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SUMMARY

We have constructed three-dimensional molecular models of some
cytochrome P450 (CYP) CYP2F subfamily forms via homology with
CYP2C5 where sequence identities are in the region of 55%, thus
representing high degrees of confidence in the accuracy of the models
produced. The three-dimensional structures of these CYP2F enzymes
have been compared by molecular overlay, especially with regard to
the active site regions, and it would appear that the substitution of a
lysine (Lys-301) in human CYP2F1 for the usual glutamate (Glu-301)
in mouse CYP2F2, goat CYPF3 and rat CYP2F4 prior to the
conserved distal threonine residue may well constitute a significant
factor in any species differences between these CYP2F enzymes. Both
substrate binding to CYP2F2 and metabolic clearance by CYP2F
enzymes correlate with the lipophilicity, parameter, log P (where P is
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the octanol/water partition coefficient of the substrate). Other features
of CYP2F substrate binding are likely to include π-π stacking
interactions between aromatic rings and hydrogen bonding in some
cases.

The metabolism of the respiratory toxicant naphthalene is
compared and contrasted between three mammalian species, namely
mouse, rat and human. The CYPs involved in the metabolic activation
and detoxification of naphthalene are discussed in the light of current
evidence from both experimental and theoretical studies. It is noted
that the CYP2F subfamily enzymes are associated with the activation
of naphthalene in all three mammalian species, although there are
marked differences between man and the two rodent species in the
toxicity of this compound..
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INTRODUCTION

There is considerable current interest in the roles of the cytochrome
P450s (CYPs) in the activation and detoxification of xenobiotics /1-8/.
The respiratory tract of rodents, non-human primates and humans
contains a range of CYP forms, including CYP2F subfamily forms
/9-14/.

Many studies have demonstrated that respiratory tract CYP forms
can bioactivate xenobiotics to toxic and carcinogenic metabolites. For
example, naphthalene is bioactivated by CYP2F2 present in mouse
Clara cells to naphthalene 1,2-epoxide. Although naphthalene pro-
duces Clara cell toxicity in the mouse, it does not produce such lesions
in the rat /11,15/. Repeated administration results in a tolerance to
naphthalene-induced mouse Clara cell toxicity, which is attributable to
increased levels of reduced glutathione /16/. Apart from Clara cells,
CYP2F forms have been shown to be present in the olfactory

Abbreviations: CYP = cytochrome P450; Kra = Michaelis constant for the enzyme-
catalyzed reaction; SRS = substrate recognition site; P = octanol/water partition
coefficient, NNK = 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone.
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epithelium of rats, mice and non-human primates /9,10/ and
naphthalene has been shown to produce toxicity in the olfactory
epithelium of both rats and mice /11,177. Naphthalene inhalation
bioassays have demonstrated the formation of pulmonary alveolar/
bronchiolar adenomas in female mice and nasal respiratory epithelium
adenomas and olfactory epithelium neuroblastomas in rats /11,17,187.
The mode of action for naphthalene-induced rodent respiratory tract
tumour formation appears to involve cytotoxicity leading to cellular
injury and increased cell replication rates 7117.

CYP2F subfamily enzymes which can metabolise naphthalene
include human CYP2F1, mouse CYP2F2 and rat CYP2F4 710,11,
13,197. CYP2F3 is the goat orthologue of these enzymes, and some
substrate binding studies have been conducted on this form, such as
for 3-methylindole 7207. It is interesting to note that the Km value for
3-methylindole metabolism via CYP2F1 at 18 μΜ represents a tighter
binding energy than that found for the CYP2F3 orthologue where the
Km value is 340 μΜ 7207.

In a previous modelling study we generated a homology model of
the mouse CYP2F2 enzyme based on the bacterial CYP102 crystallo-
graphic template 7217. In this work, we have utilized the relatively
recently reported crystal structure of rabbit CYP2C5 7227 to construct
homology models of CYP2F1, CYP2F2 and CYP2F4. These enzyme
models have been probed with a number of selective CYP2F
substrates, including naphthalene, and a substrate template appears to
fit all three enzymes satisfactorily. Consequently, it is expected that
there would be relatively few differences in substrate selectivity
between these orthologous enzymes.

METHODS

An alignment (see Fig. 1) between the template sequence CYP2C5
of known crystal structure 7227 and the target sequences of CYP2F1,
CYP2F2, CYP2F3 and CYP2F4 was constructed using the BLAST
procedure and edited slightly to maintain conservation of secondary
structural elements (α-helices and -sheets) in the template structure
7227. The multiple sequence alignment of the substrate recognition
sites (SRSs) is shown in Table 1. SRS is a term coined by Gotoh 7237
based on sequence comparisons in the CYP2 family. Homology
models for each CYP2F enzyme were produced via the Sybyl
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Fig. 1: Multiple sequence alignment of CYP2C5 with four CYP2F subfamily
proteins: CYP2F1 (human), CYP2F2 (mouse), CYP2F3 (goat) and
CYP2F4 (rat).
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Biopolymer software (Tripos Associates, St. Louis, MO) using the
method of residue replacement based on the multiple sequence
alignment. All additional residues in the target sequences were added
via loop-searching of the protein database using Sybyl Biopolymer
algorithms. The resulting raw 3-D structures were energy minimized
using molecular mechanics via the Tripos force field for 100 iterative
cycles such that low minimum energy geometries were obtained. The
final, relaxed CYP2F structures were then probed with naphthalene
and other typical CYP2F substrates using the AutoDock software,
prior to molecular dynamics (MD) simulations. Lipophilicity relation-
ships between log clearance and log Ρ (where Ρ is the experimentally-
determined octanol/water partition coefficient) were calculated using
the GraphPad Software package (GraphPad Software, Inc., San Diego,
California).

RESULTS AND DISCUSSION

(a) Molecular modelling and QSARs

The homology models of CYP2F1 (human), CYP2F2 (mouse) and
CYP2F4 (rat) minimized smoothly over 100 iterative cycles of mole-
cular mechanics to give low energy geometry conformations and the
relevant minimum energies were, respectively, -1087.261 kcal.mol"1

(CYP2F1), -1213.311 kcaLmol'1 (CYP2F2) and -1233.513 kcal.moF1

(CYP2F4) as shown in Table 2. Typical substrates for CYP2F sub-
family enzymes were found to dock satisfactorily within the putative
active sites in each case. The most common interactions between
substrates and the enzymes were hydrogen bonding and aromatic π-π
stacking between complementary groupings on the substrates and key
amino acid residues lining the haem pocket.

Figure 2 shows a view of the putative active site region of CYP2F1
containing the substrate, naphthalene, orientated for 1,2-epoxidation,
which is consistent with experimental findings.

There are two phenylalanines (Phe-206 and Phe-297) present in the
CYP2F enzyme active sites at ideal locations for π-π stacking with
naphthalene and other related substrates. In addition, two serines (Ser-
474 and Ser-475) in SRS6 (SRS = substrate recognition site) may
form one or more hydrogen bonds with polar substrates such as NNK.
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(4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone), ipomeanol and 4-
nitrophenol. There is also the possibility of weak hydrogen bonding to
aromatic rings which could occur in the case of naphthalene binding,
for example. These residues are well conserved within the CYP2F
subfamily enzymes, thus explaining some of the similarities in their
substrate selectivity and preferred sites of metabolism.

Some of the key differences between the CYP2F sequences were
manifested in the active site regions of the enzyme models (sum-
marized in Table 3), primarily due to their correspondence with
known SRSs in CYP2 family proteins /23/. For example, the
glutamate to lysine change prior to the conserved distal threonine
residue (Thr-302) constitutes an important difference between
CYP2F1 and both CYP2F2 and CYP2F4. It is possible, but not
certain, that this would explain the observed marked variation in rates
of metabolism where CYP2F1 substrates tend to be more slowly
metabolized than those of either CYP2F2 or CYP2F4. For the
standard P450 reaction to proceed at a reasonable rate, it is normal for
there to be an acidic residue immediately preceding the conserved
distal threonine. This is to ensure a flow of protons, via hydrogen-
bonded conduits, to the activated oxygen species bound to the haem
iron. Consequently, one can expect that the non-conservative change
from the usual glutamate residue to a lysine residue at this position
(301) would significantly diminish the capacity of the enzyme to
operate normally as there is likely to be some opposition to the natural
flow of protons within the haem locus. Although such a change as
glutamate to lysine in the haem environment can be expected to have
some effect on binding affinity of substrates, it is anticipated that this
may well be slight because most P450 substrates do not normally bind
to this distal residue except in unusual circumstances.

There are certain amino acid residues which are common to these
three CYP2F enzymes that appear to be important for substrate
binding and orientation for metabolism about the haem moiety. These
residues include: phenylalanines-206 and -297 in SRSs 2 and 4,
respectively, together with serines-475 and -474 where the former
serine appears to be the preferred hydrogen bond donor site. Most of
these residue positions have been probed using site-directed muta-
genesis experiments in other CYP2 family enzymes but not in the
CYP2F family. Nevertheless, it is likely that they do indeed occupy
the substrate binding sites of the CYP2F enzymes under current
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investigation, and their conservation within this subfamily can be
expected to explain the broadly similar Km values for substrates
binding to either CYP2F1, CYP2F2 or CYP2F4. There are, in general,
fewer differences between CYP2F2 and CYP2F4 in the SRS (4
changes) relative to those between CYP2F1 and the two rodent forms
(9 changes).

Based on an analysis of the available experimental data on Km and
Vmax values for CYP2F1, CYP2F2 and CYP2F4 substrates, as shown
in Tables 4, 5 and 6, it has been possible to formulate some simple
linear relationships with biological activity and the compound
lipophilicity parameter log P, where P is the octanol/water partition
coefficient. There is a linear relationship between log Rate (or log
Vmax) and log P for a combined set of CYP2F2 and CYP2F4
substrates, with a correlation coefficient (R) of 0.91 (R2 = 0.83);
whereas a somewhat weaker linear correlation is apparent for CYP2F1
substrates which is, nevertheless, of similar slope to the former. These
give two parallel lines, therefore, as lipophilicity plots. The generally
lower rates of CYP2F1-mediated substrate metabolism relative to
those of both CYP2F2 and CYP2F4 could be due to the non-
conservative change glutamate to lysine in SRS4, as described pre-
viously. Where data for CYP2F2 solely are considered, the correlation
with log P increases slightly to give R = 0.93 (R2 = 0.87) although the
slope and intercept on the y axis are similar.

For CYP2F2 substrates, there is a good correlation between log Km
and log P. When converted to AGbm(j and AGpart values, respectively, it
appears that the magnitude of the correlation improves with the
exclusion of naphthalene, indicating that this substrate is a clear
outlier. The correlation coefficient with five compounds, including
naphthalene, is 0.94 (R2 = 0.89) whereas, when the naphthalene data
are removed, the coefficient increases significantly to 0.996 (R2 =
0.99). The y-intercept of this correlation at -1.7 kcaLmol"1 suggests
that the common interactions between substrates and CYP2F are likely
to be either hydrogen bonding or two aromatic π-π stacking contacts of
-0.85 kcal.mol"1 each, which is in good agreement with the average
literature value of-0.9 kcaLmol"1.

However, the clearance data (Cl = Vmax/Km) for seven substrates of
CYP2F1, CYP2F2 and CYP2F4 combined show an excellent corre-
lation with log Ρ when they are expressed in logarithmic form. In this
case, the correlation coefficient is 0.997 (R2 = 0.994) and the line
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TABLE 4

Substrate metabolism Km values (μΜ) for CYP2F enzymes and
lipophilicity data

Compound CYP2F1

3-Methylindole 18

Benzene 3.8

Naphthalene

1-Nitronaphthalene

2-Methylnaphthalene

1,1-Dichloroethene

Trichloroethene

CYP2F2

3

21.5

3.7

254

114

CYP2F4

3

18

5600

64

log Ρ

2.60

2.13

3.37

3.19

3.86

2.13

2.61

AGb]nd = RTln Km
where R is the gas constant and T is the absolute temperature (310K).

AGpart = -RTln P
where R is the gas constant and T is the absolute temperature (310K).

For the CYP2F2 substrates, excluding the naphthalene outlier, we have:
AGblnd = 1.087AGpm-1.712

(±0.070)
n = 4; s = 0.1284; R = 0.9959; R2 = 0.9918; F = 242.403

For all five CYP2F2 substrates, we get the following correlation:
AGbmd= 1.208 AGpm-1.374

(+0.247)
n = 5; s = 0.4719; R = 0.9427; R2 = 0.8887; F = 23.950

Reference for Km data: Zhang and Ding /13/.
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appears to go through the origin. When only CYP2F2 substrates are
considered, the correlation is of a similar nature with a correlation
coefficient of 0.998 (R2 = 0.996) and also apparently passing through
zero. On the basis of these findings from QSAR analysis, one can
conclude that lipophilic character plays a major role in explaining
differences in substrate binding affinity, rate and clearance in CYP2F
substrates and that the π-character of the compounds concerned is
important for binding to the enzymes' active sites, although hydrogen
bonding may also be involved.

CYP2F substrates include naphthalene, styrene, 3-methylindole, 4-
ipomeanol, tricholoro-ethene, benzene and dichloroethene 712,14,
24-327. Figures 3 and 4 present schemes for the metabolism of
naphthalene, as an example of a typical CYP2F substrate.

Naphthalene is metabolized to the 1,2-epoxide by CYP2F1 and to
1-naphthol by CYP2A13 and CYP2B6, although it is possible that
other enzymes may also be involved 77,33-357. It is likely that the
mechanisms of naphthalene metabolite formation are different
between the CYP2F1- and CYP2B6-mediated pathways. CYP2A13
also catalyzes the 2-hydroxylation of naphthalene, and this is an
enzyme found in the respiratory tract as is the case for CYP2F1,
whereas CYP2B6 is a hepatic form. In addition, there are species
differences in naphthalene metabolism which suggest that CYP2F2
may be more effective in forming the epoxide in mice rather than the
situation in man involving CYP2F1. Unfortunately, very few Km
values for CYP2F substrates have been reported in the scientific
literature thus far, although some data on 3-methylindole are available,
as mentioned below.

(b) 3-MethylindoIe metabolism via CYP2F enzymes

There are differences in Km values for 3-methylindole metabolism
between humans and goat 7207. For 3-methylindole the Km value 18
μΜ is via the CYP2F1 enzyme. There is a lysine residue just before
the distal threonine in CYP2F1 and one can show that, in this case,
AGbmd = -6.73 kcal.mol"1. However, there is a glutamate before the
distal threonine in CYP2F3 and, in this case, AGb,nd = -4.92 kcal.mol"1,
as the Km value is 340 μΜ for 3-methylindole metabolism in the goat.
The energetic differences between lysine and glutamate in substrate
binding can be estimated 7367, although it is likely that such a change
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--H

naphthalene-1R, 2S-epoxide naphthalene-IS, 2R-epoxide

Epoxide hydrolase

1 -naphthalene-1R, 2R-dihydrodiol naphthalene-1S, 2S-dihydrodiol

Keto-aldoreductase

1,2-naphthoquinone

Fig. 4: Metabolism of the 1,2-epoxides of naphthalene. NB: Epoxide hydrolase
preferentially attacks the less-hindered carbon on the epoxide.
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may affect the rate of substrate metabolism rather than binding
affinity.

There could be a strong desolvation aspect to CYP2F substrate
binding as 3-methylindole is known to be fairly lipophilic (for 3-
methylindole, its log P = 2.60) so the rest of the interaction energy is
probably due to π-π stacking, with one π-π interaction in CYP2F3 and
maybe two or three π-π stacks in CYP2F1, if sufficient aromatic
residues are present within the active site. The log Ρ value of 2.60
for 3-methylindole implies a partitioning energy, AGpart, of -3.688
kcal.mol"1 and, consequently, a simple calculation, based on the AGbmd
values for CYP2F3- and CYP2F1-mediated metabolism of 3-methyl-
indole indicates that the non-lipophilic interactions are -1.232 and
-3.042 kcal.mol"1, respectively, which is consistent with one aromatic
π-π stacking interaction in CYP2F3 and as many as three π-π stacks in
CYP2F1. However, one would need to investigate the active sites of
these enzymes, as the change from glutamate to lysine prior to the
distal threonine could well be an important factor, and the sidechain of
lysine would also be expected to show a somewhat higher hydro-
phobicity than that of glutamate. Moreover, this non-conservative
change could well explain the significantly slower rate of naphthalene
epoxidation via CYP2F1, relative to that of CYP2F2 and CYP2F4
enzymes, which display similar rates.

(c) CYP2B-mediated naphthalene metabolism

Naphthalene is metabolized to 1-naphthol by CYP2B6 in humans
and, consequently, this detoxifying pathway may also occur in rodent
species mediated via CYP2B enzymes. For the CYP2B subfamily, the
mouse forms are CYP2B9, CYP2B10 and CYP2B13, of which
CYP2B9 is the major enzyme. The rat forms are CYP2B1, CYP2B2
and various others of minor importance are also known, namely
CYP2B3, CYP2B12, CYP2B14, CYP2B15 and CYP2B16 7377.
However, CYP2B1 is the major CYP2B subfamily enzyme in this
species, and this has been extensively studied for many years. Both
CYP2B1 and CYP2B2 are inducible by phenobarbital, leading to the
description of these enzymes as the PB-inducible forms. The human
form of CYP2B is CYP2B6 and this represents the only CYP2B
subfamily enzyme in man (representing about 5% of the total hepatic
P450 on average). This has a rather limited involvement in the
metabolism of foreign compounds in humans, however, in comparison
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with the more important roles of CYP2B subfamily enzymes in the rat
and mouse. Consequently, it is unlikely that enzymes of the CYP2B
subfamily contribute significantly to the metabolism of naphthalene in
the respiratory tract, irrespective of the species under consideration.

(d) Comparison between naphthalene and coumarin

Table 7 summarizes metabolic and physicochemical data for
naphthalene in comparison with that of the structurally-related
compound, coumarin, which .may also be a CYP2F substrate 7387. The
two compounds are clearly structurally related, both can form
cytotoxic epoxides and it is known that Clara cell toxicity is a feature
of both naphthalene and coumarin toxicology 711,39-417. Like
naphthalene, tolerance to Clara cell injury is observed after repeated
dosing of coumarin 7427. Coumarin has also been shown to produce
toxicity in the olfactory mucosa of mice and rats, where CYP2G1
appears to be involved in metabolic activation 7437. For coumarin and
naphthalene there are also detoxifying pathways of metabolism which
lead to hydroxylated forms of the parent compounds, which are thus
able to become readily conjugated and excreted. It is possible,
therefore, that the overall toxicity of coumarin and naphthalene in
different mammalian species results from the relative balance between
activating and detoxifying pathways, the number of Clara cells in lung
tissue, together with the level of competence of the natural defence
systems (e.g. cellular glutathione) present in the species concerned.

(e) Species differences in naphthalene epoxidation via CYP2F

Naphthalene produces Clara cell injury in the mouse but not in the
rat, whereas rats appear to be more sensitive than mice to olfactory
epithelium toxicity 711,177. Activation is generally thought to be due
to the formation of the 1,2-epoxide, which can then give rise to the
1,2-diol which forms 1,2-naphthoquinone or undergoes further epoxi-
dation at the 3,4-position, thus producing the l,2-diol-3,4-epoxide
7117. It is believed that the initial epoxidation step is primarily
mediated by CYP2F enzymes, although it is possible that other P450s
may also mediate naphthalene epoxidation in these mammalian
species, such as CYP1A2 7337. There are two stereoisomers of the 1,2-
epoxide of naphthalene and the ratio of these two isomers exhibits
species variation between rat, mouse and man. Data for the
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stereoselectivity towards the two naphthalene 1,2-epoxides and rates
of formation of these epoxides by CYP2F enzymes are summarized in
Table 6. In general, the pattern shows that there is a preference for the
lS,2R-epoxidation in man and via CYP2F1, whereas both CYP2F2
and CYP2F4 preferentially give rise to the lR,2S-epoxide, which is
broadly mirrored in the whole animal data. In addition, there are
marked differences in the rates of naphthalene epoxidation between
the three species. While the mouse and rat exhibit fairly similar values
for both Km and Vmax, the rate of naphthalene epoxidation is much
lower with human CYP2F1. In one study with expressed CYP2F1 the
rate of naphthalene metabolism was less than 0.1 % of the rate of
metabolism observed with mouse CYP2F2 /14/. The rate of 1S,2R-
epoxidation via CYP2F1 is roughly seven times greater than that of
lR,2S-epoxide formation, suggesting that the orientation of naphtha-
lene in the CYP2F1 active site tends to favour the formation of one
stereoisomer. Presumably, this is brought about by naphthalene
binding to certain key active site residues, including, for example, any
phenylalanine side-chains close to the haem moiety, as mentioned
previously.

Inspection of the SRS regions of the relevant CYP2F enzymes
indicates that there are only nine residue positions where the sequence
changes between the three orthologues (see Table 3). For differences
between CYP2F2 (mouse) and CYP2F4 (rat), it appears that only four
SRS residues are changed between the two rodent species, and the
majority of these are in SRS1 (see Table 3). The most likely candidate
residue for explaining differences in naphthalene metabolism (namely,
stereoselectivity and rate of metabolism) between man and the two
rodent species is Lys-301 in CYP2F1, which undergoes a non-
conservative change to Glu-301 in CYP2F2 and CYP2F4. There are
several other possibilities, however, which should also be taken into
consideration. For example, Phe-201 in CYP2F1 is not conserved in
CYP2F2 and CYP2F4 sequences, where it becomes Leu-201, and this
may affect the orientation and binding affinity of naphthalene within
the haem locus. Furthermore, it is important to recognize that the
lR,2S-epoxide is more rapidly converted to the diol than the 1S,2R-
form and studies with isolated mouse hepatocytes have demonstrated
that 1 S,2R-epoxide is more toxic than the 1R, 2S-form /I I/.

Differences in the structure of CYP2F1 compared to CYP2F2 and
CYP2F4, which result in lower rates of naphthalene bioactivation by
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the human CYP2F form, thus constitute an important species
difference between humans and rodents. However, other factors also
suggest that while naphthalene can produce respiratory toxicity in
rodents, such effects are most unlikely to be observed in humans.
Levels of CYP2F expression in pulmonary and nasal tissues were
found to be greater in the mouse and rat than in a non-human primate,
with the levels of expression in rodents correlating with tissue
susceptibility to naphthalene-induced toxicity 191. Studies with lung
microsomes have shown that rates of naphthalene metabolism are ΙΟ-
Ι 00 times lower in human and non-human primate tissue preparations
compared to mouse and rat lung microsomes /11,177. Apart from
higher rates of naphthalene bioactivation in rodents compared to
humans, there also appear to be species differences in naphthalene
detoxification. Microsomal epoxide hydrolase probably exhibits
stereoselectivity for naphthalene epoxide hydrolysis, as has been
shown for styrene oxide /44/. It is well established 745,467 that while
epoxide hydrolase is employed for epoxide hydrolysis in humans,
rodents such as the rat and mouse utilize cellular reduced glutathione
(GSH) which can become rapidly depleted in the process, thus leading
to enhanced cellular toxicity in these species. Indeed, the depletion of
GSH results in covalent binding of reactive naphthalene metabolites in
mouse Clara cells, whereas tolerance to naphthalene-induced Clara
cell toxicity is due to enhanced GSH synthesis 716,477. The reported
evidence indicates that the relative levels of epoxide hydrolase and
GSH in rodent species and man are broadly consistent with the species
differences in toxicity for naphthalene, and presumably for other
compounds which are liable to become activated via epoxidation.

CONCLUSIONS

Naphthalene is metab lically activated to the 1,2-epoxide by
CYP2F enzymes in rat, mouse and man. This is most likely the cause
of its respiratory tract toxicity, but the rate of formation, the stability
of its epoxide (including the stereoisomer ratio) and the level of
epoxide hydrolase involvement would appear to provide an explana-
tion for the species differences in naphthalene toxicity between
rodents and man. The detoxifying influence of CYP2A13, the human
enzyme present in the respiratory tract, will almost certainly contribute
significantly to the low overall degree of naphthalene toxicity in
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humans, as opposed to the situation manifested in the two rodent
species.

Comparison between naphthalene and coumarin metabolism and
toxicity in the three mammalian species, rat, mouse and human, shows
that the species differences may relate to cytochrome P450-mediated
pathways. In particular, CYP2F1 is involved in naphthalene
epoxidation in humans, whereas CYP2A13 and CYP2B6 generally
detoxify this compound via the 1-hydroxylation pathway in the same
species. CYP2A13 also mediates in the formation of 2-naphthol.
For coumarin, it is CYP2A6 which mediates detoxication via 7-
hydroxylation in man, whereas CYP1A2 and CYP2E1 tend to form
the 3,4-epoxide which is the activating pathway 738,487. These two
enzymes are also present in rat and mouse (although their sequences
differ slightly) where toxic activation is apparent in both rodent
species. However, detoxification pathways are less apparent in these
two rodent species than in man 7417. This is probably due to the fact
that the CYP2A orthologues in rat and mouse do not readily
metabolize coumarin, which thus represents a species difference
relative to man. Consequently, further work is required to provide
more definitive statements on the toxicity and species differences in
certain CYP2F substrates, such as naphthalene.
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