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The purpose of this study was to develop screening and in silico modeling methods to obtain
accurate information on the active center of CYP2A6, a nicotine oxidizing enzyme. The inhibitory
potencies of 26 naphthalene and 16 non-naphthalene derivatives were determined for human
CYP2A6 and mouse CYP2A5 enzymes. Several comparative molecular field analysis (CoMFA)
models were developed to find out what types of steric and electrostatic properties are required
for potent inhibitors. The IC50 values of the tested compounds varied from 0.55 to 35 400 µM
for CYP2A6 and from 1 to 1500 µM for CYP2A5. The generated CoMFA models were able to
accurately predict the inhibition potencies of an external test set of chemicals. Potent and specific
inhibitors of the CYP2A6 enzyme can be used in the future to increase nicotine bioavailability
and thus make oral nicotine administration feasible in smoking cessation therapy.

Introduction

Tobacco is an insidious chemical package because
among its numerous toxic, mutagenic, and carcinogenic
compounds it contains nicotine, which is responsible for
causing the dependency associated with tobacco smok-
ing.1 According to the World Health Organization
(WHO), tobacco use is the leading cause of the disease
burden measured in disability adjusted life years in
developed countries and one of the top 10 health risk
factors even in the poorest developing regions.2,3

Nicotine is the essential component smokers seek
from tobacco use. Various nicotine preparations have
been developed as medication to assist in smoking
cessation, and nicotine has also been evaluated in the
treatment of a variety of medical disorders.4 After
entering the circulation, active nicotine is eliminated
mainly by metabolism to cotinine. The main enzymes
catalyzing this reaction are cytochrome P450 2A6
(CYP2A6) and aldehyde oxidase with CYP2A6 being the
rate-limiting enzyme.5-7 Individuals having deficient
CYP2A6 enzyme function, due to inactive alleles of the
CYP2A6 gene, display a decreased capacity for nicotine
metabolism, and these individuals may be less likely
to become smokers.8-11 Pilot studies show that chemical
inhibition of the CYP2A6 enzyme can reduce smoking
frequency.11,12

In addition to nicotine, the human CYP2A6 and
mouse cytochrome P450 2A5 (CYP2A5) enzymes me-
tabolize several other xenobiotics, such as many tobacco-
specific nitrosamines and other toxic compounds.5,6,13

Recent experimental evidence shows that chemical
inhibition of the CYP2A enzyme in the mouse dramati-
cally reduces lung tumorigenesis caused by a highly
carcinogenic nitrosamine.14 There is evidence that,
especially in the Japanese population, individuals with

inactive CYP2A6 alleles are protected from developing
lung cancer caused by cigarette smoking.10,15

Nicotine is routinely used in smoking cessation
therapy. Nicotine is currently administered as chewing
gum, as transdermal patches, or via inhalation. Oral
nicotine administration is not possible because of the
very high degree of CYP2A6 mediated first pass me-
tabolism in the liver. Because oxidation by CYP2A6 is
the rate-limiting step in nicotine inactivation, blocking
this reaction by a chemical inhibitor would increase
nicotine bioavailability and allow for oral administration
of nicotine.7

Today, there is enough data available on CYP2A
inhibitors to establish crude structure-activity relation-
ships because approximately 200 compounds have been
tested for their inhibitory properties on CYP2A5 or
CYP2A6.16-20 We have previously carried out quantita-
tive structure-activity relationship (QSAR) analysis of
inhibitors of the CYP2A5 and CYP2A6 enzymes using
the comparative molecular field analysis (CoMFA)
method.21,22 Comparative modeling of CYP2A6 has
shown that inhibitors of the CYP2A enzymes are
generally planar molecules with two hydrogen bond
acceptors.23 The results of these studies have yielded
structural information of substrate and inhibitor inter-
actions with the CYP2A5 and CYP2A6 enzymes, but
further refinement of these models is needed.16,22

The main purpose of this study was to elucidate the
inhibitory structure-activity relationships of CYP2A6
and CYP2A5 enzymes in finer detail, with the ultimate
aim of predicting and developing a potent and specific
inhibitor of CYP2A6. A series of naphthalene derivatives
were used because naphthalene, which is structurally
close to coumarin (Figure 1), is a relatively potent
inhibitor of both enzymes.24 The inhibitory potencies of
26 naphthalene derivatives and 16 non-naphthalene
compounds were determined, and the values ob-
tained in CYP2A6 and CYP2A5 were compared. Several
CoMFA models were developed to find out which
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structural features are important for the inhibition
potency of these compounds.

Results

Inhibition of CYP2A6. The inhibitory potencies of
a series of derivatives of naphthalene (n ) 26), quinoline
(n ) 7), tetralone (n ) 3), and six non-planar compounds
(Figures 1 and 2) were tested toward both CYP2A6 and
CYP2A5 enzymes. For CYP2A6, the lowest IC50 values
(<1 µM) were obtained with 2-bromonaphthalene and
2-fluoronaphthalene, whereas cotinine gave the highest
value (35 000 µM) (Table 1). The IC50 values of 11
naphthalene derivatives were lower than that of naph-
thalene. Fluoro, chloro, bromo, methyl, and ethyl sub-
stitutions at position 2 of naphthalene decreased the
IC50 value. Also, for example, 2,7-dimethyl, 1,3-dimeth-
yl, and 2,6-dimethyl as well as 1,3-dichloro and 1,5-

dichloro substitutions of naphthalene inhibited CYP2A6
more potently than naphthalene. The IC50 values of all
quinoline and isoquinoline derivatives were higher than
those of their corresponding naphthalene derivatives,
indicating that a heterocyclic nitrogen atom decreases
the inhibition potency. Also, the IC50 values of the xylol
derivatives as well as nicotine and cotinine were high
(Table 1).

Inhibition of CYP2A5. The IC50 values for CYP2A5
ranged from 1.0 µM (dichloro-p-xylol) to 1500 µM
(cotinine) (Table 2). 1,2,3,6,7-Pentachloronaphthalene,
1-naphthol, and 2-naphthol inhibited CYP2A5 less
potently than naphthalene. All of the other naphthalene
derivatives tested exhibited greater inhibition potencies
than the parent compound. Several similar structure-
activity relationship trends as for CYP2A6 were ob-
served. The substitution of fluoro, chloro, bromo, methyl,
or ethyl at position 2 of naphthalene as well as chloro/
methyl disubstitution decreased the IC50 values. Most
quinoline and isoquinoline derivatives increased the
IC50 values compared with the corresponding naphtha-
lene derivatives. However, there were also some pro-
nounced differences between CYP2A5 and CYP2A6
enzymes. For example, dibromo-p-xylol, dichloro-p-xylol,
and 2-dichloronaphthalene inhibited potently CYP2A5
but not CYP2A6.

CYP2A6/CYP2A5 Comparison. Human CYP2A6 to
mouse CYP2A5 IC50 ratio of inhibitors were calculated
for each compound (Table 3).16 Seven compounds, for
example, 2-halogen naphthalenes, naphthalene, and
1-methylisoquinoline, belonged to the first group, in
which this ratio is less than 0.67, indicating that these
compounds were more potent inhibitors of CYP2A6 than
CYP2A5. Nine compounds, for example, 1,3-dimethyl-
naphthalene, in the second group inhibited these en-
zymes equally, their CYP2A6/CYP2A5 ratio being be-
tween 0.67 and 1.49. Most of the compounds tested fell
into the third group in which the CYP2A6/CYP2A5 ratio
was higher than 1.49, indicative of more potent inhibi-
tion of CYP2A5 than of CYP2A6. The IC50 values of
2-methoxynaphthalene, 2,7-dichloronaphthalene, dichlo-
ro-p-xylol, dibromo-p-xylol, and cotinine were at least
10 times lower for CYP2A5 than those for CYP2A6.

CoMFA Models. Two standard CoMFA models for
CYP2A6, one standard CoMFA model for CYP2A5 using
steric and electrostatic fields alone, and one CYP2A6
model with the lowest unoccupied molecular orbital
(LUMO) fields were created to elucidate detailed QSARs
of the studied molecules. The obtained statistics of the
models are summarized in Table 4. All models gave q2

values of at least 0.5 with 3-4 partial-least-squares
(PLS) components.

CoMFA contour maps were generated from all CYP2A6
and CYP2A5 CoMFA models. The CYP2A6 model with
the LUMO fields (model III) was statistically the most
significant (Figure 5). Also, the CYP2A5 model (model
IV) is represented as a 3D contour map (Figure 6). In
these maps, the colored regions indicate steric and
electrostatic interactions that are associated with inhi-
bition potencies. Areas where increased steric interac-
tion is correlated with higher inhibition potency are
marked in green. Regions where the presence of bulk
decreased the inhibition potency are colored in yellow.
Red regions indicate areas where an increase in elec-

Figure 1. Structures of the naphthalene derivatives.

Figure 2. Structures of the non-naphthalene derivatives.
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tronegativity can enhance the inhibition potency and
blue regions where electronegativity decreases its in-
hibition potency.

In the CYP2A6 model (model III), negative charge
favored areas were near positions 2 and 4 of the
naphthalene ring, indicating that a partial negative
charge here will increase the inhibition potency. Similar
areas were present also next to positions 5 and 7.
Negative charge disfavored areas were present near
position 8, and the sterically favored area near position
2 was broader than that in the CYP2A5 model. Major
LUMO fields of CYP2A6 model are located near the
C-C double bonds of the aromatic ring (Figure 7). In
the CYP2A5 model (model IV), negative charge favored
(red) areas were present around substitution at position
2 and next to position 5 of the naphthalene ring.
Negative charge disfavored (blue) areas were found
beside position 8 of naphthalene. The sterically favored
green area was located around substitution at position
2 in the CYP2A5 model.

To assess the validity of the models, the CYP2A6
CoMFA model with MOPAC charges (model II) and the

CYP2A5 CoMFA model with Gasteiger-Hückel charges
(model IV) were used to predict the pIC50 values for an
external test set of compounds (Figure 4). As sum-
marized in Table 5, these analyses predicted well pIC50
values of benzaldehyde and amphetamine derivatives.
The predicted pIC50 values in the CYP2A6 model for
4-methylbenzaldehyde, 4-methoxybenzaldehyde, am-
phetamine, and 2-phenylethylamine were less than 0.1
log units deviant from the experimental pIC50 values.
The predicted IC50 values for benzaldehyde and 2-(p-
tolyl)-ethylamine were within 0.1-0.25 log units of the
experimental pIC50 values. The predicted pIC50 values
in the CYP2A5 model for four compounds were within
0.5-1.0 log units of the experimental pIC50 values.
Predictions for amphetamine and 2-phenylethylamine
yielded pIC50 values that were more than 1.0 log units
of the experimental pIC50 values.

Discussion
The principal aim of this study was to determine new

molecular properties affecting the interaction between
a chemical inhibitor and the human CYP2A6 enzyme.

Table 1. Inhibition of CYP2A6 by Naphthalene and Non-naphthalene Compoundsa

compound
no.b naphthalene derivatives IC50 (µM)

95% confidence
intervals

superposition
groupc

9 2-bromonaphthalene 0.55 (0.38-0.72) 1
7 2-fluoronaphthalene 0.67 (0.28-1.1) 1

22 2,7-dimethylnaphthalene 1.7 (1.1-2.2) 1
5 2-methylnaphthalene 2.4 (1.9-2.8) 1

15 1,4-dichloronaphthalene 2.5 (2.1-2.8) 1
16 1,5-dichloronaphthalene 2.5 (1.6-3.5) 1
8 2-chloronaphthalene 5.4 (4.6-6.2) 1

24 7-methyl-2-naphthaldehyde 6.7 (0.5-12.9) 1
14 1,3-dimethylnaphthalene 8.3 (1.5-16) 2
21 2,6-dimethylnaphthalene 10 (5.2-15) 2
6 2-ethylnaphthalene 12 (9.0-14) 2

13 1,2-dicloronaphthalene 15 (13-17) 3
3 1-chloronaphthalene 18 (13-23) 3
1 naphthalene 25 (21-30) 2

12 1,2-dimethylnaphthalene 26 (16-36) 3
17 1,5-dimethylnaphthalene 31 (19-43) 2
19 1,7-dimethylnaphthalene 31 (22-39) 2
2 1-methylnaphthalene 34 (22-47) 2

20 2,3-dichloronaphthalene >60 5
11 2-methoxynaphthalene 62 (24-99) 4
26 phenanthrene 97 (68-126) 5
23 2,7-dichloronaphthalene >100 5
18 1,6-dimethylnaphthalene 130 (71-180) 5
4 1-naphthol 130 (89-171) 4

10 2-naphthol 140 (88-180) 4
25 1,2,3,6,7-pentacloronaphthalene >600 6

compound
no.b others IC50 (µM)

95% confidence
intervals

superposition
groupc

37 dichloro-p-xylol 17 (11-22) 3
35 â-tetralone 21 (18-24) 3
33 3-methylisoquinoline 25 (21-29) 3
39 2-chlorobiphenyl 36 (17-54) 4
34 R-tetralone 52 (33-71) 4
38 dibromo-p-xylol 59 (35-83) 5
32 1-methylisoquinoline 60 (51-70) 4
40 4-chlorobiphenyl 150 5
27 quinaldine 190 (170-220) 6
28 3-methylquinoline 200 (160-240) 6
30 2,6-dimethylquinoline 280 (260-310) 6
31 2,7-dimethylquinoline 400 (330-460) 6
41 nicotine 580 (440-720) 7
29 2,4-dimethylquinoline 830 (390-1300) 6
36 6,7-dimethoxy-2-tetralone 2000 7
42 cotinine 35 000 (13 000-58 000) 7

a The compounds are listed in ascending order of the IC50 values. b In Figures 1 and 2. c Derived from superimposition of molecules.
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A series of chemicals were tested for CYP2A6 inhibitory
activity, and CoMFA models were developed to under-
stand the steric and electrostatic properties involved in
the interaction. The results show that several naphtha-
lene derivatives are potent inhibitors of CYP2A6, and
minor alterations in chemical structures have a major
impact on the inhibition potency. The generated CoMFA
models predicted with good accuracy the inhibition
potencies of several test compounds, and these models
yielded clues on how to further increase potency toward
the CYP2A6 enzyme. In addition, similar characteristics
were determined for the homologous mouse CYP2A5
enzyme. Knowledge about CYP2A5 will aid in subse-
quent in vivo animal testing of the novel CYP2A6
inhibitors.

The currently studied naphthalene derivatives rep-
resent new structures of CYP2A6 inhibitors. Some of
them, such as 2-bromonaphthalene and 2-fluoronaph-
thalene, are potent inhibitors of CYP2A6. None of these
inhibitors, however, are as potent as the most potent
known inhibitors of CYP2A6 such as 4,4′-dipyridyl
disulfide, methoxsalen, and tranylcypromine.17,18,20,28

The most potent CYP2A6 inhibitors in this study were
the naphthalene derivatives with a halogen or a methyl
group at position 2 of the naphthalene ring. In particu-
lar, a halogen atom at this position increased the
inhibition potency. The known potent inhibitors of
CYP2A6 enzymes are hydrophilic compounds with a
hydrogen acceptor carbonyl oxygen.16,20,27 Therefore, it
is remarkable that none of the potent inhibitors found
in this study include strong hydrogen acceptor atoms.

Previous studies have shown that the CYP2A6 and
CYP2A5 enzymes exhibit clearly distinct substrate and
inhibitor specificities.16,18,22,33 This is not surprising,
because the amino acid similarity between CYP2A6 and
CYP2A5 is only 82%39,40 and changes in very few amino
acids in the CYP2A enzyme proteins profoundly affect
their substrate specificities.16,41,42 Most of the previously
studied compounds, such as lactone derivatives and
miconazole, inhibit more potently CYP2A5 than of
CYP2A6.16,18 Also in this study, some of the molecules,
for example, cotinine and dibromo-p-xylol, were more
than 30 times more potent inhibitors of CYP2A5 than

Table 2. Inhibition of CYP2A5 by Naphthalene and Non-Naphthalene Compoundsa

compound
no.b naphthalene derivatives IC50 (µM)

95% confidence
intervals

superposition
groupc

22 2,7-dimethylnaphthalene 1.4 (0.98-1.9) 1
21 2,6-dimethylnaphthalene 1.7 (1.5-2.1) 1
16 1,5-dichloronaphthalene 2.4 (1.5-3.3) 1
9 2-bromonaphthalene 2.5 (1.9-5.9) 1

24 7-methyl-2-naphthaldehyde 4.1 (2.8-5.4) 1
23 2,7-dichloronaphthalene 4.4 (3.3-5.5) 1
11 2-methoxynaphthalene 4.6 (2.3-6.7) 1
6 2-ethylnaphthalene 4.8 (3.5-6.1) 1

13 1,2-dicloronaphthalene 5.5 (3.5-7.5) 2
15 1,4-dichloronaphthalene 5.5 (3.5-7.5) 2
5 2-methylnaphthalene 7.0 (4.9-9.1) 2
7 2-fluoronaphthalene 7.3 (1.3-13) 2

14 1,3-dimethylnaphthalene 9.9 (3.6-16) 2
8 2-chloronaphthalene 12 (10-15) 2
3 1-chloronaphthalene 14 (11-17) 2

19 1,7-dimethylnaphthalene 14 (9.0-18) 2
12 1,2-dimethylnaphthalene 24 (17-31) 2
2 1-methylnaphthalene 24 (14-35) 2

26 phenanthrene 26 (17-34) 2
18 1,6-dimethylnaphthalene 32 (22-41) 2
17 1,5-dimethylnaphthalene 34 (25-42) 2
20 2,3-dichloronaphthalene 60 3
1 naphthalene 74 (65-83) 3

10 2-naphthol 78 (54-100) 3
4 1-naphthol 140 (86-190) 3

25 1,2,3,6,7-pentacloronaphthalene 300 3

compound
no.b others IC50 (µM)

95% confidence
intervals

superposition
groupc

37 dichloro-p-xylol 1.0 (0.68-1.4) 1
38 dibromo-p-xylol 2.2 (1.7-2.7) 1
33 3-methylisoquinoline 4.8 (26-29) 1
35 â-tetralone 9.7 (7.8-12) 2
39 2-chlorobiphenyl 13 (7-17) 2
34 R-tetralone 14 (13-16) 2
40 4-chlorobiphenyl 18 (8.6-28) 2
30 2,6-dimethylquinoline 40 (33-48) 3
27 quinaldine 80 (73-87) 3
28 3-methylquinoline 100 (86-120) 3
29 2,4-dimethylquinoline 110 (89-130) 3
41 nicotine 160 (88-220) 4
32 1-methylisoquinoline 170 (150-180) 3
31 2,7-dimethylquinoline 180 (160-210) 3
36 6,7-dimethoxy-2-tetralone 210 (98-320) 3
42 cotinine 1500 (900-2100) 4

a The compounds are listed in ascending order of the IC50 values. b In Figures 1 and 2. c Derived from superimposition of molecules.
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of CYP2A6. However, many of the studied naphthalene
derivatives were more potent inhibitors of CYP2A6 than
CYP2A5.

The active site of CYP2A5 is larger than that of
CYP2A6.22 Despite this, differences of inhibition poten-
cies among compounds against CYP2A6 or CYP2A5 are
likely to be due to their chemical character rather than
their size.33 The present study further strengthened this
concept, because the many naphthalene derivatives are
very close to each other with respect to their size and

yet they exhibited widely different inhibition potencies
toward CYP2A6 and CYP2A5. It can be concluded that
the different amino acid residues at the active sites of
CYP2A6 and CYP2A5 create unique environments,
conferring on them distinct inhibition properties.

Estimations of cytochrome P450 enzyme substrate
binding affinities have been made based, for example,
on hydrogen bonding, π-π stacking, and desolvation
properties.43-45 It is likely that lipophilicity and the
number and disposition of hydrogen bond donors/accep-
tors within the various substrate molecules greatly
affect on their enzyme selectivity and binding affin-
ity.43,44 In the present study, however, electrostatic
interactions other than hydrogen bonding were found
to account for the differences in inhibition potencies.
This indicates that hydrogen bonding between the
naphthalene type inhibitor and enzyme are not of major
importance in the case of CYP2A6 and CYP2A5, sup-
porting the result of our previous study.22 In the
standard CYP2A6 CoMFA models (models I and II), the
significance of electrostatic interactions was not clear
because the extent of partial negative charge at position
2 of the naphthalene ring did not correlate well with
the inhibition potencies of compounds. In contrast, the
CYP2A6 model with the LUMO fields (model III) clearly
shows the dependency between electrostatic interactions
and inhibition potency. In this model, a partial negative
charge near naphthalene positions 1, 2, and 5 as well
as a partial positive charge near position 8 increased
inhibition potency. This is consistent with the CoMFA
model created with lactone derivatives in our previous
study.22 Thus, the present models give more detailed
information on especially the electrostatic requirements
of inhibitor molecules.

The LUMO aspect of CYP2A inhibitors turned out to
be significant, because the CoMFA maps with the
LUMO fields show areas where changes in the fields
are closely related with the inhibition potency of the
inhibitors. Most probably these maps reflect charge-
transfer interactions between the ligand and the binding
site of the enzyme. One explanation for importance of
LUMO fields describes charge transfer or π-π stacking
between CYP2A inhibitors and aromatic acid residues
of the binding cavity. Both of these interactions are
inadequately described by steric and electrostatic fields.
In our previous study,22 it was shown that π-π stacking
is an important interaction to orientate the molecule
into correct inhibition position. We have demonstrated
previously that the LUMO fields may relate to C-C
double bond structures needed for binding of a ligand
with the CYP2A5 protein.21 Thus, the current CYP2A6
CoMFA maps including LUMO fields revealed novel
properties required of inhibitors.

Nicotine is metabolized primarily by 5′-oxidation to
form a nicotine iminium ion.4 Previous studies have
demonstrated that nicotine is orientated for oxidation
at the 5′-position via a combination of hydrogen bonding
and π-π stacking interaction in CYP2A6.46 In the
present study, the models were improved markedly if
position 5 of the pyrrolidine ring of nicotine was
superimposed with position 7 of the naphthalene de-
rivatives and pyridine nitrogen with position 3 of
naphthalene derivatives. The inhibition potency of
nicotine for CYP2A6 is not high, although nicotine is

Table 3. Human CYP2A6 to Mouse CYP2A5 IC50 Ratios of the
Inhibitors

inhibitor
CYP2A6/CYP2A5

IC50 ratio

Group 1
2-fluoronaphthalene 0.09
2-bromonaphthalene 0.22
naphthalene 0.34
2-methylnaphthalene 0.34
1-methylisoquinoline 0.36
2-chloronaphthalene 0.45
1,2-dicloronaphthalene 0.45

Group 2
1,3-dimethylnaphthalene 0.84
1,5-dimethylnaphthalene 0.91
1-naphthol 0.96
1,5-dichloronaphthalene 1.04
2,3-dichloronaphthalene 1.05
1,2-dimethylnaphthalene 1.08
1,7-dimethylnaphthalene 1.2
1-chloronaphthalene 1.3
1-methylnaphthalene 1.4

Group 3
7-methyl-2-naphthaldehyde 1.6
2-naphthol 1.8
3-methylquinoline 1.9
1,2,3,6,7-pentacloronaphthalene 2.1
â-tetralone 2.2
1,7-dimethylnaphthalene 2.2
2,7-dimethylquinoline 2.2
quinaldine 2.4
2-ethylnaphthalene 2.4
2-chlorobiphenyl 2.8
1,4-dichloronaphthalene 2.9
R-tetralone 3.6
nicotine 3.8
1,6-dimethylnaphthalene 4.0
phenanthrene 4.0
3-methylisoquinoline 5.1
2,6-dimethylnaphthalene 5.9
2,6-dimethylquinoline 7.0
2,4-dimethylquinoline 7.7
4-chlorobiphenyl 8.2
6,7-dimethoxy-2-tetralone 9.2
2-methoxynaphthalene 13.4
2,7-dichloronaphthalene 22.7
dichloro-p-xylol 30.4
cotinine 42.8
dibromo-p-xylol 48.5

Table 4. Statistics of CYP2A CoMFA Modela

model
no. description q2 SPRESS n r2

I CYP2A6 Gasteiger-Hückel charge 0.50 0.69 4 0.83
II CYP2A6 MOPAC2 AM1 charges 0.52 0.69 3 0.87
III CYP2A6 LUMO 0.55 0.67 4 0.84
IV CYP2A5 Gasteiger-Hückel charge 0.52 0.50 3 0.85
a CoMFA ) model included steric and electrostatic field; LUMO

) model included LUMO fields, which were calculated using
MOPAC2 AM1 method; q2 ) the crossvalidated correlation coef-
ficient; SPRESS ) standard deviation for the error of prediction; n
) number of PLS components, r2 ) correlation coefficient.
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mainly metabolized to cotinine by the CYP2A6 and
aldehyde oxidase enzymes. In CoMFA, the low inhibi-
tion potency of nicotine is explained by the unfavorable
electronegative electrostatic fields in the region super-
imposed on carbons 7 and 8 of the naphthalene ring.

When assessed with an external test set of com-
pounds, both the CYP2A6 and the CYP2A5 CoMFA
models (models II and IV) predicted well the pIC50
values of the benzaldehyde derivatives. The predicted
pIC50 values of the CYP2A6 model for amine derivatives
were also close to the experimental pIC50 values. This
is remarkable as these molecules have one benzene ring

instead of the two in the naphthalene derivatives.
Obviously, steric interactions are not crucial in explain-
ing the variations in inhibition potency of these mol-
ecules, and the generated CoMFA models explain well
the variation between molecules having differences in
electrostatic interactions.

In conclusion, this study describes the inhibition
potencies of a series of naphthalene compounds toward
the human CYP2A6 and the mouse CYP2A5 enzymes.
CoMFA models were developed to obtain detailed in-
formation on structure-activity relationships on inhibi-
tor-CYP2A enzyme interactions. These models yielded
novel information of the molecular properties of CYP2A
enzyme inhibitors. In addition, the models were able to
accurately predict the inhibition potencies of both
naphthalene and non-naphthalene derivatives. Thus,
the models provide tools to test the inhibition potencies
of new compounds in silico. Further refinement of the
CoMFA models using larger and structurally more
diverse chemical libraries is currently being done. The
ultimate aim of this research is to develop potent and
specific CYP2A6 inhibitors that upon coadministration
with nicotine will increase its bioavailability in smoking
cessation therapy.

Figure 3. Superimposition of inhibitory compounds. 2-Fluoronaphthalene and 2-bromonaphthalene are examples of superimposi-
tion of compounds belonging to the same group (upper panel). 2-Fluoronaphthalene and nicotine are examples of superimposition
of compound belonging to different groups (lower panel).

Figure 4. Structures of the inhibitors used in model valida-
tion.
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Experimental Section

Chemicals. Naphthalene, NADPH, 1-naphthol, and 2-naph-
thol were purchased from Merck (Darmstadt, Germany). 1,2-
Dimethylnaphthalene, 1,3-dimethylnaphthalene, 1,5-dimeth-
ylnaphthalene, 1,6-dimethylnaphthalene, 1,7-dimethylnaph-
thalene, 2,6-dimethylnaphthalene, 2,7-dimethylnaphthalene,
6,7-dimethoxy-2-tetralone, 2,4-dimethylquinol, 3-methylquino-
line, 2,6-dimethylquinoline, 2,7-dimethylquinoline, 1-methyl-
isoquinoline, 3-methylisoquinoline, 2-ethylnaphthalene, 1-
methylnaphthalene, 2-methylnaphthalene, phenanthrene,
quinaldine, R-tetralone, â-tetralone, dibromo-p-xylol, and dichlo-
ro-p-xylol were from Aldrich (U.S.A.). 1-Chloronaphthalene,
2-chloronaphthalene, 1,2-dichloronaphthalene, 1,4-dichlo-
ronaphthalene, 1,5-dichloronaphthalene, 2,3-dichloronaphtha-
lene, 1,2,3,6,7-pentachloronaphthalene, 2-chlorobiphenyl, and
4-chlorobiphenyl were from Promochem (Boras, Sweden).
2-Bromonaphthalene, 2-methoxynaphthalene, 7-methyl-2-
naphthaldehyde, 2,7-dichloronaphthalene, nicotine, and coti-
nine were from Sigma-Aldrich (St. Louis, MO). 2-Fluoronaph-
thalene was from Supelco (St. Louis, MO). The purity of all
compounds used was higher than 95% according to the

manufacturers. The compounds were dissolved in ethanol, and
the final concentration of ethanol was below 2% in all incuba-
tions.

Biological Material. Male and female (7-12 weeks old;
15-25 g body weight) DBA/2N/Kuo mice were given pyrazole
in saline (150 mg/kg, ip) on three consecutive mornings and
killed 24 h after the last injection. Pyrazole was administered
to these mice to maximize their CYP2A5 oxidizing capacity.25

The livers were removed into ice-cold saline, combined, and
pooled; microsomes were prepared as described earlier.26 The
Ethics Committee for Animal Experiments, University of
Kuopio approved these experiments. Human liver samples
were obtained from patients undergoing surgery to remove
hepatic tumours. The patients have been described previ-
ously.27,28 The use of surplus tissue was approved by the Ethics
Committee of the University of Kuopio. Liver samples were
frozen in liquid nitrogen and stored at -70 °C. Only tumor-
free tissue was used for the experiments. The use of mouse
and human liver microsomes as an enzyme source is justified
by the fact that the coumarin 7-hydroxylation reaction is
mediated exclusively by the CYP2A5 and CYP2A6 enzymes
in pyrazole-treated mouse and human liver, respectively.16,17,29-31

Figure 5. Stereo figure of color contour maps of CYP2A6 CoMFA with the LUMO field (model III, Table 4). Red and green
represent areas where more negative partial charge and bulkier groups increase binding affinity, respectively. Blue and yellow
represent areas where more negative partial charge and bulkier groups decrease binding affinity, respectively. The reference
structure is 2-fluoronaphthalene.

Figure 6. Stereo figure of color contour maps of CYP2A5 CoMFA with Gasteiger-Hückel charges (model IV, Table 4). See legend
to Figure 5. The reference structure is 2-fluoronaphthalene.
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Therefore, in vitro inhibition of coumarin 7-hydroxylation in
mouse and human liver microsomes reflects only inhibition of
CYP2A5 and CYP2A6 enzymes with no participation by other
CYP forms.

Biochemical Assays. The coumarin 7-hydroxylation activ-
ity assay is based on the detection of fluorescence emitted by
7-hydroxycoumarin in alkaline conditions by spectrophoto-
fluorometry as described by Aitio.32 We have adapted this
method to a 96-well plate format to facilitate higher through-
put inhibition analysis.33 In each well, a 100 µL incubation
volume contained 50 mM Tris-HCl buffer (pH 7.4), 5.0 mM
MgCl2, 10 µM coumarin, 20 µg of microsomal proteins, and
0.3 mM NADPH. The reaction was initiated by addition of
NADPH, incubated at 37 °C for 10 min, and terminated by
adding 60 µL of 10% TCA. Immediately before the measure-
ment, 140 µL of 1.6 M glycine-NaOH buffer (pH 10.4) was
added. The formed fluorescence was measured with a Victor2

plate counter (Perkin-Elmer Life Sciences Wallac, Turku,
Finland) at 355 nm excitation and 460 nm emission. The
linearity of the reaction with respect to incubation time and
microsomal protein concentration was determined. Several
control incubations were carried out to determine the effect
of quenching by the inhibitors and other interfering factors.
Each inhibitor was prescreened using inhibitor concentrations
ranging from 0.1 to 1000 µM. The actual IC50 values were
determined using narrower inhibitor concentration ranges
with five to seven concentrations. All IC50 values were deter-
mined in duplicate from two different human liver microsomal
preparations or pooled mouse liver microsomal samples.

The solubility of most inhibitors did not cause problems in
the determination of inhibition potency. However, the lipo-
philicity of dichloroxylol, dibromoxylol, 1,2-dichloronaphtha-
lene, 2,3-dichloronaphthalene, phenanthrene, and 1,2,3,6,7-
pentachloronaphthalene was so high that the IC50 values of
these molecules could not be determined at the 10 µM
substrate concentration. In these cases, 1 µM coumarin was
used, and the IC50 values were calculated using the equations
KI ) I/(v0/v - 1) (1 + S/Km) 34 and IC50 ) KI + (KI/Km) S,35

using S ) 1 µM coumarin, Km ) 0.64 µM for CYP2A5 and Km

) 0.74 for CYP2A6.19 IC50 values were calculated using
nonlinear regression analysis with Prism 3.0 software (San
Diego, CA).

Because the purpose of this study was to create models for
CYP2A6/5 enzymes inhibition, IC50 values (measuring relative
inhibition potency) rather than the absolute Ki values were
determined. This is justified because all measurements were
made in standardized conditions and the results are thus fully
comparable with each other. The validation of the models was
carried out with compounds that were measured exactly as
those used in the models.

CoMFA Models. The structure-activity relationships of
the molecules were analyzed using the CoMFA method.36

Construction of the molecules, superimposition, and CoMFA
modeling were performed using Sybyl 6.9 (TRIPOS Associates
Inc., St. Louis, MO) molecular modeling software. Molecules
were created using the sketch option in Sybyl. The conforma-
tion of any side chains was fully performed by systematic
search option. The biological data was transformed to pIC50

values. Three CoMFA models were created for CYP2A6
enzymes and one for CYP2A5. All analyses contained steric
and electrostatic fields, which were calculated using the Tripos
force field37 with an sp3-hybridized carbon (charge +1) as a
probe atom with a 2 Å grid spacing. The standard CoMFA
models for the CYP2A6 enzymes were created using either
Gasteiger-Hückel atomic point charges (model I) or MOPAC
AM1 charges (model II). The CYP2A5 CoMFA model (model
IV) was created using Gasteiger-Hückel atomic point charges.38

The standard deviation threshold for exclusion of columns from
the PLS analysis was set at 1 kcal/mol. The third CYP2A6
CoMFA model (model III) included steric and electrostatic
fields with the LUMO field. The region for the LUMO field
was created using 2-fluoronaphthalene as the model molecule,
and the threshold value was set at 0.001. In the CoMFA
analyses including LUMO fields, the structures, atomic point
charges, and wavefunctions for each molecule were calculated
using the MOPAC program with AM1 parametrization.38 The
PLS method with five random group cross validation was used
for statistical analyses, and this calculation was repeated 20
times to verify the stability of the model. The optimum number

Figure 7. Stereo figure of LUMO contour map of CYP2A6 (model III, Table 4). Red areas indicate LUMO fields increase inhibition
potency and blue areas indicate LUMO field decrease inhibition potency.

Table 5. Validation of the CYP2A6 and CYP2A5 Modelsa

pIC50

inhibitor experimental predicted residual

CYP2A6
benzaldehyde 3.92 3.81 0.11
4-methylbenzaldehyde 4.88 4.82 0.06
4-methoxybenzaldehyde 5.15 5.10 0.05
amphetamine 3.50 3.50 0
2-(p-tolyl)-ethylamine 5.30 5.07 0.23
2-phenylethylamine 4.41 4.50 0.09

CYP2A5
benzaldehyde 3.28 3.38 0.1
4-methylbenzaldehyde 4.68 4.58 0.1
4-methoxybenzaldehyde 5.23 5.33 0.1
amphetamine 2.85 3.92 1.07
2-(p-tolyl)-ethylamine 4.0 3.95 0.05
2-phenylethylamine 3.0 4.30 1.3

a The predicted pIC50 values were obtained from CYP2A6
CoMFA model with MOPAC AM1 charges (model II) and CYP2A5
CoMFA model with Gasteiger-Hückel charges (model IV).

Inhibitors of CYP2A6 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 2 447



of components for the nonvalidated analyses was chosen using
the lowest SPRESS value and the highest q2 value.

Molecules were superimposed by root-mean-squares (rms)
fit based on their structures and inhibition potencies. The
inhibitors were stratified into several groups according to their
inhibition potencies. Inhibitors belonging in the same group
were superimposed by manually increasing electrostatic field
similarity (Tables 1 and 2, Figure 3a). Within each group, the
superimposition of the electrostatic fields was similar. For
example, 2-fluoronaphthalene and 2-bromonaphthalene belong
to the same superimposition group because their CYP2A6 IC50

values were close to each other. Inhibitors that had large
differences in their IC50 values, such as nicotine and 2-fluo-
ronaphthalene, exhibited also distinct electrostatic fields and
consequently were superimposed in a different manner (Tables
1 and 2, Figure 3b).

An external test set of chemicals (Figure 4) was used to
estimate the predictability of the generated CoMFA models.
The biological data (pIC50 values) of the test set molecules were
obtained from our previous work.33
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