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Abbreviations: 

2α-OH-T, 2α-hydroxytestosterone 

2β-OH-T, 2β-hydroxytestosterone 

6β-OH-T, 6β-hydroxytestosterone 

BLQ, below the limit of quantitation 

CE, collision energy 

DHEA, dehydroepiandrosterone 

DHEA-S, dehydroepiandrosterone sulfate 

DMS, dot molecular surface 

fHLMs, fetal human liver microsomes 

HLMs, human liver microsomes 

HPLC, high-performance liquid chromatography 

LC, liquid chromatography 

LC-MS/MS, liquid chromatography with tandem mass spectrometry 

MDZ, midazolam 

MRM, multiple reaction monitoring 

MS, mass spectrometry 

n, Hill coefficient (a measure of cooperativity) 

NA, not applicable 

NADP(H), nicotinamide adenine dinucleotide phosphate 

ND, not detected 

S50, substrate concentration occupying half of the binding sites 

Vmax, maximal velocity 
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Abstract 

The metabolism of testosterone to 6β-hydroxytestosterone is a commonly used assay to evaluate 

human CYP3A enzyme activities. However, previous reports have indicated that CYP3A7 also produces 

2α-hydroxytestosterone, and that a 2α-hydroxytestosterone:6β-hydroxytestosterone ratio may be a unique 

endogenous biomarker of the enzyme’s activity. Until now, the full metabolite and kinetic profile for 

testosterone hydroxylation by CYP3A7 has not been fully examined. To this end, we performed a complete 

kinetic analysis of the 6β-hydroxytestosterone, 2α-hydroxytestosterone, and 2β-hydroxytestosterone 

metabolites for recombinant SupersomeTM CYP3A4, 3A5, and 3A7 enzymes and monitored metabolism in 

fetal and adult human liver microsomes for comparison. In general, a decrease in the velocity of the reaction 

was observed between CYP3A4 and the two other enzymes, with CYP3A7 showing the lowest metabolic 

capacity. Interestingly, we found that the 2α-hydroxytestosterone:6β-hydroxytestosterone ratio varied with 

substrate concentration when testosterone was incubated with CYP3A7, suggesting that this ratio would 

likely not function well as a biomarker for CYP3A7 activity. In silico docking studies revealed at least two 

different binding modes for testosterone between CYP3A4 and CYP3A7. In CYP3A4, the most 

energetically favorable docking mode places testosterone in a position with the methyl groups directed 

toward the heme iron, more favorable for oxidation at C6β, whereas for CYP3A7 the testosterone methyl 

groups are positioned away from the heme, more favorable for an oxidation event at C2α. In conclusion, 

our data indicate an alternative binding mode for testosterone in CYP3A7 that favors the 2α-hydroxylation, 

suggesting significant structural differences in its active site compared to CYP3A4/5. 
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Introduction 

The human cytochrome P450 CYP3A enzymes, CYP3A4, CYP3A5 and CYP3A7, are well-known for 

their role in the metabolism of many drugs (Ortiz de Montellano, 2015) (Zanger and Schwab, 2013), 

toxicants (Faeste et al., 2011; Kittler et al., 2014), and steroids, including cholesterol (Bodin et al., 2002; 

Honda et al., 2011), estradiol (Yamazaki et al., 1998), testosterone (Waxman et al., 1988; Williams et al., 

2002; Krauser et al., 2004; Leeder et al., 2005), dehydroepiandrosterone (DHEA) (Miller et al., 2004) and 

its sulfate derivative (DHEA-S) (Kitada et al., 1987a). CYP3A4 represents the major cytochrome P450 

monooxygenase expressed in the adult liver and small intestine (Shimada et al., 1994; Paine et al., 2006; 

Michaels and Wang, 2014), and together with CYP3A5 has been estimated to metabolize at least 50% of 

the currently prescribed drugs (Rendic and Guengerich, 2015). Conversely, CYP3A7 is the major 

cytochrome P450 enzyme expressed in the fetal and neonatal liver (Schuetz et al., 1993; Stevens et al., 

2003) with only limited expression observed in the adult liver (Sim et al., 2005). During the fetal period, 

CYP3A7 is thought to have a critical role in placental estriol synthesis by controlling the 16α-hydroxylation 

of DHEA-S (Kitada et al., 1987b; Kitada et al., 1987a). Despite a high degree of identity in their protein 

sequences (> 82%) (Shen et al., 2004), CYP3A4, CYP3A5, and CYP3A7 enzymes have demonstrated 

significant differences in their substrate specificity (Ohmori et al., 1998), catalytic efficiency (Williams et 

al., 2002; Shen et al., 2004), and/or regio-selectivity (Gorski et al., 1994; Ohmori et al., 1998; Wang et al., 

1998). Over the last two decades, numerous studies have been conducted to characterize these CYP3A 

enzymes using mutagenic (He et al., 2003; Lee et al., 2003; Kumar et al., 2006; Torimoto et al., 2007; Zhao 

et al., 2012), kinetic (Nakamura et al., 2003; Dai et al., 2004; Huang et al., 2004; Isin and Guengerich, 2006; 

Shuster et al., 2014) or crystallographic approaches (Williams et al., 2004; Yano et al., 2004; Ekroos and 

Sjogren, 2006), but many questions remain concerning the structural determinants controlling substrate 

binding, specificity, and regio-selectivity, particularly with regard to the less well studied CYP3A7. This is 

important because, in many instances, CYP3A7 can be the main CYP3A drug elimination pathway in 

neonates and infants. 
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Testosterone is a probe substrate metabolized by the CYP3A enzymes in a regio- and stereo-selective 

manner (Maenpaa et al., 1993; Williams et al., 2002; Krauser et al., 2004; Krauser and Guengerich, 2005; 

Leeder et al., 2005). Three major hydroxylated metabolites, 6β-, 2β- and 2α-hydroxytestosterone (6β-OH-

T, 2β-OH-T and 2α-OH-T, respectively), have been identified from reactions involving recombinant 

CYP3A enzymes (Williams et al., 2002; Leeder et al., 2005) and human liver microsome (HLMs) 

incubations (Maenpaa et al., 1993; Leeder et al., 2005). Indeed, testosterone 6β-hydroxylation is a 

commonly used assay to characterize the CYP3A enzyme activity in a variety of test systems (Sohl et al., 

2009). Williams et al. (2002) determined the catalytic parameters of recombinant CYP3A4, CYP3A5, and 

CYP3A7 for 10 different substrates, including the conversion of testosterone to 6β-OH-T. They observed 

equal or reduced catalytic activity for CYP3A5 compared to CYP3A4 and considerably decreased activity 

for CYP3A7, particularly in regards to the production of to 6β-OH-T. The authors also reported that 

CYP3A7 produced a substantial amount of the 2α-OH-T metabolite. Afterwards, Leeder and colleagues 

demonstrated that 2α-OH-T is a predominant testosterone metabolite produced by CYP3A7, both in 

recombinant enzyme systems and fetal human liver microsomes (fHLMs) (Leeder et al., 2005). 

Additionally, they found that the production of 2α-OH-T was proportional to the human fetal hepatic 

microsomal CYP3A content and that the 2α- and 6β-hydroxylation activities were highly correlated in the 

fHLMs, raising the possibility that a ratio of the concentration of 2α-OH-T to 6β-OH-T might serve as an 

endogenous biomarker for CYP3A7 activity. If this were to be the case, it could prove extremely useful for 

dosing calculations and pharmacokinetic modeling in infants, as there currently is no known endogenous 

biomarker for CYP3A7, nor is it ethical to dose infants with probe substrate cocktails in order to determine 

enzymatic activity (Strougo et al., 2014). 

Therefore, we set out to examine the kinetics and regio- and stereo-selectivity of testosterone oxidation 

in the CYP3A family and assess the suitability of the 2α-OH-T to 6β-OH-T metabolite ratio as an 

endogenous biomarker for CYP3A7 activity. In particular, our study had three goals: we sought to 1) 

determine and compare the kinetic parameters of the 6β-, 2β- and 2α-OH-T metabolite formation for the 

three human CYP3A enzymes under steady state conditions, 2) determine the metabolite ratios as a function 
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of testosterone substrate concentration and 3) compare the correlation of the 2α-OH-T:6β-OH-T ratio 

between adult and fetal HLMs. Our results indicate that, while 2α-OH-T is a predominant metabolite 

formed by CYP3A7 in both SupersomesTM and fHLMs, the 2α-OH-T to 6β-OH-T ratio varies as a function 

of testosterone concentration, indicating that the regiospecificity of substrate oxidation is controlled by the 

concentration of the parent substrate, suggesting that for CYP3A7 multiple ligand binding may favor 

production of the 6β-OH-T metabolite over the 2α-OH-T metabolite at higher concentrations of substrate. 

Furthermore, this result may have implications on the patterns of oxidation of other endogenous steroids 

that are also CYP3A7 substrates, such as DHEA and DHEA-S.  

 

Materials and Methods 

Materials. The metabolite standards, 6β-, 2β- and 2α-hydroxytestosterone, were purchased from 

Steraloids (Newport, RI). The internal standard, 6β-hydroxytestosterone-d3, was purchased from Cerilliant 

(Round Rock, TX). Testosterone, glucose-6-phosphate, glucose-6-phosphate dehydrogenase and 

β-nicotinamide adenine dinucleotide phosphate (NADP) were obtained from Sigma-Aldrich (St. Louis, 

MO). All other chemicals and solvents used were obtained from standard suppliers and were of reagent or 

analytical grade. SupersomesTM of CYP3A4, 3A5 and 3A7, co-expressed with human cytochrome P450 

reductase and human cytochrome b5, in Sf9 insect cells using a baculovirus expression system, were 

purchased from Corning (Corning, NY). 

Human Liver Microsomes. Individual male HLMs, lot number DDV and RGS, were purchased from 

BioreclamationIVT (Hicksville, NY). Individual male fHLMs, lot number 5 (120 days estimated gestational 

age) and 18 (100 days estimated gestational age), were prepared as previously described (Shuster et al., 

2014). Quantification of the CYP3A protein content and protein concentration determination for the fHLMs 

were also performed as previously described (Shuster et al., 2014).  

Recombinant CYP3A Enzyme and Human Liver Microsome In Vitro Activity Assays. The 

recombinant CYP3A incubation reactions (250 µl) contained various concentrations of testosterone (2.5-

500 µM) dissolved in methanol (1% v/v), CYP3A4 (5 pmol/ml), CYP3A5 (20 pmol/ml) or CYP3A7 (50 
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pmol/ml) SupersomesTM, 100 mM potassium phosphate buffer (pH 7.4) and 3 mM MgCl2. After a pre-

incubation at 37 °C for 3 min, the reactions prepared in triplicate were initiated by the addition of an 

NADPH-generating system consisting of NADP (1 mM), glucose-6-phosphate (10 mM) and glucose-6-

phosphate dehydrogenase (2 IU/ml). The reactions were incubated for 10 min at 37 °C under agitation and 

were stopped by the addition of ice-cold methanol (250 µl) containing 400 ng/ml of 6β-hydrotestosterone-

d3 (internal standard). Incubations without the NADPH-generating system served as negative controls. 

Protein was collected by centrifugation at 1,800 × g for 10 min at 4 °C. Supernatants were transferred to 

HPLC vials and aliquots of 5 µl were analyzed by LC-MS/MS. The HLM incubation reactions (100 µl) 

were prepared similarly except that the concentration of testosterone was either 50, 100, or 250 µM with 

0.25 mg/ml of microsomal protein and the reactions were stopped after 20 min by the addition of ice-cold 

methanol (100 µl) containing 400 ng/ml of 6β-hydrotestosterone-d3 (internal standard). Duplicate 

determinations were performed for each HLM lot. 

Analytical Methods. Samples were analyzed by LC-MS/MS with a Waters Acquity Ultra-Performance 

Liquid Chromatography (UPLC®) system interfaced by electrospray ionization with a Waters Quattro 

Premier XE triple quadrupole mass spectrometer (Waters Corp., Milford, MA) in positive mode and with 

multiple reaction monitoring (MRM) scan type. The following source conditions were applied: 1.5 kV for 

the capillary voltage, 30 V for the cone voltage, 120°C for the source temperature, 350°C for the desolvation 

temperature, 50 l/hr for the source gas flow and 650 l/hr for the desolvation gas flow. The following mass 

transitions and collision energies (CE) were used to detect the respective analytes: 305>269 (CE = 15 V) 

for the hydroxyl testosterone metabolites, 308.5>272.5 (CE = 15 V) for the internal standard 6β-

hydroxytestosterone-d3, and 289>253 (CE = 15 V) for testosterone. Testosterone and its hydroxylated 

metabolites were separated on a Waters BEH C18 column (1.7 µm, 2.1 x 100 mm) with 0.5 mM ammonium 

acetate in water or methanol (0.4 ml/min) using the following gradient: 50% organic (MeOH) held for 1 

min, increased to 57% over 2.5 min followed by an increase to 98% over 1.5 min and held at 98% for 0.9 

min. Metabolites were quantified by back calculation of a weighted (1/x), linear least squares regression. 

The regression fit used the analyte/internal standard peak area ratios calculated from the calibration 
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standards (ranging from 0.025 µM to 20 µM for 6β-OH-T and 0.0125 µM to 20 µM for 2α- and 2β-OH-T). 

The MS peaks were integrated using QuanLynx software (version 4.1, Waters Corp., Milford, MA). The 

limit of detection for the LC-MS/MS method was 0.0125 µM for the 6β-OH-T metabolite and 0.00625 µM 

for the 2α- and 2β-OH-T metabolites. For each testosterone concentration, mean metabolite formation rate 

values obtained from triplicate determinations for the three recombinant CYP3A enzymes were fit to the 

Michaelis-Menten (hyperbolic) or the Hill (sigmoidal) equation using GraphPad Prism software (version 

4.03, GraphPad Software, LaJolla, CA).  

Docking of Testosterone in the CYP3A4-Midazolam Crystal Structure and CYP3A7 Homology 

Model. In order to identify the potential binding modes of testosterone to CYP3A4 and CYP3A7, an in 

silico molecular docking strategy was employed using the UCSF DOCK 6.7 software suite, under academic 

license (University of California, San Francisco: http://dock.compbio.ucsf.edu/DOCK_6/index.htm) 

(Huang et al., 2006; Fan et al., 2009; Allen et al., 2015). The 3D conformer of testosterone was downloaded 

directly from the PubChem website 

(https://pubchem.ncbi.nlm.nih.gov/compound/testosterone#section=3D-Conformer), parameterized for 

partial charges, and used for all docking studies described below. In the case of CYP3A4, testosterone was 

docked into the active site of the ligand-free CYP3A4-midazolam crystal structure, as originally obtained 

by Sevrioukova and Poulos (Sevrioukova and Poulos, 2017) (PDB ID code, 5TE8). For CYP3A7, a 

homology-model generated by Swiss-Model from the CYP3A4-midazolam crystal structure was used as a 

receptor template (available online at https://swissmodel.expasy.org/repository/uniprot//P24462) (Arnold 

et al., 2006; Benkert et al., 2011; Biasini et al., 2014). This particular crystal structure and homology model 

were chosen for docking templates due to the fact that this structure, unlike other CYP3A4 structures, 

captures a conformational rearrangement in the F–G loop region which is transmitted to the adjacent D, E, 

H, and I helices, ultimately resulting in a collapse of the active site cavity and positioning of the substrate 

in an orientation favorable for oxidation (Sevrioukova and Poulos, 2017). CYP3A7 shares 88% amino acid 

sequence identity with CYP3A4 (Shen et al., 2004) , indicating that the overall structural fold should be 

similar between the two enzymes, which gave us a high degree of confidence in our docking results. Prior 
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to conducting the docking simulations with CYP3A4, the midazolam ligand was removed from the active 

site. Extranous information not required for the docking simulation, including the headers, connect records, 

and waters, were deleted from the PDB text file. Additionally, all hydrogens were removed from the 

receptor using the SELECT function from the UCSF Chimera 1.11.2 sofware suite (Pettersen et al., 2004). 

The CYP3A4 receptor was then prepared for docking by using the UCSF Chimera 1.11.2 DOCK PREP 

function and assigning the heme prostetic group to the A polypeptide chain. A net charge of +2 was assigned 

to the heme (oxyferrous) iron and a net charge of -2 was assigned to the heme pyrrole nitrogens. Once 

preparation of the receptor had been completed, it was saved in the MOL2 format. Sphere generation was 

accomplished by inputing a dot molecular surface (DMS) parameterization of the receptor surface into the 

SPHGEN module of the DOCK software suite. The DMS parameterization is accomplished by rolling a 

ball the size of a water molecule over the Van der Waal's surface of the receptor. The surface normal vector 

at each surface point is computed and used to calculate the size of each sphere generated. After initial sphere 

generation, the total number of sphere clusters was pruned to only the clusters representing the active site 

of the protein using the DOCK SHOWSPHERE module. This resulted in the largest sphere cluster being 

contained within the active site. This sphere cluster was further pruned by eliminating all spheres that 

crossed the plane of the active site heme. Next, a molecular docking grid was generated by enclosing the 

spheres in a rectulangar box and using the GRID utility to obtain files representing both the electrostatic 

and Van der Waals forces according to the following equation: 

332  

where each term is a double sum over ligand atoms i and receptor atoms j (Kuntz et al., 1982). The GRID 

utility then generates files representing the contact score and the energy score which are utilized in the 

docking routine. The final size of the docking grid box was 16.7 Å x 25.9 Å x 16.7 Å. As a control to 

determine if the initial docking parameters functioned appropriately, midazolam was re-docked to the 

empty CYP3A4 receptor template (data not shown). The docking parameters were as follows: maximum 
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number of orientations was set to between 50 and 1000, Van der Waals energy component from between 

20 to 25, and maximum number of iterations to 500. For docking simulations conducted on the CYP3A7 

receptor template with a single testosterone already bound in the active site, the docking pose of the initial 

testosterone molecule was in the position most favorable for the 2α–hydroxytestosterone attack. The 

VIEWDOCK utility of UCSF Chimera 1.11.2 was used for visualization of the docking poses and 

measuring distances and angles between atoms of interest. 

 

Results 

Testosterone Hydroxylation by Recombinant CYP3A4, CYP3A5, and CYP3A7.  The kinetic 

parameters for testosterone 6β-hydroxylation have been previously determined for the recombinant 

CYP3A4, CYP3A5, and CYP3A7 enzymes (Williams et al., 2002), but the kinetic characteristics for the 

2β- and 2α-hydroxylation, other predominant CYP3A metabolic oxidations, have not been thoroughly 

investigated. In the present work, we used recombinant CYP3A SupersomesTM and an LC-MS/MS-based 

assay to determine the CYP3A-specific kinetic parameters for testosterone 6β-, 2β- and 2α-hydroxylation. 

Figure 1 presents representative MRM chromatograms for the hydroxylated metabolites formed in 

testosterone incubations with the recombinant CYP3A4, CYP3A5, and CYP3A7 enzymes in the presence 

and absence of the NADPH regenerating system. Under steady state kinetics, the 6β- and 2β-OH-T 

metabolites were detected for all three CYP3A enzymes, whereas the 2α-OH-T metabolite was only 

quantifiable with the CYP3A7 enzyme and not observed under steady state conditions for CYP3A4 and 

CYP3A5. Formation of 2α-OH-T was only observed in CYP3A4 and CYP3A5 incubations when higher 

enzyme concentrations or significantly longer incubation times were used, leading to conditions outside of 

the parameters defined by steady state kinetics (Segel, 1975). Minor amounts of other testosterone 

metabolites were also present, but were not quantified for the purposes of this study. The metabolite 

formation data and the best fit kinetic model for testosterone 6β- and 2β-hydroxylation by CYP3A4 and 

CYP3A5 are presented in Figures 2 and 3, respectively. Figure 4 illustrates the metabolite formation data 

and the associated kinetic fit for testosterone 6β-, 2β- and 2α-hydroxylation by CYP3A7. The R2 coefficient 
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of determination for the 6β- and 2β-OH-T formation by CYP3A4 was 0.9839 and 0.9866, respectively, for 

the fit using the Hill equation kinetic model compared to 0.9838 and 0.9862 for the fit using the Michaelis-

Menten equation kinetic model. The R2 coefficient of determination for the 6β- and 2β-OH-T formation by 

CYP3A5 was 0.9924 and 0.9905, respectively, for the fit using the Hill equation kinetic model compared 

to 0.9805 and 0.9666 for the fit using the Michaelis-Menten equation kinetic model. The R2 coefficient of 

determination for the 6β-, 2β-, and 2α-OH-T formation by CYP3A7 was 0.9925, 0.9890 and 0.9722, 

respectively, for the fit using the Hill equation kinetic model compared to 0.9802, 0.9855 and 0.9459 for 

the fit using the Michaelis-Menten equation kinetic model. In general, the data for 6β- and 2β-OH-T 

formation best fit to a Hill equation kinetic model, although a model based on the Michaelis-Menten 

equation also resulted in a similar fit based on the criteria used. CYP3A7 2α-OH-T formation best fit to the 

Hill equation with a Hill coefficient of 1.5. Table 1 summarizes the kinetic parameters determined for 

testosterone 6β-, 2β- and 2α-hydroxylation with respect to the various CYP3A enzymes considered. The 

S50 and Vmax values determined for testosterone 6β-hydroxylation are largely in agreement with previous 

results obtained by Williams et al. (2002). Although the maximal reaction velocity is generally lower for 

CYP3A7 compared to CYP3A4 and CYP3A5, the Vmax values between testosterone 6β- and 2β-

hydroxylation varied 18-fold, 4-fold and 5-fold for CYP3A4, CYP3A5 and CYP3A7, respectively, and 

only 1-fold between 6β- and 2α-hydroxylation for CYP3A7. Furthermore, the affinity for testosterone 

appeared to be greater for the CYP3A7 enzyme, with S50 values of 11.8, 12.2, and 6.6 µM for 6β-, 2β- and 

2α-hydroxylation, respectively. The 2β-OH-T:6β-OH-T and 2α-OH-T:6β-OH-T metabolite ratios were 

calculated as a function of testosterone concentration (Figure 5). Interestingly, the 2α-OH-T:6β-OH-T 

metabolite ratio calculated for CYP3A7 was ≥ 1 at low concentrations of testosterone, however decreased 

below 1 as the concentration of testosterone increased, while the 2β-OH-T:6β-OH-T metabolite ratio for 

the three CYP3A enzymes remained constant throughout the entire substrate concentration range tested. 

Testosterone Hydroxylation in Human Adult and Fetal Liver Microsomes. The testosterone 

metabolite formation rate was determined for two lots of human male adult and fetal HLMs at three discrete 

concentrations of testosterone (50, 100, and 250 µM) (Table 2). The fHLMs used in this work were 
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previously characterized by mass spectrometry for their CYP3A content (Shuster et al., 2014). In fHLMs 

lots 5 and 18, no CYP3A4/5 protein was detected and CYP3A7 protein concentrations were 79.7 ± 7.3 

pmol/mg protein and 17.9 ± 1.3 pmol/mg protein, respectively. Representative MRM chromatograms of 

the hydroxylated testosterone metabolites formed in the incubations of the adult and fetal HLMs are shown 

in Figure 6. The 6β-, 2β- and 2α-testosterone hydroxylation products were detected in all the incubations, 

with the exception of the 2α-OH-T product in HLM lot # RGS at the 50 and 250 µM substrate 

concentrations. Additionally, due to variations in enzymatic activity, some metabolites were below the limit 

of quantification (BLQ) and their formation rate was not determined. While there was substantial 

interindividual variation in the absolute metabolite formation rate between the two adult HLM lots 

examined, the 2α-OH-T:6β-OH-T metabolite ratio was near zero (lot # DDV) or BLQ (lot # RGS). While 

the 6β- and 2β-hydroxylation activity of testosterone metabolism decreased considerably in the fHLMs 

compare to the adult HLMs, a similar formation rate was obtained for the 6β- and 2α-hydroxylation 

products in both lots of fHLMs tested. However, in contrast to the adult HLMs, the 2α–OH-T:6β–OH-T 

ratio was decreased at the higher concentration of testosterone for both lots of fHLMs, paralleling the trend 

that we observed with the recombinant enzymes (Figure 5). 

Testosterone docking into the CYP3A4 crystal structure and CYP3A7 homology model. In an effort 

to obtain a better understanding of each individual enzyme’s structural elements involved in ligand binding, 

we performed an in silico docking study with testosterone and the respective enzyme receptors using the 

UCSF DOCK 6.7 software suite. The DOCK 6.7 algorithm allows for flexible ligand docking while 

searching for the lowest-energy binding mode between multiple potential poses in a rigid receptor binding 

pocket. While this docking method likely does not capture all the conformational nuances that may be 

involved in testosterone interaction with the individual CYP3A enzymes, given the possibilities for induced 

fit and interaction with potential allosteric sites in the substrate binding pocket, it does serve as a coarse 

grain means by which we can directly compare a ligand-receptor interaction between two structures given 

a similar starting conformation. Initially, in order to assess the robustness of our docking algorithm, we 

removed the midazolam (MDZ) ligand from the CYP3A4 active site, prepped the empty receptor, and re-
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docked the ligand. The MDZ ligand was observed to dock in an almost identical position (<0.01 Å rmsd) 

and orientation as that found in the CYP3A4-midazolam crystal structure (data not shown). Once the 

validity of the docking procedure was established, we proceeded to dock the testosterone ligand in the 

empty CYP3A4 receptor active site (Figure 7, panels A-C). The most energetically favorable binding pose 

found for docking testosterone into the CYP3A4 structure positioned the testosterone C6 atom 

approximately 5.97 Å away from the heme iron, with the Fe-6βH-C6 angle equal to 115° (optimal being 

180° ± 45) (Szklarz and Halpert, 1997) (Figure 7, panel A). A hydrogen bond was found to be present 

between the carbonyl of C3 and the side chain hydrogen of S119. Additionally, E374 was in close proximity 

to the substrate hydroxyl group of C17, which may provide an opportunity for hydrogen bonding to occur 

between these species within the dynamic active site environment. Since the testosterone substrate was 

oriented “methyl-side-down” (with the β–side of the molecule facing toward the plane of the heme), this 

allowed for favorable hydrophobic interactions to occur between the previously identified CYP3A4 

“phenylalanine cluster” (F215, F220, F304) (Harlow and Halpert, 1997; Domanski et al., 1998; Harlow and 

Halpert, 1998; Stevens et al., 1999; Domanski et al., 2000; Khan et al., 2002; Fishelovitch et al., 2009) and 

the substrate. A somewhat less energetically favorable binding pose for testosterone binding to CYP3A4 

was also observed, orienting testosterone for a 2β attack by the activated oxygen species (Figure 7, panel 

B). While the distance between the C2 atom and the heme iron is slightly closer, 4.81 Å vs. 5.97 Å, the 

hydrogen bond between the carbonyl oxygen and S119 is no longer present due to the increased distance 

between these two moieties. In this binding orientation, the Fe-2βH-C2 angle was determined to be 145°. 

Both the 6β and the 2β docking poses were obtained with 50 maximum binding orientations. However, 

reducing the constraints to allow for 150 maximum binding orientations produced three energetically 

equivalent docking poses, two of which oriented the hydroxyl group of the C17 carbon toward the heme 

iron (not shown). The third orientation positioned the C2 atom for α attack by the activated oxygen species 

with a distance of 4.69 Å from the heme iron and a Fe-2αH-C2 angle of 148° (Figure 7, panel C). This pose 

also indicated the presence of a hydrogen bond from the side chain of E374 to the hydroxyl oxygen of C17. 
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When docking testosterone to the CYP3A7 homology model, the most energetically favorable docking 

pose oriented the substrate in position for α attack on the C2 carbon atom, with a distance of 4.84 Å to the 

heme iron and 88° for the Fe-2αH-C2 bond angle (Figure 7, panel F). Remarkably, the 2α docking pose 

obtained for CYP3A7 positioned testosterone in the active site in an inverted position compared with that 

seen previously, i.e. with the “methyl-side-up” (the α–side of the molecule facing the plane of the heme), 

in direct contrast to what was observed with CYP3A4 (Figure 7, panels A-C). While the distance between 

the hydroxyl side chain of S119 and the C3 carbonyl of the testosterone ligand was too great to form a 

stable hydrogen bond, a hydrogen bond was present between E374 and the hydroxyl group of testosterone 

C17 (Figure 7, panel F), with a distance of 2.30 Å, as observed with the 2α attack pose obtained for 

CYP3A4. Two other, lower energy conformations were obtained by increasing the number of maximum 

binding orientations by a factor of 2-fold. The slightly more energetically favorable of the two placed the 

substrate in position for β attack on the C6 carbon atom of testosterone (Figure 7, panel D), also as observed 

with CYP3A4. However, in contrast with CYP3A4, the C6 atom is positioned slightly farther away from 

the heme iron, at a distance of 6.55 Å compared with 5.97 Å for CYP3A4. The Fe-6βH-C6 bond angle is 

also decreased to 109° with CYP3A7, versus 115° for CYP3A4. As found in the case of CYP3A4, a 

hydrogen bond is again present between the S119 side chain and the carbonyl oxygen of testosterone C3, 

however at a slightly longer distance (2.77 Å) compared to the 6β binding pose for CYP3A4 (2.59 Å). The 

third, and least energetically favorable, binding pose obtained for CYP3A7 oriented the testosterone 

substrate in position for β-hydroxylation at the C2 atom (Figure 7, panel E). In this scenario, the distance 

from the carbon to the heme iron was determined to be 4.88 Å (slightly farther away than in the CYP3A4 

pose), and the Fe-2βH-C2 bond angle was 124° (smaller than the 145° obtained for CYP3A4).  

Finally, in an effort to understand how the most energetically favorable CYP3A7 docking pose might 

affect the binding of a second ligand in the case of multiple ligand binding, a docking study was conducted 

with the singly-occupied species of CYP3A7 where a single testosterone ligand was bound to the enzyme 

in the most energetically favorable orientation, the 2α pose in the case of CYP3A7 (Supplemental Figure 

S1). The ligand was observed to occupy a position above the 2α pose, in a largely perpendicular orientation 
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in relationship to the 2α ligand. It was found to be in close proximity (<5 Å) to E374 and the aforementioned 

phenylalanine cluster, located in the F/G loop region. 

 

Discussion 

The 6β-carbon hydroxylation of testosterone is a well-known and characteristic reaction performed 

by the CYP3A family (Waxman et al., 1988). In addition to 6β-OH-T, it was previously reported that 

CYP3A4 can produce several other testosterone metabolites, albeit in lower abundance than the 6β 

metabolite (Waxman et al., 1988; Krauser et al., 2004). While testosterone hydroxylation by CYP3A4 (Lu 

et al., 2001; Williams et al., 2002; He et al., 2003; Krauser et al., 2004) and CYP3A5 (Williams et al., 2002; 

Huang et al., 2004) has been extensively studied, less is known about testosterone hydroxylation by 

CYP3A7, the CYP3A enzyme predominantly expressed in fetuses and neonates (Stevens et al., 2003; 

Stevens, 2006). 

In order to address this knowledge gap, and to further assess the possibility of using the 2α-OH-

T:6β-OH-T ratio as an endogenous biomarker of CYP3A7, we undertook a complete kinetic 

characterization of testosterone metabolism by CYP3A7. Additionally, we sought to confirm our results in 

fHLMs whose CYP3A7 concentration had been accurately determined from LC-MS proteomic studies 

(Shuster et al., 2014). 

Our results largely confirmed those obtained previously by others (Williams et al., 2002; Leeder et 

al., 2005), with 6β-OH-T and 2α-OH-T being the two major metabolites formed by both recombinant 

CYP3A7 and fHLMs, while CYP3A4/5 and adult HLMs predominately formed the 6β-OH-T and 2β-OH-

T metabolites (Figures 1-4, Tables 1-2). Although there is no known physiological role for 2α–OH-T in 

fetal development, it is striking that this is a predominant metabolite and may hint at some yet undiscovered 

function for this compound. Additionally, while the 2α-OH-T:6β-OH-T metabolite ratio observed for 

recombinant CYP3A7 (Figure 5) at 10 µM testosterone was similar to that reported by Leeder (~ 1) (Leeder 

et al., 2005), this ratio only held true in CYP3A7 incubations for concentrations of testosterone of 12.5 µM 
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or less. Indeed, we observed a dramatic decrease in the ratio of the 2α-OH-T:6β-OH-T metabolites at higher 

substrate concentrations, eventually reaching a ratio of 0.5 with the recombinant CYP3A7 enzyme at a 

concentration of 250 µM testosterone (Figure 5), and between 0.25 (lot # 18) and 0.35 (lot #5) for the 

fHLMs tested. Given that the 2α-OH-T:6β-OH-T metabolite ratio decreases with both the recombinant 

CYP3A7 enzyme and the fHLMs, it indicates that the substrate dependent modulation of metabolite ratios 

is a characteristic that is inherent to the enzyme itself and not a product of its particular environment. While 

there are differences observed in the absolute magnitude of the metabolite ratio, which may be due to the 

local environment of the enzyme, the trend remains the same with both the recombinant enzyme and the 

fHLMs. It should be noted that a change in the regiospecificity of oxidation with substrate concentration 

has been previously observed for CYP3A4/5 with the drug midazolam (Williams et al., 2002), as well as 

with CYP3A7 for estrone metabolism (Lee et al. 2003). However, to our knowledge, this is the first report 

of it occurring with testosterone and CYP3A7. 

Two major conclusions can be drawn from this: 1) it is unlikely that the 2α-OH-T:6β-OH-T 

metabolite ratio will be useful as an endogenous biomarker of CYP3A7 activity, as it varies dramatically 

with substrate concentration, and 2) the shift in the regiospecificity of oxidation implies that a reorientation 

of the substrate in the CYP3A7 active site occurs with increasing substrate concentration. The Hill 

coefficient of 1.5 obtained from the fit of the kinetic parameters for the 2α-OH-T oxidation by CYP3A7 

(Table 1) suggests a significant amount of cooperativity and may imply that more than one testosterone 

molecule is bound to the enzyme simultaneously. 

It has been known for some time that the CYP3A enzyme family can exhibit atypical, sometimes 

referred to as “allosteric”, kinetics resulting in an activation of metabolism for certain substrates (Ueng et 

al., 1997; Atkins et al., 2001; Tracy, 2003; Davydov and Halpert, 2008; Lampe et al., 2008). Testosterone 

has previously been reported to be both a hetero- (Kenworthy et al., 2001) and a homo- (Harlow and 

Halpert, 1998) tropic allosteric effector for CYP3A4, CYP3A5 (Patki et al., 2003), and CYP3A7 (Williams 

et al., 2002; Nakamura et al., 2003). One possible explanation for the shift in the regiospecificity of 
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testosterone oxidation in CYP3A7 is that higher substrate concentrations increase the likelihood for 

multiple ligand binding to occur, and the multiple-ligand bound enzyme alters the orientation of testosterone 

within the active site which leads to a shift in regiospecificity. 

In order to explore this possibility further, we performed in silico docking studies with testosterone 

to CYP3A4 and a CYP3A7 homology model. The most energetically favorable docking pose for CYP3A4 

positioned testosterone for 6β-hydroxylation (Figure 7, panel A). This docking pose fits well with, and is 

predicted by, the kinetic data we obtained. The second most energetically favorable conformation oriented 

testosterone for 2β oxidation (Figure 7, panel B), also consistent with our kinetic data (Table 1). In both 

instances, the testosterone molecule was positioned with methyl groups pointing toward the heme (i.e., β-

face “down”), decreasing the potential for steric clashes to occur between the testosterone methyl groups 

and phenylalanine residues located in the F/G loop. Similarly, the hydrogen bond formed between the ligand 

and the S119 residue in the 6β binding pose likely stabilizes the substrate in the correct orientation for 

oxidation at C6. S119 has proven critical for oxidative activity against a number of CYP3A4 substrates, 

including diazepam (He et al., 2003), carbamazepine (Muller et al., 2015), and testosterone (Roussel et al., 

2000). Interestingly, the S119-C3 carbonyl hydrogen bond does not occur in the 2β binding pose due to the 

increased distance between the testosterone carbonyl and the hydroxyl side chain of S119, despite 2β-OH-

T being a major CYP3A4 metabolite. This is consistent with previous site-directed mutagenesis studies of 

this residue, which indicate a shift in the 2β-OH-T:6β-OH-T metabolite ratio when the serine is mutated to 

an alanine, valine, or leucine (Supplemental Table S1) (Fowler et al., 2000; Roussel et al., 2000). 

The least energetically favorable conformation observed with CYP3A4 positioned testosterone in 

the active site such that the 2α-carbon could potentially be oxidized (Figure 7, panel C). While no hydrogen 

bond to S119 is present, the substrate is in a favorable position for a hydrogen bond to form between residue 

E374 of the protein and the C17 hydroxyl of testosterone. This hydrogen bond may serve to pull the 

substrate out of optimal alignment with the heme iron, thus resulting in a decreased opportunity for 2α-
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hydroxylation. These structural constraints may provide an explanation as to why the 2α-OH-T metabolic 

product is not generated at appreciable amounts by CYP3A4/5. 

In contrast, the most energetically favorable docking pose obtained with the CYP3A7 structure 

placed testosterone in an ideal position for attack on C-2α (Figure 7, panel F). This required that the 

substrate was orientated in a β-side “up” position, with the methyl groups pointed away from the plane of 

the heme. In this position, the 2α-carbon is in both close proximity and a proper angle for oxidation by the 

activated oxygen of the heme iron. This may be a more facile orientation for CYP3A7 to achieve given that 

two of the phenylalanines (F215 and F220) from the F/G-loop phenylalanine cluster are absent in CYP3A7. 

Formation of the hydrogen bond between the substrate and E374 may be particularly important for 

stabilizing the substrate in the active site with the α-side of the molecule facing the heme iron. 

As observed with CYP3A4 and CYP3A5 above, CYP3A7 also forms significant amounts of the 6 

β-OH-T metabolite and this was reflected in the second most energetically favorable pose retrieved from 

our docking study (Figure 7, panel D). The S119-C3 carbonyl hydrogen bond is again present in this 

docking pose, while the E374 bond is absent, which may imply that the S119 hydrogen bond is necessary 

for the 6β oxidation event to occur. Indeed, there may exist a dynamic “push-pull” between the substrate 

and residues S119 and E374, the end result of which may determine the likelihood of oxidation of the 

substrate at either the C6 or the C2 position, respectively. 

The least energetically favorable pose obtained from our CYP3A7 docking study positioned the 

substrate in the active site such that 2β-carbon oxidation might occur (Figure 7, panel E). It should be noted 

that this pose was only observed after substantially relaxing the docking constraints (1000 maximum 

possible orientations). Hence, it is significantly less likely to occur than the 2α or 6β orientations.  

When a second testosterone molecule was docked into the CYP3A7 homology model, it was easily 

accommodated by the large open region of the active site reaching towards the surface (the substrate access 

channel) (Supplemental Figure S1). This arrangement forces the second testosterone into a position roughly 
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perpendicular to the first 2α molecule. The second testosterone is sandwiched between the F/G loop and 

the B/C loop, both regions known to be involved in substrate recognition and cooperativity. Moreover, the 

docking results demonstrate that a second testosterone can be accommodated in the CYP3A7 active site, 

which may give a structural explanation for the cooperative effects observed with substrate oxidation. 

In summary, here we have demonstrated that the metabolite profile of testosterone oxidation by 

CYP3A7 is substantially distinct from that of CYP3A4/5 and that the type and concentration of metabolites 

produced varies with substrate concentration, likely due to homotropic cooperativity. Therefore, it is 

unlikely that the 2α-OH-T:6β-OH-T ratio would serve as an effective endogenous biomarker of CYP3A7. 

Furthermore, the unique features of the CYP3A7 active site reveal structural elements that may give rise to 

particular steroid metabolites and hint at the enzyme’s unique role in fetal and neonatal growth and 

development. This current endeavor, and subsequent studies, will continue to give us more insight as to 

why the CYP3A family members metabolize steroids with vastly different rates, affinities, stereo- and 

regio-specificities. 
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Figure Legends 

Figure 1: Testosterone hydroxylation by recombinant CYP3A4, CYP3A5 and CYP3A7 enzymes. 

Representative MRM chromatograms for hydroxylated testosterone metabolites (MRM transitions: 305 > 

269 amu) formed in incubations of testosterone (50 µM) with CYP3A4 (A), CYP3A5 (B) and CYP3A7 

(C) SupersomesTM for 10 min in the presence (continuous black trace) or absence (dotted gray trace) of 

NADPH-generating system.  

Figure 2: Kinetics of testosterone hydroxylation by the recombinant CYP3A4 enzyme. Testosterone 6β- 

(A) and 2β-hydroxylation (B) by CYP3A4 SupersomesTM fitted using the Hill equation. Each data point 

represents the average of assays done in triplicate, with error bars representing the standard error. 

Figure 3: Kinetics of testosterone hydroxylation by the recombinant CYP3A5 enzyme. Testosterone 6β- 

(A) and 2β-hydroxylation (B) by CYP3A5 SupersomesTM fitted using the Hill equation. Each data point 

represents the average of assays done in triplicate, with error bars representing the standard error. 

Figure 4: Kinetics of testosterone hydroxylation by the recombinant CYP3A7 enzyme. Testosterone 6β- 

(A) 2β- (B) and 2α- (C) hydroxylation by CYP3A7 SupersomesTM fitted using the Hill equation. Each data 

point represents the average of assays done in triplicate, with error bars representing the standard error. 

Figure 5: Metabolite ratios for recombinant CYP3A4, 3A5 and 3A7 as a function of testosterone 

concentration. 2β-OH-T:6β-OH-T metabolite ratios were calculated as a function of testosterone 

concentration for the three CYP3A enzymes (solid line) and 2α-OH-T:6β-OH-T metabolite ratio was 

calculated for CYP3A7 (dashed line). 

Figure 6: Testosterone hydroxylation by human adult and fetal liver microsomes. Representative MRM 

chromatograms for hydroxylated testosterone metabolites (MRM transitions: 305 > 269 amu) formed in 

incubations of testosterone (100 µM) with HLMs (A; lot DDV) and fHLMs (B; lot 5) for 20 min in the 

presence (continuous black trace) or absence (dotted gray trace) of NADPH-generating system. 

Figure 7: In silico docking results for testosterone ligand docking to CYP3A4 (panels A-C) and CYP3A7 

(panels D-F). A,D: 6β-OH-T binding orientation, B,E: 2β-OH-T binding orientation, C,F: 2α-OH-T binding 

orientation. Testosterone ligand is colored in purple, heme in orange. 
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TABLE 1 

Kinetic parameters of 6β-, 2β- and 2α-hydroxytestosterone metabolites for recombinant CYP3A4, 

CYP3A5 and CYP3A7 enzymes. 

Testosterone 
metabolites 

CYP3A4 CYP3A5 CYP3A7 

Fit 
(nc) 

Vmax 
(nmol/min/
nmol P450) 

S50 (µM) 
Fit 
(nc) 

Vmax 
(nmol/min/
nmol P450) 

S50 (µM) 
Fit 
(nc) 

Vmax 
(nmol/min/
nmol P450) 

S50 (µM) 

6β-OH-Ta 
Hillb 
(1.0) 

95.5 ± 8.0 26.1 ± 6.4 
Hillb 
(1.4) 

17.4 ± 0.6 41.6 ± 4.1 
Hillb 
(1.4) 

0.72 ± 0.03 11.8 ± 1.2 

2β-OH-Ta 
Hillb 
(0.9) 

5.4 ± 0.4 25.8 ± 6.5 
Hillb 
(1.6) 

4.5 ± 0.1 40.3 ± 3.5 
Hillb 
(1.2) 

0.15 ± 0.01 12.2 ± 1.7 

2α-OH-Ta NAd NDd NAd NAd NDd NAd 
Hillb 
(1.5) 

0.51 ± 0.03 6.6 ± 0.9 

a 6β-OH-T, 6β-hydroxytestosterone; 2β-OH-T, 2β-hydroxytestosterone; 2α-OH-T, 2α-hydroxytestosterone 
b Hill, Hill equation 
c n = Hill coefficient 
d NA, not applicable; ND, not detected 
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TABLE 2 

Testosterone 6β-, 2β- and 2α-hydroxylation rate in human adult and fetal liver microsomes.  

The testosterone incubations were performed in duplicate and the data correspond to the formation rate mean. 

Human liver 
microsomes 

[Substrate] 
(µM) 

Testosterone metabolite formation (pmol/min/mg protein) 
2α-OH-T/6β-OH-T 

ratio 
6β-OH-Ta 2β-OH-Ta 2α-OH-Ta 

Adult 

Lot # DDV 

50 1167.5 67.5 2.5 0.002 

100 3377.6 284.9 8.6 0.003 

250 1805.7 134.3 3.7 0.002 

Lot # RGS 

50 55.4 3.1 NDd NA 

100 182.7 14.3 BLQb NAc 

250 101.7 6.5 NDd NAc 

Fetal 

Lot # 5 

50 6.7 BLQb 7.0 1.054 

100 14.9 BLQb 19.9 1.336 

250 12.9 BLQb 4.5 0.351 

Lot # 18 

50 5.4 BLQb 5.4 0.993 

100 11.6 BLQb 10.5 0.905 

250 8.5 BLQb 2.1 0.246 

a 6β-OH-T, 6β-hydroxytestosterone; 2β-OH-T, 2β-hydroxytestosterone; 2α-OH-T, 2α-hydroxytestosterone 

b BLQ, below the limit of quantification 

c NA, not applicable 
d ND, not detected 
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FIGURE 1 
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