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ABSTRACT. Selected active site residues in substrate recognition sites (SRS) 1 and 5 of cytochrome P450
2C8 (CYP2C8) were mutated to the corresponding amino acids present in CYP2C9 to investigate the
contribution of these positions to the unique substrate selectivity and regioselectivity of CYP2C8. The
effects of mutations, singly and in combination, were assessed from changes in the kinetics of paclitaxel
6a-hydroxylation, a CYP2C8-specific pathway, and the tolylmethyl and ring hydroxylations of torsemide,

a mixed CYP2C9/CYP2C8 substrate. Within SRS1, the single mutation S114F abolished padtitaxel 6
hydroxylation, while the 1113V substitution resulted in modest parallel reductiofs andVmax. Mutations

in SRS5 (viz., V362L, G365S, and V366L) reduced paclitaxel intrinsic clearafggdKm) by 88—100%.
Torsemide is preferentially metabolized by CYP2C9, and it was anticipated that the mutations in CYP2C8
might increase activity. However, methyl and ring hydroxylation intrinsic clearances were either unchanged
or decreased by the mutations, although hydroxylation regioselectivity was often altered relative to wild-
type CYP2C8. The mutations significantly increased-288%) K, values for both torsemide methyl

and ring hydroxylation but had variable effects @« The effects of the combined mutations in SRS1,
SRS5, and SRS1 plus SRS5 were generally consistent with the changes produced by the separate mutations.
Mutation of CYP2C8 at position 359 (S359I), a site of genetic polymorphism in CYP2C9, resulted in
relatively minor changes in paclitaxel- and torsemide-hydroxylase activities. The results are consistent
with multiple substrate binding orientations within the CYP2C8 active site and a differential contribution
of active site residues to paclitaxel and torsemide binding and turnover.

Cytochromes P450 (CYPinvolved in the metabolism of  enzymes (for examplé, 7), and the recent availability of a
drugs and other xenobiotics characteristically exhibit distinct crystal structure for a human enzyme (viz., CYP2C®) (
but not uncommonly overlapping substrate selectivitles (  may result in more predictive models.

2). In addition, differences in substrate regio- and stereo-  The human CYP2C subfamily comprises four members
selectivity may occur between CYPs. Given the pharmaco- CYP2C8. CYP2C9. CYP2C18. and CYP2C19. Of these,

logical and toxicological significance of these enzymes, the CYP2C9 ranks among the most important drug-metabolizing
molecular basis of the unique substrate selectivities and regio'enzymes 9). For example, CYP2C9 is responsible for the

and stereoselectivities of human xenobiotic metabolizing elimination of losartan, phenytoir§warfarin, and many

CYPs has attracted considerable attention. In particular, site- . -

directed mutagenesis, chimeragenesis, and homology model” onstero@al antl!nflgmmatory .agents apd sulfonylurea hy-
ing employing the X-ray crystal structures of bacterial CYPs poglycgrmcs. Wh'.le Itwas prewoqsly believed that CY.P 2C8
as templates have been widely used to investigate structure hao_l a limited role in drug mgtabollsm, accumulating evidence
function relationships of mammalian CYR.(These studies indicates that the contribution of CYP2C8 to drug metabo-
provide support for the proposal of GotoM) (that six lism in humans has been underestimated. CYP2C8 is known
substrate recognition sites (SRS) are generally conserved® Play @ major role in the metabolism of amodiaquiié)(
among most CYPs. Elucidation of the X-ray crystal structure Cerivastatin 11), chloroquine {2), paclitaxel {3), repaglin-

of rabbit CYP2C5 %) allowed the generation of refined d€ (14), rosiglitazone 15), verapamil {6), and zopiclone
homology models of human CYPs, especially CYP2C (17). Moreover, there is evidence for a physiological role of
CYP2C8 in arachidonic acidl8) and retinoic acid 19)

t This work was supported by a grant from the National Health and biotransformation. Despite growing awareness of the im-
Medical Research Council of Australia. _ portance of CYP2C8 in the metabolism of drugs and
phoggrrgi?g%‘ggg fluéqorl':g;,r“g'i'_é‘_’gg&“s”le{i@f“”ders'ed“'a“' Tele- andogenous compounds, no studies have directly investigated

tFlinders University and Flinders Medical Centre. the contribution of putative active site residues to substrate

fMahido_l University. _ _ selectivity and regioselectivity. In contrast, site-directed
s ot e i/ Sesiol mutagenesis has been erployed widely 10 assess the effects
stant; 4-MU, 4-methylumbelliferone; CPR, NADPH cytochrome P450 Of numerous SRS and non-SRS residues on CYP2C9 activity

reductase; SRS, substrate recognition $itgs, maximal velocity. and substrate selectivitR@—26). Moreover, several CYP2C9
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Ficure 1: Structures of paclitaxel (a) and torsemide (b). The arrows
indicate the sites of CYP2C8-catalyzed hydroxylation.
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substrate binding orientations within the CYP2C8 active site
and a differential contribution of active site residues to
paclitaxel and torsemide binding, turnover, or both.

EXPERIMENTAL PROCEDURES

Materials

The CYP2C8 and CYP2C9 cDNAs used in this study have
been reported previously38). Professor Ronald W. Es-
tabrook (University of Texas Southwestern Medical Center,
Dallas, TX) kindly provided the OmpA-rat NADPH-CYP
reductase (OmpA-CPR) fusion cDNA. Restriction enzymes
were purchased from New England Biolabs (Beverly, MA).
Oligonucleotides were synthesized by Sigma Genosys (NSW,
Australia).Escherichia colDH5a. cells were purchased from
Invitrogen (Carlsbad, CA). The rabbit anti-human CYP2C8
IgG was obtained from Research Diagnostics Inc (Flanders,
NJ). Paclitaxel, diethylstilbestrol (DES), 4-methylumbelli-
ferone (4-MU), NADP, NADPH, glucose 6-phosphate,

homology models have been generated using CYP2C5 asyjucose 6-phosphate dehydrogenase, and cytochroveee

the template &, 7, 25, 27, 28), but modeling of CYP2C8
has been more limiteds( 28).

purchased from Sigma-Aldrich Co. (St. Louis, MO)x-6
Hydroxypaclitaxel was obtained from BD Gentest (Woburn,

Although CYP2C8 and CYP2C9 share 78% sequence \A). Torsemide, methylhydroxytorsemide, and ring-hy-

identity (and 85% similarity), they exhibit relatively minor

droxylated torsemide were a gift from Boehringer Mannheim

overlap in substrate and inhibitor selectivity. Torsemide and |nternational (Mannheim, Germany). All other chemicals

tolbutamide are metabolized by both CYP2C8 and CYP2C9,

although intrinsic clearance¥{./Kr) are typically an order
of magnitude higher for CYP2C20(, 29). Similarly, the
prototypic CYP2C9 inhibitors sulfaphenazole and flucona-
zole have a minor effect on CYP2C8 activiBd 30). Thus,

CYP2C8 and CYP2C9 represent a useful model for inves-

were of analytical reagent grade.

Methods

Construction of Plasmidg.he B-terminus of the CYP2C8
cDNA was modified by replacing the native leader sequence

tigating the role of SRS residues in the differential substrate With @ modified sequence derived from bovine CYP17A

selectivity and regioselectivities within the CYP2C subfam-
ily. The recent availability of human CYP2C homology

followed by a short CYP2C consensus sequence as described
by Boye et al. 83). The N-terminal modification was

models based on the X-ray crystal structure of CYP2C5 introduced by PCR using primers that incorporated the
provides a basis for a systematic approach to the characterdesired modification antNde and Hindlll sites at the 5

ization of CYP2C8 structurefunction relationships. These

and 3-termini, respectively. The PCR product was digested

models generally locate residues 113 and 114 of SRS1 andVith Ndd andHindlll and ligated into the pCWOrtt plasmid

residues 361366 of SRS5 within the putative CYP2C8 and
CYP2C9 active sites. CYP2C8 and CYP2C9 differ at
residues 113 (+ V), 114 (S—F), 362 (V— L), 365 (G—

S), and 366 (\V— L). Thus, to investigate the contribution

that was previously digested with the same endonucleases.
The B-terminus of the CYP2C9 cDNA was modified by
replacing the second codon with GCT, deleting coden2G

and adjusting codons 2126 for bacterial codon bias3g).

of these amino acids to CYP2C8 substrate selectivity and Studies in this laboratory have demonstrated that the separate
regioselectivity, residues 113, 114, 362, 365, and 366 of 2 -terminus modifications to the CYP2C8 and CYP2C9

CYP2C8 were mutated to the corresponding amino acids CDNAs result in optimal expression of CYP2C8 and

presentin CYP2C9, initially in combination and then singly.
Additionally, residue 359 of CYP2C8 was mutated to the
corresponding amino acid of CYP2C9 (i.e;9). Although

CYP2C9 inE. coli (33).

To generate an active system, CPR was coexpressed with
each CYP using separate cotransformed plasnd8s The

homology models locate residue 359 outside the putative plasmid pACYC184 (New England Biolabs, Beverly, MA)
CYP2C8 and CYP2C9 active sites, amino acid substitution was used to express rat CPR. The pACYC184 plasmid has

at this position is known to reduce CYP2C9 activity. Indeed,
polymorphism at this site is responsible for the CYP2C9
poor-metabolizer phenotypé,(31, 32).

a different origin of replication and selective marker confer-
ring compatibility with cotransformed pCW-based expression
plasmids. The cDNA coding for CPR consisted of the OmpA

The effects of mutations were assessed by measuremensignal sequence fused upstream of the full-length native CPR

of paclitaxel @-hydroxylation and torsemide tolylmethyl and
ring hydroxylation (Figure 1) kinetic parameters. Paclitaxel
60-hydroxylation is catalyzed solely by CYP2CB3jf, while
torsemide is a mixed CYP2C9/CYP2C8 substra2g).(

sequence.
Site-Directed Mutagenesigwo residues (113, 114) in

SRS1 and four residues (359, 362, 365, and 366) in SRS5

were mutated to the corresponding amino acids found in

Whereas the substitutions at positions 114, 362, 365, andCYP2C9, in combination and singly. Mutagenesis was

366 abolished or greatly reduced paclitaxeiBydroxylation,

performed using the QuikChange site-directed mutagenesis

they resulted in more subtle changes in torsemide hydroxy- kit (Stratagene, La Jolla, CA) to produce the nine different

lation regioselectivity. The results are consistent with multiple

CYP2C8 mutants (Table 1). The primers used for mutagen-
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Table 1: Primers Used for Site-Directed Mutagerfesis

CYP2C8 mutant template forward primer

1113V wild-type B-ACTAAAGGACTTGGAATCGTTTCCAGCAATGGAAAGAG-3
S114F wild-type 5AAAGGACTTGGAATCATTTTCAGCAATGGAAAGAGATGG-3
1113V—-S114F wild-type 5ACTAAAGGACTTGGAATCGTTTTCAGCAATGGAAAGAGATGG-3
S359I wild-type 5GAGATCCAGAGATACATTGACCTTGTCCCCACC-3
V362L wild-type B-GATACAGTGACCTTCTCCCCACCGGTGTG-3
G365S wild-type 5GACCTTGTCCCCACAGTGTGCCCCATGCAG-3
V366L wild-type 5-GACCTTGTCCCCACCGGTTGCCCCATGCAGTGACC-3
S359-V362L-G365S5-V366L°  S359I B-GATACATTGACCTTCTCCCCACCGGTGTG-3

S359V362L 5-GACCTTCTCCCCACRAGTCTGCCCCATGCAGTGACC-3

1113V—S114FS359FV362L—  S359FV362L—G365S-  5-ACTAAAGGACTTGGAATCGTTTTCAGCAATGGAAAGAGATGG-3
G365S-V366L V366L

aThe changed bases are marked in bold. The reverse primers are exactly complementary to the forward p@s@rsautant was used as a
template to generate S35 362L, which was then used as a template to produce S38362L—G365S-V366L.

esis are listed in Table 1. Mutations were confirmed by system was omitted from the blank and replaced by an equal
sequencing (ABI Prism 373 DNA sequencer; Applied volume of buffer. Under these conditions, rates of product

Biosystems, Foster City, CA). formation were linear with respect to incubation time and
Expression in E. coliPlasmids were transformed inEo CYP concentration. Reactions were terminated by the

coli DH50. competent cells. Single isolated colonies were addition of ice-cold acetonitrile (0.2 mL) containing Q)

grown by shaking at 37C overnight in Luria-Bertani of DES (the assay internal standard). After cooling on ice

medium containing ampicillin (100 mg/L) and chloram- for 5 min, the mixtures were centrifuged (12 @)dor 10
phenicol (50 mg/L). Overnight cultures of each clone were min. The supernatant fraction (1QQ.) was injected onto
diluted 1:100 in Terrific broth containing 0.2% bactopeptone an Agilent 1100 HPLC system (Agilent Technologies, Palo
(w/v), ampicillin (100 mg/L), and chloramphenicol (50 mg/ Alto, CA). Chromatography was performed using a Nova-
L). Cells were grown at 37C in a rotary shaker until the  Pak C18 column (3.9 mmx 150 mm inner diameter, 4m
optical density at 600 nm reached 0.7, wideaminolevulinic particle size, Waters Corporation, Milford, MA) with a
acid and isopropyB-p-thiogalactopyroside were added to uBondapak C18 Guard-Pak. Peaks were separated with
final concentrations of 0.5 mM and 1 mM, respectively. 0.002% glacial acetic acid in 15% acetonitrile (mobile phase
Cultures were then grown at 3€ with shaking at 200 rpm  A) and 100% acetonitrile (mobile phase B) as follows: initial
for 24 h. conditions of 75%A/25%B changed to 60%A/40%B using
Harvesting of Cultures Membrane Preparationsand a linear gradient over 15 min and then to 25%A/75%B over
Determination of Expression kels. Bacterial cells were 0.1 min, which was held for 0.5 min before returning to the
harvested and membrane fractions were prepared accordingtarting conditions. The mobile phase flow rate was 1.0 mL/
to Gillam et al. B4). Protein and CYP content of bacterial min and peaks were monitored by UV detection at 230 nm.
membranes were assessed using spectrophotometric methodsnder these conditions, retention times fax-Bydroxypa-
(35, 36). CPR content was estimated using a spectrophoto- clitaxel, DES, and paclitaxel were 10.6, 12.1, and 14.4 min,

metric assay for cytochrome reductase activity 37), respectively. Due to the cost obéhydroxypaclitaxel, this
assuming that 1 nmol of CPR reduces 3000 nmol of metabolite was quantified using a paclitaxel standard curve.
cytochromec per minute. The molar extinction of &-hydroxypaclitaxel at 230 nm is

Immunoblotting.Proteins were separated by sodium do- essentially identical to that of paclitax&8). Standard curves
decyl sulfate-polyacrylamide gel electrophoresis on 10% were constructed in the paclitaxel concentration range-0.05
acrylamide gels and transferred onto nitrocellulose mem- 0.25 uM, standards being treated in the same manner as
branes (Bio-Rad Laboratories, Hercules, CA). Blots were incubation samples.
probed with rabbit anti-human CYP2C8 IgG, followed by  Torsemide Hydroxylation Assayorsemide methyl and
horseradish peroxidase-conjugated goat anti-rabbit antibody.ring hydroxylation activities were measured using a previ-
The BM chemiluminescence blotting substrate (Roche ously published HPLC method with 4-MU as the internal
Diagnostics GmbH, Mannheim, Germany) was used for standard39). Kinetics of metabolite formation by CYP2C8
immunodetection. The intensities of the immunoblots were (and CYP2C8 mutants) were determined using nine to eleven
measured with a Bio-Rad model GS-700 imaging densito- substrate concentrations in the range of-880 uM in 1
meter. mL incubations containing 50 pmol of CYP. Incubations

Paclitaxel Gx-Hydroxylation Assaylncubation mixtures, were carried out for 30 min at 3T in shaking water bath.
in a total volume of 20Q:L contained expressed CYP-{2 Similarly, the kinetics of CYP2C9-catalyzed torsemide
10 pmol of CYP), a NADPH-generating system (1 mM hydroxylation were determined for eight substrate concentra-
NADP, 10 mM glucose 6-phosphate, 2 IU of glucose tions in the range of 4100u4M using 10 pmol of CYP and
6-phosphate dehydrogenase, and 5 mM MpGind pacli- a reaction time of 15 min. Rates of formation of both
taxel (using nine substrate concentrations in the range ofmetabolites were linear with respect to incubation time and
0.25-10uM for kinetic determinations) in 0.1 M phosphate CYP concentration.
buffer, pH 7.4. Afte a 5 min preincubation at 37C, Data AnalysisKinetic data are presented as the mean
reactions were initiated by the addition of the NADPH- standard deviation (SD) of four separate experiments, unless
generating system. The reactions were carried out for 10 minotherwise stated. The kinetic parametrsand Vmax were
at 37 °C in shaking water bath. The NADPH-generating determined by fitting to the MichaekdMenten equation
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Table 2: Expression Levels of CYP and CPR from Two Plasmid ~ (N€S€ enzymes are coexpressedircoli (33). Thus, Vimax
Coexpression System and intrinsic clearance values for torsemide hydroxylation

by the S114F and G365G mutants (Table 4) may be

(ncm\Q.D,L (n(r:nF;Fle CYP/CPR overestimated relative to the corresponding kinetic param-
CYP of culture) of culture)  ratio eters for other mutants and wild-type enzymes.

CYP2CS8 Paclitaxel Gx-Hydroxylation Actiity. Wild-type CYP2C8,
wild-type 389+ 70 334+32  1:.0.9 but not CYP2C9, catalyzed thexéydroxylation of pacli-
1113V—S114F-S359-V362L— 285+49 24755  1:.0.9 taxel. Paclitaxel G-hydroxylation by CYP2C8 exhibited
|11%§/€5881_¥j!§6l_ 306L74 276470  1:0.9 Michaelis—Menten kinetics (Figure 2) as reported previously
1113V 383+ 91 339+ 70 1:0.9 (30) However, the 1113W-S114F, S359%+V362L—-G365S-
S114F 35+4 27048 1:7.7 V366L, and 1113\-S114FS359HV362L—-G365S-V366L
S359-V362L—G3655-V366L 292+ 51 212+26  1.0.7 mutants lacked paclitaxebhydroxylase activity (Table 3).
S3591 469451 469428 1.1.0 To assess which of these mutations were responsible for the
V362L 383+27 390+21 1:1.0 : O S
G365S 88+ 7 314+ 17 136 loss of catalytic activity, the individual mutants at each of
V366L 289+ 30 292+ 4 1:1.0 the six positions were investigated. The mutations at residues

CYP2C9 114 (S114F) and 366 (V366L) abolished paclitaxel- 6
wild-type 2444+ 26 268+84  1:1.1 hydroxylation, while those at residues 362 (V362L) and 365

a Expression levels are mean SD of four experiments for wild- ~ (G365S) reduced intrinsic clearandéy/Km) by 16.9- and
type CYP2C8 and CYP2C8 mutants and three experiments for wild- 8.5-fold, respectively (Table 3). The decreased intrinsic
type CYP2C9. clearances associated with the residue 362 and 365 mutants

) ) ) ) resulted from dual effects oK, and Vmna, Which were
using the program EnzFitter, version 2.0 (Biosoft, Cam- jncreased and decreased, respectively, relative to wild-type
bridge, UK). Units ofViax are pmol/(min pmol of CYP),  cyp2c8 (Table 3). In contrast, the intrinsic clearances of
and hence this parameter is equivalentki@. Intrinsic  the 1113V and S3591 mutants were similar to those of the
clearance was calculated ¥s./Kn. Differences in kinetic wild-type CYP2C8, although both thiéy, and Vima of the
parameters between wild-type CYP2C8 and CYP2C8 mu- 113V mutant were lower (by approximately 460%) than
tants were tested by one-way ANOVA followed by post- those of the wild-type enzyme (Table 3). All mutants
hoc multiple comparisons tests (Tukey HSD or Gafes  exhibiting paclitaxel 6i-hydroxylase activity followed Michae-
Howell test). Levene’s test for homogeneity of variances was |js—Menten kinetics (Figure 2).
used to determine the method of post-hoc analysis. The Tqrsemide Hydroxylation Aciity. The kinetic parameters
Tukey HSD test was used when homogeneity of variances gptained for torsemide hydroxylation by wild-type CYP2C8
could be assumed, while the Gamétowell test was  and CYP2C9 and by the CYP2C8 mutants are summarized
employed when this assumption was not met. Differences i, Taple 4. Wild-type CYP2C8 and CYP2C9 generated both

were considered statistically significantRat< 0.05. Statisti- methyl- and ring-hydroxylated torsemide. The kinetics of
cal analyses were performed using SPSS for Windows, metapolite formation were adequately described by the
version 11.5 (SPSS Inc, Chicago, IL). Michaelis—Menten equation (Figure 3). Although there was

RESULTS a suggestion of deviation from MichaetidMenten kinetics
for torsemide ring hydroxylation by wild-type CYP2C9 at
Expression of CYP and CPR in E. cdlhe expression of  low substrate concentration (Figure 3), fitting of kinetic data
wild-type CYP2C8 and all mutants . coliwas evaluated  to an allosteric model or the Hill equation (with negative
by immunoblotting with anti-CYP2C8 IgG. Similar intensi- cooperativity) produced inferior “goodness of fit” parameters.
ties were observed for the nine mutants with the optical Methyl hydroxylation represented the major pathway of
densities ranging from 0.18 to 0.38 (compared to 0.19 for torsemide metabolism by both wild-type CYP2C8 and
wild-type CYP2CS8; data not shown). Mean wild-type CYP2C9 (Table 4), arising from a high€.x (in the absence
CYP2C8 expression, estimated from the carbon monoxide of a difference inK,) for this metabolite. Torsemide was
difference spectrum, was 389 nmol/L of culture (Table 2). more efficiently hydroxylated by CYP2C9 than by CYP2CS8,
Except for S114F and G365S, expression of all mutants as evidenced by a 54-fold higher intrinsic clearance for
(285-469 nmol/L) was similar to wild-type CYP2C8. methyl hydroxylation and a 16-fold higher intrinsic clearance
Expression levels of the S114F and G365S mutants werefor ring hydroxylation. Regioselectivity of hydroxylation
11- and 4-fold lower, respectively, than that of wild-type differed between CYP2C8 and CYP2C9; respective intrinsic
CYP2CS8, although apoenzyme expression (determined byclearance ratios for methyl-to-ring hydroxylation were 3.5
immunoblotting) was similar. The wild-type and mutant and 11.4.
CYP2C8 enzymes were coexpressedtircoli with CPR to All of the CYP2C8 mutants exhibited torsemide methyl-
generate an active system. Levels of coexpressed CPR rangednd ring-hydroxylase activities (Table 4), and kinetic data
from 212 to 469 nmol/L for the wild-type enzymes and all for all mutants were well-fitted to the Michaelidlenten
CYP2C8 mutants (Table 2). Thus, the CYP to CPR ratios equation (data not shown). Compared to wild-type CYP2C8,
were approximately 1:1, except for the S114F and G365Sthe 1113\VV-S114F combined mutation reduced methyl-
mutants (1:7.7 and 1:3.6, respectively). Consistent with thesehydroxylation intrinsic clearance by over 80%, primarily due
results, Melet et al.25) reported that the F1141 and S365G to a reduction inVmax (Table 4 and Figure 4). Data for the
mutations in CYP2C9 resulted in low expression. Recent separate mutations indicated a greater effect of the 1113V
studies in this laboratory demonstrated that CYP2C9 activity substitution, although both the individual SRS1 mutations
increases with increasing CPR to CYP ratios (up to 5:1) when decrease®¥naand increase, for this pathway. As noted
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Ficure 2: Representative EadigHofstee plots for paclitaxel &hydroxylation by CYP2C8: (a) wild-type; (b) 1113V; (c) S359I; (d)

G365S. Points are experimentally determined values (means of duplicate measurements at each concentration), while the solid lines are the

computer-generated curves of best fit.

Table 3: Kinetic Parameters for Paclitaxel-6lydroxylation by
Wild-Type CYP2C8 and CYP2C8 Mutasts

paclitaxel @&x-hydroxylation

but both again also increaséd,. The combined S35%
V362L—G365S-V366L mutations had no effect on methyl-
hydroxylation intrinsic clearance, although there were small
parallel increases (ca. 30%) in bo#.x andKy, compared

(pmol/\(/rr%aixnpmol apparent (ﬂLx%aiJnﬁnmol to wild-type CYP2C8 (Table 4, Figure 4). Methyl-hydroxy-
cvp2cs of CYP)) Kim (M) of CYP)) lation K, andVmax values also tended to increase in parallel
ﬁig\t/yfglmpsssgk E-GH 0.41 ;-5& 0.18 éf’gi 0.12 for the mutations at residues 362 and 366, resulting in no
V362L—G3655- significant change in intrinsic clearance. However, intrinsic
V366L clearance was reduced by the S359134%) and G365S
:ﬂgg—snm: t1).53i 016 (t)).83:|: 0.0F '10.8& 0.23 (—47%) mutations due to decreaségx and increaseln,
S114F b b b respectively. Ring-hydroxylation intrinsic clearance by the
83(53%|gg/§f\§ls-ga b b b S359HV362L—G365S-V366L combined mutant was re-
S350 328029  154L020 214L01F duced by 75% as a result of increaded (Table 4, Figure
V362L 0.38+0.0% 3.77+0.8¢ 0.10+0.0r 4). All single substitutions in SRS5 increadédfor the ring-
Sgggl_s b0-98t 0.07 ‘t‘)-83i 0.2& %20i 0.0¥ hydroxylation pathway by 1:49.7-fold (Table 4). With the

a ApparentKn, and Vmax values are given as meah SD of four
experiments for wild-type CYP2C8 and CYP2C8 mutahtsot
detected® P < 0.05 compared to wild-type CYP2CS8.

exception of the G365S mutation, all other single substitu-
tions also increased thé,. for torsemide ring hydroxylation

(1.6—-3.2-fold; Table 4). It should be noted that the higher
CPR to CYP ratio associated with the 365S mutant may

previously, however, the higher CPR to CYP ratio associated obscure a 5|_gn|_f|cant decreaseVhax (and hence a Iarg_er
with the 114F mutant may overestimatga (and intrinsic effect on |r_1tr|n5|c clearance) for both the methyl-_an_d ring-
clearance) compared to the mutation at residue 113. Inhydroxylation pathways. The largest decreases in intrinsic
contrast, the 1113S114F combined mutation increased the clearance were observed for methyl hydroxylation by the
intrinsic clearance for ring hydroxylation, solely due to 1113V mutant (-82%) and ring hydroxylation by the V362L
increasedVmax (Table 4, Figure 4). Similarly, each of the and G365S mutants—+68%), the latter due to the large
1113V and S114F mutations increaséghx for this pathway, increases iKpm.
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Table 4: Kinetic Parameters for Torsemide Hydroxylation by Wild-Type CYP2C8, CYP2C8 Mutants, and Wild-Type CGYP2C9

torsemide methyl hydroxylation torsemide ring hydroxylation
Vmax Vma>/Krn Vmax Vma)JKm
(pmol/(mirrpmol apparent («L/(min-pmol (pmol/(mirrpmol apparent (uL/(min-pmol
CYP of CYP)) K (M) of CYP)) of CYP)) K (M) of CYP))
CYP2C8
wild-type 1.75+0.11 147+ 9 0.0119+ 0.0012 0.57 0.001 165+ 5 0.0034+ 0.0001
1113V—S114FS359+ 1.05+ 0.04 179+ 21 0.0059+ 0.000% 0.49+ 0.04 242+ 29 0.0020+ 0.000%
V362L—G365S-V366L
1113V—-S114F 0.3 0.02 1884+ 17"  0.00204 0.000% 1.01+0.12 179+ 22 0.0057+ 0.000P
1113V 0.67+ 0.08 320+ 17 0.0021+ 0.0002 1.25+ 0.1 243+ 14 0.0051+ 0.000%
S114F 1.13:0.1P 206+ 18  0.0055+ 0.0002 0.92+0.07 297+ 17 0.0031+ 0.0003
S359V362L— 2.37+0.17 195+ 17  0.01214 0.0003 0.45+ 0.02 4744+ 19 0.0009+ 0.0000£
G365S-V366L
S359I 1.33+ 0.04 169+ 6 0.0079+ 0.0002 0.96+ 0.04 233+ 6° 0.0041+ 0.0002
V362L 2.75+ 0.09 284+ 6° 0.0097+ 0.0004 1.70t 0.1€ 15974+ 19  0.0011+ 0.0003
G365S 1.48+ 0.15 235+ 12 0.0063+ 0.0006 0.57+ 0.02 543+ 46° 0.0011+ 0.00003
V366L 2.02+ 0.03 215+ 5° 0.0094+ 0.0003 1.80+ 0.0 341+ 10° 0.0053+ 0.000%
CYP2C9
wild-type 7.63+1.42 12+1 0.6398+ 0.0809 0.84+ 0.14 15+ 2 0.0555+ 0.0084

a ApparentK, andVmax values are given as meanSD of four experiments for wild-type CYP2C8 and CYP2C8 mutants and three experiments
for wild-type CYP2C9.° P < 0.05 compared to wild-type CYP2C8.
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Ficure 3: Representative EadidHofstee plots for torsemide hydroxylation by wild-type CYP2C8 and CYP2C9: (a) torsemide methyl
hydroxylation by CYP2CS8; (b) torsemide ring hydroxylation by CYP2C8; (c) torsemide methyl hydroxylation by CYP2C9; (d) torsemide
ring hydroxylation by CYP2C9. Points are experimentally determined values, while the solid lines are the computer-generated curves of
best fit.

DISCUSSION compounds, CYP2C8 structuréunction relationships are
poorly understood. The ability to generate CYP2C8 site-
Despite increasing evidence that CYP2C8 plays an im- directed mutants in heterologous expression systems based
portant role in the metabolism of drugs and endogenouson predictions from CYP2C active site models allows a
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ample, ref40). Contrary to expectations, intrinsic clearances
were either unchanged or decreased by the mutations in SRS1
and SRS5, although hydroxylation regioselectivity was often
altered. With one exception (S359I), all of the individual
mutations significantly increased tlig, for each pathway.
The individual mutations generally either increased or caused
no change inVmax. The notable exception in this regard was
the reduced/max values for torsemide methyl hydroxylation
associated with the SRS1 mutations. In particular, the
opposing effects of the 1113V substitution on methyl and
ring hydroxylation resulted in reversal of regioselectivity to
favor the latter pathway (Figure 4), suggesting that this
residue may be of importance for orientating smaller
substrates within the active site. Only the G365S mutation
vieL B significantly reduced the intrinsic clearances of both hy-
droxylation pathways.

S114 of CYP2C8 represents a major difference compared
to other CYP2C enzymes, which have a phenylalanine at
n . , this position. In this study, the S114F substitution abolished
0.000 0.005 0.010 0.015 paclitaxel @&-hydroxylation but resulted in less than 2-fold

Intrinsic Clearance (ul/min/pmol CYP) changes in the respecti¥g, andVmax values for torsemide

FIGURE 4: Intrinsic clearanced/na/Km) for torsemide methyl and methyl and ring hydroxylations. It would therefore appear

ring hydroxylation by wild-type CYP2C8 and CYP2C8 mutants. that hydrogen bonding with serine is important for interaction
with the prototypic CYP2C8 substrate paclitaxel since the

systematic approach to identification of the contribution of latter observation suggests that the S114F mutation does not
individual active site residues to substrate selectivity and result in major conformational changes within the CYP2C8
regioselectivity. In this study, we have taken advantage of active site. It should be noted that the recently published
the sequence similarity between CYP2C8 and CYP2C9 andX-ray crystal structure of CYP2C9 orientates the aromatic
their different catalytic profiles to investigate the residues ring of F114 into the active site and places this residue in
determining CYP2C8-like and CYP2C9-like activities. Resi- van der Waals contact with the bound substi&tearfarin
dues 113, 114, 362, 365, and 366 of CYP2C8 were mutated(8). Consistent with a direct binding interaction (duetter
on the basis of CYP2C homology models. The very recently stacking) involving this residue, site-directed mutagenesis
solved CYP2C8 X-ray crystal structure (Protein Data Bank, of F114 (F114L and F114l) of CYP2C9 dramatically reduced
reference 1PQ2) confirms the location of these residues inor abolished the hydroxylation of the aromatic compounds
the active site. Residue 359 was additionally mutated given diclofenac, tienilic acid, an&warfarin but reduced lauric
its known effects on CYP2C9 activity. While certain acid 11-hydroxylation only 2-fold 22, 25). The V113L
mutations in SRS1 and SRS5 abolished or greatly reducedsubstitution in CYP2C9 has also been reported to abolish
paclitaxel @x-hydroxylation, more subtle changes were Swarfarin 7-hydroxylation while minimally affecting lauric
observed for torsemide hydroxylation regioselectivity and acid 11-hydroxylation Z5). V113 is also located in the
kinetics. hydrophobic pocket that forms the CYP2C9 active site and
Paclitaxel @-hydroxylation, a pathway specific for hydrogen bonds to R9B). The [113V mutation introduced
CYP2C8, was abolished by the 1113\$114FS359H here into CYP2C8 represents a highly conserved substitution
V362L—-G3655-V366L, 1113V—S114F, and S359 (both 5-branched hydrophobic residues). The variable influ-
V362L—G365S5-V366L combined mutations indicating both  ence of the 1113V mutation on paclitaxeléydroxylation
SRS1 and SRS5 residues were critical for paclitaxel binding, (no change) and torsemide hydroxylation (altered regio-
turnover, or both. Within SRS1, the single mutation S114F selectivity) would seem consistent with more subtle steric
resulted in loss of activity. There was no significant effect effects.
of the 1113V substitution on intrinsic clearance, although both  The sequences of CYP2C8 and CYP2C9 differ at four
Km and Vmax Were decreased (by approximately 45%). All residues in SRS5: S359I, V362L, G365S, and V366L. The
mutations in SRS5, except S3591, markedly affected pacli- CYP2C9 crystal structure locates residues 362 and-364
taxel Gx-hydroxylation. Activity was abolished by the V366L 367 in a hydrophobic active site “pocket8)( Similarly, a
substitution, while the V362L and G365S mutations reduced CYP2C8 homology model constructed using CYP2C5 as the
intrinsic clearance by 94% and 88%, respectively. template (and the recently solved crystal structure for
Torsemide is preferentially metabolized by CYP2C9 with CYP2C8) indicates a potential role for residues 361, 362,
intrinsic clearances for methyl and ring hydroxylation being 365, and 366 in substrate bindin@).(Here, the combined
54- and 16-fold greater for CYP2C9 compared to CYP2C8. S359+V362L—G365S-V366L mutation abolished pacli-
On this basis, it was anticipated that substitution of the amino taxel G-hydroxylation by CYP2C8. There was little effect
acids present in CYP2C8 for those in CYP2C9 would arising from the S359I mutation, but each of the V362L,
produce CYP2C8 mutants with higher torsemide hydroxylase G365S, and V366L substitutions abolished or dramatically
activity. Indeed, there is evidence demonstrating that the reduced paclitaxeld®-hydroxylation indicating a critical role
functions of mammalian CYPs can be interconverted by of the SRS5 residues in this pathway. All of the mutations
multiple reciprocal substitutions of SRS residues (for ex- at residues 362, 365, and 366 increased kages for

| B Methylhydroxylation Ring-hydroxylation

Wild-Type B 22
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CYP2C8 Residues Influencing Catalytic Activity

torsemide methyl and ring hydroxylation. However, only 2
G365S significantly reduced torsemide methyl-hydroxylation
intrinsic clearance. Due largely to the effects of substitutions
at positions 362 and 365, the intrinsic clearance for torsemide
ring hydroxylation by the combined S359362L—G365S-
V366L mutation was decreased by 74% relative to wild-
type CYP2C8. Consistent with an important role for residue
365 in CYP2C activity, the reverse substitution (i.e., S365G)
in CYP2C9 has been shown to abolish diclofende 4
hydroxylation and reduce the intrinsic clearance for tienilic
acid 5-hydroxylation by 75%25).

Although residue 359 is not located in the CYP2C9 active
site, or indeed the CYP2C8 active si® 8), mutations at
this position are known to influence CYP2C activity. The
CYP2C9 poor-metabolizer phenotype arises from polymor-
phism at position 359 (viz., I359L¥J. Intrinsic clearances
associated with the L359 variant are approximately 80%
lower compared to wild-type (1359) CYP2CQ(Q, 31, 32),
and substitution with numerous other amino acids (including
serine) has also been observed to reduce activity (S. L. Boye,
D. J. Elliot, D. J. Birkett, and J. O. Miners, unpublished data).
However, mutation of S359 to isoleucine (present in CYP2C9)
minimally affected CYP2C8 activity toward paclitaxel and
torsemide.

Paclitaxel is a large molecule (Figure 1; molecular weight
854) compared to most CYP substrates. Data presented here
indicate that S114 (but not 1113), V362, G365, and V366
are essential for @hydroxylation, the sole metabolic

3

pathway catalyzed by CYP2C8. Torsemide is a smaller 12.

molecule (Figure 1; molecular weight 348). CYP2C8 con-
verts torsemide to methyl- and ring-hydroxylated metabolites,
indicative of two productive binding orientations. Although

mutations at residues 113, 114, 362, 365, and 366 influenced 13.

the regioselectivity of torsemide hydroxylation, none abol-
ished metabolism. Since torsemide is preferentially metabo-

lized by CYP2C9, the S114F and G365S substitutions in 14,

CYP2C8 might have been expected to enhance torsemide
binding, turnover, or both given the roles of F114 and S365
in the CYP2C9-catalyzed metabolism of aromatic substrates

(22, 25). These observations suggest different active site 15.

architectures and different binding orientations of torsemide
in the CYP2C8 and CYP2C9 active sites. Thus, reciprocal
substitutions within the active sites are unlikely to result in
interchangeability of function, although as demonstrated here
for torsemide, changes in hydroxylation regioselectivity may
occur. The X-ray crystal structures of CYP2C proteins
indicate that these enzymes have relatively large active sites
with flexible regions that adapt to substrate binding. This
permits multiple binding orientations within CYP2C active
sites, at least for small to moderately sized substra@es (
41). Consistent with this hypothesis, the results of the present
study demonstrate that CYP2C8 active site residues differ-
entially contribute to the binding, turnover, or both of
paclitaxel and torsemide and indicate that binding orientations 19
and the effects of amino acid substitutions within the
CYP2CS8 active site cannot be inferred from studies with a
single substrate.

20.
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