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itraconazole; KTZ, ketoconazole, HLM, human liver microsomes; 1'OH-MDZ, 1’-
hydroxy midazolam; 6BOH-TST, 6B-hydroxy testosterone; Ks, spectral binding constant;
Ki, inhibition constant; [I], inhibitor concentration; DDI, drug-drug interaction; 1Csg,

concentration rendering half-maximal inhibition; [§, substrate concentration.
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Abstract

The purpose of this study was to determine the impact of CYP3A5 expression on
inhibitory potency (K; or 1Cs values) of CYP3A inhibitors, using recombinant CY P3A4
and CYP3A5 (rCYP3A4 and rCYP3A5) and CYP3A5 genotyped human liver
microsomes (HLMs). ICso ratios between rCYP3A4- and rCYP3AS5
(rCYP3A5/rCYP3A4) of ketoconazole (KTZ) and itraconazole (ITZ) were 8.5 and 8.8
for midazolam, 4.7 and 9.1 for testosterone, 1.3 and 2.8 for terfenadine, and 0.6 and 1.7
for vincristine, respectively, suggesting substrate and inhibitor-dependent selectivity of
the two azoles. Due to the difference in the ICsy values for CY P3A4 and CY P3A5, non-
concordant expression of CYP3A4 and CYP3A5 protein can significantly affect the
observed magnitude of CY P3A-mediated drug-drug interactions in humans. Indeed, the
ICs0 values of KTZ and ITZ for CYP3A-catalyzed MDZ and TST metabolism were
significantly higher in HLMs with CYP3A5* 1/*1 and CYP3A5* 1/*3 genotypes than in
HLMs with CYP3A5*3/*3 genotype, showing CYP3A5 expression-dependent 1Cs
values. Moreover, when I1Csy values of KTZ and ITZ for different HLMs were
kinetically simulated based on CYP3A5 expression level and enzyme-specific 1Cso
values, a good correlation between the simulated and the experimentally measured 1Cs
values was observed. Further ssmulation analysis revealed that both the K; ratio (for
inhibitors) and Vima/Kn ratio (for substrates) between CYP3A4 and CY P3A5 were major
factors for CYP3AS5 expression-dependent 1Cs values. In conclusion, the present study
demonstrates that CYP3A5 genotype and expression level have a significant impact on
inhibitory potency for CYP3A-catalyzed drug metabolism, but that the magnitude of its

effect isinhibitor-substrate pair specific.
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I ntroduction

Cytochrome P450 3A (CYP3A) is an important P450 subfamily, because its
members are expressed in many tissues and metabolize more than 50% of marketed
drugs. Importantly, CYP3A4 is highly expressed in human intestine and liver and is
often the locus of drug-drug interactions (DDI) (Thummel and Wilkinson 1998; Lown et
a., 1994). A structurally related isoform CYP3A5 is polymorphically expressed in the
human intestine and liver in different populations and exhibits an overlapping substrate
specificity with that of CYP3A4 (Huang et al., 2004; Lamba et al., 2002). Consequently,
it has become increasingly necessary to consider the impact of “CYP3A5 expresser”
status on the pharmacokinetic and DDI profiles of CYP3A substrates (Isoherranen et al.,
2008; Chandédl et al., 2009).

With greater access to recombinant CYP3A (rCYP3A) proteins and human liver
microsome (HLM) preparations of CYP3A5 genotyped subjects, attempts have been
made to compare the catalytic and inhibitory properties of CYP3A4 with those of
CYP3AS5 (Huang et al., 2004; Yamaori et a., 2004; Williams et al., 2002). It is accepted
that the majority of CYP3A substrates favor CY P3A4, when the two P450s are incubated
under similar assay conditions and one carefully considers their catalytic efficiency in
light of redox partner molar ratios (Christensen et al., 2011; Jushchyshyn et al., 2005; Lee
and Goldstein, 2012). To date, only drugs such as vincristine (rCYP3A5/rCYP3A4
Vma/Km ratio > 8) and tacrolimus (rCYP3AS5/fCYP3A4 Viul/Kny ratio ~2) favor
rCYP3A5 (Niwa et al., 2008; Dennison et al., 2006; Dai et a., 2006). In agreement,
CYP3A5 expresser status is a magjor determinant of vincristine M1 formation in vitro and

in vivo (Dennison et a., 2007, 2008, Egbelakin et al., 2001). Likewise, the respective in
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vivo (oral) clearance and the HLM-scaled clearance of tacrolimus is 48% and ~60%
lower in CYP3A5 nonexpressers, compared to expressors (Dal et al., 2006; Barry and
Levine, 2010).

From the standpoint of CYP3A inhibition, azole antifungal agents have been well
studied (Gibbs et al., 1999; Isoherranen et al., 2008; Niwa et al., 2008). With some
subgtrates, the |Cs ratio (rCY P3AS/rCY P3A4) has been reported to be as high as 19 and
implicates CYP3AS5 expresser status as an important determinant of K; in human livers
(Niwa et al., 2008, Patki et al., 2003; Isoherranen et al., 2008). Such an observation is
supported by the ~2-fold increase in fluconazole K; with CYP3AS5 expresser (versus
CYP3A5 non-expresser) HLM (Isoherranen et al., 2008). For itraconazole (ITZ), there
are reports that it is rCYP3A4 selective with substrates such as oxybutynin and
midazolam (MDZ) (Lukkari et al., 1998; Yamazaki et a., 2010). The latter authors
reported a K; ratio of ~30 (rCYP3A5/rCYP3A4) as well as a K| ratio of ~2 in HLM
(CYP3AS expressers versus Nonexpressers).

Inheritance of at least one copy of the reference CYP3A5 allele (CYP3A5* 1) confers
a sgnificant level of tissue CYP3AS5 content, whereas inheritance of two variant aleles
(e.g., CYP3A5* 3, CYP3A5*6 or CYP3A5*7) leads to undetectable or very low CYP3A5
expression (Kuehl et al., 2001). Therefore, the data described above suggest that
CYP3AS5 expresser status, while not necessarily impacting the overall pharmacokinetics
of a particular CYP3A substrate, may govern the [I]/K; value and the magnitude of a
DDI. Clinically, there are at least four reports linking CYP3A5 genotype to the
magnitude of CYP3A inhibition; the impact of KTZ on tacrolimus exposure (Chandel et

al., 2009), effect of ITZ on the pharmacokinetics of intravenous MDZ (Yu et a., 2004),
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impact of ITZ on the pharmacological activity of clopidogrel (Suh et al., 2006); and the
inhibition of MDZ clearance by fluconazole (Isoherranen et al., 2008). Interestingly,
Isoherranen et al. (2008) also evaluated the inhibitory effect of fluconazole on
erythromycin N-demethylase activity in HLM and found that its K; was not affected by
CYP3A5 expression. Clinical follow up revealed no significant association between
CYP3AS5 genotype and the magnitude of effect of fluconazole on the erythromycin breath
test. This raises the possihility that the impact of CYP3AS5 expresser status on the
magnitude of a CYP3A-mediated DDI may be substrate-dependent (Isoherranen et al.,
2008).

In the present study, we aimed to determine the effect of CYP3AS5 expression on the
potency of inhibition of CY P3A-catalyzed drug metabolism, by means of in vitro studies
using rCYP3A4 and rCYP3A5 and nine CYP3A5 genotyped HLMs together with four
representative CY P3A substrates (MDZ, testosterone (TST), terfenadine and vincristine)
and two inhibitors (ITZ and KTZ). It is concluded that 1Csy values for inhibition of
CYP3A in HLM are indeed greatly dependent on the expression levels of CYP3A5, and

that the quantitative impact of CY P3A5 expression is inhibitor-substrate pair specific.
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Materials and M ethods

Chemicals and Reagents. Microsomes containing human rCYP3A4 and rCYP3A5
(Supersomes™) were obtained from BD Biosciences (San Jose, California). rCYP3A4
(2.0 nmol CYP3A4/mg) had been co-expressed with cytochrome bs (2.8 nmol/mg) and
P450 reductase (2.0 pmol cytochrome ¢ reduced/min per mg). rCYP3AS5 (1.0 nmol
CYP3A5/mg) had been co-expressed with cytochrome bs (2.1 nmol/mg) and P450
reductase (3.2 pumol cytochrome c reduced/min per mg). Terfenadine, vincristine, ITZ
and KTZ were purchased from Sigma-Aldrich (St. Louis, MO). MDZ and TST were
purchased from Cerilliant (Round Rock, TX). All other general reagents were of
analytical grade or better and were obtained from various commercial sources. Wild-type
purified human CY P3A4, mutant purified human CY P3A4 (L211F/D214E and F213W),
PA50 reductase and cytochrome bs were provided by Drs. James Halpert and Dmitri
Davydov (Skaggs School of Pharmacy and Pharmaceutical Sciences, University of

California, San Diego, California).

Incubation of rCYP3A4- and rCYP3A5-Catalyzed Metabolism of TST, MDZ,
Terfenadine and Vincristine. Assessment of CYP3A4 and CYP3AS5 activity. All
incubations were conducted at 37°C as follows. For the determination of enzyme kinetic
parameters, MDZ (0.5-25 uM) was incubated in a reaction mixture (final volume of 0.2
mL) that consisted of the following: rCYP3A4 or rCYP3A5 Supersomes (1 pmol
PA450/mL), potassium phosphate buffer (100 mM, pH 7.4), EDTA (1 mM) and NADPH
(2 mM) for 5 min. The apparent product formation rate with respect to incubation time

and protein concentration had previously been determined to be linear. Reactions were
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terminated by quenching with one volume of cold acetonitrile containing internal
standard, 1'OH-MDZ-d,. After centrifugation at 4000 x g for 10 min, aiquots of the
supernatants were subject to LC/MSMS analysis. Analysis of 1'OH-MDZ in the
incubate extracts was performed using an Accela UHPLC chromatographic system
interfaced with an Orbitrap Discovery Mass Spectrometer (Thermofisher, Waltham,
MA). Samples (10 pL) were injected via a CTC PAL autosampler (Leap Technologies,
Carrboro, NC) into a BEH C18 1.7 ym 2.1 x 100 mm column (Waters Corporation,
Milford, MA. The mobile phases were composed of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) at a flow rate of 0.6 ml/min. A gradient linearly
increased the composition of (B) from 10 to 40% over 6 min, followed by an increase to
95% over the next 2.5 min, maintained at 95% for 1 min, and then returned to initial
conditions. Detection of 1'OH-MDZ was achieved in the positive ion electrospray (ESI)
mode, with a source voltage of 5.0 kV, a capillary voltage of 15.5 V, and a capillary
temperature of 235°C. Tube voltage was set at 50V. Data acquisition was achieved by
collecting full scan accurate mass (resolution of 30,000) mass spectra between 100 and
1000 amu. lon chromatograms of the exact masses of the MH™ ions of 1'-OH MDZ
(342.08103) and 1'-OH MDZ-d, (346.10572) were extracted with a mass window of 10
ppm. Peaks in the ion chromatograms were integrated using XCalibur Quan Browser
software. The retention times of 1'-OH MDZ and 1'-OH MDZ-d, were 4.8 min, while 4-
hydroxy MDZ eluted at 4.5 min.

For TST (5-500 uM), enzyme kinetic parameters were determined after incubation
with rCYP3A4 or rCYP3A5 Supersomes (10 pmol P450/mL), in potassium phosphate

buffer (100 mM, pH 7.4), containing EDTA (1 mM) and NADPH (1 mM) (final volume
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of 0.2 mL). Incubation time was 10 min. Again, the apparent product formation rate
with respect to incubation time and protein concentration had previously been determined
to be linear. Reactions were terminated by transfer of the incubation contents into a
Solvinert hydrophobic PTFE filter plate (Millipore, Billerico, MA) preloaded with three
volumes of cold methanol containing internal standard, 68OH-TST-ds. The filter plate
was stacked with a 2 mL injection plate, centrifuged, and the filtrates were subjected to
LC/IMSMS analysis. Analysis of 6BOH-TST in incubate extracts was performed using
an SCL-10A vp pump (Shimadzu, Columbia, MD) connected to a API4000 Qtrap (AB
Sciex, Ontario, Canada). Samples (10 pL) were injected via a CTC PAL autosampler
(Leap Technologies, Carrboro, NC) onto a Zorbax (Agilent, Palo Alto, CA) SB-C18 5
pm, 2.1 x 150 mm column. The mobile phases were composed of 0.1% formic acid in
water (A) and 0.1% formic acid in methanol (B) at a flow rate of 0.6 ml/min. A gradient
linearly increased the composition of (B) from 35% to 80% over 3.5 min., followed by an
increase to 100% over the next 0.5 min., maintained at 100% for 1 min. and then returned
to initial conditions. Detection of 6BOH-TST was achieved in the positive ion
electrospray (ESI) multiple reaction monitoring (MRM) mode, by monitoring nm/z
transitions of 305.2 — 269.2 (6BOH-TST; retention time = 3.04 min) and 308.2 — 272.2
(6BOH-TST-ds; retention time = 3.03 min). The declustering potential (DP) was set at 66
volts, the collision energy (CE) was set at 21 volts and the turbo-V source temperature
was set at 400 °C. Analyst software version 1.4.2 was used for data analysis.

For the determination of enzyme kinetic parameters, terfenadine was incubated for 1
min in a mixture (fina volume of 0.2 mL) consisting of the following: rCYP3A4 or

rCYP3A5 Supersomes (5 pmol P450/mL), potassum phosphate buffer (100 mM, pH

10
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7.4), EDTA (1 mM) and NADPH (1 mM). The product formation rate with respect to the
incubation time and protein concentration had previously been determined to be linear.
Reactions were terminated by quenching with one volume of cold acetonitrile containing
internal standard, 1’ OH-MDZ-d,. After centrifugation at 4000 x g for 10 min, aliquots of
the supernatants were subject to LC/MS/MS analysis. Analysis of terfenadine alcohal in
the incubate extracts was performed using an Accela UHPLC chromatographic system
interfaced with an Orbitrap Discovery Mass Spectrometer (Thermofisher, Waltham,
MA). Samples (10 pL) were injected via a CTC PAL autosampler (Leap Technologies,
Carrboro, NC) onto a BEH C18 1.7 um 2.1 x 100 mm column (Waters Corporation,
Milford, MA. The mobile phases were composed of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) at a flow rate of 0.6 ml/min A gradient linearly
increased the composition of (B) from 2 to 60% over 8 min, up to 95% over the next 0.5
min, maintained at 95% for 0.5 min, and then returned to initial conditions. Detection of
terfenadine alcohol was achieved in the positive ion electrospray (ESI) mode, with a
source voltage of 5.0 kV, a capillary voltage of 15.5 V, and a capillary temperature of
235. Tube lens voltage was set at 50 V. Data acquisition was achieved by collection of
full scan spectrum (mass resolution 30,000), over the range of 100 to 1000 amu.
Extracted ion chromatograms of terfenadine alcohol (MH* 488.31665) and internal
standard 1'-OH MDZ-d4 (MH" 346.10572) were integrated. The retention times of
terfenadine alcohol and 1'-OH MDZ-d4 were 6.3 and 5.3 min, respectively.

For the determination of enzyme kinetic parameters, vincristine was incubated in a
reaction mixture that contained rCYP3A4 (50 pmol P450/mL) or rCYP3AS5 (10 pmol

P450/mL) for 10 min 5 min and 3 min, respectively. The incubation mixture (final

11
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volume of 0.2 mL) also contained potassium phosphate buffer (100 mM, pH 7.4), MgCl,
(2 mM) and NADPH (0.5 mM). The apparent reaction rate was linear with respect to
incubation time and protein concentration. Reactions were terminated by the addition of
one volume of ice-cold acetonitrile. Concentrations of vincristine metabolite (M1) were
determined using UHPLC-MS analysis (Dennison et al., 2006). Analysis of vincristine
and M1 in the incubate extracts was performed using an Accela UHPLC pump connected
to an LTQ Orbitrap Velos (Thermo Fisher Scientific, Waltham, MA). Samples (10 pL)
were injected via a CTC PAL autosampler (Leap Technologies, Carrboro, NC) onto a
BEH C18 1.7 pm, 2.1 x 100 mm UPLC column (Waters, Milford, MA). The mobile
phases were composed of 0.1% formic acid in water (A) and methanol (B). A gradient
linearly increased the composition of (B) from 10% to 40% over six minutes, followed by
an increase to 95% over the next 2.5 min. Vincristine eluted at 6.2 min, and metabolite
M1 at 5.7 min. The column eluted into the electrospray ion source, heated at 300 °C and
operated in the positive mode. Source voltage was set a 5.4 kV. The capillary
temperature was set at 300 °C. Sheath and auxiliary gases were operated at 50 and 15
arbitrary units, respectively. Quantitation of vincristine and M1 was accomplished by
integration of peak areas in the respective accurate mass ion extracted chromatograms.
Masses used were 413.20776 for vincristine and 406.19991 for M1, with windows of 5
ppm. These masses represent the doubly charged states of both molecules and are more
abundant than the singly charged species under the conditions described.

Determination of kinetic parameters. All kinetic data were analyzed by nonlinear
regression analysis (Kaleida Graph 4.1, Synergy Software, Reading, PA), which involved

fitting of the data to equations describing Michadis-Menten (Eg. 1) or sigmoidal (Eq. 2)

12
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kinetics. In each case, the goodness of the fit was assessed based on visual inspection,

assessment of Chi squared, and the standard error of the parameter estimates.

v = Ve X[S]
K +[S] (1)
_ Vi X[§]"
S5 +[S]" )

In equations 1 and 2, “v” is the velocity of the metabolic reaction, [§ is the substrate
concentration and “n” isthe Hill coefficient.

Inhibition of rCYP3A4 and rCYP3AS5 by ITZ and KTZ. KTZ (0.001-5 puM) and ITZ
(0.002-10 pM) were studied as inhibitors of rCYP3A4- and rCYP3A5-catalyzed
metabolism of MDZ, TST, terfenadine and vincristine. In all cases, the 1Cs was
generated at a[F] equivalent to the Ky, (S) and at a[§ well below Ki, (Sso) ([§/Km ratio
~ 0.05). Both azoles were dissolved in DM SO and the appropriate volume of the stock
solution was added to the incubation mixture (final concentration of DMSO did not
exceed 0.5%). Incubation and LC/MS/MS analysis was carried out as described for the
basdline kinetic studies. Percent of control activity was determined as the ratio of the
amount of 1’OH-MDZ, 68OH-TST, terfenadine alcohol and vincristine M1 formed in the
presence to that in the absence (solvent alone) of KTZ or ITZ. ICsy values were obtained
by means of nonlinear least-squares analysis (Eg. 3) using XLfit (IDBS, Guildford, UK).

max - min

1+ ( IC)I( J
50 (3)

Where ICs is the “X” value for the point in the curve that is midway between the “max”

y=min+

(maximum activity remaining; minimal % inhibition) and “min” (minimal activity

13
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remaining; maximal % inhibition). The exponent “y” is the slope of the curve a its
midpoint. See supplemental data for Determination of Ligand-Induced Binding Spectra
and Recongtitution of Purified Wild-Type and Mutant CYP3A4 with P450 Reductase and

Cytochrome bs.

Inhibition of MDZ 1'-Hydroxylase and TST 6B-Hydroxylase Activity in HLM of
CYP3A5 Genotyped Livers. Microsomal preparations. The collection and use of
human tissue for research was approved by the University of Washington Human
Subjects Review Board. Human liver samples were obtained from Human Tissue Bank
maintained by School of Pharmacy, University of Washington (Seattle, WA). Of the 60
available livers, 3 from a subset of CYP3A5*3/*3 donors (1 male; 2 female subjects), 3
from a subset of CYP3A5*1/*3 donors (3 male donors), were selected randomly from
each respective group for microsome preparation. Microsomes from three additional
donors genotyped CYP3A5*1/*1 (1 male;, 2 females) were purchased from commercial
sources to obtain microsomes from three donors of each genotype (CYP3A5*1/*1,
CYP3A5*1/*3 and CYP3A5*3/*3). The procedures used for microsome isolation have
been published previoudly (Paine et al., 1997; Lin et al., 2002; Dai et a., 2004). The
CYP3A4 and CYP3AS5 protein expression levels in each liver were quantified by western
blotting and the data is summarized in Table 1. See supplemental data for Assessment of

CYP3A Inhibition and Deter mination of |Csxp.

Simulation of the CYP3A5 Expression-Dependent 1Csy Values of KTZ and ITZ for
MDZ 1’-hydroxylation and TST 6p-Hydroxylation. 1Cso values of KTZ and ITZ for

MDZ 1'-hydroxylation and TST 6pB-hydroxylation were ssmulated to model human liver

14
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microsomes with variable CYP3A4 and CYP3A5 expression. The following model was
used (Eq. 4), which assumes that MDZ and TST can be metabolized by CYP3A4 and

CYPSAGS.

% of Control Activity = \éx 100
Vmax,CYP3A4 ’ [E]CYP3A4 : [S] Vmax,CYPAs ’ [E]CYPBAS ' [S]

Km,CYP3A4 '[1"' [I ] J+ [S] Km,CYP3A5 '[1"' [I ] j"' [S]
%100

i,CYP3A4 i,CYP3A5

Vmax,CYP3A4 ’ lEJCYP3A4 ’ lSJ " Vmax,CYPAS ’ lEJCYP3A5 ’ lSJ
Km,CYP3A4 + [S] Km,CYP3A5 + [S] (4)

where [§ is the applied concentration of substrate and [I] is concentration of inhibitor.
[Elcyrsas and [E]cyrsas are concentration of CYP3A4 and CY P3AS5, respectively in the
microsomes. V and V; are metabolite formation velocities in the absence and presence of
inhibitor, respectively. By incorporating Ky, and Vimax values of MDZ or TST shown in
Table 2, and K; values estimated from ICs values (K; = ICs, based on a [§ that was
greater than 10-fold lower than the K, value) of KTZ or ITZ shown in Table 3, aswell as
expression levels (concentrations) of CYP3A4 and CYP3AS5 to Eq. 4, the percent of

control activity (Vi/V X 100) was predicted and the ICsy values were determined by

nonlinear least-squares analysis using the MULTI program (Yamaoka et al., 1981).
Leveraging the ICsy values at the low [§ circumvents the need to consider different
mechanisms of inhibition (competitive versus noncompetitive versus mixed). The
relationship between the CYP3A5 expression and the ssmulated 1Csp values of KTZ and
ITZ for MDZ 1'-hydroxylation and TST 6B-hydroxylation was determined. CYP3A5

expression represents the CYP3AS5 specific content (pmol enzyme/mg protein) as a
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percentage of a total CYP3A protein content in HLM (CYP3A4 pmol/mg + CYP3A5

pmol/mg).

In addition, the relationship between CYP3A5 expression and 1Cso values against
CYP3A-catalyzed metabolism was simulated using various K; and Vpa/Kqy ratios
(CYP3AS5/CYP3A4). The above model (Eg. 4), which assumes that a virtual drug can be
metabolized by CYP3A4 and CYP3A5 was used. Simulation of the effect of K; ratio on
CY P3A5 expression-dependent 1Cs, values was performed using kinetic parameters for a
virtual CY P3A substrate and inhibitor set asfollows: [§] = 100 NM, VK, ratio = 1 and
Kicypsas = 100 nM. The effect of Vimad/Kn ratio on CYP3AS5 expression-dependent 1Csp
values was also simulated using kinetic parameters for a virtual CYP3A substrate and
inhibitor set as follows: [§ = 100 nM (<< Kp) and K; ratio = 10 (Kjcypsas = 100 M,

Ki,CYP3A5 = 1000 nM)

Statistical Analysis. Data are presented as the mean of values obtained in at least three
experiments with the standard deviation (SD). Statistical analyses were performed with
the unpaired Student’ s t-test, and a probability of less than 0.05 (p < 0.05) was considered

to be statistically significant.

The average fold error (afe) between the smulated and observed 1Cs values was
calculated using equation 5 as described previously for evaluating accuracy of DDI

predictions (Brown et a 2005):

1 Predicte
2 log

n Observed

(5)
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The difference between the observed and predicted |Cso values in the individual livers for
each inhibitor-substrate pair were tested using two-tailed paired t-test and a p-value <0.05

was considered significant.
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Results

Kinetic Parameters Describing the r CYP3A4- and r CY P3A5-Catalyzed M etabolism
of MDZ, TST, Terfenadine, and Vincristine. rCYP3A4 and rCYP3A5 (co-expressed
with P450 reductase and cytochrome bs) were incubated with four different model
substrates (TST, MDZ, vincristine and terfenadine) in order to determine the kinetic
parameters. In all cases, the rate of metabolite formation was determined under linear
conditions and over a suitable substrate concentration range. Under the assay conditions
chosen, rCYP3A4- and rCYP3A5-catalyzed formation of 1'OH-MDZ and terfenadine
alcohol conformed to MichaelisMenten (hyperbolic) kinetics (Table 2). On the other
hand, vincristine M1 formation with both P450s was best described by sigmoidal kinetics.
Only TST 6pB-hydroxylation exhibited differential kinetics with rCYP3A4 (sigmoidal)
and rCY P3A5 (hyperbolic).

As shown in Table 2, the kinetic parameters for rCY P3A4-catalyzed metabolism
of MDZ, TST, terfenadine and vincristine were calculated as 1.8 £ 0.3 uM, 78 + 34 uM,
34+ 04 uM and 75 £ 22 uM (K, or S values) and 19 + 1 pmol/min/pmol, 86 = 3
pmol/min/pmol, 24 = 2 pmol/min/pmol and 15 + 4 pmol/min/pmol (Vi values),
respectively. The kinetic parameters for rCY P3A5-catalyzed metabolism of MTZ, TST,
terfenadine and vincristine were 3.0 £ 0.5 uM, 67 + 13 uM, 1.5+ 0.2 uM and 47 = 7 uM
(Km or Sp values) and 35 £ 2 pmol/min/pmol, 56 = 4 pmol/min/pmol, 18 + 1
pmol/min/pmol, 70 = 7 pmol/min/pmol (Vmax Values), respectively. The corresponding
Vima/Km (Ss0) ratios (rCYP3AS5/rCYP3A4) for TST, MDZ, terfenadine and vincristine

were 0.7, 1.1, 1.7 and 7.5, respectively. This permitted an assessment of CYP3A
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inhibition by ITZ and KTZ with a set of model substrates that spanned a 10-fold range of

Vinex/Km (Sso) ratios (rCY P3AS/ICY P3A4).

Inhibition of rCYP3A4 and rCYPAS5 by ITZ and KTZ. The inhibitory effect of KTZ
and ITZ on rCYP3A4- and rCYP3A5-catayzed MDZ 1'-hydroxylation, TST 6p-
hydroxylation, terfenadine alcohol formation and vincristine M1 formation was analyzed
(Supplemental Figs. S1-$4, Table S1 and S2). In each case, 1Cs values were obtained at
a higher (~ Ky and lower (< Kp) [S]. As expected, the ICsy decrease (> 11-fold) at the
lower [S] was consistent with competitive inhibition. However, for rCY P3A4 with TST
(ITZ and KTZ) and vincristine (KTZ), aswell asrCYP3A5 with TST (KTZ and ITZ) and
vincristine (KTZ), the ICso change was minimal. Such a profile is more consistent with
noncompetitive inhibition (Table 3).

As shown in Table 3, the |Cx ratios (rCY P3A5/rCY P3A4) of KTZ and ITZ at the
higher [S] were 5.0 and 9.6 (MDZ), 4.4 and 33 (TST), 2.2 and 2.3 (terfenadine), and 0.8

and 1.9 (vincristine), respectively, suggesting substrate- and/or inhibitor-dependency for

the difference in the 1Csy values for rCY P3A4- and rCY P3A5-catalyzed drug metabolism.

With the exception of the inhibition of TST 6p-hydroxylation by ITZ, similar differences
in 1Cx ratios were observed at the lower [S].

In the present study, rCYP3A4 exhibited sigmoidal kinetics with TST as a
substrate, whereas rCY P3A5 did not (Table 2). Therefore, we hypothesized that the large
rCYP3A5/rCYP3A4 ICx ratio (33) of ITZ at the higher concentration of TST (~Sso) was
largely driven by the sigmoidal kinetics exhibited by rCYP3A4 (Table 3). To test the

hypothesis, ITZ was evaluated as an inhibitor of wild-type and mutant (L211F/D214E)
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CYP3A4. When reconstituted with P450 reductase and cytochrome bs, the former
exhibits sigmoidal kinetics with TST (Hill coefficient n = 1.3). In contrast, TST 6p-
hydroxylation catalyzed by the mutant form of CYP3A4 conforms to hyperbolic kinetics
(Hill coefficient n = 1). Consequently, at least two amino acid residues (Leu211 and
Asp214) are thought to govern the sigmoidal kinetics of CYP3A4 (Harlow and Halpert,
1998). As shown in supplement Table S3 and Supplemental Fig. S6, there was no major
difference in the ICs value of ITZ (wild-type versus mutant CYP3A4) when TST was
incubated at two concentrations (25 and 100 uM). The higher concentration of TST
approximated the Ssp (~100 uM) of both CY P3A4 forms (Harlow and Halpert, 1998).

To determine whether ITZ and KTZ bind CYP3A4 and CYP3AS5 differentially in
the absence of a substrate but bind within the active site of CYP3A4 and CYP3AS5,
ligand-induced difference spectra (binding spectra) were generated with both P450s
(Supplemental Fig. S5). Both ITZ and KTZ generated typical Type Il binding spectra
with rCYP3A4 and rCYP3A5, characteristic of nitrogen coordination to the heme and
causing a heme iron high to low spin shift (Kunze et al., 2006; Locuson et al., 2007).
However, the maximum change in the magnitude of the ligand-induced spectral change
for ITZ was smaller with rCYP3A5 (0.010 AU) than with rCYP3A4 (0.023 AU). For
KTZ, the difference in the maximum spectral change between the two P450s was smaller;
the maximum absorbance difference was 0.030AU with rCYP3A4 and 0.023AU with
rCYP3AS. With regard to ligand affinity, the Ks of ITZ was 118 nM with CYP3A4. The
Ks with rCYP3AS5 was 3-fold higher (352 nM). For KTZ the determined K value for

rCY P3A5 (460 nM) was 5-fold higher than the K value with CY P3A4 (86 nM).
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Inhibitory Effect of ITZ and KTZ on MDZ and TST Metabolism in HLM of
CYP3A5 Genotyped Livers. The inhibitory effect of KTZ and ITZ on CYP3A-
catalyzed MDZ 1'-hydroxylation and TST 6pB-hydroxylation was evaluated using
CYP3A5 genotyped HLM (Table 1 and Supplemental Figs. S7 and S8). As summarized
in Table 4, the 1Cs, values of KTZ and ITZ for MDZ 1'-hydroxylation and TST 6-
hydroxylation varied up to 30-fold between HLMs. Interestingly, the 1Csp values of KTZ
and ITZ were the lowest in the group of HLMs with CYP3A5* 3/* 3 genotype, followed
by CYP3A5* 1/* 1 genotype, and the highest in CYP3A5* 1/* 3 genotype. Overall, the ICsp
values of ITZ towards MDZ and TST were significantly higher in the CYP3A5
expressing livers than in the CYP3A5*3/*3 livers (Table 4). The ICs values of KTZ
towards MDZ were also significantly higher in the CYP3A5 expressing livers than in the
CYP3A5*3/*3 livers, but no significant differences in the ICsy values of KTZ for TST
metabolism were observed among CYP3A5 genotypes. Since the expression level of
CYP3A5 protein in HLM with CYP3A5*1/*1 and CYP3A5*1/*3 genotypes was
significantly higher than that in the HLM of livers genotyped CYP3A5*3/*3, the 1Cs
values overall appeared to track with the expression level of CYP3AS5 (Tables 1 and 4).
By incorporating the kinetic K, and Ve Values (Table 2) and K; (ICso derived)
values of KTZ and ITZ (Table 3) for rCYP3A4- and rCY P3A5-catalyzed TST and MDZ
metabolism, as well as expression levels of CYP3A4 and CYP3AS5 protein in HLM
(Table 1) into Eq. (4), the relationship between CYP3A5 expression and 1Csp values of
KTZ and ITZ for CYP3A-catalyzed MDZ and TST metabolisms in individual HLM was
simulated (Fig. 1, solid lines). The smulated |Csp values were not significantly different

from the observed (p>0.05 for all inhibitor-substrate pairs), yet the afe analysis showed
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that the ICspvalues of KTZ and ITZ towards TST hydroxylation (afe 0.77 and 0.999 for
KTZ and ITZ, respectively) were more accurately predicted than those against MDZ (afe
0.26 and 0.40 for KTZ and ITZ, respectively). Interestingly, the relatively low prediction
accuracy for the KTZ-MDZ | Csp was independent of the genotype with the predicted I Cs
—values consistently lower than those observed. In contrast, the discrepancies between
predicted and observed values for ITZ-MDZ interaction were mainly driven by the
CYP3A5*1/*1 livers. Of the two azoles tested, the ICsy of ITZ was most sensitive to

CYP3A5 expression level in HLM (Fig. 1).

Simulation Analysis of the Effect of CYP3A5 Expression on Inhibition of CYP3A-
Catalyzed Drug Metabolism.

To consider the effect of the different K; values of novel CYP3A inhibitors, and
Vi Km values between CYP3A4 and CYP3AS5 of CYP3A substrates, on CYP3A5
expression-dependent |Csp values, the relationship between CYP3A5 expression and 1Cs
values against CY P3A-catalyzed metabolism was simulated using various K; and Vipa/Km
ratios (CYP3A5/CYP3A4) (Fig. 2). The effect of the K; ratio on CYP3A5 expression-
dependent ICsp values was simulated using kinetic parameters for a virtual CYP3A
substrate and inhibitor set as follows: substrate concentration = 100 "M, Via/Km ratio = 1
(i.e. CYP3A4 and CYP3A5 have equal intrinsic clearances for the substrate) and K cypsas
= 100 nM (Fig. 2A). When the K; ratio (CYP3A5/CYP3A4) was 1.0, no effect of
CYP3A5 expression on the I1Cs value for CYP3A-catalyzed drug metabolism was

observed. The simulated 1Cs, value increased with increasing relative CYP3A5
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expression with an increase in the K; ratio and conversely decreased with decreased K;
ratio.

Simulation of the effect of CYP3A Vpad/Km ratio on CYP3AS5 expression-dependent
ICso values was also performed using kinetic parameters for a virtual CYP3A substrate
and inhibitor set as follows: substrate concentration = 100 nM (<< Ky,) and K; ratio = 10
(Kicypsasa = 100 nM, K; cypsas = 1000 nM) (Fig. 2B). When the Vi /K, ratio was higher,
the 1Csy value for CYP3A-catalyzed drug metabolism increased even when CYP3A5
expression was low (<20% of total CYP3A). In contrast, when the Vyu/Km ratio was
lower, the 1Cs, value was constant or dlightly changed at lower CYP3AS levels, then
increased at higher CYP3AS levels. This ssimulation suggested that variability of 1Cs
values for CYP3A-catalyzed drug metabolism became more sensitive to CYP3A5

expression when CY P3A5 contribution to substrate clearance was greater.
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Discussion

The results of this study show that CYP3A5 genotype and protein expression level
have a significant impact on the inhibitory potency of ITZ and KTZ, but that the
magnitude of the effect is inhibitor-substrate pair specific. The 1Cs, ratios
(rCYP3A5/rCYP3A4) of KTZ and ITZ for the inhibition of rCYP3A4- and rCYP3A5-
catalyzed metabolism of MDZ and TST were much higher (> 4) than those for
terfenadine and vincristine (< 3). This difference in the 1Csp values for CYP3A4 and
CYP3A5 may result in a complex CYP3A-mediated DDI profile in humans carrying the
CYP3A5* 1 allele that confers significant expression of the encoded enzyme (Kuehl et al.,
2001). It is noteworthy that the range of 1Cs ratios cannot be rationalized solely on the
basis of higher ITZ (~3-fold) and KTZ (~5-fold) CYP3A4 binding affinity (Ks) in the
absence of a substrate. Thisimplies that one has to consider the binding of both substrate
and inhibitor within the CYP3A active site and the effect of alosterism in substrate
dependent inhibitory potency. In agreement with what would be predicted from rCYP
data, the 1Csp values of KTZ and ITZ for MDZ 1'-hydroxylation and for ITZ for TST 6f3-
hydroxylation were significantly higher in HLMs with CYP3A5* 1/* 1 and CYP3A5* 1/*3
genotypes than in HLMs with CYP3A5*3/*3 genotype. However, no significant
difference in the 1Csp values of KTZ for TST metabolism was observed among the
CYP3A5 genotype groups (Table 4). Based on the higher CYP3A5 protein expression
level in HLMs with CYP3A5*1/*1 and CYP3A5*1/*3 genotypes compared to
CYP3A5*3/*3 genotype, the greater 1Cso values of KTZ and ITZ for CYP3A-catalyzed
MDZ and TST metabolism is likely due to the higher expression level of CYP3A5 and

lower inhibitory potency of KTZ and ITZ towards CYP3A5 than CYP3A4 (higher 1Cso
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ratios) (Tables 1, 3 and 4). Alternatively, one can anticipate no significant effect of
CYP3A5 expression on the I1Csy values of KTZ and ITZ for CYP3A-catalyzed
metabolism of terfenadine and vincristine, based on the low 1Csp ratios of KTZ and I1TZ
shown in Table 3. Further investigation would be needed to clarify the impact of
CYP3A5 expression on the inhibition of CYP3A-catalyzed metabolism of terfenadine
and vincristine. Overal, the relative CYP3AS expression level rather than genotype
(heterozygous or homozygous CYP3A5*1) determined the magnitude of ICsy value of
ITZand KTZ in HLMs.

Results from our smulation of the ICsy values at different CYP3AS5 expression
levels with KTZ and ITZ using kinetic data from CY P3A4 and CY P3A5 Supersomes and
protein expression levels of CYP3A4 and CYP3A5 in the HLMs support our conclusion
that relative CYP3AS5 expression determines the inhibitory potency towards a given
substrate (Fig. 1). When the simulated |Csp values of KTZ and ITZ were compared to the
experimentally measured 1Cso values, the predicted 1Csy values were not significantly
different from each other, demonstrating that simulation can be used to predict the effect
of CYP3AS5 expression on the ICsy values for CY P3A-catalyzed drug metabolism (Fig.
1). Interestingly the prediction of the ICsp-values was more accurate for both inhibitors
when TST was used as a substrate than with MDZ (afe 0.32 versus 0.87). This difference
in prediction accuracy could be due to unaccounted allosteric, substrate specific effects.
Such allosteric effects were recently shown in vitro and in vivo between fluconazole and
MDZ (Yang et al 2012). However, for both MDZ and TST metabolism, the observed 1Cs
values were generally within the two-fold range of the predicted values with the

exception of HL150. In this donor the observed 1Csy —value was significantly higher than
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that predicted and that observed in the other donors. One of the possible explanations for
this inconsistency is the potential contribution of CYP3A7 to drug metabolism in
HLM 150 and relatively weak inhibition of CYP3A7 by KTZ and ITZ, yielding a higher
|Cso value of KTZ and ITZ for MDZ and TST metabolism (Nishimuraet al., 2003; Sm et
al., 2005; Hata et al., 2010). Such a hypothesis is supported by the much higher (~16-
fold) I1Cso of KTZ for rCYP3A7-catalyzed TST metabolism versus rCYP3A5 (630 nM
versus 40 nM; data not shown). Another possible explanation is that, minor contributions
from other P450 enzymes to MDZ and TST metabolism, such as CYP2C9 and
CYP2C19, may be factors in the deviation (Choi et al., 2005).

In order to further evaluate the potential impact of CYP3A5 expression in CYP3A
|Cso values, the effect of K; ratios (CY P3A5/CY P3A4) of CYP3A inhibitors and Via/Km
ratios (CYP3A5/CYP3A4) of CYP3A substrates on CYP3AS5 expression-dependent 1Csp
values was simulated. As shown in Fig. 2A, a CYP3A5 expression-dependent change in
the 1Csp values for CY P3A-catalyzed drug metabolism was clearly predicted when the K;
ratio deviates from 1, whereas no effect of CYP3A5 expression on 1Csp value is expected
when the K; ratio is unity. Therefore, it is concluded that K; ratio is one of the major
determinants for CYP3A5 expression-dependent 1Csy values. On the other hand, as
shown in Fig. 2B, the effect of CYP3A5 expression on the 1Csy value for CYP3A-
catalyzed drug metabolism is aso dependent on the relative catalytic efficiency of
CYP3A5 when compared to CYP3A4 and more sensitive at higher CYP3A5/CYP3A4
Ve Km ratios.  Accordingly, if the contribution of CYP3AS5 to total CYP3A-catalyzed
drug metabolism is high (that is, the intringic clearance of the drug is higher for CYP3A5

than for CY P3A4), even very low relative CY P3A5 expression has a significant effect on
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observed apparent 1Cs values. In such a case CYP3AS5 expression would again become
an important factor to consider when determining 1Csp values for CY P3A-catalyzed drug
metabolism in HLMs. However, if the contribution of CYP3AS5 to total CYP3A-
catalyzed drug metabolism is low i.e. intrinsc clearance of CYP3A5~0.1 (Fig 2), the
effect of an individual difference in CYP3A5 expression on the ICsp valuesis likely to be
negligible, despite any difference in the K; value for CYP3A4 and CY P3AS.

The present findings suggest that when CYP3A-mediated DDI studies are planned,
the inhibition potency of the new chemical entity towards CYP3A4 and CYP3A5 should
be tested in vitro using the same probe as will be used in the clinical study to determine
whether CYP3A5 genotype will affect interindividual variability in the magnitude of the
DDI observed and significantly affect study power. The inhibitor selectivity should be
considered in relation to the intrinsic clearance ratio of the substrate. The influence of
CYP3AS5 expression on the magnitude of DDIs could also be taken into consideration
when the in vivo probe substrate is selected. On the other hand, when the new chemical
entity is considered as the object drug of the DDI, it will be prudent to determine the
contribution of CYP3A5 to the overall clearance of the drug (in CYP3A5 expressors) and
to test the effect of CYP3AS5 expression on the ICso of KTZ or another strong CY P3A
inhibitor towards that specific compound. It isimportant to note that due to the allosteric
behavior of CYP3A, the effect of CYP3A5 expression on in vivo 1Csp values is specific
for the inhibitor-substrate pair and needs to be determined individually in vitro for the
combination in the study. Unfortunately, very few compounds have been studied in vivo
or in vitro for their potency as CYP3A5 inhibitors and, as such, extrapolation of these

data to the overal variability of the magnitude of CYP3A-mediated DDIs can be
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challenging. This is emphasized with the fact that at present very limited data are
available for CYP3AS5 contribution to the clearance of the known sensitive substrates of
CYP3A. More systematic studies are needed to establish the overall clinical significance
of CYP3AS5 inhibition in clinical DDIs.

In conclusion, the present study demonstrates that the ICsy value for CYP3A-
catalyzed drug metabolism measured usng HLMs varies due to difference in CYP3A5
expression/genotype, the substrate studied and the relative inhibitory potency towards
CYP3A4 and CYP3A5. These findings imply that the HLM assay has potential to
misread the ICsy value for CYP3A-catalyzed drug metabolism. However, simulation
analysis, as described in the present study, may be useful when considering variability of
ICso values for CYP3A-catayzed drug metabolism in individual HLMs and enable

relatively precise prediction of DDIsin vivo involving the inhibition of CYP3A.
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Figure Legends

Figure 1. Relationship between CYP3A5 expresson and ICsp values of KTZ and
ITZ for the CYP3A-catalyzed metabolism of MDZ and TST in HLM.

Relationship between CYP3A5 expression and ICsp value of KTZ (A) and ITZ (B) for
MDZ and KTZ (C) and ITZ (D) for TST metabolism... CYP3A5 expression represents
CYP3A5 protein expression (pmol/mg) as a percentage of a total CYP3A protein
expression in HLM (CYP3A4 pmol/mg + CYP3A5 pmol/mg). Solid and dotted lines
represent simulated data and its two-fold error ranges, respectively (see Materials and
Methods); solid circles, triangles and squares represent observed data using HLMs with
CYP3A5*1/*1, CYP3A5*1/*3 and CYP3A5*3/*3 genotypes, respectively. Data are

presented as mean + SD (n = 3 determinations).

Figure 2. Simulation analysis of effect of CYP3A5 expresson on inhibition of
CYP3A-catalyzed drug metabolism.

(A) Impact of K; ratio (CYP3A5/CYP3A4) on CYP3A5 expression-dependent 1Cso
values. Kinetic parameters for a virtual CYP3A substrate and inhibitor used in current
simulations are set as follows: substrate concentration = 100 NM, VK ratio = 1 and
Kicypsas = 100 nM. (B) Impact of Viud/Kn ratio (CYP3AS5/CYP3A4) on CYP3A5
expression-dependent 1Csp values. Kinetic parameters for a virtual CY P3A substrate and
inhibitor used in current simulations are set as follows: substrate concentration = 100 nM
(<< Km) and K; ratio = 10 (K| cypsaa = 100 NM, K cypsas = 1000 nM). CY P3AS5 expression
represents the percentage of total CYP3A (CYP3A4 + CYP3ADL) expression (see

Materials and Methods).
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Table 1.

Differential Expression of CYP3A4 and CYP3AS5 Protein in Various HLM Preparations

Expression Level

CYP3A5 HLM CYP3A4 CYP3A5 Percentage of CYP3A5?

Genotype Preparation (pmol/mg) (pmol/mg) (%)
HH739 11.0 6.00 35.3
*1/*1 HH867 110 17.0 134
HH47 62.0 9.30 13.0

Mean =S.D. 61.0+49.5 10.8 £ 5.6* 206+12.7
HL150 5.00 22.0 815
*1/*3 HL125 72.0 58.0 44.6
HL167 19.0 33.0 63.5

Mean =S.D. 320+ 353 37.7+18.4* 63.2 + 18.4*
HL152 25.0 1.00 3.80
*3/*3 HL143 38.0 1.00 2.60
HL131 28.0 1.00 3.40

Mean +=S.D. 30.3+6.8 1.00+0.00 3.29 £ 0.66

HL: human liver.
& CYP3AS5 expression represents CY P3A5 protein expression (pmol/mg) as a percentage of atotal CYP3A protein expression

in HLM (CYP3A4 pmol/mg + CYP3A5 pmol/mg). *P < 0.05, significantly different from expression level of CYP3A5 in

HLM of aliver genotyped CYP3A5*3/*3. Dataare represented as mean = S.D. (n = 3 determinations).
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Kinetic Parametersfor ther CYP3A4- and r CYP3A5-Catalyzed Metabolism of

Table 2.

MDZ, TST, Terfenadine and Vincristine

CYP3A4 MDZ Hyperbolic 1.8+0.3 19+1 - 11.0
TST Sigmoidal 78+ 34 86+3 1.2+0.13 11
Terfenadine Hyperbolic 34+x04 24+2 - 7
Vincristine Sigmoida 75+ 22 15+4 15+£0.15 0.2
CYP3A5 MDZ Hyperbolic 3.0+£05 3BHx2 - 11.7 11
TST Hyperbolic 67+13 56+ 4 - 0.8 0.7
Terfenadine Hyperbolic 15+£02 18+1 - 12.0 1.7
Vincristine Sigmoida 47+ 6.7 707 15+£011 15 75
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®Presented as pmol/min per pmol P450, except for the formation of vincristine M1 metabolite. No attempt was made to
formally quantitate M1, so data are presented as arbitrary units (see Materials and Methods). °Ratio of CYP3A5 Via/Km (Sso)
versus CYP3A4 Viad/Km (Sso). “Hill coefficient. Data are represented as mean + S.D. (n = 3 determinations), except for the

CY P3A5/CY P3A4 Vied K (Sso) ratio.

41

2202 ‘62 Afenuer uo sjeulnor | 34SY e Buorseu.no [isdse puup wod) papeojumod

UOSIOASIU) WO JBJIP AeLU UOSIOA [eul) Y L "PaIEULIO) PUe pa}ipeAdod usaq 10U sey ap e sIy L

0V6610°2TT PWP/FZTT'OT 10A Se ET0Z ‘0E AeIN U0 paustiand “pfemiod 1se4 AING


http://dmd.aspetjournals.org/

DMD #49940

KTZ and ITZ asInhibitorsof MDZ, TST, Terfenadine, and Vincristine M etabolism

MDZ, TST, Terfenadine, and Vincristine

Table 3.

|Cso (NM)° CYP3A5/CYP3A4 ICs Ratio
Substrate P450 Substrate Conc. (UM)° KTZ ITZ KTZ ITZ
MDZ rCYP3A4 1.4 (0.8) 40+ 10 240 + 50 5.0° 9.6
0.1 (0.06) 20£0.2 17+3 8.5° 8.8
rCYP3A5 2.7(0.9) 200 + 4 2300 + 400
0.2 (0.07) 17+3 150 + 60
TST rCYP3A4 78 (1.0) 9.0+1 40+7 4.4 33
4.0 (0.05) 171 45+3 A7 9.1
rCYP3A5 67 (1.0) 40+6 1300 + 400
3.0 (0.04) 807 410+ 180
Terfenadine rCY P3A4 2.4(0.7) 90+5 900 + 200 2.2 2.3
0.2 (0.06) 82+1 23+ 4 1.3 2.8
rCYP3A5 1.2 (0.8) 200+ 5 2100 + 500
0.1 (0.07) 65+2 64+ 14
Vincristine rCYP3A4 75 (1.0 150+ 30 360 £+ 50 0.8 19
4.0 (0.05) 111+10 29+ 4 0.6 1.7
rCYP3A5 45 (1.0) 120+ 10 680 = 230
2.0 (0.04) 70+ 10 50+5

#1Cso was determined at a[S] close to the K, (Sso) and at a[S] below K, (Sso) (see Table 2). The data are represented as mean

+ S.D. (n = 3 determinations).

P|Cso ratio at higher [S]. CICso ratio at lower [S]. [S]/K ratio in parentheses.
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Table 4.

Impact of CYP3A5 Expression on the Inhibition of MDZ and TST Metabolismin HLM by KTZ and ITZ

CYP3A5 HLM MDZ? TST®
Genotype Preparation +KTZ +1TZ +KTZ +1TZ
HL739 35.8x£3.8 108+ 24 315148 8541105
*1/%1 HL867 343+32 111+ 15 19.7+3.8 120+ 12
HL47 30.7+4.0 123+ 21 29.1+£2.7 111 +11
Mean =SD. 33.6+26* 114 + 8* 26.8+6.3 105 + 18*
HL150 132+ 13 1133+ 782 308 + 52 513 + 105
*1/*3 HL125 11815 161 £ 27 53.9x£38 158+ 14
HL167 24.3+22 176 £ 13 64.2 + 6.6 195+ 15
Mean =S.D. 56.1 £ 66.3 490 + 557 142 +£ 144 289 + 195*
HL152 6.92+1.12 47.3+85 25.8+3.8 200+£23
*3/*3 HL143 129+£20 83.0+59 27.1+£55 216+1.7
HL131 11.5+1.0 533+74 102+ 1.1 46.7+4.2
Mean +SD. 104+3.1 61.2+19.1 21.0+9.4 29.4+15.0

2nitial concentration of MDZ was 1 pM. °Initial concentration of TST was 10 uM. *P < 0.05, significantly different from the

ICso Obtained with HLM of aliver genotyped CYP3A5* 3/*3. Data are represented as mean = S.D. (n = 3 determinations).

HL: Human liver.
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Supplementary Methods, Tables, and Figures

Effect of CYP3A5 Expression on the Inhibition of CYP3A-Catalyzed Drug Metabolism: Impact on
CYP3A-Mediated Drug-Drug Interactions

Yoshiyuki Shirasaka, Shu-Ying Chang, Mary F. Grubb, Stephen R. Johnson, Chi-Chi Peng, Kenneth E.
Thummel, Nina Isoherranen, and A. David Rodrigues

Inhibition of MDZ 1’-Hydroxylase and TST 6p-Hydroxylase Activity in HLM of CYP3A5
Genotyped Livers. Assessment of CYP3A inhibition. The inhibitory effect of KTZ and ITZ on
CYP3A-catalyzed metabolism of MDZ and TST was evaluated using HLMs. The ICs value for KTZ
and ITZ in HLM was measured using 1’-hydroxylation of midazolam (1’OH-MDZ) and 6p-
hydroxylation of testosterone (6BOH-TST) as probe reactions for CYP3A-catalyzed metabolism.
Incubations of each HLM with MDZ or TST were performed in solutions containing 100 mM potassium
phosphate buffer (pH 7.4) with 1 mM EDTA in a shaking water bath maintained at 37°C. Conditions
that conferred linear metabolite formation, with respect to time under different substrate and HLM
protein concentrations, were determined (data not shown) and applied to all Kinetic experiments
described in this study.

For inhibition experiments with HLM using MDZ as a substrate, MDZ was used at 1 pM, and
incubated for 5 min with 0.05 mg/mL HLM protein in a final volume of 100 pL. KTZ and ITZ were
added to the 100 pL incubations at final concentrations of 3-3000 nM. All substrates and inhibitors were
dissolved in acetonitrile; the final acetonitrile concentration was less than 1%. All reactions were
initiated by adding NADPH (final concentration: 1 mM) after 10 min of preincubation and were
terminated by adding an equal volume (100 pL) of ice-cold acetonitrile. All incubations were carried out
in triplicate.  The concentration of 1’OH-MDZ in all samples was quantified with a liquid
chromatography-tandem mass spectrometry (LC/MS/MS) system consisting of MDS-Sciex APl 3200°
triple quadrupole mass spectrometer (AB Sciex, Foster City, CA) coupled with a LC-20AD® ultra fast
liquid chromatography (UFLC) system (Shimadzu Co., Kyoto, Japan). The UFLC gradient elution was
performed using a mobile phase composed of 0.1% formic acid (A) and acetonitrile (B) at a flow rate of
0.4 mL/min. The gradient profile was 10% B for 0-0.5 min, 10-90% B for 0.5-3.5 min, 90% B for 3.5-
5.0 min, 90-10% B for 5.0-5.1 min, and 5.0% B for 5.1-7.0 min. The total run time was 7.0 min for each
injection. The retention time of 1’OH-MDZ was 4.0 min. Hypersil GOLD (1.9 pum, 100 x 2.1 mm,
Thermo, West Palm Beach, FL) was used as the analytical column. In the LC/MS/MS system, the Turbo
lon Spray interface was operated in the positive ion mode at 5500 V and 450°C. The mass transition
(Q1/Q3) of m/z 342.107/324.200 was used for 1’OH-MDZ. Analyst software version 1.4 was used for
data analysis.

For inhibition experiments with HLM using TST as a substrate, TST was used at 10 uM, and
incubated for 10 min with 0.05 mg/mL HLM protein in a final volume of 100 pL. KTZ and ITZ were
added to the 100 pL incubations at final concentrations of 1-3000 nM. All substrates and inhibitors were
dissolved in acetonitrile; the final acetonitrile concentration was less than 1%. All reactions were
initiated by adding NADPH (final concentration: 1 mM) after 10 min of preincubation and were
terminated by adding an equal volume (100uL) of ice-cold acetonitrile. All incubations were carried out
in triplicate. The concentration of 6BOH-TST in all samples was quantified with a liquid
chromatography-tandem mass spectrometry (LC/MS/MS) system consisting of MDS-Sciex APl 3200°
triple quadrupole mass spectrometer (AB Sciex, Foster City, CA) coupled with a LC-20AD® ultra fast

1
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liquid chromatography (UFLC) system (Shimadzu Co., Kyoto, Japan). The UFLC gradient elution was
performed using a mobile phase composed of 0.1% formic acid (A) and acetonitrile (B) at a flow rate of
0.3 mL/min. The gradient profile was 5.0% B for 0-2.0 min, 5.0-100% B for 2.0-4.0 min, 100% B for
4.0-5.5 min, 100-5.0% B for 5.5-5.6 min, and 5.0% B for 5.6-9.0 min. The total run time was 9.0 min
for each injection. The retention time of 6OH-TST was 4.5 min. ZORBAX (SB-C1g 5 um, 2.1 x 50
mm, Agilent Technologies, Palo Alto, CA) was used as the analytical column. In the LC/MS/MS
system, the Turbo lon Spray interface was operated in the positive ion mode at 5500 V and 450°C. The
mass transition (Q1/Q3) of m/z 305.186/287.200 was used for 6BOH-TST. Analyst software version 1.4
was used for data analysis.

Determination of 1Csp. The inhibitory effects of KTZ and ITZ on CYP3A-catalyzed metabolism of
MDZ and TST were expressed as percent of control activity. Percent of control activity was determined
as the ratio of the amount of 1’OH-MDZ and 6BOH-TST in the presence to that in the absence of KTZ
or ITZ. The KTZ and ITZ concentrations giving half-maximum inhibition (ICsy) were obtained by
means of nonlinear least-squares analysis using Graphpad prism (Peng et al 2012) or the MULTI
program (Yamaoka et al., 1981).

Peng CC, Shi W, Lutz JD, Kunze KL, Liu JO, Nelson WL, and Isoherranen N (2012) Stereospecific
metabolism of itraconazole by CYP3A4: dioxolane ring scission of azole antifungals. Drug Metab
Dispos 40:426-435.

Yamaoka K, Tanigawara Y, Nakagawa T, and Uno T (1981) A pharmacokinetic analysis program
(multi) for microcomputer. J Pharmacobiodyn 4: 879-885.

Reconstitution of Purified Wild-Type and Mutant CYP3A4 with P450 Reductase and Cytochrome
bs. Purified CYP3A4 (wild-type, mutant F213W, and L211F/D214E) was reconstituted with purified
NADPH-P450 reductase, and cytochrome bs (molar ratio of 1:4:2), as described previously (Domanski
et al, 2001), in the presence of 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (4%) and
dioleoyl phosphatidylcholine (0.1 mg/mL) in 100 mM 3-(N-morpholino)propanesulfonic acid buffer
(pH 7.6). TST 6pB-hydroxylase activity (TST concentration of 25 and 100 uM) was determined after
dilution of the reconstitution mixture in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH
7.6) containing MgCl, (15 mM) and 0.1 mg/mL dioleoyl phosphatidylcholine. The final concentration of
CYP3A4, P450 reductase and cytochrome bs was 0.5, 2, and 1 nM, respectively. The ICsq values for ITZ
were obtained at two concentrations of TST (25 and 100 uM).

Domanski TL, He YA, Khan KK, Roussel F, Wang Q, and Halpert JR (2001) Phenylalanine and
tryptophan scanning mutagenesis of CYP3A4 substrate recognition site residues and effect on substrate
oxidation and cooperativity. Biochemistry 40:10150-10160.

Determination of Ligand-Induced Binding Spectra. The binding mode and affinity of the ITZ and
KTZ was determined by spectral titration with rCYP3A4 and rCYP3A5 Supersomes (Kunze et al.,
2006). The ligand-induced binding spectra (difference spectra) were recorded with a Varian Cary 3E
UV-Vis spectrophotometer. Matched cuvettes containing CYP3A4 or CYP3A5 Supersomes (200nM
P450) in 100mM potassium phosphate buffer (pH 7.4) at 22°C were used. ITZ and KTZ (10 nM-6.5
HMM) were added in 1 pL increments to the sample cuvette and the same volume of solvent (acetonitrile)
was added to the reference cuvette. Ligand-induced difference spectra were recorded and, due to the
tight binding of both azoles, the Ks values were obtained by fitting the “Morrison” equation (Eq. S1) to
the spectral titration data. The enzyme-ligand (EL) complex concentration was determined by Lambert-

2
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Beer law using the extinction coefficient determined from maximum absorbance detected when the
P450 protein was saturated, as previously described (Kunze et al., 2006) (Eg. S1).

[E]+[L]+ K, -/ ([E] +[L]+ K,)* ~4[E] X[L]

EL] =
[EL] 5 (s1)

Ks is the affinity constant of the ligand, [L] is the concentration of ligand, [E] is the concentration of
enzyme, and [EL] is the concentration of the enzyme-ligand complex.

Kunze KL, Nelson WL, Kharasch ED, Thummel KE, and Isoherranen N (2006) Stereochemical aspects
of itraconazole metabolism in vitro and in vivo. Drug Metab Dispos 34:583-590.
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Table S1

Summary of Curve Fitting and 1Csy Determination for KTZ with rCYP3A4 and rCYP3A5

Substrate P450 [S] Mean ICs, +SD R? Min Max Slope (y)
14 0.04 0.01 0.996 27 100 15
D2 CYP3A4 01 0.002 0.0002 | 0.999 0 100 1.0
CYPIAS 27 0.2 0.004 0.999 0 100 0.9
0.2 0.017 0.003 0.993 0 100 0.9
78 0.009 0.001 0.990 0 100 0.7
TsT CYP3A4 4 0.016 0.0007 | 0.997 0 100 13
CYPIAS 67 0.04 0.006 0.991 0 100 0.7
3 0.08 0.007 0.986 0 100 0.8
24 0.09 0.005 0.999 0 100 10
. CYP3A4 0.2 0.0082 0.001 0.996 0 100 0.9

Terfenadine

CvPaAS 12 0.2 0.005 0.999 0 100 09
0.1 0.0065 0.002 0.968 0 100 0.7
85 0.15 0.03 0.970 0 100 13
Vinerisi CYP3A4 4 0.11 0.01 0.991 0 100 223
incristine CYPIAS 45 0.12 0.01 0.997 0 100 06
2 0.07 0.01 0.983 0 100 2.1

ICs, values (x SD) were obtained at two [S] by means of nonlinear least-squares analysis (Eq

(IDBS, Guildford, UK).

y =min +

T
IC;,

max - min

j—y
(82)

. S2) using XLfit

Where ICs is the “X” value for the point in the curve that is midway between the “max” (maximum activity
remaining; minimal % inhibition) and “min” (minimal activity remaining; maximal % inhibition). The exponent
“y” is the slope of the curve at its midpoint. 1Csq plots are shown (Figures S2 and S4).
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Table S2

Summary of Curve Fitting and 1Csy Determination for ITZ with rCYP3A4 and rCYP3A5

Substrate P450 [S] Mean 1Cs, +SD R? Min Max Slope (y)
14 0.24 0.05 0.999 53 100 14
D2 CYP3A4 01 0.005 0001 | 00984 0 100 07
CYPIAS 27 23 0.4 0.987 0 100 0.7
02 0.15 0.04 0.994 0 100 0.9
78 0.04 0.007 0.985 0 100 11
TsT CYP3A4 4 0.045 0.003 0.995 0 100 13
CYPIAS 67 13 04 0.967 0 100 0.8
3 0.41 0.18 0.940 0 100 04
24 0.9 02 0.999 16 100 17
Terfenading CYP3A4 02 0.023 0.004 0.995 0 100 10
CvPaAS 12 21 05 0.999 33 100 20
01 0.064 0.014 0.972 0 100 0.8
85 0.36 0.05 0.986 0 100 0.9
Vinerisi CYP3A4 4 0.029 0.004 0.993 0 100 17
incristine CYPIAS 45 0.68 0.23 0.926 0 100 06
2 0.05 0.005 0.992 0 100 10

ICs, values (x SD) were obtained at two [S] by means of nonlinear least-squares analysis (Eq. S2) using XLfit

(IDBS, Guildford, UK).

max - min
X -y
1+ [J
IC,, (S2)

Where 1Cs is the “X” value for the point in the curve that is midway between the “max” (maximum activity

y=min +

remaining; minimal % inhibition) and “min” (minimal activity remaining; maximal % inhibition). The exponent
“y” is the slope of the curve at its midpoint. 1Cs, plots are shown (Figures S1 and S3).
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Table S3
ITZ as an Inhibitor of Fully Reconstituted Wild-Type and Mutant CYP3A4

IC5, (NM)?
CYP3A4 Preparation Kinetic Profile” TST (25 pM) TST (100 uM)
Wild-Type Sigmoidal 81+ 16 140 + 62
F213W NR 92 +30° 79 + 14°
L211F/D214E Hyperbolic 65+ 7.0° 80 + 13"

#|Cso Was determined at two concentrations of TST and is presented as the mean + S.D. (n = 3 determinations).
"TST profile reported previously for wild-type and L211F/D214E forms of CYP3A4 (Harlow and Halpert, 1998).
NR: Not reported.

°Not statistically significant versus wild-type (P = 0.16, L211F/D214E; P = 0.26, F213W).

Not statistically significant versus wild-type (P = 0.05).

* P <0.05 (P = 0.04), significantly different from wild-type CYP3A4.

Harlow GR and Halpert JR (1998) Analysis of human cytochrome P450 3A4 cooperativity: construction and
characterization of a site-directed mutant that displays hyperbolic steroid hydroxylation kinetics. Proc Natl Acad
Sci U S A 95: 6636-6641.
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Supplement Figure S1

Representative 1Cs, plots describing the inhibition of rCYP3A4- and rCYP3A5-catalyzed
metabolism of MDZ, TST, terfenadine and vincristine by ITZ ([S]/K, ratio ~1.0)
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Supplement Figure S2

Representative 1Cs; plots describing the inhibition of rCYP3A4- and rCYP3Ab5-catalyzed
metabolism of MDZ, TST, terfenadine and vincristine by KTZ ([S]/Kr, ratio ~1.0)
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Supplement Figure S3

Representative 1Cs, plots describing the inhibition of rCYP3A4- and rCYP3A5-catalyzed
metabolism of MDZ, TST, terfenadine and vincristine by ITZ ([S]/K, ratio ~0.05)
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Supplement Figure S4

Representative 1Cs; plots describing the inhibition of rCYP3A4- and rCYP3Ab5-catalyzed
metabolism of MDZ, TST, terfenadine and vincristine by KTZ ([S]/Kr, ratio ~0.05)
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Supplement Figure S5
Representative Type 11 ligand spectral titration plot for ITZ with rCYP3A4 (A) and rCYP3A5 (B) and KTZ
with rCYP3A4 (C) and rCYP3A5 (D)
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Supplement Figure S6

Representative 1Cs, plots describing the inhibition wild-type and mutant CYP3A4-catalyzed TST
(25 and 100 uM) metabolism by ITZ
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Supplement Figure S7

Representative 1Cs plots describing the inhibitory effect of KTZ and ITZ on CYP3A-catalyzed
metabolism of MDZ in HLM
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Supplement Figure S8

Representative 1Cs plots describing the inhibitory effect of KTZ and ITZ on CYP3A-catalyzed
metabolism of TST in HLM
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