-
hydrogen atoms of T305 side chain is 4.74 + 0.17 A along the whole MD trajectory. The
average shortest distance between F209 side chain and 1366 side chain is 5.05 + 0.23 A, and
it is 4.47 £ 0.21 A between T305 side chain and 1366 side chain through the whole MD
trajectory. These data suggest that the gate to the inhibitor-binding cavity kept closed
through the whole MD simulations on the CYP2AG6-inhibitor binding structures. This is
different from the observation in a previous report!” on a CYP82E4-nicotine binding model
that there was an open-close process for the substrate-entry gate. As shown in Figures 2 to 4,
each of these inhibitors packs tightly with aromatic residues inside the binding cavity,
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hydrogen-bonded with N297 side chain, and coordinated with the heme iron atom of
CYP2AG6.

However, there are also some obvious differences among these four CYP2A6-inhibitor
binding structures and their dynamic behaviors. The averaged distance between the pyridine
nitrogen of the inhibitor and the nitrogen atom on N297 side chain of CYP2A6 (i.e. Npy---
N297(N¥%)) tracked from the whole MD trajectory increases gradually from 3.19 + 0.17 A for
CYP2A6-Nic2a binding (red curve in Figure 1A) and 3.17 + 0.39 A for CYP2A6-Nic2b
binding (red curve in Figure 2A), to 3.46 + 0.37 A for CYP2A6-Nic2c binding (red curve in
Figure 3A). The CYP2A6-Methoxsalen binding structure has the shortest distance of 2.94 +
0.15 A between the oxygen atom on the furo group of Methoxsalen and the nitrogen atom of
N297 side chain as tracked from MD trajectory, indicating the strongest hydrogen bonding
with residue N297 compared to the other three inhibitors. Concerning the QM/MM-
optimized structures (Figures 1C, 2C, 3C, and 4C), the CYP2A6-Nic2C complex has the
longest distance for the hydrogen-bonding interaction with residue N297 (Figure 3C), while
the Methoxsalen has the shortest distance for the hydrogen-bonding interaction with residue
N297 of CYP2A6 (Figure 4C). The averaged distance between the iron and the coordinating
atom of the inhibitor in the MD-simulated complex structure is 2.41 + 0.22 A for the
CYP2A6-Nic2a binding (black curve in Figure 1A), 2.78 + 0.25 A for CYP2A6-Nic2b
binding (black curve in Figure 2A), 2.82 + 0.14 A for CYP2A6-Nic2c binding (black curve
in Figure 3A), and 3.63 = 0.12 A (the longest) for CYP2A6-Methoxsalen binding (black
curve in Figure 4A). The QM/MM-optimized complex structures (Figures 1C, 2C, 3C, and
4C) also show the same order of the iron-coordinating distances (Nic2a < Nic2b <Nic2c <
Methoxsalen). Compared to the CYP2A6-Nic2b and CYP2A6-Nic2c complexes, the
CYP2A6-Nic2a complex (Figure 1A and 1C) has the shortest distance between the nitrogen
atom on the amine group of the inhibitor to the carbonyl oxygen on the backbone of residue
G301, as tracked from the MD trajectories and the QM/MM-optimized structures. Unlike
the CYP2A6-Nic2a binding structure (Figure 1A and 1C), the secondary amine group of
Nic2b could not form a hydrogen bond with the carbonyl oxygen on the backbone of residue
G301 (Figure 2A and 2C). All these dynamic behaviors and the changes of QM/MM-
optimized structures for the binding of CYP2A6 with these nicotine analogs strongly
indicate that the binding affinity should follow the order as CYP-2A6-Nic2a binding >
CYP2A6-Nic2b binding > CYP2A6-Nic2c binding.

Binding free energies

Summarized in Table 1 are the calculated binding free energies by using the combined MD
and QM/MM-PBSA approach described above. The detailed data are provided as supporting
information. For comparison, the binding free energies derived from the experimentally
measured inhibitory activities?42° of the examined four inhibitors are also given. The
adjustable parameter w was calibrated to be 0.93 in the present study. To test the reliability
of the calibration using the four inhibitors, we also tested the calibration using on three of
the four inhibitors by leaving one out (LOO). The obtained wwas 0.92, 0.94, 0.92, and 0.92
when the LOO inhibitor was Nic2a, Nic2b, Nic2c, and Methoxsalen, respectively; the
average w value was still ~0.93. It is expect that the w value can apply to CYP2A6 binding
with other inhibitors when the same computational protocol is used.
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As listed in Table 1, the results from the combined MD simulations and QM/MM-PBSA
calculations give the CYP2AG affinity order as Nic2a > Nic2b > Nic2c. Such order of the
calculated binding affinities for the three nicotine analogs agrees very well with the
observations from MD simulations and the structural features of the QM/MM-optimized
binding complexes as described above (Figures 1 to 3). In comparison, we were unable to
obtain the same order by performing the MM-PBSA calculations (see supporting
information). The agreement between the QM/MM-PBSA-calculated binding free energies
and the experimentally derived ones for CYP2A6 binding with these four inhibitors (Table
1) suggests that the combined MD simulations and QM/MM-PBSA calculations are
promising for predicting the enzyme-ligand binding affinity. Such type of the binding free
energy calculations may also be applicable to the study of other P450 enzymes binding with
substrates or inhibitors.

4. Conclusion

Molecular dynamics (MD) simulations performed in the present study have demonstrated
the dynamic behaviors of CYP2A6 binding with different inhibitors. The distance of the
coordination between the heme iron atom of CYP2AG6 and the nitrogen atom on the amine
group of the inhibitor gradually increases as the amine group of the inhibitor changes from
primary amine to secondary amine, to tertiary amine, and to Methoxsalen. The hydrogen-
bonding distance between the N297 side chain of CYP2AG6 and the pyridine nitrogen of the
inhibitor also changes in a similar way as that of the heme iron-coordinating distance, but
the N297 side chain has the strongest hydrogen-bonding interaction with Methoxsalen.
These two structural parameters (i.e. the N297 hydrogen-bonding distance and the iron-
coordinating distance) represent the most important structural indicators affecting the
CYP2AG6-inhibitor binding affinity.

The combined MD simulations and QM/MM-PBSA calculations performed in this study
have led to dynamic CYP2A6-inhibitor binding structures that are consistent with the
observed dynamic behaviors and structural features of CYP2AB6-inhibitor binding structures,
and led to theoretically calculated binding free energies that are in good agreement with the
experimentally-derived binding free energies. The agreement between the calculated and
experimentally-derived binding free energies for CYP2AG6-inhibitor binding suggests that
the combined MD and QM/MM-PBSA calculations may be performed to accurately predict
the CYP2AG6-inhibitor binding affinity in future computational design of new, potent and
selective CYP2AG inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Tracked distances along the MD trajectory for the CYP2A6-Nic2a binding structure. Nyn---Heme(Fe) represents the

distance between the nitrogen atom on the amine group of Nic2a and the heme iron atom; pr———N297(N5) represents the
distance between the nitrogen atom on the pyridine group of Nic2a and the N® atom of the N297 side chain; Nay,---G301(0) is
the distance between the nitrogen atom on the amine group of Nic2a and the carbonyl oxygen atom on the backbone of residue
G310; and Of,---G301(N) represents the distance between the furan oxygen atom of Nic2a and the backbone nitrogen atom of
residue G301. (B) QM/MM-optimized CYP2A6-Nic2a binding structure (optimized at B3LYP/6-31G*:Amber8 level). The
structure is represented as ribbon for CYP2AG6, stick style for the heme group, and ball-and-stick style for Nic2a. The dashed
line represents the averaged distance between the nitrogen atom on the amine group of Nic2a and the heme iron atom based on
the 10 QM/MM-optimized structures. (C) Intermolecular interactions in the optimized CYP2A6-Nic2a binding structure.
Residues from CYP2A6 within 5 A of Nic2a are shown in stick style. The hydrogen-bond interaction between the nitrogen atom
on the pyridine group of Nic2a and the H® atom of N297 side chain is represented as dashed line with labeled averaged distance
from the 10 QM/MM-optimized structures, also labeled the averaged distance for the hydrogen bond between the amine group
of Nic2a and the backbone carbonyl oxygen of residue G301 based on the 10 QM/MM-optimized structures.
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Figure 2.
(A) Tracked distances along the MD trajectory for the CYP2A6-Nic2b binding structure. Nym---Heme(Fe) represents the

distance between the nitrogen atom on the amine group of Nic2b to the heme iron atom; pr———N297(N5) represents the distance
between the nitrogen atom on the pyridine group of Nic2b and the N® atom of the N297 side chain; Nan---G301(0) is the
distance between the nitrogen atom on the amine group of Nic2b and the carbonyl oxygen atom on the backbone of residue
G310; and Of,---G301(N) represents the distance between the furan oxygen atom of Nic2b and the backbone nitrogen atom of
residue G301. (B) QM/MM-optimized CYP2A6-Nic2b binding structure (optimized at B3LYP/6-31G*:Amber8 level). The
binding structure is represented in the same color scheme as that in Figure 1B. The dashed line represents the averaged distance
between the amine nitrogen atom of Nic2b and the heme iron atom based on the 10 QM/MM optimized structures. (C)
Intermolecular interactions in the optimized CYP2A6-Nic2b binding structure. Residues from CYP2A6 within 5 A of Nic2b are
shown in stick style. The hydrogen-bond interaction between the nitrogen atom on the pyridine group of Nic2b and the H® atom
of N297 side chain is represented as dashed line with labeled averaged distance based on the 10 QM/MM-optimized structures.
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Figure 3.
(A) Tracked distances along the MD trajectory for the CYP2A6-Nic2c binding structure. Nan---Heme(Fe) represents the

distance between the nitrogen atom on the amine group of Nic2c and the heme iron atom; pr———N297(N5) represents the
distance between the nitrogen atom on the pyridine group of Nic2c and the N® atom of the N297 side chain; Nyy---G301(0) is
the distance between the nitrogen atom on the amine group of Nic2c and the carbonyl oxygen atom on the backbone of residue
G310; and Of,---G301(N) represents the distance between the furan oxygen atom of Nic2c and the backbone nitrogen atom of
residue G301. (B) QM/MM-optimized CYP2A6-Nic2c binding structure (optimized at B3LYP/6-31G*:Amber8 level). The
binding structure is represented in the same color scheme as that in Figure 1A. The dashed line represents the averaged distance
between the amine nitrogen atom of Nic2c and the heme iron atom based on the 10 QM/MM optimized structures. (C)
Intermolecular interactions in the optimized CYP2A6-Nic2c binding structure. Residues from CYP2A6 within 5 A of Nic2c are
shown in stick style. The averaged distance (based on the 10 QM/MM optimized structures) between the pyridine nitrogen atom
of Nic2c and the H® atom of N297 side chain is represented as dashed line.
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Figure 4.
(A) Tracked distances along the MD trajectory for the CYP2A6-Methoxsalen binding structure. Os,ro---Heme(Fe) represents the

distance between the oxygen atom on the furo group of Methoxsalen and the heme iron atom; Ocarbony|———N297(N5) represents
the distance between the carbonyl oxygen atom of Methoxsalen and the N® atom of the N297 side chain; Ofyro---G301(0) is the
distance between the oxygen atom on the furo group of Methoxsalen and the carbonyl oxygen atom on the backbone of residue
G310. (B) QM/MM-optimized CYP2A6-Methoxsalen binding structure (optimized at B3LYP/6-31G*:Amber8 level). The
structure is represented as ribbon for CYP2AB6, and stick style for the heme group, and Methoxsalen is displayed in ball-and-
stick style. The dashed line represents the averaged distance between the furan oxygen atom and the heme iron atom based on
the 10 QM/MM optimized structures. (C) Intermolecular interactions in the optimized CYP2A6-Methoxsalen binding structure.
Residues from CYP2A6 within 5 A of Methoxsalen are labeled and shown in stick style. The hydrogen-bonding interaction
between the carbonyl oxygen atom of Methoxsalen and the H® atom of N297 side chain is represented as dashed line with
labeled averaged distance based on the 10 QM/MM-optimized structures.
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Nic2b Methoxsalen

Scheme 1.
Molecular structures of CYP2A6 inhibitors examined in this study.
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