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ABSTRACT:

A fully automated assay to determine the enzymology of drug
oxidation by the major human hepatic cytochrome P450s (CYPs;
CYP1A2, -2C9, -2C19, -2D6, and -3A4) coexpressed functionally in
Escherichia coli with human NADPH-P450 reductase has been
developed and validated. Ten prototypic substrates were chosen
for which clearance was primarily CYP-dependent, and the activ-
ities of these five major CYPs were represented. A range of intrin-
sic clearance (CL,,) values were obtained for substrates in both
pooled human liver microsomes (HLM; 1-380 ul - min~'mg~") and
recombinant CYPs (0.03-7 ul - min~'pmol~") and thus the percent-
age contribution of individual CYPs toward their oxidative metab-
olism could be estimated. All the assignments were consistent
with the available literature data. Tolbutamide was metabolized by
CYP2C9 (70%) and CYP2C19 (30%), diazepam by CYP2C19 (100%),

ibuprofen by CYP2C9 (90%) and CYP2C19 (10%), and omeprazole
by CYP2C19 (68%) and CYP3A4 (32%). Metoprolol and dextro-
methorphan were primarily CYP2D6 substrates and propranolol
was metabolized by CYP2D6 (59%), CYP1A2 (26%), and CYP2C19
(15%). Diltiazem, testosterone, and verapamil were metabolized
predominantly by CYP3A4. In addition, the metabolite profile for
the CYP-dependent clearance of several markers determined by
mass spectroscopy was as predicted from the literature. There
was a good correlation between the sum of individual CYP CL,;,,
and HLM CL,,,, (r* = 0.8, P < .001) for the substrates indicating that
recombinant CYPs may be used to predict HLM CL,;,, data. This
report demonstrates that recombinant human CYPs may be useful
as an approach for the prediction of the enzymology of human CYP
metabolism early in the drug discovery process.
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Much interest is currently focused on the early identification of thparative kinetics across a bank of characterized HLM, chemical,
drug-metabolizing enzymes responsible for the biotransformatioasd/or antibody inhibition followed by the use of recombinant CYP
commonly encountered in drug development (Becquemont et doforms (Rodrigues, 1999). The routine access to recombinant CYPs
1998). Such information may help identify the key organs for cleahas facilitated direct identification of the isoform(s) responsible for
ance and explain or even predict the observed variability in pharmae oxidative metabolism of the drug of interest, although their use in
cokinetics with some substrates and prioritize drug-drug interactigiiro has generally been to support HLM data (Aoyama et al., 1990;
studies. Because most-60%) marketed compounds are clearedassaneeyakul et al., 1992; Kroemer et al., 1993; Rodrigues et al.,
metabolically by cytochrome P450 (CYRynzymes, the major activ- 1994; Yamazaki et al., 1997; Von Moltke et al., 1998; Rodrigues,
ity in this area has focused on this family of enzymes (Bertz anc9g).

Granneman, 1997). With the advent of combinatorial chemistry and parallel synthesis

Traditionally, human liver microsomes (HLM) have been the ifechniques, there is an expectation to achieve both higher throughput
vitro tool for these studies and have provided both qualitative, e.gnd faster turnaround times in many biological assays. There is an
identifying which CYP isoform(s) metabolize the compound of intefincreasing emphasis within drug metabolism in the pharmaceutical
est (Pichard et al.,, 1990; Andersson et al., 1993; Otton et al., 19§%ystry to develop enhanced throughput frontline in vitro models,
Jacqz-Aigrain et al., 1993; Doecke et al., 1991; Wester et al., 20GQ¢|uding those to determine both the extent and route of the metab-

Yasumori et al., 1993; Kroemer et al., 19_93) and quantitat.ive infOfjism of new chemical entities (NCES) and to screen for inducers and
mation, e.g., predicted Gi. (Houston, 1994; Rodrigues, 1994; Carlilejipitors of drug-metabolizing enzymes (Ayrton et al., 1998: Moody
et al., 1999). Identifying the enzymology of metabolism by huma,glt al., 1999).

CYPs has proved somewhat labor- and time-intensive, requiring COM-rhe ability to predict directly the human enzymology using en-

hanced throughput methods would represent a major breakthrough in
this technology (Becquemont et al., 1998; Roy et al., 1999) in a
similar manner to that adopted for CYP inhibition assays (Crespi et
al., 1998; Moody et al., 1999). This laboratory has demonstrated that
the five major human hepatic CYPs expressecEstherichia coli
(CYP1A2, -2C9, -2C19, -2D6, and -3A4) are faithful surrogates for
their human liver counterparts with respect to their kinetic profiles and
inhibition properties (McGinnity et al., 1999; Moody et al., 1999). In
this study, the application of recombinant enzymes as a first line
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TABLE 1
CYP isoform characterization of individual HLM pools
Isoform Probe Batch 1 Batch 2 Batch 3
pmol/min/mg

P450 content CO difference spectrum 320 2807 430°
P450 reductase Cytochronsereduction 69000 84000 75000
CYP 7-EthoxycoumariD-demethylation 255 210 240
CYP1A2 Phenaceti®-dethylation 366 310 193
CYP2A6 Coumarin 7-hydroxylation 17200 81900 58600
CYP2E1 Chlorzoxazone 6-hydroxyline 1010 1911 1441
CYP2C Mephenytoin 4-hydroxylation 27 233 11
CYP2D6 Dextromethorpha®-demethylation 200 84 106
CYP3A Testosterone@Bhydroxylation 2600 1500 1900
CYP4A Lauric acid 11-hydroxylation 1000 1600 1600

2 Picomoles of CYP per milligram of microsomal protein.

approach for identifying the CYP(s) responsible for metabolizingEenesis RSP 150; Tecan, Reading, UK). Assays performed by the RSP were
NCEs has been proposed. A fully automated assay has been devel6{98g using a program created by the user and not by a default program
using the major drug-metabolizing human hepatic cytochrome pacpwplied with the hardwaréThe primary stock of all probe substrates was
(CYP1A2, -2C9, -2C19, -2D6, and -3A4) coexpressed functionally ﬁ){epared manually in dimethyl sulfoxide or acetonitrile at 100-fold final

E. coli with human NADPH-P450 reductase to predict the CYtycubation concentration. The final concentration of organic solvent in the
- . . . L P incubation was 1% v/v. At this concentration dimethyl sulfoxide has been
isoform(s) involved in the oxidative metabolism of NCEs.

shown to reduce the activities of CYP2C9/19 (Chauret et al., 1998; Hickman
et al., 1998), although this effect appears to be substrate-dependent. All
substrates were incubated atuB1 except tolbutamide (C},, calculated by

Chemicals. All chemicals and reagents used were of the highest availabiterminingv,,,.andK,,), ibuprofen (10uM), and testosterone (10M). The
commercial grade. Diltiazem, testosterone, dextromethorphilpioprano- RSP was programmed to add chilled quenching solvent (@0 acetonitrile)
lol, (+)-metoprolol, diazepam, tolbutamide, ibuprofen, gBahicotinamide o 96-well refrigerated blocks, and compound stocks were then prediluted in
adenine dinucleotide phosphate, reduced fof¥NADPH) were purchased 100 mM potassium phosphate buffer, pH 7&4.coli membranes and micro-
from Sigma Chemical Co. (Poole, UK)={-Verapamil was purchased from somes prepared from baculovirus coexpressing individual CYPs and NADPH-
Aldrich Chemical Co. Ltd. (Gillingham, UK). Omeprazole was synthesized agductase were added to incubation tubes (100 pmol of €¥# * final
AstraZeneca R&D Charnwood (Loughborough, UK). concentration) located in a 96-well heated block (37°C). A subaliquot was

Source of Cytochrome P450The LINK consortium, a collaboration be- removed to produce a 0-min time point, and the assay was initiated via addition
tween UK-based academia and industry, provided stocks of transformed cgflNADPH (1 mM final concentration). Aliquots (5QI) were removed at 5,
with human CYP1A2, CYP2C9, CYP2D6, and CYP3A4 individually coex10, 15, and 20 min and quenched in acetonitrile. Samples were subsequently
pressed with human NADPH-P450 reductasE.icolias described previously removed from the RSP, frozenrfth h at—20°C, and then centrifuged at 3500
(McGinnity et al., 1999). All experiments with CYP1A2, CYP2C9, CYP2D6pm for 20 min. The supernatants were removed and transferred into HPLC
and CYP3A4 utilized th&. colimembrane source. All transformed cells wereyja|s using the RSP.
stored as glycerol stocks ai80°C. Expression of the recombinant proteins and  Automated Human Liver Microsome CL,,, Determination. HLM were
preparation of the respecti coli membranes were carried out as describegjjuted in 100 mM potassium phosphate buffer, pH 7.4 (1-mg~* final).
previously (McGinnity et al., 1999). Probe substrates were incubated at identical concentrations as the GYP CL

Microsomes prepared from insect cells infected with a baculovirus contaifssay, and incubations were carried out on the RSP as described above.
ing the cDNA for human CYP2C19 and rabbit NADPH-P450 reductase wetgsactions were again initiated by addition of NADPH (1 mM final concen-
purchased from PanVera Corp. (Madison, WI). All experiments witkation), and several aliquots were taken over 45 min.

CYP2C19 utilized this enzyme source. Pooled HLM were purchased frompp| C Methods. Aliquots (20 ul) were analyzed by HPLC-UV or HPLC-
IIAM (Leicester, UK) and In Vitro Technologies (Baltimore, MD). Table 1fiyorescence for either parent loss or metabolite appearance using a model
displays the CYP isoform characterization of the individual HLM pools a$100 Chemstation (Hewlett-Packard, Palo Alto, CA) and a Hewlett-Packard
determined by the commercial supplier. 1046A fluorescence detector. A symmetry shield RP8 3.%0-mm cartridge

Cytochrome P450 contents were estimated spectrally by the method(@faters, Watford, UK) and a mobile phase of 0.025% (w/v) ammonium
Omura and Sato (1964). Protein concentrations were measured using gbétate (solvent 1A) and acetonitrile (solvent 1B) was used for the chroma-
Randox Laboratories Ltd. (Crumlin, UK) protein kit based on pyrogallol reghgraphy of most analytes. Testosterone required a mobile phase of 0.025%
complexing with protein in an acid environment containing molybdate iongmmonium acetate:methanol (95:5, v/v) (solvent 2A) and acetonitrile:metha-
(Watanabe et al., 1986), using bovine serum albumin as a standard. nol (95:5, v/v) (solvent 2B). The flow rate for all methods was 1.5 min~*.

Probe Substrates.Ten commercially available drugs were selected agjazepam, metoprolol, propranolol, omeprazole, diltiazem, and verapamil
probe substrates to establish the suitability of this approach. The compougfiied using a 5-min linear gradient from 80% solvent 1A to 20% solvent 1A,
were selected from the literature as marketed drugs for which the relatigfoutamide 99% to 65% over 5 min, dextromethorphan 80% to 20% over 3.5
CYP-dependent metabolic formation was known and their metabolism by th#n, and ibuprofen 85% to 20% over 5 min. Testosterone was eluted using a
five CYPs was adequately represented: tolbutamide (Back et al., 1988; BouljiRar gradient from 85% solvent 2A to 75% solvent 2A over 12 min, 75% to
etal., 1996; Jung etal., 1997; Wester et al., 2000); diazepam (Ono et al., 199@), over 3 min followed by isocratic conditions (20:80) for 2 min. UV
metoprolol (Otton et al., 1988; Mautz et al., 1995); ibuprofen (Hamman et ajjetection was performed for omeprazole (302 nm), diltiazem (237 nm), ibu-
1997); propranolol (Otton et al., 1990; Yoshimoto et al., 1995); dextromethgrofen (222 nm), and testosterone (254 nm) and for metabolites of diazepam
rphan (Dayer et al., 1989; Broly et al., 1990; Jacqz-Aigrain et al., 1993; Kery29 nm) and tolbutamide (230 nm). Fluorometric detection was performed for
et al., 1994; Von Moltke et al., 1998); omeprazole (Andersson et al., 1993etoprolol (Excitation 222 nm and Emission 320 nm), dextromethorphan
Kobayashi et al., 1994; Yamazaki et al., 1997); diltiazem (Pichard et al., 199970, 312 nm), propranolol (205, 340 nm) and verapamil (280 nm, 310 nm).
Sutton et al., 1997); testosterone (Waxman et al., 1988; Wang et al., 1997); anflietabolite Identification. HLM or recombinant CYPs were diluted in 100
verapamil (Kroemer et al., 1993; Tracy et al., 1999).

Automated CYP CL,,, Determination. CYP CL;,, determination assays 2 Copies of the program are available from the corresponding author upon
were fully automated and performed by a robotic sample processor (R$&juest.

Materials and Methods
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TABLE 2 propranolol, dextromethorphan, omeprazole, diltiazem, testosterone,
Estimated levels of the five major isoforms in HLM pools and verapamil in three individual preparations of pooled HLM. Table
Mean total level= 320 pmol of CYP- mg~* of microsomal protein. 3 compares the Gl, for the three batches of HLM together with the

mean and values obtained from the literature. For substrates with

Isoform Mean References significant CYP3A4 metabolism, diltiazem, testosterone, and vera-
% pamil, CL,, was significantly higher in batch 1 compared with
CYP1A2 13 Sggl‘l"é‘)‘iaef;f“'( 1%396’;‘)' Guengerich and Turvy (1991). hatches 2 and 3. The coefficient of variation was generall% for
CYP2C9 20  Shimada et al. (1994), Becquemont et al. (1998),  CLint determined from one pool of HLM.
Wester et al. (2000), Inoue et al. (1997), Lasker Substrates were incubated with recombinant CYP1A2, -2C9,
CYPaCIs . V\zs{igr(é?z?)(zooo) Inoue et al. (1867), Lasker -2C19, -2D6, and -3A4, respectively, using the RSP as described
ot al. (1998') ' ' ' underMaterials and MethodsFigure 1 displays the loss of propran-
CYP2D6 2 Shimada et al. (1994), Becquemont et al. (1998),  oOlol against time by the five different CYP isoforms used in the
Imaoka et al. (1996) automated assay and shows significant metabolism by CYP1A2,
CYP3A4 30 Shimada et al. (1994), Belloc et al. (1996), -2C19, and -2D6. Table 4 shows the CYP ,Glof individual CYP

Becquemont et al. (1998 X . . X
a ( ) isoforms to oxidative metabolism for each marker substrate. The

range of CYP Cl,, determined was 0.03 to j&l -+ min—* pmol of
mM potassium phosphate buffer, pH 7.4 (1 mgl~2 or 100 pmol- mi~%, P450 % The percentage contributions of individual CYPs toward
respectively). Probe substrates were incubated aiuBD reactions were oxidative metabolism of a compound in HLM were estimated, and
initiated by addition of NADPH (1 mM), and aliquots were quenched in 1:Table 5 compares our values with common literature assignments.
(viv) methanol at 0 and 45 min. Aliquots (20) were analyzed by liquid Tolbutamide (Cl,,, determined by/,,,.,/K,,) was metabolized by both
chromatography-mass spectrometry using the Hewlett-Packard 1100 Chemstgpocg (70%) and CYP2C19 (30%), diazepam (M) by
tion with a symmetry shield RP8 3.9 50-mm cartridge and a mobile phase YP2C19 (100%), ibuprofen (1@M) b;, CYP2C9 (90%) and

0, i )

of 0.025% (w/v) ammonium acetate (solvent 3A) and methanol (solvent 3 YP2C19 (10%), and omeprazole (@) by CYP2C19 (68%) and

Analytes were eluted using a gradient of 95% solvent 3A to 10% solvent 3 0 .
over 7 min. Metabolites were detected using a TSQ 7000 mass spectrop (P3A4 (32%), respectively. Metoprolol (8M) and dextrometho-

tometer (Finnigan MAT, San Diego, CA) with an atmospheric pressure chehihan (3uM) are primarily CYP2D6 substrates and propranolol (3
ical ionization ion source and a triple quadrupole mass analyzer in full sc#M) was metabolized by CYP2D6 (59%), CYP1A2 (26%), and
mode. The molecular ion (either M H* or M — H* depending on the orifice CYP2C19 (15%). Diltiazem (&M), testosterone (1@M), and ve-

polarity) was detected for each metabolite. rapamil (3uM) were predominantly metabolized by CYP3A4.
Data Analysis. Throughout this study, several approaches were adopted forFor each compound, the sum of the Gl(ul - minflmgfl) from
quantifying intrinsic clearance: the five individual isoforms was compared with the respective,CL
Metabolite appearance—low turnover compounds. derived from the mean of three separate HLM pools (Table 6). Figure
ClLin = Vaalkn  (tolbutamide) 2 shows the correlatiorr = 0.8,P .< .001) between the CYP Gl,
and HLM CL,, Compounds with a HLM Cl,, of <8 ul -
~ VX S min~*mg~* may be described as low clearance, 8 to 65 -
T Kpt+S min~!'mg~* as intermediate, and>65 ul - min~"*mg~* as high
. 0 clearance.
1S < Km (520%) Predictions of HLM Cl,, from the sum of individual CYP C}
Vinax X S were excellent for tolbutamide (CYP GL= 1.3 ul - min~*mg™*
T K, versus HLM Cl,,, = 0.7 ul - min~*mg~%), diazepam (2= 1 versus
© 3 *+ 1), and metoprolol (7 0 versus 6+ 1). All predictions of HLM
CL;,; from the individually summed CYP Gl, except for those
V' Vi _ derived for propranolol (CYP Cl, = 55 = 15 ul - min~*mg™*
STk, ~ Clm (diazepam) versus HLM Cl,,, = 15 = 0 ul - min"*mg %) and omeprazole

(131 = 25 versus 34+ 14) were within 3-fold. The summed CYP

Parent lossBecause dos ives a term for the volume of the incubation R . :
(expressed in mi pmol of g%l) and the elimination rate constakt= CL,, of these two compounds significantly overestimated theiy,CL

. ) : determined in HLM.
0.6931,,,, an equation expressin in terms ofT,,, of parent loss can be . . . .
derived: - a P 9 &H vz 01P To investigate the relationship between the, Clof propranolol

with increasing HLM protein concentration, (;Lwas determined at

_ Volume x 0.693 0.4, 1, and 2 mg ml~* of HLM. Figure 3 shows the relationship

e Tus (majority) between increasing microsomal protein and decreasing, GLpro-
—_— o ) ranolol.
The contribution of individual CYP to HLM C|,, was estimated as follows: p . )
b The metabolite profile for the CYP-dependent clearance of dextro-
= CYP Cl, X % content of CYP isoform in HLM methorphan observed by HPLC-mass spectrometry was as predicted

) from Von Moltke et al. (1998), where microsomes containing indi-
X Avg. total CYP in HLM (320 pmol/img) - iq,a1 CYPs expressed by a human lymphoblastoid expression system
Table 2 shows the average percentage content of the five major isoformgv@re used (Fig. 4). Dextromethorphan was chosen for this detailed
human hepatic microsomes. analysis, because four of the five major human CYPs (CYP2C9,
All individual data represent means from at least duplicate determination@C19, -2D6, and -3A4) have been implicated in its metabolism.
Dextromethorphan was incubated at @@ with all five isoforms, and
as expected, two metabolites, dextrorphan and 3-methoxymorphinan,
Marker Substrates. CL;,, values were obtained for each of thewere observed, based on theivz values and distinguished using
prototypic substrates, tolbutamide, diazepam, metoprolol, ibuprofetandards. Based on UV response, 88% of the metabolites formed

Results
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TABLE 3
CL,,, of marker substrates in different HLM pools and literature values
CLim
Compound References
Batch 1 Batch 2 Batch 3 Mean Literature

wl - min~Img?t
Tolbutamide 0.7 0.5-2.5; 1+ 0.2 Iwatsubo et al. (1997), Doecke et al. (1991),

Back et al. (1988), Bourrie et al. (1996),
Obach (1999)

Diazepam 3+1 2 2 3+x1 26+0.8 Obach (1999)

Metoprolol 71 5 5 6+ 1 14, 19 Mautz et al. (1995)

Ibuprofen 14 5 5 8r 2 96+ 1.1 Obach (1999)

Propranolol 16+ 3 16 15 15+ 0 11-60 Lave et al. (1997), Obach (1997), Otton
et al. (1990)

Dextromethorphan 2% 3 30 33 29+ 3 25-103 Kerry et al. (1994), Broly et al. (1990)

Omeprazole 43+ 7 11 15 34+ 14 18, 26 Andersson et al. (1993), Kobayashi et al.
(1994)

Diltiazem 56+ 7 22 22 45+ 16 17+ 2 Obach (1999)

Testosterone 8% 12 23 35 60+ 18

Verapamil 380+ 44 111 114 256+ 100 139+ 3 Obach (1999)

2 Determined fromV,,,,/K,. Where determined, results are presented as me&mD.

Discussion

= To generate confidence that recombinant CYPs may be used to
predict HLM CL,,, data, the in vitro kinetics for commonly used CYP
probes were determined previously in this laboratory in both pooled
HLM and CYP coexpressed with NADPH-reductaseEincoli cells
(McGinnity et al., 1999). The kinetic parameters (including, QLof
these recombinant enzymes were similar to their human liver coun-
terparts for the enzyme substrate pairs that were directly comparable,
and thus they would appear to be faithful surrogates. Indeed, Edder-
shaw and Dickins (1999) reported an excellent comparison between
the rates of metabolism of several compounds determined from HLM
and microsomes containing a mixture of the major recombinant CYPs.
However, this “artificial HLM” approach gives little information as to
the enzymology of metabolism.

In propranolol peak area

o ' 5 ' 0 ' 5 ' 20 ' To demonstrate the potential for predicting both the extent and

route of oxidative metabolic clearance for NCEs by recombinant

Time (min
(min) human CYPs, several marketed drugs were selected in which metab-
Fie. 1. CYP1AZ, -2C9, _zcéfdp;éagio?nd -3Ad-dependent clearance of  5)ism via CYP pathways was well established. Of the marketed drugs

The determinati f the CYP.d dent ol metaboli ) tthat are primarily cleared by human hepatic CYP-mediated metabo-
e determination of the -dependent propranolol metabolism using - ] -
automated assay is as described uMaterials and MethodsAliquots were taken _T?Sm, the vast majority were metabolized by one or more of the five
at 0, 5, 10, 15, and 20 min, and the amount of propranolol remaining in thgoforms, CYP1A2, -2C9, -2C19, -2D6, and -3A4 (Bertz and Gran-
incubation media is reflected by the peak area after HPLC-fluorescence detectiogman, 1997), and, for that reason, only these isoforms were em-

The data represent propranolol clearanc&bgolimembranes expressing CYP1A2 ; e Pt - i
(). CYP2C9 @), CYP2D6 (4), CYP3A4 (¥). and baculovirus expressing ployed in this initial study. There are limited available data on the

CYP2C19 W), as described unddfaterials and MethodsThe solid lines indicate elative levels of the five major isoforms in human hepatic micro-
linear regression of the data. somes (Table 2), and we have relied heavily on the seminal study by

Shimada et al. (1994), which is widely cited for this purpose. The
from dextromethorpham{/z = 272) were dextrorpham{z = 258) marker compounds tolbutamide, diazepam, metoprolol, ibuprofen,
and 12% were 3-methoxymorphinam/g = 258), which compares propranolol, dextromethorphan, omeprazole, diltiazem, testosterone,
well with Von Moltke et al. (1998) (98 and 2%, respectively). Theind verapamil were chosen so that metabolism by each of the five
isoform responsible for dextrorphan formation was primarilf£YPs was adequately represented. The choice of DMSO as a solvent
CYP2D6 (92% versus 97%; as determined from Von Moltke et alyas based on its value for compounds with relatively low solubility
1998) with minor contributions from CYP2C9, -2C19, and -3A4often encountered in early drug discovery programs) and its imple-
(<3% in both laboratories). The isoforms responsible for 3-methoxpentation as the solvent of choice in many liquid banks. Any inhib-
morphinan formation were CYP2C9 (43% versus 55%), CYP3Aitory effects should not affect the comparison between recombinant
(42% versus 20%), CYP2C19 (8% versus 16%), and CYP2D6 (7@'Ps and HLM.
versus 9%). In addition, it was also determined that CYP1A2 metab-There is a reasonable agreement between thg, Gf the probe
olized propranolol ifYz = 260) to the expectetll-deisopropylation substrates determined in HLM to available literature values (Table 3),
product Wz = 218) (Yoshimoto et al., 1995) and CYP2D6 metaboalthough the comparison is somewhat compromised due to the large
lized propranolol to the expected hydroxylated produdiz(= 276), spread of the literature data. There is agreement as to whether a
although the regiochemistry of hydroxylation was not investigatedompound demonstrates a low, intermediate, or high,CLhe lim-
Several other markers also generated the product profile as expedia@iibns of such an interlaboratory comparison and the inherent vari-
from the literature (data not shown). ability of such an exercise are well established (Boobis et al., 1998).
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TABLE 4
Determination of CYP G}, of individual human CYPs to oxidative metabolism for marker substrates
CLint
Compound
CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4
wl - min~*pmol*
Tolbutamide N.D? 0.014 0.03+ 0.01 N.D. N.D.
Diazepam N.D. N.D. 0.1% 0.05 N.D. N.D.
Metoprolol N.D. N.D. N.D. 1.03+ 0.07 N.D.
Ibuprofen N.D. 0.29+ 0.09 0.17+ 0.01 N.D. N.D.
Propranolol 0.34+ 0.03 N.D 0.66* 0.06 5.07+ 2.80 N.D.
Dextromethorphan N.D N.D 0.16 0.10 1.97+ 0.24 N.D.
Omeprazole N.D N.D 6.95 1.93 N.D. 0.44* 0.06
Diltiazem N.D. N.D. 0.30t 0.04 N.D. 0.58+ 0.04
Testosterone N.D. N.D. N.D. N.D. 0.420.03
Verapamil N.D. N.D. N.D. N.D. 1.1% 0.12
aN.D., not detectable<(0.02 ul - min~* - pmol™?).
b Determined fromV,./Kn. Mean= S.D. forn = 3 separate experiments.
TABLE 5
Mean percentage contribution of individual CYPs to oxidative metabolism
Compound CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4 Literature
%
Tolbutamide 70 30 2C
Diazepam 100 2CI93A
Metoprolol 100 2D6
Ibuprofen 90 10 2C9
Propranolol 26 15 59 2D6, 1A2, 2C19
Dextromethorphan 14 86 2D&A
Omeprazole 68 32 2C19-3A
Diltiazem 7 93 3A
Testosterone 100 3A
Verapamil 100 3A
TABLE 6 100073
Determination of CYP G}, for marker and AR-C compounds = ] ,
CLy, O »
Compound : o 10073 i
HLM cYP o~ ] ®
(@] o ]
wl - min~*mg* 3 E ol
Tolbutamide 0.7 1.3 E £ L0 .
Diazepam 31 2+1 5 E E b
Metoprolol 6+ 1 7+0 23
Ibuprofen 8+ 2 20+ 5 & P
Propranolol 15- 0 55+ 15 2 14 ’
Dextromethorphan 293 14=1
Omeprazole 34 14 131+ 25 ]
Diltiazem 45+ 16 60+ 3 I
Testosterone 66 18 40+ 3 04 : o ey
Verapamil 256+ 100 114+ 11 04 100 1000

10
Mean HLM ClI,,
(Wl min'mg’")
Literature Cl,, values have been obtained from a variety of sources,Fc. 2. Comparison of summed CYP Glwith HLM CL,, for several probe

including V,,,.,/K,, calculations, microsomes (prepared from individ- substrates.

ual as well as pooled livers), and hepatocytes [data convertgtito  Both the summed CYP and HLM GJ. determinations were carried out as

min~*mg~* assuming 2.67x 10° cells/mg of microsomal protein described undeMaterials and MethodsThe data points represent the mean,CL
Carlil | 1999)]. Variabili ill al It he f h determinations, and the error bars reflect the standard deviation from the mean as
(Carlile et al., )]. Variability will also result from the fact t alshown in Table 6. The dotted boxes illustrate HLM GLlof <8 ul - min~*mg™*

isoform levels and activities may vary significantly between th@ow clearance) and-65 ul - min~*mg™* (high clearance). The solid line depicts a
different metabolizing sources (Boobis et al., 1998). However, tfgear regression analysis of the data£ 0.8,P < .001) with the equation logCYP
agreement is excellent where a direct comparison between two lafsbe = 0-91 % 10gHLM CLiy + 0.3. The dashed line indicates fine of unity.
ratories determining HLM C}., for several compounds can be made
(Obach, 1999). al. (1997), Yasumori et al. (1993), and Andersson et al. (1994).
Without exception, our data and the prevailing literature assign thadeed, detailed HLM kinetics of diazepam metabolism (not shown)
same isoform to be the predominant CYP responsible for the metshbiggests the involvement of multiple CYPs (e.g., CYP2C9/18, -2B6,
olism of each marker compound. Diazepam at low micromolar coand -3A4), but the data indicate that the high affinity component of
centrations was metabolized by CYP2C19, which agrees with Jungle&izepanN-demethylation in vivo may be CYP2C19. Metoprolol and

2 Determined fronV,,,,/K,,. Mean+ S.D.
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al.,, 1995), which implicate these three isoforms. In addition, the
appropriate metabolites from each isoform were identified by mass
spectrometry analysis.

A method based on the rate of enzymetivity (relative activity
factor) of recombinant CYPs and HLM has proven useful in assigning
the contribution of individual CYPs to several biotransformations
(Rodrigues, 1999; Roy et al., 1999). Recently, it has been suggested
that a complementary approach using the ratilmoinsic clearance
as a relative activity factor may be more predictive, where the kinetics
for recombinant CYPs and HLM are equivalent (Nakajima et al.,
1999). The correlation observed in this study between the sum of
CL;,,; from the different CYP isoforms and HLM Gl, for the com
pounds tested confirms this concept. This study has additionally

0.4 1 provided a more thorough evaluation of these recombinant proteins
4 expressed irE. coli.
HLM mg.ml The summed CYP G}, correctly predicted a low HLM C|,, (<8
Fic. 3. Determination of propranolol C}, at different concentrations of HLM. | - minflmgfl) for tolbutamide, diazepam, and metoprolol; an

The HLM CL,, determinations were carried out as described uhaterials  intermediate HLM Cl,,, (8—65 ul - min~*mg™") for ibuprofen,
and Methods The histograms reflect a mean Gl and the error bars give the propranolol, dextromethorphan, diltiazem, and testosterone; and a
rsr:%?r?w?jrr?w g;a\{rl]a:ggnti:rr]cérg the mean. Experiments were carried out in dupllcatehi’h HLM CL,, (>65 ul - minflmgfl) for verapamil. However, thg

summed CYP CJ,, of omeprazole and propranolol did overpredict
somewhat HLM Cl,,.. One possible explanation for this is an increase
in “futile” binding with increased protein concentration for some
compounds. For propranolol there is 50% free at 0.4-m * and
25% at 2 mg ml~* (Obach, 1997), which results in a 2-fold decrease
of propranolol Cl,,, (Fig. 4). Typical assay conditions used 0.2 to 0.4
mg of protein/mi* of CYPs (exact amount depended on the CYP
expression level, because all incubations contain 100 pmol of CYP/
% 1% ml~) and 1 mg ml~* HLM. The HLM CL,,, of propranolol at 0.4
mg - ml~* was determined to be 22 4 ul - min~*mg~*, which
compares more favorably with the summed CYP, Cht the same
protein level (55+ 15 ul - min~*mg™?).

Generally, lower protein levels in the recombinant CYP assay may

. i allow a more accurate reflection of unbound ;Gland provide a
Fic. 4. Metabolite profile for the CYP-dependent clearance of . L
dextromethorphan. greater dynamic C|,, range V\{he_n discriminating _bet_v\_/een Ia_rge AUM
The identification of CYP-dependent dextromethorphan metabolite formationri)sers of compounds. The.re I§ “I.(ely to be no SImelcant.dlfferences
as described undéviaterials and MethodsThe data from this laboratory, where between the extent of futile binding for HLM and recombinant CYPs
dextromethorphan was incubated at/3d, are compared with that of Von Moltke at the same total protein concentration (Venkatakrishnan et al., 2000).
et al. (1998) where the data reflect (L Differential protein binding between in vitro matrices for predicting in
vivo Cl oIS currently under investigation.

dextromethorphan are primarily CYP2D6 substrates (Otton et al.,In our experience, an accurate determination of a wide range of
1988; Dayer et al., 1989; Jacqz-Aigrain et al., 1993; Kerry et al., 1998/, is achieved at an incubation concentration for recombinant CYP
Von Moltke et al., 1998). Diltiazem, testosterone, and verapamil ané 100 pmol of CYP/mI*, which may be subsequently optimized.
predominantly metabolized by CYP3A4 (Waxman et al., 1988; PFhe molar ratio of NADPH-P450 reductase to recombinant CYP has
chard et al., 1990; Kroemer et al., 1993; Sutton et al., 1997; Tracybsen manipulated for th&. coli expression constructs to produce
al., 1999). optimal reaction kinetics for probe substrates (McGinnity et al., 1999).

In addition, for propranolol, omeprazole, tolbutamide, and ibupré-or example, optimal CYP2C19-mediated diazepduwhemethylation
fen, there was excellent concordance between our data and the litem be achieved, in the absence of cytochramédy increasing the
ature on the relative contribution of several isoforms in the metabmolar ratio of NADPH-P450 reductase:CYP2C19 to approximately
lism of the respective compounds. Tolbutamide is metabolized B®:1 (McGinnity et al., 1999). Indeed, to optimize CYP expression
both CYP2C9 (70%) and CYP2C19 (30%), which agrees with Inowsystems, further elucidation of the role and importance of ancillary
et al. (1997), Wester et al. (2000), Venkatakrishnan et al. (1998), agléctron transporters such bgin the metabolism of xenobiotics is
Lasker et al. (1998). Similarly, ibuprofen is metabolized by CYP2C&quired (Yamazaki et al., 1999).

(90%) and CYP2C19 (10%) (Leemann et al., 1993; Hamman et al.,A correlation between HLM and CYP G, allows compounds to
1997) and omeprazole by CYP2C19 (68%) and CYP3A4 (32%pk ranked with respect to metabolic stability, should expedite knowl-
(Andersson et al., 1993; Karam et al., 1996; Yamazaki et al., 199ge of the pharmacophore of individual CYP isoforms, and may
Lasker et al., 1998). Indeed, when recombinant CYP2C19 afatilitate more rational compound synthesis to achieve greater meta-
CYP3A4 were mixed at a ratio similar to that found in HLM, thebolic stability. Furthermore, an underprediction of HLM GLfrom
metabolism of omeprazole resembled that of HLM (Yamazaki et athe five major human hepatic isoforms should prompt an investigation
1997). The assignment of CYP2D6 (59%)-, CYP1A2 (26%)-, andto possible metabolism by the more minor human hepatic CYPs,
CYP2C19 (15%)-dependent metabolism for propranolol agrees with., CYP2A6, -2B6, -2C8, or -2E1 (Houston, 1994).

several sources (Lennard et al., 1984; Otton et al., 1990; Yoshimoto eThis automated assay is being used early in drug discovery at

min-'mg-

1 1 | 1 . 1 ;

Propranoiol Ci,,, pl.

o

Dextrorphan 3-methoxymorphinan

2%

3%“ 39, 7% 8%

This laboratory |

von Moltke 55%
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AstraZeneca R&D Charnwood, a strategy distinct from the comprigaoka S, Yamada T, Jiroi T, Hayashi K, Sakaki T, Yabusaki Y and Funae Y (1996) Multiple
h . isof fili fad later in the d | t forms of human P450 expressed3accharomyces cerevisiggystematic characterization and
ensive Isororm profiling or a drug later in the developmen proces%omparison with those of the rdBiochem Pharmacdb1:1041-1050.

by other groups (Machinist et al., 1998; Fischer et al., 1999; Nakajinmaue K, Yamazaki H, Imiya K, Akasaka S, Guengerich FP and Shimada T (1997) Relationship
. H e : :between CYP2C9 and 2C19 genotypes and tolbutamide methyl hydroxylationSand
et al"_ 1999; qu etal, :!'999)' The earl_y identification of th? maJc_)rmephenytoin 4hydroxylation activities in livers of Japanese and Caucasian populations.
CYP isoforms involved in the metabolism of a drug candidate iSPharmacogeneticg:103-113.
H H ; ; _ subo T, Hirota N, Ooie T, Suzuki H, Shimada N, Chiba K, Ishizaki T, Green CE, Tyson CA
useful for S(;'\_V(_:"ral pur_pose_s’ |nclud|ng_understand|ng “gand enzymg\d Sugiyama Y (1997) Prediction iof vivo drug metabolism in the human liver froimvitro
structure-activity relationships, expanding the database for substrat@stabolism dataPharmacol Thei73:5147-5171.

ici i 1al i i cqz-Aigrain E, Funck-Brentano C and Cresteil T (1993) CYP2D6- and CYP3A-dependent
of the polymorphic isoforms, assessing the potential intersubject vaﬁmetabolism of dextromethorphan in humaRkarmacogenetic8:197—-204.

ability, and predicting the drug-drug interactions and, ultimately, th@ng F, Richardson TH, Raucy JL and Johnson EF (1997)0 Diazepam metabolism by cDNA-
direction of clinical trials. expressed human 2C P450s: Identification of P4502C18 and P4502C19 Ks,diazepam
. . .N-demethylasesDrug Metab Dispo25:133-139.
These data indicate that recombinant CYPs may be used to pregi¢im we, Goldstein JA, Lasker JM and Ghanayem BI (1996)0 Human CYP2C19 is a major

HLM Cl_im_ Furthermore, it may prove feasible to scale humamﬂCL omeprazole 5-hydroxylase, as demonstrated with recombinant cytochrome P450 enzymes.
data to the f ti | taboli I t d clini Drug Metab Dispo24:1081-1087.
ata 1o € fractional metabolic clearance encountered ¢ 'n'CaHery NL, Somogyi AA, Bochner F and Mikus G (1994)0 The role of CYP2D6 in primary and

(Ilwatsubo et al., 1997; Obach, 1999). Therefore, although very muckecondary oxidative metabolism of dextromethorphanvitro studies using human liver
PSR H B H microsomesBr J Clin Pharmacol38:243-248.
in its Infancy' data in this report demonstrate tEatcoll-exprgssed Kobayashi K, Chiba K, Tani M, Kuroiwa Y and Ishizaki T (1994) Development and preliminary
CYPs may be useful as an early approach for the predlctlon of thepplication of a high-performance liquid chromatographic assay for omeprazole metabolism in
i H uman liver microsomesl Pharm Biomed Anal2:839—-844.
enzyn_mlon _Of human CYP metgbollsm. Further efforts to e_)(am_lqggemer HK, Gautier JC, Beaune P, Henderson C, Wolf CR and Eichelbaum M (1993)
the differential nonspecific binding between the separate in vitroidentification of P450 enzymes involved in metabolism of verapamil in humilasnyn-
Schmiedeberg’'s Arch Pharmac##8:332-337.
models and the effects on Q[_are underway. Lasker JM, Wester MR, Aramsombatdee E and Raucy JL (1998)0 Characterization of CYP2C19
and CYP2C9 from human liver: respective roles in microsomal tolbutarSidegphenytoin,
and omeprazole hydroxylation8rch Biochem Biophy853:16—28.
mann TD, Transon C, Bonnabry P and Dayer P (1993) A major role for cytochrome P450TB
CYP2C subfamily) in the actions of non-steroidal anti-inflammatory drilgsgs Exp Clin
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