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ABSTRACT: 

 
The rhesus monkey (Macaca mulatta) is a primate species used extensively as a preclinical 

safety species in drug development.  In this report, we describe the cloning, expression, and 

characterization of CYP3A64 (AY334551), a CYP3A4 homolog expressed in rhesus liver.  The 

deduced amino acid sequence was found to be 93% similar to human CYP3A4, 83% similar to 

human CYP3A5, and identical to the previously reported cynomolgus monkey CYP3A8 

(Komori et al., 1992).  The substrate specificity of CYP3A64 for testosterone (0-250 µM), 

midazolam (0-200 µM), nifedipine (0-200µM), and BFC (0-200 µM) were compared with 

recombinant enzymes from rat (CYP3A1, CYP3A2), dog (CYP3A12, CYP3A26), rabbit 

(CYP3A6), and human (CYP3A4, CYP3A5).  Immuno- and chemical-inhibition of CYP3A64 

was demonstrated using the inhibitory monoclonal antibody MAb 10-1-1 (anti-3A4) and 

ketoconazole (0-10 µM).  The utility of CYP3A64 to be used as a standard in monkey induction 

assays was shown and the concentration of CYP3A64 protein in rhesus liver microsomes was 

estimated to be 72 pmol/mg protein.  In summary, these results support the utilization of rhesus 

monkey CYP3A64 for in vitro drug metabolism studies and provide a more complete 

understanding of CYP3A substrate specificities and species differences in metabolic capabilities. 
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Introduction 

Cytochrome P450s (CYP or P450) are a superfamily of enzymes involved in the 

elimination of a wide variety of chemical xenobiotics including pharmaceuticals, carcinogens, 

and environmental pollutants (Wrighton and Stevens, 1992).  CYP3A4 is the most abundant of 

these enzymes in humans and responsible for the biotransformation of nearly 50% of all 

pharmaceuticals (Guengerich, 1995). Substrates for CYP3A4 include such structurally distinct 

molecules as testosterone, nifedipine, lidocaine, lovastatin, erythromycin, cyclosporine, 

diazepam, midazolam, and coumarins.    

 Rhesus monkeys (Macaca mulatta) and cynomolgus monkeys (Macaca fascicularis) are 

widely used throughout pharmaceutical industry as preclinical safety species.  Much emphasis is 

placed on the overall drug safety profile and the extrapolated CYP3A metabolic activities of 

monkeys to corresponding human drug metabolism variables, even though very little information 

is known about monkey CYP3A enzymes or their metabolic capabilities.  There are relatively 

few reports, compared to rat and human, regarding the specific activity of rhesus and 

cynomolgus monkey CYP3A enzyme activities, and most of these reports are from purified 

regenerated systems or liver homogenates and not from recombinantly expressed enzyme 

systems (Ohta et al., 1989; Ohmori et al., 1993; Ramana and Kohli, 1999; Matsunaga et al., 

2002).  Although it is believed that monkey CYP3A metabolic capabilities should be similar to 

human CYP3A, there has not been an in-depth investigation of the enzymatic properties of the 

individual monkey CYP3A isoforms.  Therefore we sought to clone, express, and characterize 

the major CYP3A4-like drug metabolizing enzyme from rhesus monkey liver. 

Based on its predicted homology to human CYP3A4, we cloned the CYP3A4 homolog 

from rhesus monkeys.  The cloned cDNA was expressed using a commonly used insect cell 
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expression system and characterized with multiple probe substrates.  Insect cells offer several 

advantages over other expression systems: (1) they do not require alteration of the P450 coding 

sequence for expression, (2) they lack endogenous cytochrome P450s and (3) they can be used to 

make microsomes or co-expressed with NADPH-P450 oxidoreductase (OR) to produce 

‘supersomes’ (Gonzalez and Korzekwa, 1995; Crespi and Miller, 1999).     

It is valuable to understand the metabolic capabilities of preclinical animal models to 

accurately predict safety and clearance profiles of pharmaceutical candidates in development.  

Therefore, in addition to the evaluation of the rhesus CYP3A64 enzyme activity in relationship 

to the human CYP3A4 enzyme, a species comparison was performed using recombinant 

enzymes from Beagle dogs, Sprague-Dawley rats, and New Zealand rabbits.  These comparisons 

should be valuable for interpreting results from preclinical models.   

Other methods for investigating the physiological fate of pharmaceutical candidates 

involves the use of chemical and immunological inhibition techniques that investigate the 

contribution of a particular drug metabolizing enzyme toward the biotransformation of a 

compound of interest.  These tools, for example, can be used to determine whether a preclinical 

candidate is a potential CYP3A inhibitor.  Inhibition of CYP3A is a major liability for a 

compound in development due to the potential for adverse drug-drug interactions.  Further 

understanding of in vitro-in vivo correlations in monkeys and other preclinical animal species, 

will allow more confident predictions of human in vivo outcomes from in vitro data.  To explore 

the use of recombinant rhesus CYP3A64 for these types of assays, we investigated whether a 

common CYP3A4 chemical inhibitor, ketoconazole, and a CYP3A4 inhibitory monoclonal 

antibody, MAb 10-1-1 (Mei et al., 1999),  would be effective at inhibiting CYP3A64 present in 
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rhesus liver microsomes and compare the results obtained from similar studies with human liver 

microsomes.   

Pharmaceuticals frequently elicit CYP enzyme induction, which is a problem for 

adequate exposure to the active pharmaceutical, both for efficacy and for achieving appropriate 

exposures during safety evaluation.  Induction causes drug-drug interactions by increasing the 

elimination of other co-administered drugs which can result in failed efficacy or increased 

metabolite exposure.  For this reason, a compound's potential to induce CYP enzymes is 

screened for during drug development.  In the case of determining rhesus induction, we 

investigated the utilization of the recombinant CYP3A64 protein as a standard for 

immunological detection of rhesus CYP3A64 enzyme using the anti-human CYP3A4 antibody.  

This characteristic will allow for the determination of CYP3A64 in rhesus tissue samples and 

subcellular preparations.  Furthermore, by cloning the CYP3A64 cDNA we will be able to 

design quantitative PCR primers and probes for measuring changes in RNA expression. 

Data reported in this manuscript provides useful information regarding rhesus monkey 

CYP3A metabolic capabilities.  The similarity of rhesus CYP3A64 enzyme to the homologous 

human CYP3A4 enzyme was demonstrated and the usefulness of the recombinant CYP3A64 

enzyme in typical in vitro assays employed during the drug development process was explored.  
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Methods and Materials 

 Materials.  Novex mini-gel system, 10% Bis-Tris precast gels (1.5mm, 15 wells), PVDF 

membranes, NuPage LDS sample buffer (4X), NuPage reducing agent (10X), NuPage MOPS 

running buffer (20X), NuPage antioxidant, NuPage transfer buffer (20X), MagicMark Western 

protein standards, and Benchmark pre-stained protein ladder were purchased from Invitrogen 

(Carlsbad, CA).  Supersignal West Femto maximum sensitivity substrate kit was purchased from 

Pierce (Rockford, IL).  All chemicals including midazolam, triazolam, cortisone, NAPDH, and 

ketoconazole were purchased from Sigma-Aldrich (St. Louis, MO).  Testosterone and 6β-

hydroxytestosterone were obtained from Steraloids (Wilton, NH).  Pooled male human liver 

microsomes (Lot# 0310241) and rhesus monkey liver microsomes (Lot# 0310189) were 

purchased from Xenotech (Lenexa, KS).  Recombinant enzymes CYP3A4, CYP3A12, 

CYP3A26, CYP3A1, CYP3A6, as well as MAb 10-1-1 (anti-CYP3A4) were generated in-house 

at Merck Research Labs (West Point, PA).  Nifedipine, oxidized nifedipine, 7-benzoxy-4-

trifluoromethylcoumain (BFC), 7-hydroxy-4-trifluoromethylcoumarin (HFC), recombinant 

CYP3A4, CYP3A5, and CYP3A2 where purchased from BD Gentest (Woburn, MA).  All 

molecular biology reagents, restriction enzymes, pFastBac vectors, Cellfectin reagent, Sf21 

insect cells (Spodoptera frugiperda Sf21) and Sf-900 II SFM (serum-free medium) were 

obtained from Invitrogen (Carlsbad, CA).  

 Cloning of rhesus CYP3A64.  The cDNA for rhesus CYP3A64 was obtained by 

amplification of mRNA prepared from male rhesus liver (sample obtained from Laboratory 

Animal Resources, Merck Research Laboratories, West Point, PA).  The primary cDNA 

transcripts were generated by reverse transcription using Superscript II (Invitrogen) and oligo-

(dT)12-18 according to the manufacturer’s recommendations.  PCR amplification of the target 
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cDNAs were performed using Platinum pfx polymerase (Invitrogen) with the forward (5-AGA 

TAA GGA AGG AAA GTA GTG ATG-3) and reverse (5-AGC AGA AGT CCT TAG TAA 

AAT TCA-3) primers designed against consensus sequences of cynomolgus monkey, human, 

and rabbit CYP3A genes.  The PCR products were cloned into pCR2.1 (Invitrogen) and the 

DNA sequence was confirmed by sequencing, using the Big Dye Terminator cycle sequencing 

kit, and analyzed on an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster City, CA).  

The deduced sequence for CYP3A64 was sent to Dr. David Nelson (University of Tennessee, 

Memphis, TN) for appropriate nomenclature and then deposited in GenBank (accession number 

AY334551). 

 Heterologous expression of CYP3A64 in Sf21 cells.  PCR amplification of CYP3A64 

cDNA was performed using forward and reverse primers to engineer SpeI and XhoI restriction 

sites for cloning into the pFastBac vector.  Recombinant baculovirus containing the entire coding 

region of rhesus CYP3A64 was generated using the BAC-to-BAC baculovirus expression system 

(Invitrogen) according to the manufacturer’s specifications.  A “high-titer” virus was generated 

by 3 rounds of amplification and collected when cell viability reached 50%.  Spectrally active 

P450 expression (Omura and Sato, 1964) was optimized by performing several co-infections of 

CYP3A64 and human P450 oxidoreductase recombinant baculovirus.  Sf21 cell media was 

supplemented with 1 µg of hemin per ml of medium in the form of a hemin-albumin complex.   

 Microsomal preparation of CYP3A64.  After 72 hours cells were collected by 

centrifugation and microsomal preparations were performed (Shou et al., 2003).  Microsomes 

were prepared by differential centrifugation at two speeds (9,000 and 110,000 x g).  Insect cells 

were separated from media by pelleting cells at 4,000 rpm for 10 min.  Cell pellets were 

resuspended in 20% glycerol in 0.1 M potassium phosphate (KPi) buffer (pH 7.5) and sonicated 
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with two 20 sec bursts at 70% power at -4ºC.  The sonicated lysate was centrifuged at 9,000 x g 

for 15 min to pellet the S9 fraction.  The supernatant was then centrifuged at 110,000 x g for 70 

min to collect the microsomal pellet.  The supernatant (cytosol) was discarded and the 

microsomal pellet was resuspended with 0.1 M sucrose, 1.15% KCl, 0.5 mM DTT, 1 mM 

EDTA, in 0.1 M KPi buffer (pH 7.5).  P450 concentration was measured using the CO-

difference spectrum (Omura and Sato, 1964) and co-expressed P450 oxidoreductase (OR) 

activity was determined using the cytochrome c reduction assay (Vermilion and Coon, 1978).  

Protein content was calculated using Bio-Rad’s Bradford assay.  Microsomes were stored at -

70ºC until used.  

 Western Blot Analysis of rhesus CYP3A64.  The specificity of the monoclonal 

antibody, MAb 10-1-1, for rhesus CYP3A64 was analyzed by using the Western blotting 

standard protocol from Invitrogen’s NuPage technical guide and PVDF membranes.  The 

primary antibody was incubated overnight at a dilution of 1:500 in blocking solution (25 mM 

Tris-HCl, 150 mM NaCl) containing 5% dried milk.  The secondary antibody, goat anti-mouse 

HRP (2-10 ng/mL), was diluted 1:5000 and incubated for 1 hr in the same blocking solution.  

Blots were analyzed using an Alpha Innotech digital CCD camera with Alpha Ease FC software 

version 3.2.3 (San Leandro, CA). 

 Metabolism of CYP3A substrates.  Incubation mixtures of proteins with testosterone, 

midazolam, nifedipine, and BFC were prepared in 96-deep well formats with 0.2 mL final 

volumes.  All incubations were performed in duplicate at linear conditions determined previously 

(data not shown): testosterone (0-240 µM) incubated for 10 min, midazolam (0-200 µM) for 5 

min, nifedipine (0-200 µM) for 10 min, and BFC (0-200 µM) for 10 min.  Incubation mixtures 

containing the listed substrates were prepared at 4ºC and contained 5 pmol of recombinant 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 30, 2006 as DOI: 10.1124/dmd.106.009977

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #9977 

 10

enzymes or 100 µg of liver microsomes protein, 0.1 M KPi buffer (pH = 7.5), and 1 mM MgCl2.  

The samples were preincubated for 3 min at 37ºC in a shaking water bath, then the reaction was 

initiated by addition of 1 mM NADPH.  After the indicated incubation times, the reactions were 

terminated by addition of 2 volumes acetonitrile containing 600 ng/mL of the appropriate 

internal standard: cortisone (for testosterone), triazolam (for midazolam), and nimodipine (for 

nifedipine).  Samples were centrifuged at 4,000 rpm for 10 min to pellet precipitated proteins and 

membranes.  The supernatants were transferred to another 96-well plate for drying.  Samples 

were dried under nitrogen stream at 37ºC and resuspended in 100 µL of 25% acetonitrile in 0.1% 

formic acid.  For BFC the reaction was terminated by adding 1 volume of 4:1 acetonitrile:0.5 M 

Tris Base solution and transferring 100 µL to a black 96-well plate.  Quantitation of HFC was 

determined using a Spectra Max Gemini (Molecular Devices, Sunnyvale, CA) fluorometer with 

excitation/emission settings 409/530 nm using SOFTmax PRO v3.1.1 software.  Controls and 

standard curves for each reference metabolite (6β-OH testosterone, 1′-OH midazolam, oxidized 

nifedipine, and HFC) were performed using identical conditions. 

 Testosterone, Midazolam, and Nifedipine LC-MS/MS analysis.  Quantitative analysis 

of testosterone metabolites was determined by LC-MS/MS.  Instrumentation consisted of Perkin 

Elmer Series 200 LC pumps and LEAP autosampler coupled to a Sciex API 2000 mass 

spectrometer operated in positive ion mode.  Samples of 20 µL were chromatographed using a 

Agilent Zorbax SB-C18 (5 µm, 4.6 mm x 75 mm; Agilent Technologies, Palo Alto, CA) with a 

mobile phase consisting of solvent A (90% water/10% methanol/0.05% formic acid) and solvent 

B (10% water/90% acetonitrile/0.05% formic acid).  Samples were eluted over 10 min using a 

gradient of 75% solvent A to 40% solvent A from 0.1 to 7 min, returning to 75% solvent A at 7.1 

min until 10 min, at a flow rate of 0.75 mL/min.  This gradient was essential to separate 6β-OH 
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testosterone from the numerous hydroxylated testosterone peaks.  Metabolites and internal 

standard were detected under atmospheric pressure chemical ionization (APCI) conditions and 

identified using the transitions m/z 305.5 � 269 (6β-hydroxytestosterone) and m/z 361 � 163.2 

(cortisone).  The rate of 6β-hydroxytestosterone was determined using a standard curve 

determined concurrently.   

 The hydroxylation of midazolam was determined using the same LC-MS/MS system 

used for analysis of testosterone hydroxylation.  Samples were chromatographed using an ACE 5 

µm C18 column (Advanced Chromatography Technologies, Bridge of Don, Aberdeen, UK) with 

a mobile phase consisting of solvent A (90% water/10% methanol/0.05% formic acid) and 

solvent B (10% water/90% acetonitrile/0.05% formic acid).  Samples of 10 µL were eluted over 

3 min using a gradient of 90% solvent A to 20% solvent A from 0.1-2.5 min returning to 90% 

solvent by 2.6 min with a flow rate of 1.5 mL/min.  Metabolites 1'-OH MDZ and 4-OH MDZ 

were detected under positive APCI and identified using the m/z 342.1 � 203 (1'-OH MDZ), m/z 

342.1 � 234.1 (4-OH MDZ), and m/z 343.1 � 308.1 (triazolam) transitions.  A standard curve 

for 1'-OH MDZ was used to determine the production of 1'-OH MDZ and estimate the 

production of 4-OH MDZ.   

 The oxidation of nifedipine was quantified using the LC-MS/MS system described above.  

The samples were chromatographed using a Discovery HS C18 (5 µm; 5 cm x 2.1 mm; Supelco, 

Sigma-Aldrich Co., St. Louis, MO) with a mobile phase consisting of the same solvent A and B 

from above.  Reconstituted samples of 20 µL were separated over 4 min at 1.2 mL/min using a 

gradient of 80% A to 55% A from 0.2-3 min to 20% A at 3.5 min returning to 80% A by 3.6 min.  

Oxidized nifedipine was determined under positive APCI using the m/z transition of 344.9 � 

284 and nimodipine the internal standard at m/z 419.1 � 343.2. 
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 Kinetic Analysis.  Curve fitting was performed to determine kinetic parameters using 

classic and atypical kinetic equations (Segal, 1975).  Equations were selected by goodness of fit 

based on R2 values and least residual sum of squares (RSS).  Km or S50 and Vmax were calculated 

by fitting data to either the Michaelis-Menton (v = Vmax[S]/Km+[S]) or Hill (v = 

Vmax[S]n/(S50+[S]n) equations using non-linear regression analysis and SigmaPlot 7.1 (SPSS 

Science, Chicago, IL).  Substrate inhibition for midazolam data analysis were fit using v = 

Vmax[S]/Km+[S]+Km[S]2/Ki.  Chemical inhibition was determined using % = Min + Max-

Min/(1+I/Ki)n. 

 Chemical Inhibition of CYP3A64.  The inhibitory capacity of the prototypical chemical 

inhibitor ketoconazole was used to compare the human CYP3A4 and rhesus CYP3A64 enzymes.  

Testosterone (50 µM) was co-incubated with varying concentrations (0-10 µM) of ketoconazole 

using the enzyme reaction conditions described earlier.  Samples were processed and percent 

inhibition of 6β-OH testosterone formation relative to control (without ketoconazole) was 

assessed using the LC-MS/MS method described earlier.   

 Immuno-inhibition of CYP3A64.  To determine the inhibitory activity of human 

monoclonal antibody (MAb 10-1-1) against rhesus CYP3A64, 10 µL of ascites/mL of incubation 

(or diluted ascites containing inhibitory antibody) were added to the 0.2 mL testosterone 

incubations described above.  Antibody was added to the reaction mixture and pre-incubated for 

5 min before addition of testosterone (50 µM).  Samples were brought to 37ºC for 4 min then 

reaction was initiated by addition of NADPH (1 mM).  Samples were processed and analyzed for 

6β-OH testosterone.   
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Results 

Cloning and Sequencing of rhesus CYP3A64.  Total liver RNA was isolated from a 

small tissue sample of rhesus monkey (Macaca mulatta) liver and used to generate total cDNA 

by reverse transcription with oligo(dT)12-18.  The resulting cDNA was subsequently used, along 

with primers designed against consensus CYP3A, in a PCR reaction to generate a product that 

was subcloned for sequencing.  Several individually-purified plasmid DNA molecules were 

sequenced and CYP3A64 was identified.  A variant sequence CYP3A64v1 was also identified 

during our screening.  Both CYP3A64 and CYP3A64v1 have been reconfirmed in liver samples 

from additional rhesus monkeys (data not shown), although CYP3A64v1 was not present in all 

samples.  Figure 1 shows the nucleotide and deduced amino acid sequence for rhesus CYP3A64 

and CYP3A64v1.  The cDNA of CYP3A64 is 1512 bp and codes for a protein 504 amino acids 

in length.  CYP3A64 and CYP3A64v differ by 1 bp at position 878 (T�A) resulting in a leucine 

to glutamate (L293Q) amino acid change.  Although CYP3A64v was not characterized in these 

studies, this variant may have some relevance since a variant at the same location in the human 

CYP3A4 gene has been described (Dai et al., 2001).  The human variant CYP3A4 enzyme 

(CYP3A4*18) is different, however, in that it has a T�C nucleotide change, which results in a 

leucine to proline (L298P) amino acid change.  CYP3A4*18 was identified in Chinese and 

Japanese populations (Yamamoto et al., 2003; Hu et al., 2005), while the expressed enzyme was 

shown to have increased testosterone activity (Dai et al., 2001).  In the future it may be 

interesting to characterize and compare the rhesus CYP3A64v (L293Q) identified.   

Comparisons of the percent identity of the deduced protein sequences and nucleotide 

sequences from several CYP3A species are presented in Table 1.  CYP3A64 (AY334551) differs 

from CYP3A8 (Komori et al., 1992) by 2 bp at positions 147 and 807.  Neither of these 
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differences alters the amino acid sequence; therefore, the rhesus and cynomolgus monkey 

CYP3A enzymes are identical.  The human proteins, CYP3A4 and CYP3A5 are 93% and 83% 

similar to the rhesus CYP3A64 at the amino acid level, respectively.  The high similarity to 

CYP3A4 supports the notion that CYP3A64 and CYP3A8 are the rhesus and cynomolgus 

homologs of CYP3A4.  Several CYP3A proteins from other species are also listed with each 

sharing 70-77% sequence similarity to CYP3A64.  As expected the monkey species share 

considerable similarity to the human and less similarity to other commonly studied preclinical 

animal species. 

Heterologous expression of CYP3A64 in Sf21 cells.  The restriction enzyme sites for 

SpeI and XhoI were engineered into the cDNA of CYP3A64 using PCR for subsequent 

subcloning into the pFastBac vector (pFB).  The newly constructed pFB-3A64 vector was used 

in the Bac-to-BacTM system to generate a recombinant bacmid molecule.  The bacmid DNA was 

then used to transfect plated Sf21 cells to generate a recombinant baculovirus, which was 

amplified by three successive rounds to make a “high-titer” baculovirus for expression studies.  

Co-infection of Sf21 cells with the CYP3A64 baculovirus and a previously generated 

baculovirus carrying the redox partner enzyme NADPH-P450 oxidoreductase (OR) was 

optimized by monitoring for spectrally active P450 expression.  An archetypal cytochrome P450 

spectrum was obtained for CYP3A64 with an absorbance maximum at 448 nm.  Cytochrome c 

reduction was also monitored and expression studies were optimized to obtain an OR to P450 

molar ratio of 3:1.  The optimized co-infected Sf21 cells were subsequently used to prepare 

supersomes to characterize the recombinant CYP3A64 enzyme.   

Testosterone Kinetics using Recombinant CYP3A Enzymes.     The most commonly used 

in vitro probe for CYP3A activity is 6β-hydroxylation of testosterone (Walsky and Obach, 2004) 
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(Kenworthy et al., 1999).  Figure 2 compares the metabolism data for 6β-hydroxylation of 

testosterone catalyzed by human CYP3A4 and CYP3A5 with the metabolism data from rhesus 

CYP3A64.  CYP3A4, CYP3A5, and CYP3A64 enzymes all showed sigmoidal or autoactivation 

kinetics for testosterone 6β-hydroxylation with Hill coefficients of n = 1.3, n = 2.1, and n = 1.1, 

respectively (see Table 2).  CYP3A64 was fit to a sigmoidal kinetic model for consistency, 

however it showed negligible autoactivation by testosterone (n = 1.1).  The goodness of fit (R2 = 

0.9971 and RSS = 10.27) was very similar to the fit (R2 = 0.9964 and RSS = 5.56) from the 

classic Michaelis-Menton equation.  The Vmax value for 6β-hydroxylation of testosterone by 

CYP3A4 (39.7 nmol/nmol P450/min) was higher than CYP3A64 (28.2 nmol/nmol P450/min), 

but this had only a minor effect on the in vitro intrinsic clearance value CLint (Vmax/S50), 1.6 

compared to 1.1 mL/nmol P450/min.  The S50 of testosterone for CYP3A64 and CYP3A4 were 

similar 25.3 vs 24.7 µM, respectively.  In contrast, CYP3A5 had a lower affinity for testosterone 

(S50 = 74.7 µM) and lower Vmax (19.2 nmol/nmol P450/min) for a much lower CLint value (0.26 

mL/nmol P450/min), roughly 6-fold.  This difference highlights the known difference between 

CYP3A4 and CYP3A5 for 6β-hydroxylation of testosterone (Williams et al., 2002; Patki et al., 

2003) and shows that CYP3A64 is structurally and enzymatically more similar to CYP3A4.      

Several CYP3A recombinant enzymes from species used frequently in preclinical drug 

development were compared for 6β-hydroxylase activity.  All enzymes displayed autoactivation 

or sigmoidal kinetics and kinetic parameters were determined using Hill’s equation for sigmoidal 

kinetics (Table 2).  The rat CYP3A2 recombinant enzyme preparation appeared to be most active 

based on the in vitro intrinsic clearance value CLint of 3.3 versus CYP3A4 (1.6), CYP3A64 (1.1), 

CYP3A6 (0.3), CYP3A12 (0.2), CYP3A1 (0.1), and CYP3A26 (<0.1), which is largely due to 

the affinity of CYP3A2 for testosterone (S50 = 5.8 µM).  However, CYP3A2 supersomes were 
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from a commercial source and expressed with cytochrome b5, which may augment the activity 

compared to the in-house preparations (Yamazaki et al., 1996; Yamazaki et al., 1999).  Although 

the addition of b5 has been shown to be somewhat substrate and isoform specific (Nakajima et 

al., 2002; Yamazaki et al., 2002), and may not be an issue in our studies, the possibility of 

cytochrome b5 to potentially enhance the enzymatic properties of CYP3A2 is noteworthy and 

will be an issue for all the kinetics determined in this report.  Determining the effect of 

cytochrome b5 on these enzymes was beyond the target of these studies. 

Midazolam Kinetics using Recombinant CYP3A Enzymes.  The hydroxylation of 

midazolam has become a widely used model for the determination of CYP3A activity in vitro 

and in vivo (Thummel and Wilkinson, 1998).  Midazolam metabolism by CYP3A enzymes has 

improved properties over testosterone metabolism in that it has fewer metabolites and can be 

administered to patients to look at in vivo CYP3A activity.  It is hydroxylated by CYP3A 

enzymes at the 1′-position and 4-position.  The 1′-hydroxylation of midazolam by CYP3A 

enzymes is the major pathway and the in vitro comparison of CYP3A64 and CYP3A4 is 

demonstrated in Figure 3.  CYP3A64 and CYP3A4 were highly susceptible to midazolam 

substrate inhibition at midazolam concentrations greater than 10 µM.  Therefore, a substrate 

inhibition model was used to fit the data presented in Figure 3.  Complete kinetic parameters for 

the 1′-hydroxylation of midazolam by all recombinant enzymes are listed in Table 3.  Both 

CYP3A64 and CYP3A4 had similar affinity for midazolam, evident by Km values of 1.4 µM and 

1.9 µM, respectively.  However, CYP3A64 appeared more active based on the Vmax value for 

midazolam 1′-hydroxylation of 6.2 nmol/nmol P450/min compared to the CYP3A4 Vmax value of 

4.7 nmol/nmol P450/min.  Each enzyme was susceptible to substrate inhibition with a Ki of 306 

µM for CYP3A64 and 383 µM for CYP3A4.  Overall, CYP3A64 had higher midazolam 1′-
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hydroxylation activity than CYP3A4 based on the CLint value of 4.3 mL/nmol P450/min and 2.6 

mL/nmol P450/min, respectively.  Comparisons with other CYP3A enzymes showed that all 

enzymes tested had comparable midazolam kinetics, except CYP3A26 and CYP3A6.  CYP3A26 

had a low Vmax value and significantly higher Km value of 98.3 µM compared to the other 

CYP3A enzymes which had Km values in low µM range, whereas CYP3A6 had a comparable Km 

with a low Vmax value.  CYP3A12, CYP3A2, and CYP3A1 Vmax values ranged from 4.0-5.8 

nmol/nmol P450/min and Km values ranged from 0.9-2.0 µM.  Taken together, these studies 

demonstrate that midazolam is a very good in vitro probe substrate for CYP3A64 and will likely 

be a good in vivo substrate to investigate induction and drug-drug interaction potential in rhesus 

monkeys.       

Nifedipine Kinetics using Recombinant CYP3A Enzymes.  Another structurally distinct 

molecule, nifedipine, has been shown to be oxidized by CYP3A enzymes (Williams et al., 2002; 

Patki et al., 2003; Walsky and Obach, 2004).  Figure 4 demonstrates the rate of oxidized 

nifedipine formation following incubation of CYP3A4 and CYP3A64 with increasing 

concentrations of nifedipine (0-60 µM).  Substrate concentrations higher than 60 µM caused 

substantial substrate inhibition and were not used to calculate enzyme kinetics for CYP3A4 and 

CYP3A64.  Both CYP3A4 and CYP3A64 showed activation kinetics for nifedipine oxidation 

and were analyzed using Hill’s sigmoidal kinetic model (Table 4).  Hill coefficient’s for 

CYP3A64 and CYP3A4 were n = 1.4 and n = 1.6, respectively.  CYP3A64 was twice as active 

in oxidizing nifedipine as CYP3A4 based on CLint values of 2.4 mL/nmol P450/min compared to 

1.2 mL/nmol P450/min.  Incubations of other recombinant CYP3A enzymes with varying 

concentrations of nifedipine (0-60 µM) were performed as described in the methods.  All 

CYP3A enzymes tested from the various species were capable of catalyzing nifedipine oxidation 
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with S50 values ≤ 22 µM.  Unlike CYP3A4 and CYP3A64, CYP3A2, CYP3A1, CYP3A26, and 

CYP3A6 did not follow activation kinetics and were fit using Michaelis-Menton equation.  Out 

of all the enzymes tested, dog CYP3A26 and rabbit CYP3A6 were the least effective at 

nifedipine oxidation, primarily due to low Vmax values.  Dog CYP3A12 displayed significant 

substrate inhibition.  The substrate inhibition was pronounced and began at concentrations > 7.5 

µM; therefore, the dog CYP3A12 data was fit using a substrate inhibition equation and a Ki of 38 

µM was determined.   

BFC Kinetics using Recombinant CYP3A Enzymes and Liver Microsomes.  High-

throughput screening of CYP3A inhibition is a common procedure in drug development (Stresser 

et al., 2002).  Fluorescent probe substrates, such as BFC, that do not require liquid 

chromatography or mass spectral analysis for quantitation are useful tools for these types of 

routine screenings.  Figure 5 shows the metabolism data for the generation of HFC by CYP3A4, 

CYP3A5, and CYP3A64.  Each enzyme displayed sigmoidal kinetics for the generation of HFC, 

thus Hill’s equation was utilized for calculation of kinetic parameters.  CYP3A64 was 2-fold 

more active at metabolizing BFC than CYP3A4 and 5-fold more active than CYP3A5 based on 

CLint.  Table 5 lists all the calculated kinetic parameters for all the tested CYP3A enzymes.  By 

far, CYP3A64 was the most active enzyme for dealkylating BFC.  Interestingly, all enzymes had 

similar S50 values whereas the Vmax values ranged from 0.1-23.0 nmol/nmol P450/min with 

CYP3A4 and CYP3A64 having much larger values compared to the other isoforms.  Activation 

was significant with Hill's constant (n) values ranging from 1.4-2.2.  

Inhibition of CYP3A64 enzymatic activity.  Selective inhibitors, such as ketoconazole, and 

monoclonal antibodies that are capable of selectively inhibiting a particular enzymatic reaction 

are extremely useful for characterizing the metabolic pathway or fate of a new drug.  Figure 6 
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(A) demonstrates the effect of the ketoconazole on 6β-hydroxylation of testosterone catalyzed by 

CYP3A64 and CYP3A4 and their corresponding liver microsome preparations.  The inhibition 

of enzymatic activity by ketoconazole is nearly identical for CYP3A64 (IC50 = 0.1 µM) as it is 

for CYP3A4 (IC50 = 0.1 µM).  Furthermore, the inhibitory effect of ketoconazole on rhesus and 

human liver microsomes supports that CYP3A64 and CYP3A4 are the principle testosterone 6β-

hydroxylating enzymes, since the IC50 of ketoconazole in these systems were 0.1 µM and <0.1 

µM, respectively.  These values are highly comparable to the corresponding individual isoforms.   

 Monoclonal antibodies are extremely valuable tools for phenotyping the principle P450 

enzymes responsible for the biotransformation of a new drug candidate.  There are many options 

and reagents available which have varying degrees of potency and specificity.  We utilized a 

highly selective mouse anti-human CYP3A4 monoclonal antibody (MAb 10-1-1) for our routine 

phenotyping studies, which we developed in-house for the inhibition of CYP3A-mediated 

reactions (Mei et al., 1999).  Figure 6 (B) demonstrates the % inhibition of testosterone 6β-

hydroxylation of CYP3A4, CYP3A64, rhesus liver microsomes, and human liver microsomes by 

increasing concentrations of MAb 10-1-1 compared to control mouse ascites.  The CYP3A4 

specific inhibitory monoclonal antibody MAb 10-1-1 was a potent inhibitor of rhesus CYP3A64 

and human CYP3A4 enzymes with complete inhibition attainable with 5 µL of antibody/mL 

incubation.  In addition, the antibody completely inhibited the 6β-hydroxylation of testosterone 

in both rhesus and human liver microsomes at comparable concentrations. 

Western Blotting Analysis of rhesus CYP3A64 Protein.  Induction of drug 

metabolizing enzymes by drugs is of concern due to the potential for decreased drug exposures 

and drug-drug interactions.  Induction is measured in multiple ways, but usually involves 

measuring changes in mRNA, enzyme marker assays, or protein levels by immunological 
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techniques.  First to support the selectivity of our monoclonal antibody for CYP3A64, we 

demonstrated the binding of MAb 10-1-1 for CYP3A64 and compared the binding to equal 

amounts (0.1 pmol) of other CYP3A enzymes (Figure 7, A).  MAb 10-1-1 shows comparable 

binding efficiency for CYP3A64 and CYP3A4 with a slight interaction to CYP3A5 and no 

binding to CYP3A12, CYP3A26, CYP3A1, CYP3A2, and CYP3A6.  Secondly we investigated 

whether MAb 10-1-1 and CYP3A64 could be used to estimate the amount of CYP3A64 present 

in rhesus liver microsomes.  In Figure 7 (B), a standard curve was generated by hybridization of 

MAb 10-1-1 to increasing amounts of CYP3A64 (0.1-2 pmol).  This data was used to generate 

an equation to estimate the amount of CYP3A64 present in a commercially available rhesus liver 

microsome preparation (Figure 7, C).  The intensity of the detected band was determined and 

used to calculate a CYP3A64 content of 72 pmol/mg microsomal protein.  Using the same 

equations the CYP3A4 content was calculated to be 33 pmol/mg microsomal protein.  Similar 

standard curves were generated using CYP3A4 and the results were indistinguishable (data not 

shown).  Based on the quantitation of the total P450/mg protein reported by the manufacturer of 

these liver microsome preparations, the CYP3A4 and CYP3A64 proteins represent a P450 

content of 8% and 5% of total, respectively.  These values appears to be underestimated based on 

literature reports of the abundance of CYP3A proteins in rhesus or in relation to human (Stevens 

et al., 1993; Shimada et al., 1994).   
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Discussion 

The pharmaceutical industry is required to investigate the potential toxicity of new drug 

candidates in nonrodent species, usually dog or monkey, due to differences in metabolism and 

physiological functions between rodents and man.  For this, Beagle dogs and rhesus or 

cynomolgus monkeys have been used for many years.  To ensure that these animal species are 

exposed to adequate drug levels, including the numerous metabolites that are generated in human 

tissues, drug metabolism studies utilizing dog and monkey liver microsomes and hepatocytes 

preparations are used routinely.  Findings from such studies are used to predict the animal PK 

parameters and metabolite profile of the drug candidate.  Furthermore, data from these 

preclinical animal studies are often extrapolated to predict the human exposure and clearance of 

a new drug candidate.  Yet despite the extensive application of these studies, until recently, few 

studies have been performed with the isolated or expressed cytochrome P450 enzymes 

responsible for these biotransformations in preclinical test species (Shou et al., 2003). 

In this report we presented the cloning and characterization of CYP3A64, which we 

propose is the rhesus homolog of the major human drug metabolizing enzyme CYP3A4.  

CYP3A64 was cloned from rhesus liver tissue and is 100% identical at the amino acid level and 

99% identical at the mRNA sequence to the previously cloned CYP3A8 from cynomolgus 

monkey (Komori et al., 1992).  Both enzymes are highly similar to the human enzyme sharing 

93% amino acid identity.  It has been shown that CYP3A8 represents ~20% of the P450 in 

monkey liver (Ohmori et al., 1993), which compares with the proportion of CYP3A4 found in 

human liver (Burke et al., 1994).  The finding that CYP3A64 and CYP3A8 are identical at the 

amino acid level is encouraging because it suggests that both of these species may exhibit highly 

similar CYP3A-mediated drug clearance characteristics. 
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Rhesus monkey metabolic functions have been compared to humans and found to be 

highly similar (Stevens et al., 1993; Sharer et al., 1995).  Although overall capacity has been 

shown to be greater in monkey, this has been largely attributed to increased enzyme levels and 

not necessarily substrate selectivity or enzyme activity (Ohmori et al., 1993; Stevens et al., 1993; 

Sharer et al., 1995).  Metabolic studies from these and others characterizing monkey P450s seem 

to show that monkey P450s are very similar to human P450s in enzymatic preference, but 

apparent differences in substrate affinities or enzyme levels generally yield higher activities in 

monkeys.  Furthermore, the similarity of rhesus and cynomolgus monkeys, both of which are 

from the same genus, would allow either of these monkey species to be used as preclinical 

models for human studies.     

It is widely believed that two or more probe reactions for CYP3A4-based drug 

interactions must be investigated and although testosterone 6β-hydroxylation and midazolam 1′-

hydroxylation are the most common reactions, oxidation of nifedipine and dealkylation of 

coumarin-based molecules are also widely tested (Yuan et al., 2002).  The reasons behind this 

requisite are largely due to the wide substrate binding site and diverse molecular structures the 

enzyme is able to metabolize.  Based on chemical inhibition studies and substrate-activity 

correlations, there are at least two distinct substrate groups (Kenworthy et al., 1999; Stresser et 

al., 2000).  To ascertain whether CYP3A64 shared this CYP3A4 substrate preference, in this 

report we investigated the functional activity of CYP3A64 towards four, commonly used, 

structurally distinct CYP3A probe substrates.  Furthermore, to determine whether there were any 

significant species differences with rhesus we compared CYP3A64 to CYP3A enzymes from 

human, dog, rat, and rabbit.   
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CYP3A enzymes are known to display non-hyperbolic kinetics (Ueng et al., 1997; 

Korzekwa et al., 1998; Shou et al., 1999; Domanski et al., 2001) for many substrates.  In our 

studies, testosterone, nifedipine, and BFC oxidations displayed autoactivation or sigmoidal 

kinetics for all tested CYP3A enzymes.  This non-hyperbolic behavior is proposed to reflect 

more than one molecule binding to the active site leading to activation (Korzekwa et al., 1998; 

Domanski et al., 2001).  In addition to activation, most of the recombinant enzymes were subject 

to substrate inhibition at very high concentrations.  Midazolam hydroxylation was most affected 

with substrate inhibition appearing at very low concentrations.  This substrate inhibition of 

midazolam hydroxylation by increasing midazolam concentrations has been reported previously 

for CYP3A enzymes (Kronbach et al., 1989; Gorski et al., 1994).  Despite this significant 

inhibition, midazolam is one of the most widely used substrates to probe in vitro and in vivo 

CYP3A activity (Ghosal et al., 1996; Williams et al., 2002; Patki et al., 2003).  Yet it appears 

that midazolam hydroxylation, as a probe, is mostly used at lower concentrations before 

substrate inhibition occurs.  In general, midazolam was a sensitive probe substrate for the 

CYP3A enzymes we tested.  Dog CYP3A12 was the most active enzyme for midazolam 1′-

hydroxylation with a CLint value of 6.3 mL/nmol P450/min.  Rhesus CYP3A64, rat CYP3A1, 

human CYP3A4, and rat CYP3A2 were also strongly active at midazolam hydroxylation with 

CLint values ranging from 2.0-4.3 mL/nmol P450/min.    Dog CYP3A26 and rabbit CYP3A6 

were different with CLint values of 0.1 mL/nmol P450/min and 0.9 mL/nmol P450/min, 

respectively.  The substrate inhibition for CYP3A64, CYP3A4, CYP3A12, CYP3A1, and 

CYP3A2 was abrupt leading to strong inhibition at concentrations >10 µM.  CYP3A26, on the 

other hand, did not display substrate inhibition with increasing midazolam concentrations.  It has 

been demonstrated that two midazolam metabolites, 1′-OH and 4-OH, are generated from 
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CYP3A-mediated oxidations (Kronbach et al., 1989; Gorski et al., 1994).  The formation of these 

two metabolites has been proposed to result from the binding of midazolam at two separate sites 

in CYP3A4 (Khan et al., 2002) and that the enzyme inactivation occurs at the 1′-OH position.  

Schrag et al., 2001 proposed that the CYP3A4 biotransformation of triazolam, a close structural 

analog of midazolam, also behaves as a two-site model and substrate inhibition results from 

competition between the two sites for reactive oxygen (Schrag and Wienkers, 2001).  

Furthermore, Wang et al., found that testosterone inhibits 1′-OH midazolam formation and 

activates 4-OH midazolam formation (Wang et al., 2000).  For simplicity and comparative 

purposes, in our studies, we used the simpler substrate inhibition model to compare the catalytic 

efficiencies of the various CYP3A isoforms for midazolam.  The formation of 4-OH midazolam 

was observed in these studies (data not shown) yet it was not analyzed due to lack of an 

appropriate standard and since saturation of the formation was rarely observed.  However, 

superficial analysis of the kinetics revealed a biphasic kinetic pattern for the formation of 4-OH 

midazolam, which would also lend credit to the proposal of two distinct binding sites.  The 

elucidation of the mechanisms of 1′-OH midazolam versus 4-OH midazolam was beyond the 

scope of these studies, but warrants further investigation.     

It was demonstrated that the rhesus CYP3A64 enzyme and rhesus liver microsomes were 

subject to chemical inhibition using the CYP3A specific chemical inhibitor ketoconazole with 

IC50 values in the 0.1 µM range.  Antibody mediated inhibition is a powerful, highly-selective, 

means to inhibit CYP3A activity in a microsomal incubation.  Immuno-inhibition of CYP3A 

activity is used routinely to determine the role of CYP3A in xenobiotic metabolism.  The 

CYP3A4 specific inhibitory monoclonal antibody (MAb 10-1-1) was a potent inhibitor of rhesus 

and human CYP3A enzymes with complete inhibition attainable with 5 µL of antibody/mL 
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incubation.  It was not surprising, but fortunate, that despite the high selectivity of monoclonal 

antibodies, MAb 10-1-1 was as potent at CYP3A64 as it was for CYP3A4 at inhibiting 

testosterone hydroxylation.  The selectivity of MAb 10-1-1 was demonstrated and used to 

estimate the content of rhesus CYP3A64 enzyme in rhesus liver microsomes at 72 pmol/mg total 

protein.  This is an estimate as we currently are unaware of the contribution of other rhesus 

CYP3A enzymes in rhesus liver.  These studies also do not rule out the possibility of this 

antibody cross-reacting with other proteins in rhesus microsomes; however based on the 

specificity of monoclonal antibodies and demonstration of the selectivity, it gives us confidence 

that at least the antibody can be used to detect and inhibit CYP3A proteins in rhesus microsomes.  

In general, it seems from our studies that using recombinantly expressed enzymes to accurately 

determine P450 protein levels in microsomes may underestimate the P450 present in microsomal 

preparations.  This underestimation may be the result of spectral quantitation of P450 in protein 

preparations from expression systems where the enzyme is largely over-expressed.  Spectral 

determination of P450 will not take into account immunoreactive spectrally-inactive protein, 

thereby creating a standard curve which underestimates the amount of protein present in the 

microsome preparation.    

It has been demonstrated that rhesus monkeys have higher CYP3A immunoreactive 

protein, which contributes to an apparent increased metabolic activity (Stevens et al., 1993).  

Based on our immunodetection studies, CYP3A64 levels alone do not appear to account for the 

observed 6- to 11-fold increased activity observed in those studies, but perhaps the combination 

of increased enzyme activity and slightly higher protein levels may account for the changes.  

Otherwise it would suggest that other CYP3A enzymes may have overlapping substrate 
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specificity.  Future studies should include the determination of the specificity and contribution of 

other rhesus CYP3A enzymes to CYP3A-mediated reactions.    

Through our comparisons, it was found that rhesus CYP3A64 was most similar to human 

CYP3A4 when compared to the activities of the other CYP3A recombinant enzymes CYP3A5, 

CYP3A12, CYP3A26, CYP3A1, CYP3A2, and CYP3A6.  This data should provide useful 

information on CYP3A-mediated metabolism in commonly used preclinical test species and 

supports the role of species specific drug metabolizing enzymes in drug development.  
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Figure Captions 

Figure 1.  The nucleotide and predicted amino acid sequence of the complete translated regions 

of the rhesus CYP3A64 and CYP3A64v cDNAs.  The amino acids are represented by their three-

letter codes beneath each codon.  The sequence of CYP3A64v is shown where it differs from the 

sequence of CYP3A64 by italics above the sequence. 

 

Figure 2. The mean velocity data for the 6β-hydroxylation of testosterone catalyzed by human 

CYP3A4 (●), human CYP3A5 (▼), and rhesus CYP3A64 (○) are presented.  Data and 

regression analysis demonstrate the activation or sigmoidal kinetics and similarity of the 

CYP3A4 and CYP3A64 enzyme activities.  The details of the reaction are described under 

Methods.  The solid lines through the experimental data shows the best fit for the linear 

regression analysis using the Hill equation (v = Vmax[S]n/(S50+[S]n) for sigmoidal kinetics.  v = 

nmol 6β-OH testosterone/nmol P450/min; S = testosterone (µM).  

 

Figure 3.  The mean velocity data for the 1′-hydroxylation of midazolam catalyzed by human 

CYP3A4 (●) and rhesus CYP3A64 (○) are presented.  The data demonstrates a model for 

substrate inhibition kinetics and reveals the resemblance between the two enzymes.  The details 

of the reaction are described under Methods.  The solid lines through the experimental data 

shows the best fit for the linear regression analysis using a substrate inhibition model (v = 

Vmax[S]/Km+[S]+ Km[S]2/Ki).  v = nmol 1′-OH midazolam/nmol P450/min; S = midazolam (µM).  

 

 Figure 4.  The metabolism data for the oxidation of nifedipine by human CYP3A4 (●) and 

rhesus CYP3A64 (○) are presented.  Data and regression analysis show sigmoidal kinetics and 
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demonstrate the similarity between the CYP3A4 and CYP3A64 enzyme activities.  The details of 

the nifedipine oxidation reaction are described under Methods.  The solid lines through the 

experimental data shows the best fit for the linear regression analysis using the Hill equation (v = 

Vmax[S]n/(S50+[S]n) for sigmoidal kinetics.  v = nmol oxidized nifedipine/nmol P450/min; S = 

nifedipine (µM).  

   

 Figure 5.  The metabolism data for the dealkylation of BFC by human CYP3A4 (●), human 

CYP3A5 (▼), and rhesus CYP3A64 (○) are presented.  Data and regression analysis 

demonstrate sigmoidal kinetics and comparison of the CYP3A4, CYP3A5, and CYP3A64 

enzyme activities.  The reaction conditions for BFC are described under Methods.  The solid 

lines through the experimental data shows the best fit for the linear regression analysis using the 

Hill equation (v = Vmax[S]n/(S50+[S]n) for sigmoidal kinetics.  v = nmol HFC/nmol P450/min; S = 

BFC (µM).  

 

Figure 6.  (A) Chemical inhibition of human liver microsomes (●), CYP3A4 (○), rhesus liver 

microsomes (▼), and CYP3A64 (∆) catalyzed 6β-hydroxylation of testosterone activity by 

ketoconazole.  The reaction conditions for ketoconazole inhibition are described under Methods.  

Data are presented as % inhibition of 6β-hydroxytestosterone formation with increasing 

concentrations of ketoconazole and plotted on a logarithmic scale to determine the IC50 (µM).  

The absolute catalytic activities, at 50 µM testosterone, in these studies were 23.3 nmol/nmol 

P450/min for CYP3A64, 2.0 nmol/mg protein/min for rhesus liver microsomes, 28.2 nmol/nmol 

P450/min for CYP3A4, and 2.0 nmol/mg protein/min for human liver microsomes.  (B) 

Immuno-inhibition of human liver microsomes (●), CYP3A4 (○), rhesus liver microsomes (▼), 
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and CYP3A64 (∆) catalyzed 6β-hydroxytestosterone formation by an anti-CYP3A4 specific 

monoclonal antibody (MAb 10-1-1).  The reaction conditions for immuno-inhibition are 

described under Methods.  Data are presented as % inhibition of 6β-OH testosterone formation 

with increasing amounts of MAb 10-1-1.  The absolute catalytic activities at 50 µM testosterone 

in the control ascites were 21.8 nmol/nmol P450/min for CYP3A64, 2.24 nmol/mg protein/min 

for rhesus liver microsomes, 29.8 nmol/nmol P450/min for CYP3A4, and 2.3 nmol/mg 

protein/min for human liver microsomes. 

 

Figure 7. (A) The specificity of anti-CYP3A4 monoclonal antibody (MAb 10-1-1) for rhesus 

CYP3A64 and human CYP3A4 over human CYP3A5, dog CYP3A12 and CYP3A26, rat 

CYP3A1 and CYP3A2, and rabbit CYP3A6 (0.1 pmol of each enzyme).  The Western blotting 

conditions are detailed under Methods.  Analysis revealed immunoreactive proteins at 

approximately 54 kDa. (B) The use of recombinantly expressed CYP3A64 for the immuno-

quantification of CYP3A64 in rhesus liver microsomes.  The immuno-quantitation procedures 

are described under Methods.  (C) A standard curve using increasing amounts of recombinant 

CYP3A64 (0.1-2.0 pmol) was used to generate an equation to predict the amount of CYP3A64 

immunoreactive protein in rhesus liver microsomes.  Data estimates 72 pmol/mg total protein of 

rhesus CYP3A64.  R – 10 µg of rhesus liver microsomes; H – 10 µg of human liver microsomes; 

CYP3A4 – 1 pmol; Con – Insect control microsomes.   
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Table 1.  Sequence comparisons between CYP3A64 and other cytochrome P450s from the 

CYP3A subfamilya. 

Cytochrome P450b Species Protein 
(% Identity) 

Nucleotide 
(% Identity) 

CYP3A8 Cynomolgus Monkey 100 99 

CYP3A4 Human 93 95 

CYP3A5 Human 83 88 

CYP3A12 Beagle Dog 77 82 

CYP3A26 Beagle Dog 75 82 

CYP3A2 Sprague-Dawley Rat 70 76 

CYP3A1 Sprague-Dawley Rat 71 76 

CYP3A6 New Zealand White Rabbit 74 80 
 

a The amino acid sequence of CYP3A64 was aligned with other members of the CYP3A 

subfamily and the percent identity was calculated using CLUSTALW 

(http://www.ebi.ac.uk/clustalw/).   

b Amino acid sequences for the various CYP3A enzymes were obtained from Entrez, the 

database search and retrieval system at NCBI (http://www.ncbi.nlm.nih.gov).  
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Table 2.  Enzyme kinetic parameters for the hydroxylation of testosterone by recombinant 

CYP3A enzymes. 

 Testosterone 6β-hydroxylation 

Enzyme Vmax
a S50

b CLint
c nd 

CYP3A64 28.2 ± 0.7 25.3 ± 1.9 1.1 1.1 

CYP3A4 39.7 ± 0.8  24.7 ± 1.5 1.6 1.3 

CYP3A5 19.2 ± 0.9 74.7 ± 4.7 0.3 2.1 

CYP3A12 10.7 ± 0.4 51.1 ± 3.5 0.2 1.5 

CYP3A26 1.2 ± 0.1 31.2 ± 4.0 <0.1 1.2 

CYP3A2 19.0 ± 0.2 5.8 ± 0.2 3.3 1.2 

CYP3A1 2.1 ± 0.3  43.9 ± 11.7 0.1 1.4 

CYP3A6 9.6 ± 1.2 28.6 ± 10.5 0.3 1.0 
 
S50 and Vmax were calculated by fitting data to the Hill (v = Vmax[S]n/(S50+[S]n) equation using 

non-linear regression analysis and SigmaPlot 7.1 (SPSS Science, Chicago, IL). 

a Vmax = nmol/nmol P450/min for recombinant enzymes  

b S50 = µM testosterone 

c CLint = in vitro clearance value (Vmax/S50) 

d n = Hill coefficient 
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Table 3. Enzyme kinetic parameters for the hydroxylation of midazolam by recombinant 

CYP3A enzymes. 

  Midazolam 1'-hydroxylation 

Enzyme Vmax
a Km

b CLint
c Ki

d 

CYP3A64 6.2 ± 0.2 1.4 ± 0.2 4.3 306 ± 44 
CYP3A4 4.7 ± 0.2 1.9 ± 0.2 2.6 383 ± 46 
CYP3A12 5.8 ± 0.2 0.9 ± 0.1 6.3 117 ± 19 
CYP3A26 0.6 ± 0.0 98.3 ± 14.1 <0.1 NA 
CYP3A2 4.0 ± 0.2 2.0 ± 0.3 2.0 167 ± 23 
CYP3A1 5.1 ± 0.3 1.2 ± 0.2 4.2  41 ± 5 

CYP3A6 0.8 ± 0.0 0.9 ± 0.1 0.9 100 ± 32 
 
Km and Vmax were calculated by fitting data to a substrate inhibition model (v =Vmax[S]/Km+[S]+ 

Km[S]2/Ki) equation using non-linear regression analysis and SigmaPlot 7.1 (SPSS Science, 

Chicago, IL). 

a Vmax = nmol/nmol P450/min 

b Km = µM midazolam 

c CLint = in vitro clearance value (Vmax/S50) 

d Ki = µM midazolam 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 30, 2006 as DOI: 10.1124/dmd.106.009977

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #9977 

 41

Table 4.  Enzyme kinetic parameters for the oxidation of nifedipine by recombinant CYP3A 

enzymes. 

 
 Nifedipine oxidation 
Enzyme Vmax

a S50 /Km
b CLint

c nd Ki
e 

CYP3A64 9.3 ± 0.3 3.9 ± 0.3 2.4 1.4  
CYP3A4 6.2 ± 0.1 5.3 ± 0.3 1.2 1.6  
CYP3A12 0.8 ± 0.1 0.8 ± 0.2 1.0  38 ± 8 
CYP3A26 0.6 ± 0.1 12.7 ± 2.7 0.1   
CYP3A2 9.1 ± 0.3 11.1 ± 0.9 0.8   
CYP3A1 6.3 ± 0.4 22.0 ± 3.2 0.3   
CYP3A6 0.9 ± 0.1 21.3 ± 3.0 <0.1   

 
S50 and Vmax were calculated by fitting data to the Hill (v = Vmax[S]n/(S50+[S]n) equation using 

non-linear regression analysis and SigmaPlot 7.1 (SPSS Science, Chicago, IL). 

a Vmax = nmol/nmol P450/min for recombinant enzymes  

b S50/Km = µM nifedipine 

c CLint = in vitro clearance value (Vmax/S50) 

d n = Hill coefficient 
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Table 5.  Enzyme kinetic parameters for the dealkylation of BFC by recombinant CYP3A 

enzymes. 

 BFC dealkylation 

Enzyme Vmax
a S50

b CLint
c nd 

CYP3A64 23.0 ± 0.6 10.6 ± 0.7 2.2 1.7 
CYP3A4 12.6 ± 0.4 13.5 ± 1.2 0.9 2.1 
CYP3A5 3.9 ± 0.1 11.0 ± 0.6 0.4 2.2 
CYP3A12 2.9 ± 0.1 13.2 ± 1.2 0.2 1.7 
CYP3A26 0.4 ± 0.0 10.9 ± 0.3 <0.1 2.0 
CYP3A2 3.6 ± 0.1 13.1 ± 0.9 0.3 2.1 
CYP3A1 2.0 ± 0.1 9.4 ± 1.2 0.2 1.4 

CYP3A6 0.1 ± 0.0 16.0 ± 2.9 <0.1 1.7 
 
S50 and Vmax were calculated by fitting data to the Hill (v = Vmax[S]n/(S50+[S]n) equation using 

non-linear regression analysis and SigmaPlot 7.1 (SPSS Science, Chicago, IL). 

a Vmax = nmol/nmol P450/min for recombinant enzymes  

b S50 = µM BFC 

c CLint = in vitro clearance value (Vmax/S50) 

d n = Hill coefficient 
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Figure 1 

 
 MetAspLeuIle ProAspLeu AlaValGlu ThrTrpLeuLeu LeuAlaVal ThrLeuVal LeuLeuTyrLeu TyrGlyThr HisSerHis 
        1 ATGGATCTCA TCCCAGACTT GGCTGTGGAA ACCTGGCTTC TCTTGGCTGT CACCCTGGTG CTCCTCTATT TATATGGAAC CCATTCACAT 
 
 GlyLeuPheLys LysLeuGly IleProGly ProThrProLeu ProLeuLeu GlyAsnIle LeuSerTyrArg LysGlyPhe TrpThrPhe 
       91 GGACTTTTTA AGAAGCTTGG AATTCCAGGG CCCACACCTT TGCCTTTATT GGGAAACATT TTGTCCTACC GTAAGGGCTT TTGGACGTTT 
 
 AspMetGluCys TyrLysLys TyrGlyLys ValTrpGlyPhe TyrAspGly ArgGlnPro ValLeuAlaIle ThrAspPro AsnMetIle 
      181 GATATGGAAT GTTATAAAAA GTATGGAAAA GTGTGGGGCT TTTATGATGG TCGACAGCCT GTGCTGGCTA TCACAGATCC CAACATGATC 
 
 LysThrValLeu ValLysGlu CysTyrSer ValPheThrAsn ArgArgPro PheGlyPro ValGlyPheMet LysAsnAla IleSerIle 
      271 AAAACAGTGC TAGTGAAAGA ATGTTATTCT GTCTTCACAA ACCGGAGGCC TTTTGGTCCA GTGGGATTTA TGAAAAATGC CATCTCTATA 
 
 AlaGluAspGlu GluTrpLys ArgIleArg SerLeuLeuSer ProThrPhe ThrSerGly LysLeuLysGlu MetValPro IleIleAla 
      361 GCTGAGGATG AAGAATGGAA GAGAATACGG TCATTGCTCT CTCCAACCTT CACCAGCGGA AAACTCAAGG AGATGGTCCC TATCATTGCC 
 
 LysTyrGlyAsp ValLeuVal ArgAsnLeu ArgArgGluAla GluThrGly LysProVal ThrLeuLysAsp ValPheGly AlaTyrSer 
      451 AAGTATGGAG ATGTGTTGGT GAGAAATCTG AGGCGGGAAG CAGAGACAGG CAAGCCTGTC ACCTTGAAAG ATGTCTTTGG GGCCTACAGC 
 
 MetAspValIle ThrSerThr SerPheGly ValAsnIleAsp SerLeuAsn AsnProGln AspProPheVal GluAsnThr LysLysLeu 
      541 ATGGACGTGA TCACTAGCAC ATCATTTGGA GTGAATATCG ACTCTCTCAA CAATCCACAA GACCCCTTTG TGGAAAACAC CAAGAAGCTT 
 
 LeuArgPheAsp PheLeuAsp ProPhePhe LeuSerIleThr IlePhePro PheIleIle ProIleLeuGlu ValLeuAsn IleSerIle 
      631 TTAAGATTTG ATTTCTTAGA TCCATTCTTT CTCTCAATAA CAATCTTCCC ATTTATCATC CCAATTCTTG AAGTATTAAA TATCTCTATT 
 
 PheProArgGlu ValThrSer PheLeuArg LysSerValLys ArgIleLys GluSerArg LeuLysAspThr GlnLysHis ArgValAsp 

721 TTTCCAAGAG AAGTTACAAG TTTTTTAAGA AAATCTGTAA AAAGGATAAA AGAAAGTCGC CTCAAAGATA CACAAAAGCA CCGAGTGGAT 
 
                                                                            Gln 

                                                                                   A 
 PheLeuGlnLeu MetIleAsp SerGlnAsn SerLysGluThr GluSerHis LysAlaLeu SerAspLeuGlu LeuValAla GlnSerIle 
      811 TTCCTTCAGC TGATGATTGA CTCTCAGAAT TCGAAAGAAA CTGAGTCCCA CAAAGCTCTG TCTGATCTGG AGCTCGTGGC CCAATCAATT 
 
 IlePheIlePhe AlaGlyTyr GluThrThr SerSerValLeu SerPheIle IleTyrGlu LeuAlaThrHis ProAspVal GlnGlnLys 
      901 ATCTTCATTT TTGCTGGCTA TGAAACCACC AGCAGTGTTC TTTCCTTCAT TATATATGAG CTGGCCACTC ACCCTGATGT CCAGCAGAAA 
 
 LeuGlnGluGlu IleAspThr ValLeuPro AsnLysAlaPro ProThrTyr AspThrVal LeuGlnMetGlu TyrLeuAsp MetValVal 
      991 CTGCAGGAGG AAATTGATAC AGTTTTACCC AATAAGGCAC CACCCACCTA TGATACTGTG CTACAGATGG AGTATCTCGA CATGGTGGTG 
 
 AsnGluThrLeu ArgIlePhe ProIleAla MetArgLeuGlu ArgValCys LysLysAsp ValGluIleAsn GlyIlePhe IleProLys 
     1081 AATGAAACGC TCAGAATATT CCCAATTGCT ATGAGACTTG AGAGGGTCTG CAAAAAAGAT GTTGAAATCA ATGGGATATT CATACCCAAA 
 
 GlyValValVal MetIlePro SerTyrAla LeuHisHisAsp ProLysTyr TrpProGlu ProGluLysPhe LeuProGlu ArgPheSer 
     1171 GGGGTGGTGG TGATGATTCC AAGCTATGCT CTTCATCATG ACCCAAAGTA CTGGCCAGAG CCTGAGAAGT TCCTCCCTGA AAGGTTCAGC 
 
 LysLysAsnAsn AspAsnIle AspProTyr IleTyrThrPro PheGlySer GlyProArg AsnCysIleGly MetArgPhe AlaLeuMet 
     1261 AAGAAGAACA ATGACAACAT AGATCCTTAC ATATACACGC CCTTTGGAAG TGGACCCAGA AACTGCATTG GCATGAGGTT TGCTCTCATG 
 
 AsnMetLysLeu AlaIleIle ArgValLeu GlnAsnPheSer PheLysPro CysLysGlu ThrGlnIlePro LeuLysLeu ArgLeuGly 
     1351 AACATGAAAC TTGCTATAAT CAGAGTCCTT CAGAACTTCT CCTTCAAACC TTGTAAAGAA ACACAGATCC CACTGAAATT ACGCTTAGGA 
 
 GlyLeuLeuGln ThrGluLys ProIleVal LeuLysIleGlu SerArgAsp GlyThrVal SerGlyAlaSTP 
     1441 GGACTTCTTC AAACAGAAAA ACCCATTGTT CTAAAGATTG AGTCAAGGGA TGGGACCGTA AGTGGAGCCT GA 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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