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ABSTRACT

Maraviroc isan anti-HIV drug that acts by blocking viral entry into target cells. Using ultra
performance liquid chromatography-mass spectrometry (UPLC-MS) several monooxygenated,
dioxygenated and glucuronidated metabolites of maraviroc were identified both in vitro and in
vivo. Characterization of the enzymes involved in the production of these metabolites
determined that cytochrome P450 3A5 (CY P3A5) was the principal enzyme responsible for the
formation of an abundant metabolite of maraviroc that resulted from oxygenation of the
dichlorocyclohexane ring. For the formation of this metabolite the V .« values for CY P3A4 and
CYP3A5 were 0.04 and 0.93 pmole/min/pmole P450, and the K, values were 11.1 uM and

48.9 uM, respectively. Further, human liver microsomes isolated from donors homozygous for
the loss-of-function CY P3AS5* 3 allele exhibited a 79% decrease in formation of this metabolite
as compared to those homozygous for the wild-type CYP3A5* 1 allele. In order to probe which
divergent residues between CY P3A4 and CY P3A5 might play arolein the differential activities
of these enzymes towards maraviroc mutations were introduced into both enzymes and
metabolism of maraviroc was measured. A CY P3A5 L57F mutant exhibited a 61% decreasein
the formation of this metabolite whereas formation by a CY P3A4 F57L mutant was increased by
337% as compared to wild-type. Taken together, these data provide novel insight into the
biotransformation of maraviroc as well as the potential role of CYP3A4 and CY P3A5 divergent

residues in the enzymatic activities of these two highly homologous enzymes.
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INTRODUCTION

Maraviroc isan anti-HIV drug that acts by blocking the virus co-receptor, chemokine
receptor CCRS5 at the viral entry step thereby preventing viral infection (Dorr et al., 2005;
Fatkenheuer et al., 2005). In addition, there isincreased interest in the development of maraviroc
as an oral and/or topical microbicide for usein HIV prevention. Although maraviroc is known to
be extensively metabolized to a number of products (Abel et al., 2008a), a comprehensive
analysis of the biotransformation of maraviroc has yet to be reported. The cytochromes P450
(CYP) are a superfamily of heme-containing monooxygenases that play acrucial rolein drug
clearance. The CY P3A subfamily enzymes CY P3A4 and CY P3A5 are responsible for the
metabolism of more than 50% of drugs currently on the market (Rendic and Di Carlo, 1997).
They share 84% amino acid sequence identity and 92% similarity resulting in overlapping
substrate specificities (Pearson et al., 2007). As such, defining their respective contributions to
drug metabolism as well as drug-drug interactions remains challenging. It is well established that
CYP3AS5 is polymorphically expressed with the wild type CY P3A5* 1 allele being associated
with the highest level of protein expression whereas variant alleles such as CY P3A5* 3 lead to
decreased expression or no activity due to aternative mRNA splicing (Hustert et al., 2001; Kuehl
et a., 2001). In individuals that carry at least one CYP3A5* 1 allele, CY P3A5 protein accounts
for at least 50% of the total hepatic CY P3A content (Kuehl et al., 2001). The expression of
CYP3A5 is highly variable among different ethnic populations. For instance, the CY P3A5*3
alele is abundantly present in the European American population with a frequency of 85-98%
while it is much less common in the African American population with a frequency of 27-48%

(Daly, 2006; Hustert et al., 2001; Kuehl et al., 2001; van Schaik et al., 2002). In addition,
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increased risk of certain drug toxicities has been reported in people who have low expression of

CYP3AS5 (Egbelakin et al., 2011; Hooper et al., 2012; Takashinaet d., 2012).

To date, several CYP3A4 crystal structures have been solved while the structure of
CYP3A5 isnot yet available. Six CYP3A4 substrate recognition sites (SRS1-6) were identified
and experimentally demonstrated to be important for substrate binding and catalytic activity
(Domanski et al., 1998; Harlow and Halpert, 1997; He et al., 1997; Khan and Halpert, 2000;
Khan et a., 2002; Roussdl et al., 2000; Wang et al., 1998). Phenylalanine residues F108, F213,
F215, F219, F220, F241 and F304 form a hydrophobic roof of the CY P3A4 active site above the
heme between SRS1, SRS2, SRS3 and SRHA (Williams et al., 2004; Yano et al., 2004). Another
phenylalanine residue, F57, fallsinto a region recently denoted as SRS 1'a (Zawaira et al., 2011)
and isimportant for CY P3A4 substrate binding (Sevrioukova and Poulos, 2010). In contrast,
information regarding the importance of particular CY P3A5 active site residuesis very limited.
Due to the high similarity between CYP3A4 and CY P3AS5, the overall folding of CYP3A5 has
been predicted to be largely similar to that of CY P3A4 (Pearson et al., 2007). Mutation of
divergent SRS residues of CY P3A4 to the corresponding amino acids of CYP3A5, P107S,
F108L, N206S, L210F, V376T, 478D, and L479T, resulted in ashift of the aflatoxin B1
metabolite profile of CYP3A4 towards that of CYP3A5 (Wang et al., 1998). However, the

effects of the reverse mutations on CY P3A5 activity remain unknown.

In the present study, we report the enzymes involved in maraviroc oxidative metabolism.
Our enzyme kinetic studies revealed that CY P3A5 has a higher capacity to metabolize maraviroc
to a major monooxygenated metabolite than CY P3A4. Plasma and urine isolated from a human
subject genotyped as wild type for CY P3A5 confirmed that this metaboliteis, indeed, the most

abundant maraviroc product formed in vivo, as well. Further, we then leveraged this observation

5

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 24, 2012 as DOI: 10.1124/dmd.112.048298
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #48298

and systematically mutated CY P3A5 towards CY P3A4 using formation of this metabolite as an
activity probe to identify residues in CYP3A5 that confer specificity with regard to maraviroc
metabolism. In addition, we identified four novel dioxygenated maraviroc metabolites and two
glucuronidated metabolites and confirmed their existence in human urine samples. Collectively,
these studies provide novel mechanistic insight into the phase | and phase Il metabolism of
maraviroc as well as the role of divergent amino acids of CYP3A4 and CYP3AS5 in influencing

the catalytic activities of these two highly homologous enzymes.
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MATERIALSAND METHODS

Materials. Maraviroc was obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program (Germantown, MD). Maraviroc-d6, 3-hydroxymethyl
maraviroc, and 4-hydroxyphenyl maraviroc were obtained from Toronto Research Chemicals Inc
(North York, Ontario, Canada). Quinidine, ketoconazole, sulfaphenazole, (+)-N-3-
benzylnirvanol and furafylline were purchased from Sigma-Aldrich (St. Louis, MO). 2-phenyl-2-
(1-piperidinyl) propane was bought from Santa Cruz Biotechnology (Santa Cruz, CA). Pooled
human liver microsomes (20 mg/ml, pool of 200, mixed gender) and one lot of CYP3A5*3/*3
human liver microsomes were purchased from XenoTech, LLC (Lenexa, KS). The NADPH
regenerating system, BD Biosciences UGT Reaction Mix (consisting of two reagents. solution A
(25 mM UDPGA) and solution B (5%-UGT Assay Buffer containing alamethicin)), CYP3A4 and
CY P3A5 primary antibodies, CYP3A5*1/*1 and CY P3A5* 3/* 3 human liver microsomes,
Supersomes™ containing cDNA-expressed human CY P1A2, CY P2B6, CY P2C8, CY P2C9*1,
CYP2C19, CYP2D6* 1, CYP3A4, and CY P3A5, co-expressed with reductase, were purchased
from BD Biosciences (San Jose, CA). The p-actin antibody and cell lysis buffer were obtained
from Cell Signaling Technology (Danvers, MA). The bicinchoninic acid assay kit and
SuperSignal West Dura Chemiluminescent Substrate were obtained from Thermo Scientific

(Rockford, IL).

I ncubation conditionsfor human liver microsome metabolism experiments. The
metabolism experiments using human liver microsomes were carried out in a volume of 500 pl
in 10 x 75 mm borosilicate glass tubes (Fisher Scientific). One ul of 10 mM maravirocin
methanol was added into a 500 pl reaction system containing 0.1 M potassium phosphate buffer

(pH 7.4), 0.5 mg/ml human liver microsomes and incubated for 5 min at 37°C in a water bath.
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The reaction was initiated by addition of the NADPH regenerating system and allowed to
proceed for 30 min at 37°C. For the chemical inhibition assays, furafylline (20 uM), 2-phenyl-2-
(1-piperidinyl) propane (30 uM), sulfaphenazole (20 uM), (+)-N-3-benzylnirvanol (10 uM),
quinidine (10 uM) and ketoconazole (10 uM) were used to inhibit CYP1A2, CYP2B6, CY P2C9,
CYP2C19, CYP2D6, and CY P3A4/5, respectively, in order to investigate the involvement of
theseindividual CY P enzymes in the formation of maraviroc oxidative metabolites. The
inhibitors were pre-incubated with the human liver microsomes and NADPH regenerating
system for 10 min prior to the addition of 1 ul of 10 mM maraviroc to initiate the reactions. For
reactions containing CY P3A5 genotyped human liver microsomes, afinal concentration of 2 uM
maraviroc was used in atotal reaction volume of 250 pul with other components being kept at the
same concentrations as described above. For glucuronidation reactions, UGT reaction solutions
containing 25 mM UDPGA and 5x-UGT assay buffer with alamethicin were added into the
above pooled human liver microsome reaction systems following addition of the NADPH

regenerating system.

I ncubation conditionsfor individual cDNA-expressed P450s. One pmole of human
recombinant P450 enzyme (CY P1A2, CYP2B6, CY P2C8, CYP2C9*1, CYP2C19, CYP2D6*1,
CYP3A4, or CYP3A5) was pre-incubated with 20 uM maraviroc in 0.1 M potassium phosphate
buffer (pH 7.4) at 37°C for 5 min and the reaction was initiated by addition of the NADPH

regenerating system (final reaction volume of 100 pl) and continued for 30 min at 37 °C.

Enzyme kineticsfor CYP3A4 and CYP3AS5. Maraviroc stock solution (600 mM) was
prepared in DM SO and diluted into working solutions (0.02, 0.2, 2, 6, 20, 60, 200 mM). The

working solution (0.5 pl of each) was then pre-incubated with 13 pmole CYP3A4 or CY P3AS5 at
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37°Cfor 5minin 0.1 M potassium phosphate buffer (pH 7.4). The final concentrations of
maraviroc were 0.1, 1, 10, 30, 100, 300, and 1000 uM in atotal reaction volume of 100 pl. The
reaction was initiated by addition of NADPH regenerating system and allowed to proceed for 30

min at 37 °C.

The enzyme concentrations as well as the incubation time were chosen based on
preliminary results demonstrating that the formation of oxidative metabolites was linear under
these conditions. The metabolite concentrations were estimated against a standard curve with a

range of 0.024-200 pmol maraviroc.

Sample preparation after incubation. At the end of the incubation, 2 reaction volumes
of acetonitrile were added to stop the reaction. The internal standard maraviroc-d6 (100 pl of
20 ng/ml), an analogue of maraviroc labeled with six deuteriums, was added and the samples
were vortexed. The mixture was then centrifuged at 3000 xg for 10 min at 4 °C and the
supernatants were dried under a stream of nitrogen gas at 50 °C. The samples were reconstituted
in 50 pl methanol and transferred to vials containing 40 pl of 5% acetonitrile/95% water/0.1%
formic acid for injection onto the ultra performance liquid chromatography-mass spectrometry

(UPLC-MS) system.

Analysis of maraviroc and metabolites using UPL C-M S. Maraviroc and its
metabolites were detected by UPLC-M S using aWaters ACQUITY UPLC interfaced to an AB
SCIEX QTRAP 5500 mass spectrometer. Aliquots of reconstituted samples were injected onto a
1.7 um Waters UPLC BEH 2.1 x 100 mm C8 column. Analyte resolution was achieved at a flow
rate of 0.35 ml/min with chromatography at room temperature. M obile phases were 5%

acetonitrile— 0.1% formic acid in water (A) and 5% water — 0.1% formic acid in acetonitrile (B),
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programmed at 0% B from 0 to 1.1 min, 20% B from 32 to 33 min, and 0% B from 33.1 to 34
min. Detection of the analytes and the internal standard was achieved via multiple reaction
monitoring for quantification under positive mode. The monooxygenated maraviroc metabolites
were monitored using m/z of precursor/product ion pairs at 530/296 and 530/280. The di-
oxidative metabolites were monitored at m/z 546/421 and the glucuronidated metabolites were
monitored at m/z 706/581 and 706/389. Maraviroc and the internal standard maraviroc-d6 were
monitored at m/z of 514/389 and 520/389, respectively. The N-dealkylated metabolite of
maraviroc was monitored at m/z of precursor/product ion pairs at 235/110. For maraviroc
metabolite identification, MS® scans were performed with 1%/2™ precursor ions of maraviroc,
monooxygenated, dioxygenated, and glucuronidated metabolites at m/z 514/280, 530/296 and
546/312, respectively. For glucuronides, MS® scans were performed with 1%/2™ precursor ions at
m/z 706/581 and at m/z 706/389. All the data were acquired under positive mode and analyzed

by AB SCIEX Analyst software (Version 1.5.1) in Windows XP Professional Version 2002.

Maraviroc metabolite analysisin human plasma and urine. A healthy male subject
was recruited for maraviroc oxidative metabolite analysis after providing written informed
consent for participation in aprotocol approved by the institutional review board of Johns
Hopkins Medical Institutions. The subject was genotyped for CY P3A5 using a previously
reported method (Kuehl et al., 2001). A single dose of 300 mg maraviroc was administrated

orally followed by blood and urine collection over a 24 h period. Blood (10 mL) samples were

collected into a heparinized tube pre-dose and 1, 2, 4, 6, 8, and 24 h following the administration.

Urine samples were collected with intervals of 0-2, 2-4, 4-6, 6-8, and 8-24 h after drug
administration. Plasma was prepared by centrifugation of blood at 1,000 xg for 10 min at 4 °C.

For metabolite analysis, 100 pl of plasmawas mixed with 300 pl methanol. Following

10
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centrifugation, the supernatant was dried and recongtituted for analysis as described above by
UPLC-MS. For urine samples, 100 ul of sample was directly dried and reconstituted using

methanol for metabolite analysis.

Site-directed mutagenesis and expression of CYP3A4 and CYP3A5. Plasmids
pCMV6-X L4 containing CY P3A4 and CY P3A5 full length cDNAS (TrueClones®) were
obtained from OriGene Technologies. Mutations were made with primers (Supplemental Table
1) using a QuikChange lightning site-directed mutagenesis kit following the manufacturer's
instructions. Plasmid DNA was isolated using GeneJET ™ plasmid miniprep kit (Thermo
Scientific) and DNA sequencing was performed to confirm the presence of a desired mutation
and the absence of extraneous mutations. The plasmid constructs (4 g) were transfected into

COS-7 cells using lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruction.

Analysis of metabolite formation by CYP3A4 and CYP3A5 expressed in COS-7
cells. Twenty-four hours following transfection, maraviroc was added to afinal concentration of
20 uM in 1 ml of DMEM per well. After 40 min incubation, 600 ul or 300 pul medium were
transferred to glass tubes and mixed with 50 pl of 20 ng/ml maraviroc-d6 for cells expressing
CYP3A4 and CYP3AD5, respectively. Two volumes of acetonitrile were added, vortexed, and
centrifuged at 3000 xg for 10 min at 4 °C. Supernatants were transferred, dried, recongtituted and

analyzed following the procedure described above.

Immunaoblot analysisof CYP3A4 and CYP3AS5 expression. Cells were harvested in 1
ml PBS followed by centrifugation at 500 xg for 5 min at 4 °C. The cell pellets were then
resuspended in cell lysis buffer containing freshly added phosphatase and protease inhibitor

cocktail (Thermo Scientific Halt Protein and Phosphatase Inhibitor Cocktail) and
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phenylmethylsulfonyl fluoride (PM SF). The resuspended cell pellets were passed 30 times
through a 25G gauge needle for lysis and centrifuged at 14,000 xg for 10 min at 4 °C. Protein
concentrations were measured using a bicinchoninic acid assay kit (Thermo Scientific) and 20 pg
total protein was loaded onto a 10% polyacrylamide gels for separation by SDS-PAGE.
Immunoblotting was performed using anti-CY P3A4, anti-CY P3A5 antibodies and p-actin for
normalization. A Carestream 4000R system was used for chemiluminescent imaging followed by
densitometrical analysis.

Statistical analysis. K, and V max Values were determined by nonlinear regression
analysis using GraphPad Prism 5 for Windows (GraphPad Software Inc., San Diego, CA). All
data presented are means = SD from three independent experiments performed in duplicate.
Two-tailed unpaired t tests were performed for comparisons and P < 0.05 was considered

statistically significant.

12
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RESULTS

Detection of monooxygenated metabolites of maraviroc usng UPLC-MS. Using a
novel UPLC-M S method that was specifically devel oped for the detection and separation of all
the oxidative metabolites of maraviroc, Sx maor monooxidative metabolites were identified
from incubations with human liver microsomes. Herein, these metabolites are denoted as
metabolite 1- metabolite 6 (M 1-M6; numbered by order of elution) with retention times of 14.9,
16.2,16.9, 21.7, 22.6 and 27.0 min, respectively (Fig. 1B). Among the six metabolites, M1, M2,
and M3 were the predominant metabolites. To confirm the formation of these monooxygenated
products of maraviroc in vivo, a single 300 mg dose of maraviroc was administered orally to a
healthy volunteer followed by blood and urine collection and metabolite analysis using UPLC-
MS. Genotyping results of CYP3A5 determined this subject to be homozygous for wild type
CYP3AS5 dlele*1. We found that these six metabolites were the major products present in both
plasma (Fig. 1C) and urine (Fig. 1D). A secondary amine product resulting from N-dealkylation
of maraviroc has been previously found in plasmaand excreta (Abel et al., 2008a; Hyland et al.,
2008). Therefore, in order to gain a more comprehensive view of maraviroc biotransformation,
we also monitored the formation of this metabolite using our assay. We found that the peak area
ratio of formation of this N-dealkylated metabolite to M1 by human liver microsomes was 0.3. In
addition, consistent with previous findings, we also detected the N-dealkylated metabolite of
maraviroc in both human plasma and urine samples. The peak arearatio of the N-dealkylated
maraviroc to M1 ranged from 0.3-2.6 and 1.4-6.4 in plasma and urine samples, respectively, over

aperiod of 24 h following asingle oral dose of maraviroc administration.

CYP3AS5 hasa higher capacity to form M1 than CYP3A4. To determine which CYP

isozymes play arolein the formation of these metabolites, maraviroc was incubated with a panel
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of cDNA-expressed P450s. As shown in Fig. 2A CYP3A4 and CY P3A5 were essentialy the
only enzymes that catalyzed the formation of monoxygenated products of maraviroc. Among the
six metabolites, M1 was the most abundant and formation by CY P3A5 was 9.7-fold greater than
by CYP3AA4. To further confirm the role of CYP3A4 and CY P3A5 in M1 formation, maraviroc
was incubated with human liver microsomes in the presence of inhibitors of CYP1A2, CY P2B6,
CYP2C9, CYP2C19, CYP2D6, and CY P3A4/5 (Fig. 2B). Ketoconazole, an inhibitor of
CYP3A4/5, significantly reduced the activity by 81% (P < 0.001). Quinidine, a CY P2D6
inhibitor, decreased formation of M1 16%, however, this was not statistically significant when
compared to the vehicle control (P =0.12). The V n values for M1 formation by CYP3A4 and
CYP3A5 were 0.04 £ 0.001 pmole/min/pmole P450 and 0.93 + 0.04 pmole/min/pmole P450,
respectively, and the K, valueswere 11.1 = 2.1 uM and 48.9 + 7.6 UM, respectively (Fig. 2C).
At 1 uM maraviroc, which is within the clinically useful range of maraviroc concentrations,
formation by CY P3A5 was 9-fold higher than that of CY P3A4, indicating that CY P3A5 may
play a predominant role in the formation of M1 at pharmacologically relevant concentrations of

maraviroc.

Reduced M1 formation by human liver micr osomes genotyped as homozygous for
the loss-of-function CYP3A5*3 allele. The expression and activity of CYP3A5 has been
reported to be affected by genetic polymorphisms. Individuals who carry two CY P3A5* 3 alleles
(CYP3A5*3/*3) have reduced or no expression of CYP3AS5 compared to those homozygous for
thewild type CYP3A5*1 alele (Hustert et al., 2001; Kuehl et al., 2001). We measured M1
formation by human liver microsomes isolated from individuals genotyped as CY P3A5*1/*1 and
individuals genotyped as CY P3A5* 3/*3 in order to determine the contribution of CYP3A5 to

M1 formation in asystem where CY P3A4 is present while CYP3A5 expression is absent or
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markedly reduced. In addition, these studies were used to probe the utility of M1 formation as a
CY P3A5 phenotyping tool. Following incubation with maraviroc (2 uM) the human liver
microsomes isolated from donors homozygous for the CY P3A5* 3 alleles, exhibited a 79%
decrease in formation of M1 as compared to production by human liver microsomes isolated
from donors homozygous for the CYP3A5* 1 allele (Fig. 3A, P = 0.01). Furthermore, M1 was
the most abundant metabolite formed using the CY P3A5* 1/* 1 human liver microsomes (Fig.
3B). In human liver microsomes genotyped as CY P3A5*3/*3 M1, M2, and M3 all had

comparable intensities (Fig. 3C).

M1isformed via hydroxylation of the difluorocyclohexane ring of maraviroc. In
order to determine the position of the CY P-dependent monooxygenation that resultsin the
formation of M1, mass spectrometry was performed using MS? and M S® scans following the
UPLC separation of M1 from other maraviroc oxidative metabolites. These spectra were then
compared to maraviroc as well as commercially available synthetic standards for 3-
hydroxymethyl maraviroc, a metabolite with a hydroxyl group on the triazole moiety, and 4-
hydroxyphenyl maraviroc, a metabolite with a hydroxyl group on the phenyl ring. Unlike 3-
hydroxymethyl maraviroc, but similar to 4-hydroxyphenyl maraviroc, MS? scans of M1 resulted
in two major product ions at m/z 296 and 405 (Fig. 4A), indicating that the hydroxyl group is not
on the triazole moiety. This was determined via comparison to a daughter ion m/z 280 of
maraviroc that isa product of fragmentation with breakage at the tertiary amine nitrogen of the
tropane ring (Wright et al., 2010). This fragment then contains the difluorocyclohexane ring and
phenyl ring of maraviroc but not the triazole moiety. Thus, we propose that the m/z 296 ion of
M1 represents an oxygen (16 Da) insertion into this portion of the molecule suggesting that the

site of metabolism is either on difluorocyclohexane ring or on the phenyl ring but not on the
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triazole moiety. To test this further MS® scans were performed. Maraviroc daughter ion m/z 280
produced product ionsat m/z 91, 106 and 117 (Fig. 4B). The ions with m/z 106 and 117 have
been identified as phenyl ring containing product ions of maraviroc (V. P. Shevchenko, 2009;
Wright et a., 2010). In contrast, fragmentation of 4-hydroxyphenyl maraviroc daughter ion m/z
296 generated ions at m/z 122 and 133 (Fig. 4C), products resulting from one oxygen insertion
on the phenyl ring containing ions m/z 106 and 117, respectively. Unlike 4-hydroxyphenyl
maraviroc but smilar to maraviroc, fragmentation of M1 yielded phenyl ring containing product
ionsat m/z 106 and 117 (Fig. 4D). From these data, it was concluded that M1 formation did not
involve oxygenation of the phenyl ring. Taken together, since M1 formation did not appear
involved oxygen insertion on ether the triazole ring or the phenyl ring of maraviroc, the oxygen
insertion was assigned on the difluorocyclohexane ring (Fig. 4E), which matched other product
ions (Fig. 4D). Fragmented ions with aloss of HF (20 Da) and CH,=CH> (28 Da) from m/z 296
were found at 276 and 268, respectively. The loss of both HF and water (18 Da) from m/z 296
generated ions at m/z 258. A further loss of CH,=CH (28 Da) produced ions at m/z 230 (Fig.
4D). MS?and M S® scans were also used to confirm that M2-M6 were indeed monooxygenated
products as well and distinct from M1 (data not shown).

Mutation of resduesthat are divergent between CYP3A4 and CYP3A5 altersM1
formation. Since studies have yet to be performed to identify the CY P3AS5 residues that might
confer substrate specificity, we leveraged our finding that M1 isformed preferentially by
CYP3AS5 over CYP3A4 and mutated several CY P3AS5 residues predicted to be within SRSs
based on alignment with CYP3A4. A number of residues outside of the predicted CYP3A5 SRSs
were mutated to the corresponding amino acids of CYP3A4 aswell in order to evaluate their

contribution to the differential metabolism of maraviroc by these enzymes (Fig. 5). COS-7 cells
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were used asamodel system for expression of CYP3A4 and CY P3A5 since they have been
proven to express endogenous NADPH-cytochrome P450 reductase which is necessary to
support CY P enzyme-mediated metabolism (Guo et al., 2005). The untransfected cells did not
exhibit activity towards maraviroc (data not shown). After transfection, protein expression of
wild type CYP3A5 and all mutants was measured using immunoblotting (Fig. 6A, B). Similar to
the maraviroc metabolism studies carried out using human liver microsomes, the CY P3A
transfected COS-7 cells formed the oxidative metabolites of maraviroc with M1-M3 being the
most predominant. Following protein normalization, a significant reduction in M1 formation by
the L57F, S107P, L108F, G214D, L219F, L240V, I371M, S392V, T478L, and Q479G mutants
was observed (Fig. 6C, P < 0.02). Among them, G214D exhibited the greatest reduction of 88%
compared to the wild type CY P3A5. M1 formation by the L57F, L108F and S107P mutants of
CY P3A5 was decreased by 61%, 59% and 72%, respectively. 1224T mutation resulted in aloss
of CYP3AS5 expression and thus no M1 was detected. We also found that mutations F146V,
G186S, S206N, A296V and V369l significantly increased M1 formation (P < 0.05). Mutations
of F210L, S239C and K243R did not significantly change the M1 formation activity of CYP3A5
(P =0.16, 0.16, and 0.20, respectively). No obvious changes were detected for other mutations
including F120L, K166T, K212R, V238Il, T376V, R415L, and D477S (data not shown).

In order to gain a more comprehensive understanding of the effects of the mutations of
CYP3A5 on catalytic activity we also measured the formation of M2 and M3 in addition to M 1.
Wild type CYP3A5 formed M1 at a higher level than M2 and M3 with metabolic ratios of
M1/M2 and M1/M3 of 24.4 and 30.4, respectively (Table 1). In contrast, M1 formed by
CY P3A4 was comparable to formation of M2 and M3 with M1/M2 and MY/M3 ratios of 1.5 and

1.6, respectively. Among the CY P3A5 mutants that were tested, L108F, G214D, and L57F
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resulted in adecrease in M1/M2 ratio by 95%, 75%, and 52%, respectively, as compared to wild
type CY 3A5. Furthermore, L108F, G214D, S107P, L57F, L240V and 1371M decreased M1/M3
ratio by 95%, 85%, 64%, 55%, 51%, and 51%, respectively. Thus, these mutations of CY P3A5
shifted formation of these metabolites towards that of CYP3A4. In addition, F146V and L219F
decreased the metabolic ratios of both M1/M2 and M1/M3; however, the differences from wild
type CY P3A5 were less than 50%. Unlike the other mutants, S206N increased M1/M2 and

M1/M3 by 39% and 57%, respectively.

Following the observation that mutation of certain CY P3A5 residues resulted in
metabolite profile similar to that of CY P3A4 we tested whether the reverse could occur if
residuesin CY P3A4 were mutated to the corresponding mismatched residuesin CYP3A5. We
analyzed CY P3A4 mutantsincluding F57L, P107S, F108L, D214G, L479T, and deletion of
N423 (AN423). CY P3A4 contains 503 amino acids while CY P3A5 has 502 residues. N423 isthe
CY P3A4 amino acid that appears to be the additional amino acid that is not present in CY P3A5
when the two sequences are aligned. Very interestingly, we found that while the L57F mutation
of CYP3AS shifted M1 formation towards CY P3A4 with a decrease of 61% the reverse mutant
of CYP3A4, F57L, had the opposite effect in that it increased M1 formation to 337% of that
produced by wild type CYP3A4 (Fig. 7). Other mutationsincluding P107S, F108L, D214G,
L479T, AN423, did not have changes on M1 formation (data not shown).

I dentification of novel dioxygenated maraviroc metabolites. Using the
chromatographic method for maraviroc metabolite analysis that we developed, four previously
unreported maraviroc dioxygenated metabolites (M7-M10) were identified in human liver
microsome reactions by monitoring the transition m/z 546/312 (Fig. 8A). MS? fragmentation of

the four metabolites all produced two major daughter ions at m/z 312 and 421, which have a
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32 Daincrease compared to the daughter ions of maraviroc m/z 280 and 389, respectively (Fig.
8B). This suggested that the oxygen insertions were not on the triazole ring as neither of the
fragment ions m/z 280 or m/z 389 contain the triazole ring. Further fragmentation of m/z 312
from M7-M 10 generated product ions m/z 106 and 117 (Fig. 8C), the two phenyl ring containing
ions found in the M S® spectra of maraviroc daughter ion m/z 280 (Fig. 4B), indicating that no
oxygen insertions occurred on the phenyl ring of maraviroc. Therefore, the two hydroxyl groups
were assigned to the difluorocyclohexane ring. The assignment was in agreement with other
observed ions in the spectra namely m/z 294 and 274 that are products of the m/z 312 daughter
ion that are formed after the loss of awater molecule (18 Da) and a further loss of HF (20 Da),
respectively (Fig. 8C). Consistent with the in vitro metabolism results using human liver
microsomes, we found that the four dioxygenated metabolites were present in al the urine
samples collected from the healthy volunteer (Fig. 8D). Similar to what was observed for

the monooxygenated metabolites, CY P3AS5 and CY P3A4 catalyzed the formation of al of

the dioxygenated metabolites (data not shown).

Glucuronidation of Maraviroc. Glucuronidation has been proposed as a metabolic
pathway for maraviroc in mice but not in humans (Walker et al., 2005); however, in the present
study we have identified two maraviroc glucuronides that were detected using the transitions m/z
706/581 (M11, Fig. 9A) and m/z 706/389 (M 12, Fig. 9A). MS® spectraof M11 with 15/2™
precursor/product ions of 706/581 contained ions at m/z 472, 296, and 133 (Fig. 9B). Theion
with m/z 472 is a product resulting from a glucuronic acid (176 Da) conjugation on the ion with
m/z 296, an ion with one oxygen insertion compared to maraviroc daughter ion m/z 280. Theion
with m/z 133 has the same mass as a product ion (m/z 133) of 4-hydroxyphenyl-maraviroc (Fig.

4C). Therefore, the conjugation of glucuronic acid was assigned to the phenyl ring. Unlike M11,
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fragmentation of M12 generated two major ions m/z 389 and m/z 280, the same two daughter
ions produced via fragmentation of maraviroc (Fig. 9C). MS® spectra confirmed that these two
ions were indeed the same in both maraviroc and M 12 suggesting that the glucuronidation
occurred on the triazole moiety following oxidation. Consistently, we also found that the two

glucuronides were present in the human urine samples (Fig. 9D).
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DISCUSSION

In this study, a novel chromatographic method was developed for the separation and
guantitation of oxidative metabolites and glucuronides of maraviroc. We found six major
monooxygenated metabolites (M1-M®6), four novel dioxygenated metabolites (M7-M 10), and
two previously unidentified glucuronides (M11-M12) using human liver microsomes and
confirmed that the metabolite profile was similar in plasma and/or urine samples after
administration of maraviroc to a healthy volunteer. The separation method that we developed has
utility in future studies of maraviroc metabolism in both basic and clinical research. Further,
since maraviroc is currently used clinically to treat HIV and is being investigated for additional
use in HIV prevention, the data presented here are valuable in that we provide the first detailed

information regarding the biotransformation of maraviroc both in vitro and in vivo.

We identified CYP3A4 and CY P3A5 as the mgor P450s involved in maraviroc
oxidation, which will be helpful in understanding drug-drug interactions of maraviroc with other
drugs. It isknown that maraviroc plasma concentration and exposure are significantly changed
when co-administered with CY P3A inducers or inhibitors (Abel et al., 2008b; Boffito and Abd,
2008). The M1 formation activity of CYP3A5 exhibited an evident difference from that of
CYP3A4. Thiswas further confirmed by the observation that there was marked reduction in M1
formation by human liver microsomes genotyped as homozygous CY P3A5* 3 allele that do not
express CY P3AS. In addition, N-dealkylation and oxidation have been reported to be the two
major pathways responsible for the metaboli sm-dependent clearance of maraviroc (Abel et al.,
2008a) . Previous studies reported a K, of 21 uM and V ey 0f 0.45 pmole/min/pmole P450 for
N-dealkylation of maraviroc using human liver microsomes and a Ky, of 13 uM and V i Of 3

pmole/min/pmole P450 for the formation of this same metabolite usng cDNA expressed
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CYP3A4 (Hyland et al., 2008); here we demonstrated that CY P3AS5 plays a primary role in the
formation of M1 with K, of 48.9 uM and V e of 0.93 pmole/min/pmole P450. We also
detected the N-dealkylated metabolite of maraviroc in both plasmaand urine samples. The peak
arearatio of the N-dealkylated metabolite to M1 in plasma varied from 0.3 to 2.6 with time over
aperiod of 24 h after the dose, suggesting that monooxygenation of maraviroc may not be a
minor pathway of maraviroc metabolism when compared to the N-dealkylation. Thisindicates
that in addition to N-dealkylation, monooxygenation should also be monitored in order to gain a
more complete understanding of the mechanism(s) of maraviroc clearance. Taken together, our
resultsindicate that M1 formation is primarily mediated by CYP3A5 and thus maraviroc is
potentially useful as a probe substrate for CY P3A5. The use of maraviroc as a CY P3A5 probe
substrate can be applied to in vitro drug-drug interaction studies to identify potential inducers or

inhibitors of CYP3A5 in the process of drug devel opment.

In addition, several aspects of maraviroc make it an attractive candidate for potential
consideration as a CY P3A5 clinical phenotyping probe: 1) it isan Food and Drug Administration
(FDA)-approved oral drug; 2) maraviroc has an excellent clinical safety profile (Hardy et al.,
2010); 3) M1 was detected as one of the major oxidative metabolitesin urine as early as0-2 h
following maraviroc administration (data not shown), possibly making maraviroc a non-invasive
phenotyping probe through analysis of urine samples. Several studies have shown that CY P3A5
isinvolved in metabolism of drugs including vincristine (Dennison et al., 2007; Dennison et al.,
2006; Dennison et al., 2008), tacrolimus (Kamdem et al., 2005; Renders et al., 2007), and
cyclosporine (Min et al., 2004); however, these drugs all have demonstrated toxicities (Bennett

and Norman, 1986; Guilhaumou et al., 2011; Levitt and Prager, 1975; Naesens et al., 2009).
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We found a singleresidue, 57, that when mutated in CYP3AS5 (L to F) shifted the
CY P3A5-dependent M1 formation to mirror that of CYP3A4 and vice versa (CYP3A4 FtoL).
Thisisthefirst time that aresidue that confers a switch in the activity between CY P3A4 and
CYP3A5 has been identified. Our study provided the first experimental evidence, to the best of
our knowledge, for the importance of this residue for CY P3A activity aswell asitsrolein
differentiating activities between CYP3A4 and CYP3AS5. A recent crystal structure has shown
that the CYP3A4 residue F57 isinvolved in the binding of the CY P3A4 substrate ritonavir

(Sevrioukova and Poulos, 2010).

Several studies have suggested an important role for SRS1 residue F108, which residesin
the Phe-cluster (F108, F213, F215, F219, F220, F241, and F304) that forms a hydrophobic roof
for the CYP3A4 active site, in CYP3A4 catalytic activity(Williams et al., 2004; Yano et al.,
2004). Replacement of F108 in CY P3A4 to the corresponding CY P3AS residue L decreased
metabolism of testosterone and aflatoxin B1 (Wang et al., 1998). The CY P3A4-ritonavir crystal
structure showed that F108 formed a hydrophobic pocket for ritonavir binding along with several
other residues (Sevrioukova and Poulos, 2010). In addition, computational modeling predicted
that F108 in CYP3A4 isinvolved in maraviroc binding via van der Waals interaction (Mannu et
a., 2011). A previous CY P3A5 homology model constructed based on the CY P3A4 crystal
structure showed that the overall folding of CYP3A5 overlaid with the folds of CYP3A4
(Pearson et al., 2007), suggesting that L108 might be located in the roof of the CY P3AS5 active
siteasit isin CYP3A4. Our current study showed that mutation L108F in CY P3A5 reduced M1
formation, confirming itsimportance to CY P3A5 activity. In addition, the formation of M2 and
M3 was increased compared to wild type CY P3AS5. The resultant metabolite profile resembles

that of CYP3A4 with similar metabolic ratios. Similar to residue F108, residue F219 in the
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hydrophobic pocket of CYP3A4 isreplaced by L in CYP3AS5. After mutation of L to Fat 219 in
CYP3AS5, we also observed areduction in M1 formation. The increased size in the side chain for
the mutation L to F at 108 and 219 may strengthen the effects of the characteristic “ Phe-cluster”
thereby making the shape of CY P3A5 substrate binding pocket more like that of CY P3A4,

resulting in the change of CY P3A5 activity towards that of CY P3A4.

Muitation of CY P3A5 SRS2 residue G214 to CY P3A4 residue D214, aresidue located
between the hydrophobic residues F213 and F215, resulted in a pronounced effect with 88%
reduction of CYP3AS5 activity for M1 formation. CY P3A4 SRS3 residue V240 belongs to this
hydrophobic ceiling of the active site along with the Phe-cluster and was shown to contribute to
progesterone binding (Williams et al., 2004). The mutation of CYP3AS5 L240V also resulted in a
marked decrease in M1 formation. These data underscore the importance of the hydrophaobic roof

in the active site, which might play arolein CYP3A4 and CY P3A5 substrate specificity.

In summary, we found that CY P3A4 and CY P3A5 were the mgjor enzymes responsible
for maraviroc oxidation and that CY P3A5 was the primary enzyme responsible for the formation
of amajor monooxygenated metabolite of maraviroc; we determined that the divergent residue
57 within CYP3A4 and CY P3A5 contributed to their differential activities towards maraviroc;
we also identified novel secondary deoxygenated and glucuronidated metabolites of maraviroc.
Coallectively, besidesfilling the gap in understanding of maraviroc metabolism, these studies
suggest that maraviroc may have utility as a probe substrate for CY P3AS5. In addition, the present
study has provided novel biochemical information regarding the contribution of divergent

residues to the activity of both CYP3A4 and CY P3A5.
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FIGURE LEGENDS

Fig. 1. A nove chromatographic method for the separation of maraviroc oxidative metabolites.
(A) Chemical structure of maraviroc and sites of oxidative metabolism (Abel et al., 2008a).
Separation of oxidative metabolites from (B) human liver microsomal reactions, (C) human
plasmaand (D) human urine. The human plasma and urine chromatogram are representative of
data obtained 2 h and 2-4 h, respectively, following a single oral dose of 300 mg maraviroc.
Metabolites were analyzed by mass spectrometry using the transitions m/z 530—296 for M1-M5

and 530—280 for M6 after separation on an UPLC column.

Fig. 2. CYP3A5 isthe primary enzyme responsible for M1 formation. (A) A panel of cDNA-
expressed P450s was incubated with maraviroc followed by metabolite analysis. (B)
Ketoconazole inhibited M1 formation. CY P chemical inhibitors were preincubated with human
liver microsomes prior to the addition of maraviroc. The data are presented as percent M1
formation activity remaining relative to vehicle control. The CY P targeted by the particular
chemical inhibitor is shown at the top of the figure. PPP is the abbreviation for 2-phenyl-2-(1-
piperidinyl) propane. ***P < 0.001 when compared to solvent control. (C) M1 formation rate by
CYP3AS5 isgreater than that by CY P3A. cDNA-expressed CY P3A4 and CY P3AS5 were
incubated with 0.1-1000 UM maraviroc under initial rate conditions. M1 formation was
determined using a maraviroc standard curve and maraviroc-dé as an internal standard. Kinetics
data at maraviroc concentrations in the therapeutic range are shown in the inset.

Fig. 3. M1 formation is decreased in human liver microsomes genotyped as CY P3A5*3/*3 and
M1 isthe major oxidative metabolite produced by CYP3A5* 1/* 1 human liver microsomes. (A)
Reduced M1 formation by human liver microsomes homozygous for a CY P3A5 nonfunctional

alele. Human liver microsomes from individuals genotyped as CY P3A5* 1/*1 or CY P3A5*3/*3
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were incubated with 2 uM maraviroc and M 1 formation was measured. Each data point
represents the peak arearatio of M1 to maraviroc-d6 (internal standard). The mean for each
group isindicated by ahorizonta line. (B) Representative chromatogram of oxidative
metabolites from reactions of CYP3A5* 1/*1 human liver microsomes and CY P3A5* 3/*3 human

liver microsomes (C).

Fig. 4. M1 results from oxygen insertion on the difluorocyclohexane ring of maraviroc as
determined by mass spectrometry. (A) Fragmentation profile of M1 with MS? scans of a
precursor ion a m/z 530. MS® spectra of (B) maraviroc, (C) 4-hydroxyphenyl maraviroc and (D)
M1. (E) The proposed structure of M1. MS® scans were performed using 1%/2™ precursor ions at
m/z 514/280 for maraviroc and at m/z 530/296 for 4-hydroxyphenyl maraviroc and M1,

respectively.

Fig. 5. Mutations of residues that are divergent between CYP3A4 and CY P3A5. The
mismatched residues evaluated in this study are underlined and in bold font. The six previously
reported putative substrate recognition sites SRS1-SRS6 are shown in boxes (Emoto and

Iwasaki, 2006).

Fig. 6. Changesin M1 formation resulting from mutation of CY P3A5 towards CY P3A4 after
normalization by protein expression. (A, B) Protein expression of CYP3A5 wild type (WT) and
mutants. (C) M1 formation by CY P3A5 mutants relative to wild type CY P3A5 following
normalization to protein expression. Plasmids containing wild type or mutant cDNA were
transfected into COS-7 cells and maraviroc was added to the medium 24 h post-transfection.
Following 40 min incubation metabolites were measured in the medium and protein expression

was detected by immunoblot for normalization. SRS regions that the residues belong are denoted
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on the graph. P < 0.05 for all mutants, except for F210L (P = 0.16), S239C (P = 0.16), and
K243R (P = 0.20), when compared to wild type CY P3Ab.

Fig. 7. Residue 57 contributes to the differential formation of M1 by CY P3A4 and CY P3A5.
Decreased M1 formation by the CYP3A5 L57F mutant and increased M1 formation by the
CYP3A4 F57L mutant relative to that by wild type CYP3A5 and CY P3A4, respectively. Protein
expression of wild type (WT) CYP3A4 and the F57L mutant is shown above the right panel and
expression of CYP3A5 L57F is shown in Figure 6A. Metabolite formation was normalized to
protein expression as measured using immunoblotting. **P < 0.01, ***P < 0.001 when

compared to wild type.

Fig. 8. Chromatograms and M S" spectra of the maraviroc dioxygenated metabolites. (A)
Chromatogram of dioxygenated maraviroc metabolites (M7-M 10) detected using the transition
m/z 546— 312 from metabolism reactions using human liver microsomes. (B) Representative

M S? spectra of M7-M 10 with the precursor ion m/z 546. (C) Representative M S® spectra of M7-
M 10 with 1%/2™ precursor ions at m/z 546/312. The proposed structures of fragmented ions are
shown near the corresponding peaks. (D) Chromatogram of dioxygenated maraviroc metabolites
(M7-M10) detected in urine collected at 0-2 h from a healthy volunteer using the transition m/z

546—312.

Fig. 9. Chromatograms and M S" spectra of maraviroc glucuronides. (A) MRM chromatogram of
maraviroc glucuronides with transitions at m/z 706—581 (M11) and at m/z 706—389 (M12)
from metabolism reactions using human liver microsomes. (B) M S® spectra of M 11 monitoring
1%/2™ precursor ions at m/z 706/581. (C) M S? spectra of M12 monitoring precursor ion at m/z

706. The proposed structures of fragmented ions are shown near the corresponding peaks. (D)
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MRM chromatogram of maraviroc glucuronides with transition at m/z 706—581 (M11) and at

m/z 706—389 (M 12) in urine collected at 0-2 h from the volunteer.
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TABLE 1.

Comparison of metabolic ratios of CYP3AS5 and its mutantsto that of CY P3A4.

The indicated enzymes were transiently expressed in COS-7 cells. Metabolism experiments for
maraviroc were carried out and oxidative metabolites M1, M2, and M3 were measured as

described under Materials and Methods. Metabolic ratios (M1/M2 and M1/M3) are presented as

means + SD.

Name M1M?2 M1UM3
CYP3A5 244+13 304+4.2
L57F 11.8+12 136+14
S107F 241+27 109+40
L108F 1.29+0.05 1.7+ 0.03
F146V 20.0+29 256140
G186S 254+15 389+32
S206N 340+21 476+ 3.6
G214D 6.14+0.2 4.6 +0.03
L219F 179+ 04 16.7+0.1
S239C 27.3+40 42.3+39
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L240V 13.3+6.3 149+49
V369l 182+45 251+28
1371M 20.3+28 150+15
S392V 225+0.1 188+23
T478L 256+ 27 38.1+27
Q479G 25.6+22 234+x11
CYP3A4 15+05 1.6+0.8
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Cytochrome P450 3A5 Plays a Prominent Role in the Oxidative Metabolism of the Anti-

HIV Drug Maraviroc

Yanhui Lu, Craig W. Hendrix, Namandjé N. Bumpus

Drug Metabolism and Disposition

Supplementary Table 1

Sequence of oligonucleotides used for site-directed mutagenesis for CYP3A4 and CYP3A5®,

Mutation Oligonucleotide Sequence

CYP3A5

L57F 5'-aaatgttttgtcctatcgtcagggtttctggaaatttgacac-3'
5'-gtgtcaaatttccagaaaccctgacgataggacaaaacattt-3'

S107P 5'-cttcacaaatcgaaggcctttaggcccagtggg-3'
5'-cccactgggcctaaaggcecttcgatttgtgaag-3'

L108F 5'-cttcacaaatcgaaggtctttcggcccagtggg-3'
5'-cccactgggccgaaagaccttcgatttgtgaag-3'

L1201 5'-ttatgaaaagtgccatctctatagctgaggatgaagaatgg-3'
5'-ccattcttcatcctcagctatagagatggcacttttcataa-3'

F146V 5'-gaaaactcaaggagatggtccccatcattgcccag-3'
5'-ctgggcaatgatggggaccatctccttgagttttc-3'

K166T 5'-acttgaggcgggaagcagagacgggcaagcctgt-3'
5'-acaggcttgcccgtctctgcttceecgectcaagt-3'

G186S 5'-cctacagcatggatgtgattactagcacatcatttgga-3'
5'-tccaaatgatgtgctagtaatcacatccatgctgtagg-3'

S206N 5'-caagacccctttgtggagaacactaagaagttcctaaaa-3'
S'-ttttaggaacttcttagtgttctccacaaaggggtcttg-3'

F210L 5'-tttgtggagagcactaagaagttactaaaatttggtttcttagatcc-3'
5'-ggatctaagaaaccaaattttagtaacttcttagtgctctccacaaa-3'

K212R 5'-ggagagcactaagaagttcctaagatttggtttcttagatccattat-3'
5'-ataatggatctaagaaaccaaatcttaggaacttcttagtgcetctcce-3'

G214D 5'-gcactaagaagttcctaaaatttgatttcttagatccattatttctctc-3'
5'-gagagaaataatggatctaagaaatcaaattttaggaacttcttagtge-3'

L219F 5'-cctaaaatttggtttcttagatccattctttctctcaataatactctttccatt-3'
5'-aatggaaagagtattattgagagaaagaatggatctaagaaaccaaattttagg-3'

1224T 5'-cttagatccattatttctctcaataacgctctttccattccttaccccagt-3'
5'-actggggtaaggaatggaaagagcgttattgagagaaataatggatctaag-3'

V2381 5'-tccttaccccagtttttgaagcattaaatatctctctgtttccaa-3'
5'-ttggaaacagagagatatttaatgcttcaaaaactggggtaagga-3'

S239C 5'-ccccagtttttgaagcattaaatgtctgtctgtttccaaaag-3'

5'-cttttggaaacagacagacatttaatgcttcaaaaactgggg-3'
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L240V 5'-ccccagtttttgaagcattaaatgtctctgtgtttccaaaagata-3'
5'-tatcttttggaaacacagagacatttaatgcttcaaaaactgggg-3'

K243R 5'-tttgaagcattaaatgtctctctgtttccaagagataccataaattttttaagtaaat-3'
5'-atttacttaaaaaatttatggtatctcttggaaacagagagacatttaatgcttcaaa-3'

A296V 5'-gtctgatctggagctcgtagcccagtcaataatct-3'
5'-agattattgactgggctacgagctccagatcagac-3'

V369l 5'-gaaacactcagattattcccaattgctattagacttgagagga-3'
5'-tcctctcaagtctaatagcaattgggaataatctgagtgtttc-3'

1371M 5'-cactcagattattcccagttgctatgagacttgagagga-3'
5'-tcctctcaagtctcatagcaactgggaataatctgagtg-3'

T376V 5'-ccagttgctattagacttgagagggtttgcaagaaagatgttgaaatcaa-3'
5'-ttgatttcaacatctttcttgcaaaccctctcaagtctaatagcaactgg-3'

S392v 5'-gggtattcattcccaaaggggtaatggtggtgattccaactt-3'
5'-aagttggaatcaccaccattacccctttgggaatgaataccc-3'

R415L 5'-agcctgaggagttccteectgaaaggttcag-3'
5'-ctgaacctttcagggaggaactcctcaggct-3'

D477S 5'-tgtaaagaaacacagatccccttgaaattaagcacgcaaggacttctt-3'
5'-aagaagtccttgcgtgcttaatttcaaggggatctgtgtttctttaca-3'

T478L 5'-aacacagatccccttgaaattagacctacaaggacttcttcaaccagaaaaac-3'
5'-gtttttctggttgaagaagtccttgtaggtctaatttcaaggggatctgtgtt-3'

Q479G 5'-ccccttgaaattagacacgggaggacttcttcaaccagaa-3'
5'-ttctggttgaagaagtcctceegtgtctaatttcaagggg-3'

CYP3A4

F57L S'-tattttgtcctaccataagggcttatgtatgtttgacatggaatg-3'
5'-cattccatgtcaaacatacataagcccttatggtaggacaaaata-3'

P107S 5'-gtcttcacaaaccggaggagttttggtccagtgggatt-3'
5'-aatcccactggaccaaaactcctceggtttgtgaagac-3'

F108L 5'-caaaccggaggcctttaggtccagtggg-3'
5'-cccactggacctaaaggcctceggtttg-3'

D214G 5'-caccaagaagcttttaagatttggttttttggatccattctttctct-3'
5'-agagaaagaatggatccaaaaaaccaaatcttaaaagcttcttggtg-3'

A423NP 5'-cctgaaagattcagcaagaag---aaggacaacatagatccttac-3'
5'-gtaaggatctatgttgtcctt---cttcttgctgaatctttcagg-3'

L479T 5'-cagatccccctgaaattaagcacgggaggacttcttcaaccagaa-3'

5'-ttctggttgaagaagtcctcecgtgcttaatttcagggggatctg-3'

#The underlined nucleotide(s) in bold represent the introduced mutations that were used to make
the desired residue changes. ® Three nucleotides were omitted in the primer sequence in order to
delete residue N423 of CYP3A4.



