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SUMMARY

Homology modelling of human CYP2C subfamily enzymes,
CYP2C8, CYP2C9 and CYP2C19, based on the rabbit CYP2C5
crystal structure template is reported. The relatively high sequence
homologies (75-80%) between the rabbit CYP2C5 and human CYP2C
subfamily enzymes tend to indicate that the resulting structures should
prove adequate models of these major catalysts of human drug
metabolism. Selective substrates of all three human CYP2C enzymes
are found to fit closely within the putative active sites in a manner
which is consistent with site-directed mutagenesis experiments and
known positions of substrate metabolism. The specific interactions
between substrates and enzymes can be used to rationalize the
variation in substrate binding affinity and generate QSAR models for
both inhibition and metabolism via CYP2C family enzymes, yielding
a generally good agreement with experimental binding data obtained
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from K,, values, with correlation coefficients (R values) of between
0.97 and 0.99 depending on the QSAR equation produced.
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INTRODUCTION

The cytochromes P450 (CYP) constitute a superfamily of haem-
thiolate enzymes of which over 2,000 individual members are known,
encompassing many species and spanning all five biological kingdoms
/1-4/. P450s from families CYPI, CYP2 and CYP3 are associated
with the Phase 1 metabolism /5/ of the majority of drug substrates in
Homo sapiens, where P450-catalyzed drug oxidations account for
about 80% of all drug metabolism in man /6/. Of this, approximately
40% of human P450-dependent drug metabolism is mediated via
polymorphic enzymes /7/. Enzymes of the CYP2 family are of great
importance in the Phase 1 metabolism of pharmaceutical agents, and
include several polymorphically-expressed P450s, such as CYP2D6
and CYP2C19. The CYP2C subfamily in humans /8/ comprises three
enzymes, CYP2C8, CYP2C9 and CYP2CI19 /9/, which in total
account for about 20% of the total P450 complement and catalyse
around 24% of all P450-mediated metabolism of drug substrates /5/.
Of these three enzymes, CYP2C9 represents the major form and,
although there is some evidence for allelic variants in CYP2C9, it is
CYP2C19 which has been more closely associated with polymorph-
isms in human drug metabolism /6,7/. We have shown previously that
the CYP2CS5 crystal structure /10/ represents a satisfactory template
for the homology modelling of human CYP2 family enzymes /11,12/.
In a previous study /13/ we reported homology modelling of CYP2C9
and CYP2CI19 enzymes from the CYP102 structure. Consequently, it
is of interest to investigate the feasibility of using the CYP2CS5
template for rationalizing the metabolism of: a significant number of:
compounds which act as substrates for CYP2C8, CYP2C9 or
CYP2C19.
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The current work constitutes a homology modelling study of the
human CYP2C subfamily enzymes and their selective substrates using
CYP2CS as a crystallographic template structure. Table 1 provides
details of some selective substrates and inhibitors for these enzymes,
including physicochemical properties /14,15/. Information on struct-
ural determinants of substrate specificity have been reported in the
literature /16-23/, and Table 2 indicates the routes of metabolism for a
number of selective substrates /24-52/.

METHODS

An alignment between a number of CYP2 family enzymes,
including that of the CYP2CS crystal structure used as a template for
homology modelling of other CYP2C subfamily enzymes in this
study, has been reported previously /11/. There is a high sequence
identity between CYP2CS5 and CYP2C8 (76%), CYP2C9 (78%) and
CYP2C19 (77%), as would be expected for P450s within the same
subfamily. Using the Sybyl Biopolymer module (Tripos Associates,
St. Louis, MO, USA) each human CYP2C enzyme was constructed
from the CYP2CS5 template (pdb code: 1dt6) by residue replacement as
required by the alignment shown previously*. No deletions were
necessary but a small stretch of peptide three residues in length was
inserted within the H-I loop region in each case, and this was
modelled via pdb loop search routines within the Sybyl Biopolymer
package. Following generation of the raw models, each structure was
energy minimised using molecular mechanics (Tripos force field) to
achieve low energy geometries which satisfied the conformational
requirements for protein structures in terms of backbone and side-
chain bond lengths, bond angles and torsional angles. Once minimum
energy geometries had been obtained, each CYP2C structure was
probed using selective substrates and inhibitors. This process was
facilitated by the position of the progesterone substrate in CYP2CS5
/10/, and from site-directed mutagenesis evidence on amino acid
residues which affect the binding and metabolism of CYP2C
substrates. All molecular modelling studies were conducted on a
Silicon Graphics Indigo® 10000 High Impact graphics workstation
operating under UNIX.

* See Figure | on page 99 /75/ or page |18 /76/ in this volume.
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RESULTS AND DISCUSSION

Table 1A-C provides information on several known substrates of
CYP2C8, CYP2C9 and CYP2C19, respectively, obtained from the
literature, with details on metabolism summarized in Table 2. The
structures of each human CYP2C enzyme minimised smoothly over
100 iterative cycles of molecular mechanics, displaying final energies
of -1246.3, -1239.5 and -1269.5 kcal.mol! for CYP2C8, CYP2C9 and
CYP2C19, respectively. The results of substrate probes on each of the
three P450s are now discussed under individual subheadings for each
CYP2C enzyme.

1. CYP2CS8 model

The putative active site of CYP2C8 is shown in Figure 1, where
the bound selective substrate, rosiglitazone, is orientated for N-
demethylation via several favourable contacts with complementary
amino acid residues. The distance between one of the N-methyl
hydrogen atoms and the haem iron is 4.96 A for the docked interaction
presented in Figure 1, in which a combination of hydrogen bonding to
asparagine-99 and serine-114 via the substrate’s thiazolidinone ring
and m-n stacking with phenylalanine-205, together with hydrophobic
contacts to isoleucine-113, alanine-297, valine-366 and valine-477,
serve to assist cooperatively in orientating the rosiglitazone molecule
such that the N-methyl group is positioned directly above the haem
iron atom (some residues have been omitted for clarity). Other
selective substrates, such as retinoic acid, taxol and cerivastatin, all fit
within the CYP2C8 active site in a similar manner to that of
rosiglitazone, and the inhibitor, sulfinpyrazone, is also able to occupy
the CYP2C8 haem environment in an analogous fashion to those
exhibited by selective substrates of this enzyme. Although the active
site residues mentioned above have not been probed via site-directed
mutagenesis of CYP2CS8, the majority have been investigated in other
CYP2C subfamily enzymes, and this information is summarized in
Table 3 /16-19,53-74/.

The characteristics of typical CYP2C8 substrates are listed in
Table 1A, although it should be recognized that some of these are also
metabolised by other P450s, and some of which involve different sites
of metabolism. In general, CYP2C8 substrates are either neutral or
weakly acidic in character, and dissociation at physiological pH can
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LE102

HE205

-

SIGLITAZONE

ER114

113 HR301

Fig. 1: Rosiglitazone is shown orientated within the putative active site of
CYP2C8 where a combination of hydrogen bonding and n-m stacking
interactions positions the substrate for N-demethylation. Hydrogen bonds
are depicted as dashed lines.

have a marked effect on their overall lipophilic nature. Although there
is some degree of overlapping selectivity with CYP2C9, the substrates
of CYP2CS8 generally tend to possess relatively larger sized molecules
than those of CYP2C9, possibly reflecting the respective active site
dimensions and topography of the two enzymes. In addition, the
molecular conformation of some typical CYP2C8 substrates tends to
be that of an elongated S-shape, as exemplified by rosiglitazone (see
Fig. 1). Moreover, it is found that the carboxyl groups of certain
CYP2C8 substrates, such as retinoic acid, arachidonic acid and
cerivastatin, are superimposible within the active site and, further-
more, overlay with the weakly acidic thiazolidinone ring of rosiglitaz-
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one where they also make analogous contacts with complementary
amino acid residues in the CYP2C8 haem pocket. In terms of
distances between sites of metabolism and hydrogen bond contacts,
there is a general rule of 12 governing the number of intervening
heavy atoms, as evidenced by inspection of the structures of
rosiglitazone, retinoic acid, taxol, zopiclone and zidovudine (AZT).

2. CYP2C9 model

The putative site of CYP2C9 is presented in Figure 2, which shows
how the selective substrate, diclofenac, may orientate within the haem
locus for 4-hydroxylation; this is facilitated by favourable contacts
with a number of complementary amino acid residues. In particular,
phenylalanine-114 and phenylalanine-476 form n-m stacking inter-
actions with aromatic groups in the substrate molecule, and there is
also a hydrogen bond formed with glutamine-214. Hydrophobic
contacts between diclofenac and the CYP2C9 active site include
residues isoleucine-99, isoleucine-205 and leucine-208, whereas
isoleucine-362, leucine-102 and leucine-366 are also relatively close
to the substrate molecule, although some of these residues have been
omitted for clarity in Figure 2. There is direct evidence from site-
specific mutation experiments /16/ that phenylalanine-114 is respons-
ible for aromatic m-m stacking with another CYP2C9 substrate,
warfarin, and the change I359L alters both regio- and stereoselectivity
of warfarin metabolism /17,18/. Moreover, glutamine-214 is close to a
pair of residues which appear to affect omeprazole binding in the
CYP2C19 orthologue /19/. Furthermore, the residue at position 99
appears to be of importance in explaining altered substrate selectivities
between CYP2C9 and CYP2C19 /19,20/. In the orientation shown in
Figure 2, the 4-hydrogen position on the substrate lies at a distance of
6.48 A from the haem iron, and this represents the closest hydrogen
atom on diclofenac to the iron atom. Other typical CYP2C9 substrates
tend to lie somewhat closer to the haem, however. The 4-methyl
hydrogen of tolbutamide, for example, is 5.75 A from the haem iron,
and the isobutyl hydrogen of S-ibuprofen which is closest to the haem
iron lies at a distance of 4.06 A. For a superimposed template of
typical CYP2C9 substrates (totalling seven compounds) docked within
the putative active site, the hydrogen to iron distances for the sites of
metabolism range from 3.27 A (tienilic acid) to 7.28 A (mefenamic
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476

ICLOFEHAC
HR301
HE114
366

Fig.2: Diclofenac is shown within the putative active site of CYP2C9 where a
combination of hydrogen-bonded and m-m stacking interactions orientates
the substrate for 4-hydroxylation. Hydrogen bonds are presented as dashed
lines.

acid) and the average distance is 5.47 A, which is close to the
corresponding distance (5.66 A) between the 4-amino group and the
haem iron of the selective CYP2C9 inhibitor, sulfaphenazole /23/. In
general, the more selective substrates of CYP2C9 can be overlaid
within the putative active site such that their known positions of
metabolism lie closest to the haem iron and where the molecules also
make analogous contacts with nearby amino acid residues, many of
which have been probed using site-directed mutagenesis (see Table 3
for a summary).

Many CYP2C9 substrates are weakly acidic in character, with pK,
values lying within the range between 4.1 and 6.3 pK, units, although
phenytoin is very weakly acidic with a pK, of 8.1 (see Table 1B). This
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physicochemical characteristic appears to have importance in explain-
ing the variation in binding affinity for CYP2C9 substrates, as
discussed in Section 4, and it is possible to use this weakly acidic
character of most CYP2C9 substrates as a means of differentiating
from those of other P450 enzymes /21/.

3. CYP2C19 model

In contrast, most CYP2C19 substrates are weakly basic
compounds, but both phenytoin and R-warfarin are exceptions by
displaying a weak acidic character (see Table 1C). Figure 3 shows the
putative active site of CYP2C19 with the selective substrate,
omeprazole, orientated for 5'-methyl hydroxylation. This position is
consistent with available evidence from site-specific mutation data

LE205

R301

Fig.3: Omeprazole is orientated within the CYP2C19 active site for 5"-methyl
hydroxylation via a combination of hydrogen bond and n-m stacked
interactions with complementary amino acid residues. Hydrogen bonds are
shown as dashed lines.
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/16,19/ and it appears that a combination of -n stacking and hydrogen
bond interactions brings about an orientation of omeprazole in the
CYP2C19 active site which involves bringing the 5’-methyl group to
within 5 A of the haem iron (actually, 4.96 A). S-Mephenytoin is
another example of a selective marker substrate for CYP2C19 and, in
this case, the site of metabolism (4’-position) lies at a distance of 5.76
A from the haem iron atom. These two molecules are largely super-
imposible within the CYP2C19 active site, making similar contacts
with complementary amino acid residues and with overlapping sites of
metabolism. In particular, histidine-99 appears to enter into hydrogen
bond formation with both omeprazole (Fig. 3) and S-mephenytoin.
This residue has been the subject of site-directed mutagenesis
experiments in CYP2C19 itself, where the change H99I has a marked
effect on omeprazole metabolism /19/. Furthermore, phenylalanine-
114 is involved in m-n stacking with most CYP2CI19 substrates and
this residue has been mutated in the orthologous CYP2C9 enzyme
/16/, as mentioned previously.

A template of seven CYP2CI19 substrates, including omeprazole,
S-mephenytoin, diazepam, proguanil, mephobarbital, hexobarbital and
moclobemide, can be shown to fit within the CYP2C19 active site on
the basis of their positions of metabolism being close to the haem
moiety. This tends to indicate that certain complementary interactions
with amino acid residues are common to most CYP2C19 substrates,
especially histidine-99 and phenylalanine-114, although glutamine-
214 and phenylalanine-476 are also important. Other residues which
are required for hydrophobic interactions in most CYP2C19 substrates
include isoleucine-205 and valine-208; the former represents a
position which has been probed using site-directed mutagenesis in
other CYP2 family enzymes (reviewed in /22/). In addition, some
substrates form hydrophobic contacts with leucine-102, valine-113
and leucine-366 which line the haem pocket in CYP2CS. Furthermore,
the selective CYP2C19 inhibitor, fluconazole, is able to fit closely
within the putative active site of the enzyme by making favourable
complementary contacts with the same set of amino acid residues that
appear to interact with many CYP2C19 substrates. These interactions,
which include hydrogen bonding and m-m stacking, position the
fluconazole inhibitor within the CYP2C19 active site such that one of
the azole ring nitrogens lies at a distance of 4.81 A from the haem
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iron, and in an orientation consistent with Type II binding (i.e. iron
ligation via the azole moiety in this case). Consequently, the general
picture for CYP2C19 selectivity involves the potential for at least one
n-n stacking interaction and two hydrogen bond interactions: this
pharmacophore pattern is also consistent with QSAR analysis of
CYP2CI19 selective compounds, as summarized in the following
section.

4. QSARs within CYP2C substrates and inhibitors

Tables 4-6 present the results of previous QSAR analyses on
substrates of CYP2C8, CYP2C9 and CYP2C19, respectively. All of
these show the importance of hydrogen bond descriptors and
lipophilicity in the explanation of potency differences for binding to
the relevant CYP2C enzyme, and Table 6 indicates that competitive
inhibition of CYP2C19 is related to a similar set of descriptors to
those governing substrate binding to the enzyme. The important role
of lipophilicity is emphasized by the baseline lipophilicity relation-
ships exhibited by CYP2C9 and CYP2C19 substrates, as shown in
Table 7, although the numbers of compounds involved are not large.
However, the inclusion of additional factors, such as hydrogen bonds,
n-n stacking and loss in bond rotational freedom, which accompany
substrate binding, provides very good concordances with binding
energies for CYP2C8 (R = 0.98), CYP2C9 (R = 0.99) and CYP2C19
(R = 0.98) substrates as demonstrated by the information shown in
Table 8. Consequently, it is possible to make satisfactory estimates of
the likely binding affinity of human CYP2C subfamily substrates from
a consideration of the various contributions to the overall binding
interaction, including partitioning energy from the lipophilic compon-
ent. However, it is important to investigate the mode of substrate
binding within the active site in order to provide an estimate of the
likely hydrogen bond and n-7 stacking energies.

CONCLUSIONS

The models of human CYP2C subfamily enzymes generated via
sequence homology with the CYP2CS5 crystal structure exhibit active
site characteristics that are consistent with the known substrate

273
Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:16 AM



Enzyme Selectivity in the Human CYP2C Subfamily

Vol. 19, No. 4, 2003

(800%) (10009 (rrod
651 660 zIro 9 17— HeNOV0 — “WeI00 - MMNziz =PDv T
(200°07) (€09)
6'ST L6'0 T€e0 9 OIs—"Wcio - MN10T =Py 1
K| b | s u uoissaidxg Yvso
‘aanesaduia) 2Jnjosqe 9y SI | PUB JURISUOD $©F 3yl ST Y 3'aym “yu| Y = PNy
{wsi[0geIaW Aenqns 10J (JATT) JUBISUOD S1JIRYIIA = Y
{SUOLDRIAUI BUIYIRIS L-1 IS JAIIR JO JAQUINU = wm N
‘spuoq uaBoupAy ans aanze jo Jaqunu = BH N issew senosjow aanear = N
888G~ 1L 1 [4 18'88¢ suojardoz
0086°9- cl I v 76'ES8 [oxe],
£T60°L- ol [4 I 9p°LSE au0zZeN3isoy
CLSIL: 6 0 1 ¥¥ 00¢ ploe diouiay
00vSv- 0€9 I [4 S1°96C JeudoPIq
6LTS°S- §T l z 16'9¢y |  urddsasONPAXOYIIP-,9 9-jAglawolo[y)
(Jourjeay) Py | (M) “y 2N SN ‘W punodwo)

se1BN$qNS 8T AD 10) 195EIEP YVSO

yA7149V.L

274

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:16 AM



Drug Metabolism and Drug Interactions

D.F.V. Lewis et al.

(6107 (z907) (6L°0F) (z8°07)
S6T | 660 | L9TTO 8 vLTr+9dH LSO + "M 979 — dB01 208 —*“a 80 79'8 =MDV |
A A s u uoissaadxyg YvsO
'3{1179]OW 3} Ul SI0UOP puoq UdgoIpAY 10 J3quinu = IgH
‘auoutnboyydeu-p*[-Ax0. pAY-¢ -(JAX3Y0, 945[ANq-1- §)-T = 03)8S
‘untjoqejew 9 &.isqns 103 (Jy 1) JueIsudo SRy N = Uy
1gS°s- 9ZI1 I €€ 0 SIY 81'¢ uaxoxdey
Z9°s- vl I S 0°S 8IS 0808S
LOV'L- 9 I 2550 8V SI'E PIOE JIjIUaLY,
LS9'L- 14 I Tro 8 (A4 LIELIEL NG
LOY'L- 9 z @l TV or'v seudjolI(q
$50°9- €S I 1€l 'S IS¢ uagorduqy
€0S°5- (41 z LEO £h'S 454 aplureynqjo,
991°9- Y z 6£'C el'8 LT u;0] Auay g
(lowrjeoy) P9y () "1 I9H Yi(q o ">d d 3o punodwo)

sajexnsqns 6J7dAD 10§ 19se1ep YVSO

SATAVL

275

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:16 AM



Enzyme Selectivity in the Human CYP2C Subfamily

Vol. 19, No. 4, 2003

(50" (F) (czoFr  (£00% (L86iF)
9¢ 660 0910 8 890y ~9AH Zi'0+d3010ST— WIEO — WZS069107=""0V ¢
(6£0¥) (S0 O+ (1L ¥€P)
$'€T L60 T88T0 8 0666€—d 30{ 66T — I IE0—"W3NHe 8l ="*OV ¢
(801°0%) (650°0F1 (¢6zF  (900°0F)
'8¢ 86°0 0ZL1°0 01 ¥60'Tr + YGH 8LZ0 — YAH 18€°0 + ' 80, €1'61 —'IN 6200 ="Nd |
k| b | S u uoissa. ' dxg Yyvs 0

9 nd3 owr 3l wi s101d=o%e puoq u:30!pfY jo Jacwmnu = YgH
N3 ow ay) Ul S10uop puoq UaZoIpAY Jo 1equnu = AgH '9[qENBAE jOU BBY = VIN
‘w1 0gejaW 2B qNS 10J (A1) JURI:UOI SI[SBYDIIA] = Y ‘Uon) qIijul ajensqns Joj (JAM) jue|suod whqink s = 1y

0069~ 96 V N 0 S €L°€ST €T Jiurn3doag
60y b- ovL V N € 1 LE9ET 6v'1 1ei1qaeqoxay
VIN VIN €6£6'€ z I €L°0LT 453 wedaze plAy:awaq
VIN V/N 6960°S I z 0T €€l 751 aurwoidAd|Aueay,
VIN V N 0669°S L 1 0€9DE (S0 310zeuodn|
69699~ 61 T9€0°S S I 8% 65€ 6L1 OY9LOEAT
9€68°S- oL 8TSS € z z LT TST e vojkuayg
$886°G 09 svevt ¥ I €€ 80€ ST uLelIBA -y
£599 9- 0T 0000 ¥ z 0 YL ¥3T 8¢ wedazei(
VIN. VN 8056 € € 4 $€'6ST LEE tojoueadaag
7581°L- 98 TUBES S 1 St SHT €T «[ozeadow O
6697°9- 3¢ 817 z I 8T 817 vl urojAuaydoy-§
(j.loureoy) P9y (MW | >d VaH 99H ‘W d 30j punoduo)

SIONqIyuI pue SAIe1$QNS 6] ITAAD 10J 195 B1ep YVSO
9dTdV.L

276

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:16 AM



D.F.V. Lewis et al. Drug Metabolism and Drug Interactions

TABLE 7
Lipophilicity relationships in CYP2C9 and CYP2C19 substrates
A. CYP2C9 substrates

Compound log P AGpan AGhping
Mefenamic acid Soll2 -7.2625 -7.3121
Diclofenac 4.40 -6.2413 -7.4070
Ibuprofen 3.51 -4.9788 -6.0650
Naproxen 3.18 -4.5107 -5.5315
Tolbutamide 2.34 -3.3192 -5.5028
AGyping = 0.639 AGp,q -3.072 n=35;5s=0.3802; R=0095,F=26.5
(0.124)

B. CYP2C19 substrates

Compound log P AGpar AGying
Diazepam 2.84 -4.0284 -6.6653
R-Warfarin 857, -3.5745 -5.9885
Phenytoin 247 -3.5036 -5.8936
Prognanil 253 -3.5887 -5.6990
Hexobarbital 1.49 -2.1135 -4.4409

AGuing = 1.087 AGaq — 2.083 n=35;5s=0.2054;R =098, F=59.2

(£0.141)
AGipay = -RTIP

where R is the gas constant, T is the absolute temperature and
P is the octanol/water partition coefficient.

selectivity of these enzymes. In particular, the derived 3D models of
CYP2C8, CYP2C9 and CYP2C19 are consistent with their substrate
selectivities, and it is also possible to demonstrate the likely mode of
interaction for enzyme inhibitors in each case. The models also exhibit
consistency with an extensive body of information from site-directed
mutagenesis (summarized in Table 3) structure-activity relationships
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/23/ and substrate metabolism. Furthermore, QSARSs can be generated
for substrates of the three human CYP2C subfamily enzymes which
enable some degree of rationalization of the contributions to binding
affinity, and the role of lipophilicity is emphasized by certain
correlations between binding affinity and log P, where P is the
octanol-water partition coefficient. However, the inclusion of active
site contacts in the form of hydrogen-bonded and m-m stacking
interactions is important for deriving satisfactory relationships with
experimentally-derived binding affinities for human CYP2C sub-
tamily substrates. It is hoped that this type of approach may be
extended to other examples of P450-substrate interactions.
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