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SUMMARY

The results of homology modelling of the mouse cytochrome P450,
CYP2F2, are reported, based on the CYP102 crystallographic tem-
plate. It is found that selective CYP2F2 substrates are able to fit the
putative active site of the enzyme via aromatic n-n stacking and, in
some cases, hydrogen-bonded interactions. Two alkylnaphthalenes
were investigated via the model to evaluate whether they are likely to
act as CYP2F2 substrates and, of these, 2-isopropyl-naphthalene was
found to fit the putative active site, whereas 2-(2-hexadecyl)naphtha-
lene was unable to do this, due to its bulky side-chain. Consequently,
it is possible to utilize homology modelling to evaluate the likelihood
of enzyme-substrate selectivity for CYP2F2 and predict routes of
metabolism mediated by this enzyme. This procedure can therefore be
used to investigate the potential for activation of xenobiotics via this
enzyme, especially those related to known CYP2F substrates, such as
naphthalene.
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INTRODUCTION

Enzymes of the cytochrome P450 (CYP) superfamily are associ-
ated with the mono-oxygenation of a large range and variety of
organic compounds, both endogenous and exogenous /1,2/. Included
in the latter category are pharmaceutical agents and environmental
pollutants, many of which are destined for human exposure. Molecular
modelling of the enzyme-substrate interactions for P450-mediated
pathways can assist in the rationalization of substrate selectivity and
site of metabolism, although this process involves initial construction
of the enzymes themselves. One of the most appropriate crystal
structure templates for homology modelling of mammalian micro-
somal P450s is represented by the CYP102 haemoprotein domain,
which is available as the substrate-bound enzyme for the production of
P450 models. There is interest in the role of CYP2F subfamily
enzymes /3-5/ in the activation and metabolism of xenobiotics, some
of which are likely to show toxicity (e.g. naphthalene) following
metabolic activation via the mediation of this enzyme /6-11/.
Consequently, it is anticipated that homology modelling of the mouse
orthologue, CYP2F2, may yield important structural information
regarding substrate preferences for this isoform, and also assist in
evaluating routes of metabolism mediated by CYP2F enzymes in
general. Although the mouse orthologue was modelled in this study, it
is likely that the active sites of CYP2F enzymes in other mammalian
species, including Homo sapiens, will be similar, due to the fact that
there is a relatively high degree of homology between their protein
sequences. Furthermore, it would appear that both mouse and human
CYP2F enzymes possess similar substrate selectivities.

METHODS

Using the CYP102 haemoprotein domain crystal structure (pdb
code: Ifag) as a template the mouse CYP2F isoform, CYP2F2, was
generated via amino acid sequence homology. Figure 1 provides a
multiple sequence alignment of CYP102 against 20 CYP2 family
enzymes to indicate similarities and differences between various
sequences in this family, and this was employed in homology
modelling of CYP2F2 via a procedure involving amino acid residue
replacement, deletion and insertion as required, followed by energy
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region

11-11 |
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A multiple sequence alignment of CYP102 and various
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CYP2 family

proteins. The substrate recognition sites (SRS) are shaded and site-directed
mutagenesis information is provided by emboldening the relevant residues.
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< F helix SRS2 >
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< F >
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SRS4
290

I helix > < J helix >
310 320 330

GFLLLMKHPD VEAKVHEEIE QVIGRNRQPQ
GFLLLMKYPD IEAKVHEEID RVIGRNRQPK
GFLLLMKHPD IEAKVHEEID RVIGRNRQPK
GFLLLMKHPE VEAKVHEEID RVIGKNRQPK
GFLLMLKYPH VAEKVQKEID QVIGSHRLPT
GFLLMLKYPH VTERVQKEIE QVIGSHRPPA
GEFLLMLKYPH VAERVYREIE QVIGPHRPPE
GLLLLMKHPE VIAKVQEEIE RVIGRHRSPC
ALLLLLKHPE ITAKVQEEIE HVIGRHRSPC
SLLLLLKHPE VAARVQEEIE RVIGRHRSPC
SLLLLLKHPE VAARVQEEIE RVIGRHRSPC
GLLLLLKHPE VTAKVQEEID HVIGRHRSPC
ALLLLLKHPE VTAKVQEEIE RVIGRNRSPC
ALLLLLKHPE VTAKVQEEIE RVIGRNRSPC
ALLLMILYPD VQRRVQQEID EVIGQVRCPE
GLLLMILHPD VQRRVQQEID DVIGQVRRPE
GLLILLKHPE IEEKLHEEID RVIGPSRMPS
GLLILMKYPE IEEKLHEEID RVIGPSRIPA
AFLALMKYPK VQARVQEEID LVVGRARLPA
AFLILMKYPK VQOARVQEEID RVVGRSRMPT

< J'> < K helix > SRS5 |1-4] 11-3}

340 350 370 380
cyp2al YEDHMKMPYT QAVINEIQRF SN { RIIKNTTFRG FFLPKATDVF
cyp2a4 YEDRMKMPYT EAVIHEIQRF 2 RVTKDTKFRD FLLPKGTEVFE
cyp2a5 YEDRMKMPYT EAVIHEIQRF X R RVTKDTKFRD FLLPKGTEVF
cyp2a6 FEDRAKMPYM EAVIHEIQRF ¢ X RVKKDTKFRD FFLPKGTEVY
cyp2bl LDDRSKMPYT DAVIHEIQRF i RVTKDTMFRG YLLPKNTEVY
cyp2b4 LDDRAKMPYT DAVIHEIQRL &D VBH TVTKDTQFRG YVIPKNTEVE
cyp2b6 LHDRAKMPYT EAVIYEIQRF & i IVTQHTSFRG YIIPKDTEVE
cyp2c2 MQDRSRMPYT DATVHEIQRY ; °H TTICNLKFRN YLIPKGTDVL
cyp2c3  SQDRSRMPYT DAVMHEIQRY AVTODIEENG YLIPKGTDII
cyp2c4 MQDRSHMPYT DAVIHEIQRE ; } AVTRDVKFRN YFIPKGTDII
cyp2c5 MQDRSRMPYT DAVIHEIQRF % i AVTRDVRFRN YFIPKGTDII
cyp2cf MQDRSHMPYT DAVVHEIQRY | AVTTDTKFRN YLIPKGTTIM
cyp2c9® MQDRSHMPYT DAVVHEVQRY 1 AVTCDIKFRN YLIPKGTTIL
cyp2cl9 MQDRGHMPYT DAVVHEVQRY ¥DLE] AVTCDVKFRN YLIPKGTTIL
cyp2dl MTDQAHMPYT NAVIHEVQRF GDIA x FTSCDIEVQD FVIPKGTTLI
cyp2d6 MGDQAHMPYT TAVIHEVQRF &I H MTSRDIEVQG FRIPKGTTLI
cyp2elr VRDRVQMPYM DAVVHEIQRF I i EATRDTTFQG YVIPKGTVVI
cyp2elh IKDRQEMPYM DAVVHEIQRF | EATRDTIFRG YLIPKGTVVV
cyp2fl LKDRAAMPYT DAVIHEVQRF Af RVTRDTAFRG FLIPKGTDVI
cyp2f2 LEDRTSMPYT DAVIHEVQRF ADVIEMN RVTRDTPFRG FLIPKGTDVI
Fig. 1 cont.
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< K’'> <K”>

390 400
cyp2al PILGSLMTDP KFFPSPKDFD
cyp2a4 PMLGSVLKDP KFFSNPKDFN
cyp2a5 PMLGSVLKDP KFFSNPKDFN
cyp2a6 PMLGSVLRDP SFFSNPQDFN
cyp2bl PILSSALHDP QYFDHPDSFEN
cyp2b4 PVLSSALHDP RYFETPNTEN
cyp2b6 LILSTALHDP HYFEKPDAFN
cyp2¢c2 TSLSSVLHDD KEFENPDRFD
cyp2¢c3 PSLTSVLYDD KEFPNPEKFD
cyp2c4 TSLTSVLHDE KAFPNPKVFD
cyp2¢5 TSLTSVLHDE KAFPNPKVFD
cyp2¢8 ALLTSVLHDD KEFPNPNIFD
cyp2c9 ISLTSVLHDN KEFPNPEMFD
cyp2cl8 TSLTSVLHDN KEFPNPEMFD
cyp2dl INLSSVLKDE TVWEKPHRFH
cyp2d6 TNLSSVLKDE AVWEKPFRFH
cyp2elr PTLDSLLYDK QEFPDPEKFK
cyp2elh PTLDSVLYDN QEFPDPEKFK
cyp2fl TLLNTVHYDP SQFLTPQEFN
cyp2£f2 TLLNTVHYDS DQFKTPQEFN

L helix > 13-

440 450
cyp2al GLAKMELFLL LTTILONFRF
cyp2a4 GLARMELFLF LTNIMONFHF
cyp2a5 GLARMELFLF LTNIMONFHF
cyp2a6 GLARMELFLF FTTVMQNFRL
cyp2bl GIARNELFLF FTTILONFSV
cyp2b4 GIARTELFLF FTTILONFSI
cyp2b6 GIARAELFLF FTTILONFSM
cyp2c2 ALARMELFLF LTAILQNFTP
cyp2¢3 GLARMELFLL LTTILQHFTL
cyp2c4 GLARMELFLF LTSILQONFKL
cyp2¢5 GLARMELFLF LTSILONFKL
cyp2c8 GLARMELFLF LTTILQNFNL
cyp2¢c8 ALAGMELFLF LTSILQONFNL
cyp2¢clS GLARMELFLF LTFILONFNL
cyp2dl PLARMELFLF FTCLLQRFSF
cyp2d6é PLARMELFLF FTSLLQHFSF
cyp2elr GLARMELFLL LSAILQHFNL
cyp2elh GLARMELFLL LCAILQHFNL
cyp2fl LLARMELFLY LTAILQSFSL
cyp2f2 PLARMELFIY FTSILQNFTL
Fig. 1 cont.
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410
PONFLDDKGQ
PKHFLDDKGQ
PKHFLDDKGQ
PQHFLNEKGQ
PEHFLDANGA
PGHFLDANGA
PDHFLDANGA
PGHFLDASGN
PGHFLDESGN
PGHFLDESGN
PGHFLDESGN
PGHFLDKNGN
PHHFLDEGGN
PRHFLDEGGN
PEHFLDAQGN
PEHFLDAQGH
PEHFLNEEGK
PEHFLNENGK
PEHFLDANQS
PEHFLDDNHS

|
460

KFPMKLEDIN 1
KSTQAPQDID
KSTQAPQDID !
KSSQSPKDID }
SSHLAPKDID
ASPVPPEDID !
ASPVAPEDID
KPLVNPNNVD |
KPLVDPKDID !
QSLVEPKDLD

QSLVEPKDLD
KSVDDLKNLN !
KSLVDPKNLD

KSLIDPKDLD
. SVPVGQPRP
. SVPTGQPRP
KPLVDPEDID
KPLVDPKDID
QPLGAPEDID

QPLVDPEDID ¥

420

LKKNAAFLPF
FKKSDAFVPF
FKKNDAFVPF
FKKSDAFVEF
LKKSEAFMPF
LKRNEGFMPF
LKKTEAFIPF
FRKSDYFMPF
FKKSDYFMPF
FKKSDYFMPF
FKKSDYFMPF
FKKSDYFMPF
FKKSKYFMPF
FKKSNYFMPF
FVKEEAFMPF
FVKPEAFLPF
FKYSDYFKPF
FKYSDYFKPF
FKKSPAFMPF
FKKSPAFMPF

<
430

STGKRFCLGD
SIGKRYCFGE
SIGKRYCFGE
SIGKRNCFGE
STGKRICLGE
SLGKRICLGE
SLGKRICLGE
STGKRVCVGE
STGKRACVGE
SAGKRMCVGE
SAGKRMCVGE
SAGKRICAGE
SAGKRICVGE
SAGKRICVGE
SAGRRACLGE
SAGRRACLGE
SAGKRVCVGE
STGKRVCAGE
SAGRRLCLGE
SAGRRLCLGE

13-2]
480

XIIPKYTMSFMPI
'IPPTYTMSFLSR
PPTYTMSFLSR
PRNYTMSFLPR
(I PPTYQICFSAR
SGNGNVPPSYQIRFLAR
SCGVYGKIPPTYQOIRFLPR
XVPPLYRVSFIPV
5VPPSYELCFVPV
VPPSYQLCFIPI
VPPSYQLCFIPI
SLEPSYQICFPIV
GFASVPPFYQLCFIPV
VPPFYQLCFIPV

PSPYELCAVPR
PPRYKLCVIPRS
HEGEGEIPPRYKLCVIPRS

NLPRPFQLCMHIR
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minimization of the raw structure using molecular mechanics. After
production of a low energy geometry of CYP2F2, the model was
probed using selective substrates of the enzyme, including naphtha-
lene, 3-methylindole, 4-nitrophenol, 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) and ipomeanol. Modelling was assisted by the
presence of bound substrate (palmitoleic acid) in the CYP102 crystal
structure, and interactive docking procedures (e.g. Dock and
FlexiDock) were employed at this stage of the investigation. Follow-
ing the generation of a structural template using an overlay, these
substrate molecules, the candidate compounds 2-isopropylnaphthalene
and 2-(2-hexadecyl)naphthalene, were employed as substrate probes of
the CYP2F2 model to ascertain their likely selectivity for the enzyme
and subsequent route of metabolism on the basis of analogy with
known substrates of CYP2F enzymes. All molecular modelling
procedures (including homology modelling, energy minimization and
substrate docking) were carried out using the Sybyl software package
(Tripos Associates, St. Louis, MO) implemented on a Silicon Graphics
Indigo® IMPACT 10000 graphics workstation operating under UNIX.

RESULTS AND DISCUSSION

Figure 2 indicates how the selective substrate naphthalene is able
to fit within the putative active site of CYP2F2 such that 1,2-
epoxidation can occur. This figure also shows how the putative active
site region of CYP2F2 contains residues which interact with the bound
substrate, naphthalene, thus orientating it for 1,2-epoxidation. The
substrate molecule is held in position via a number of n-m stacking
interactions with aromatic amino acid residues within the haem
environment. The spatial arrangement of these aromatic side-chains
cooperatively assist in orientating the naphthalene molecule such that
the 1,2-bond lies directly about the haem iron for oxygenation to occur
at that site. Amino acid residues are numbered according to the
alignment with CYP102 as presented in Figure 1, which also contains
information on substrate recognition site (SRS) regions. In particular,
it is the combination of -7 stacking interactions with two phenyl-
alanine residues, Phel81 and Phe78 in the alignment, which orientates
the substrate for 1R,2S-oxidation in accordance with known experi-
mental observations /4,6-8/.
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HE1&1

ER437

HTHALEME

Fig. 2: Naphthalene fitted within the putative active site of CYP2F2. Amino acid
residues are numbered according to the alignment with CYP102 shown in
Figure 1.

Another selective substrate for CYP2F2 is 3-methylindole, and
Figure 3 indicates a likely mode of interaction within the putative
active site. In this case, it is a combination of hydrogen bonding to
Ser438 (although this only occurs upon entry to the active site) and
n-nt stacking with Phel81 which orientates the substrate for oxy-
genation at the 3-methyl position, once again this being in line with
the observed findings.

Hydrogen bonding at the same site (i.e. Ser438 in the alignment)
also occurs for NNK, 4-nitrophenol and ipomeanol, as shown in
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PHELS1

R438

{ETHYLINCGLE

Fig.3: The active site region of CYP2F2 containing the docked substrate
3-methylindole. Residues are numbered according to the CYP102 align-
ment (Figure 1).

Figure 4 (where Ser437 is also involved in the latter example) to give
the expected metabolites in each case, and this is due to specific active
site orientations brought about by amino acid residues in contact with
the relevant substrates. Furthermore, the selective inhibitor 5-phenyl-
1-pentyne is able to occupy the CYP2F2 site by n-n stacking with
Phel81 and Phe78 such that the alkyne group is situated directly
above the haem iron (see Fig. 4). This figure includes an overlay of the
substrates mentioned above, including naphthalene, 3-methylindole,
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ER437

ER438

HE263

SN26

HE88
THR268

Fig. 4:  An overlay of naphthalene, 3-methylindole, 2-isopropylnaphthalene, 5-phenyl-
1-pentyne, 4-nitrophenol, NNK and ipomeanol orientated within the puta-
tive active site of CYP2F2 for metabolism at the experimentally observed
positions. Hydrogen-bonded interactions are displayed as dashed lines, and
residues are numbered according to the alignment with CYP102.

NNK, 4-nitrophenol, ipomeanol and 2-isopropyl-naphthalene, together
with the inhibitor 5-phenyl-1-pentyne.

However, in the case of 2-isopropylnaphthalene, it is unlikely that
ring epoxidation occurs and, instead, oxidation of the isopropyl group
is more favourable, as shown in the orientation presented in Figure 5,
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ER437

R433

Fig. 5: A potential CYP2F2 substrate, 2-isopropylnaphthalene, fitted within the
putative active site of this enzyme.

and this is also consistent with information from metabolism studies
in the rat /12-14/ in which side-chain hydroxylated products are
observed. For 2-(2-hexadecyl)naphthalene, the situation is less clear
but the presence of the bulky alkyl group would appear to preclude
interaction with CYP2F2 and, moreover, the log P value is consider-
ably higher than those of other substrates (see Table 1). Consequently,
the model presented in this study indicates that this compound is
probably not metaboliszed via CYP2F2 involvement although this
possibility cannot be entirely ruled out.
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TABLE 2

Estimation of enzyme-substrate binding energies (kcal.mol)

Substrate Naphthalene 3-Methylindole
log Pexpt 3.37 1.91
AGpan -4.780 -2.709
AGpq -2.70 (3n-m interactions)  -0.9 (1 &-x interaction)
AGhbond 0 -2.0 (1 hydrogen bond)
AGrotors 0 +0.6 (1 rotatable bond)
AG;?"“; -7.480 -5.009
Kin (1M) 4.7 340
AG;’;:; -7.557 -4.920
log P,y =  experimental log P value, where P is the octanol/water partition
coefficient.
AGSE, = AGpu + AGyy + AGpond + AGioers: The use of this relation and the
average values of the following components has been reported
recently /15/.
AGpan = RTInP where P is the octanol/water partition coefficient, R is the gas
constant and T is the absolute temperature (310°K).
AGq ¢ = -0.9 kcal.mol" for each n- stacking interaction.
AGuporda =  -2.0 kcal.mol” for each hydrogen bond interaction.
AGuors =  +0.6 kcal.mol™ for each rotatable bond in the molecule.

¥ Data for CYP2F3, the goat orthologue of CYP2F2.
References for K, data: /6,8/.

From the published K, values of naphthalene and 3-methylindole,
the binding energy (AGping) can be estimated* using the relationship
AG = RTInK (see Table 2) and it is possible to calculate values for
binding affinity from the modelled interactions (see Figs. 2 and 3)

* Assuming that the dissociation constant, KD, is approximately equal to Km, the
Michaelis constant for the reaction catalyzed by CYP2F.
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based on the average energies for n-n stacking and hydrogen-bonded
interactions, together with the partitioning free energy (calculated
from experimental log P values) as shown in Table 2. The data
presented in Table 2 show that it is possible to obtain good estimates
of the experimental binding affinities for these two substrates via a
linear combination of the factors contributing to their overall AGpipg.
[t is also interesting that this relatively straightforward procedure gives
reasonably good results for the calculation of substrate binding
affinity, and similar findings have been observed for other CYP2
family substrates /15/.

CONCLUSIONS

The results of homology modelling of the mouse P450, CYP2F2,
are consistent with substrate metabolism data in showing that selective
substrates are able to fit the putative active site for metabolism at the
experimentally observed positions. Orientation for metabolism is
achieved via complementary contacts with a relatively small number
of key amino acid residues which enter into n-m stacking and/or
hydrogen-bonded interactions with typical CYP2F2 substrates, such as
naphthalene, ipomeanol, NNK, 3-methylindole and 3-nitrophenol. The
selective inhibitor, 5-phenyl-1-pentyne, also fits within the active site
such that the alkynic group is likely to become activated and
subsequently bind to the haem moiety (i.e. act as a suicide substrate).
Alkylnaphthalenes, such as 2-isopropylnaphthalene, may also interact
with CYP2F2 but will probably become metabolized at the alkyl
group rather than via epoxidation of the aromatic ring system. How-
ever, 2-(2-hexadecyl)naphthalene is unlikely to be a CYP2F2 substrate
due to the bulky aliphatic side-chain. Consequently, homology
modelling of CYP2F2 enables one to evaluate likely substrate
selectivity and route of metabolism for this subfamily.
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