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ABSTRACT:

NADPH-cytochrome P450 oxidoreductase (CYPOR) variants have
been described in patients with perturbed steroidogenesis and
sexual differentiation, related to Antley-Bixler syndrome (ABS). It is
important to determine the effect of these variants on CYP3A4, the
major drug-metabolizing cytochrome P450 (P450) in humans. In
this study, 12 CYPOR_ABS variants were separately coexpressed
with CYP3A4 in a robust in vitro system to evaluate the effects of
these variants on CYP3A4 activity in a milieu that recapitulates the
stoichiometry of the mammalian systems. Full-length CYPOR vari-
ants were coexpressed with CYP3A4, resulting in relative expres-
sion levels comparable to those found in hepatic tissue. Dibenzyl-
fluorescein (DBF), a CYP3A-specific reporter substrate (Biopharm
Drug Dispos 24:375–384, 2003), was used to compare the variants
and wild-type (WT) CYPOR activities with that of human liver mi-
crosomes. CYP3A4, combined with WT CYPOR, demonstrated ki-

netic parameters (kcat and Km) equal to those for pooled human
liver microsomes. CYPOR variants Y181D, Y459H, V492E, L565P,
and R616X all demonstrated maximal loss of CYP3A4 catalytic
efficiency, whereas R457H and G539R retained �10 and 30% ac-
tivities, respectively. Conversely, variants P228L, M263V, A287P,
and G413S each showed WT-like capacity (kcat/Km), with the A287P
variant being formerly reported to exhibit substantially lower cat-
alytic efficiency. In addition, Q153R exhibited 60% of WT CYPOR
capacity to support the DBF O-debenzylation reaction, contradict-
ing increased catalytic efficiency (kcat/Km) relative to that for the
WT, reported previously. Our data indicate the importance of use of
simulated, validated in vitro systems, employing full-length pro-
teins with appropriate stoichiometric incorporation of protein part-
ners, when pharmacogenetic predictions are to be made for P450-
mediated biotransformation.

Introduction

Cytochromes P450 (P450s) are members of a large superfamily of
heme proteins, playing an important role in xenobiotic biotransfor-
mation, as well as in the endobiotic biosynthesis and catabolism of
steroid hormones, bile acids, lipid-soluble vitamins, and fatty acids
(Guengerich, 2005). There are more than four dozen human micro-
somal P450s (Guengerich, 2005) (http://www.cypalleles.ki.se/), activ-
ities of which are supported by electron transfer from NADPH-

cytochrome P450 oxidoreductase (CYPOR). This reductase, encoded
by the POR gene, is a �78-kDa microsomal flavoprotein, containing
three distinct domains for binding its cofactors NADPH, flavin ade-
nine dinucleotide (FAD), and flavin mononucleotide (FMN) (Porter
and Kasper, 1986; Porter et al., 1990; Wang et al., 1997). The fourth
CYPOR domain is the connecting domain, containing a flexible hinge
region, which is involved in the recently established transition be-
tween its closed and open conformations (Aigrain et al., 2009; Ellis et
al., 2009; Hamdane et al., 2009). Moreover, CYPOR has a hydropho-
bic N-terminal transmembrane segment (25–30 amino acids), respon-
sible for its orientation in the endoplasmic reticulum and for the
interaction of CYPOR with P450s, because its deletion leads to loss of
its P450 reductase activity (Black and Coon, 1982).

More than 50 different haplotypes of the human POR gene have
been described so far (http://www.cypalleles.ki.se/por.htm). Consid-
erable numbers of these haplotypes have been found in patients with
Antley-Bixler syndrome (ABS) (OMIM 201750), a disorder charac-
terized by severe developmental abnormalities (Antley and Bixler,
1975). The majority of these ABS-related POR mutations cause a
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reduction in CYPOR activity, such as Y181D, involved in FMN
binding (Arlt et al., 2004; Huang et al., 2005; Marohnic et al., 2010),
Y459H and V492E, involved in FAD binding (Marohnic et al., 2006;
Kranendonk et al., 2008), and G539R, positioned in the NADPH
binding domain (Huang et al., 2005). Of interest, some mutant pro-
teins such as variant Q153R were reported to support increased P450
activity, compared with the wild-type enzyme (Agrawal et al., 2008,
2010; Flück et al., 2010; Sandee et al., 2010). Variant A287P has been
described as having differential behavior with different P450s (Fu-
kami et al., 2005; Dhir et al., 2007). Many of these studies were
performed with in vitro (reconstituted) systems, using N-terminal
end-deleted CYPOR and extreme CYPOR/P450 ratios in favor of
CYPOR (�1), the opposite of those found in vivo, estimated to be 1:3
to 10 (CYPOR/P450) (Paine et al., 1997; Venkatakrishnan et al.,
2000) in favor of P450. These in vivo CYPOR/P450 ratios implicate
a highly dynamic process in which P450 (as well as other redox
partners; see above, this section) must compete for CYPOR.

Although the majority of studies on these CYPOR variants were
initially focused on steroidogenesis, studies of our group (Kranendonk
et al., 2008; Marohnic et al., 2010) and of others (Agrawal et al., 2008;
Hart et al., 2008; Gomes et al., 2009) have attempted to evaluate the
effects of these CYPOR variants on drug-metabolizing P450s. Two
recent studies (Agrawal et al., 2010; Flück et al., 2010) described the
effect of ABS-related CYPOR variants on the major drug-metaboliz-
ing enzyme in humans, CYP3A4, which together with CYP3A5 is
estimated to be involved in the metabolism of more than 50% of
currently prescribed drugs (Guengerich, 2005).

In this current report, we have studied 12 different CYPOR_ABS
variants in a robust in vitro Escherichia coli expression system de-
signed to evaluate the effect of these CYPOR variants on CYP3A4
activity. To draw conclusions regarding the effect of CYPOR mutants
on drug metabolism, it is important to maintain the physiological
ratios of CYPOR to P450 as practically as possible. We have used the
same system as used in our former studies of ABS-related CYPOR
variants in combination with human P450, namely the bacterial cell
model BTC_CYP (Kranendonk et al., 2008; Marohnic et al., 2010).
This E. coli model contains a biplasmid expression system, allowing
the coexpression of full-length CYPOR variants with human P450s, at
physiologically relevant stoichiometries of the P450 and CYPOR
proteins (Duarte et al., 2005). We combined the different CYPOR
variants separately with human CYP3A4 in this BTC_CYP strain.
Dibenzylfluorescein (DBF) was used for kinetic measurements of
CYP3A4 activities, which is a highly specific substrate for CYP3A
(Ghosal et al., 2003), permitting a rigorous validation of our system
against human liver microsomes at saturating concentrations not
achievable with other fluorescent substrates. Our data demonstrate
substantial differences compared with the outcomes of recently pub-
lished reports on ABS-related CYPOR variants and their effect on
CYP3A4.

Materials and Methods

Reagents. L-Arginine, �-aminolevulinic acid, ampicillin, kanamycin sul-
fate, chloramphenicol, tetracycline HCl, cytochrome c, isopropyl �-D-thiogal-
actoside (dioxane-free), thiamine, glucose 6-phosphate, NADPH, and NADP�

were obtained from Sigma-Aldrich (St. Louis, MO). Bacto agar, Bacto pep-
tone, Bacto tryptone, and Bacto yeast extract were obtained from Difco
(Detroit, MI). Pooled (n � 200) human liver microsomes (XTreme 200) were
obtained from XenoTech, LLC (lot 0910251; Lenexa, KS; with the following
characteristics: total protein, 20 mg/ml; P450 content, 391 pmol/mg; cyto-
chrome b5, 346 pmol/mg; and activity in NADPH-cytochrome c reduction,
153 � 9 nmol � mg protein�1 � min�1). Dibenzylfluorescein was obtained from
BD Biosciences (San Jose, CA) and fluorescein was obtained from Invitrogen
(Carlsbad, CA). The Vivid CYP450 substrates BOMCC and DBOMF were

purchased from Invitrogen. A polyclonal antibody purified by Protein A-
Sepharose from rabbit serum raised against recombinant rat CYPOR was used
for CYPOR immunodetection (Kranendonk et al., 2008).

Expression Plasmids. The expression of human CYPOR variants in strain
BTC-CYP (Duarte et al., 2005) was accomplished with plasmid pLCM_PORwt
(Kranendonk et al., 2008), containing human WT POR cDNA, based on National
Center for Biotechnology Information sequence NM_000941, encoding the
CYPOR consensus protein sequence NP_000932. The POR cDNA of pLCM_
PORwt was adapted to encode the different CYPOR_ABS variants. The POR
cDNA of all pLCM_POR plasmids was confirmed by extensive sequencing of the
POR cDNA. Plasmid pLCM (Kranendonk et al., 1998) was used as the POR mock
plasmid. The expression plasmid for human CYP3A4 (pCWh3A4) was described
previously (Kranendonk et al., 1999). Each of the pLCM_POR plasmids was
cotransformed with pCWh3A4 to strain PD301 [mother strain of BTC_CYP
(Duarte et al., 2005)] by electroporation.

Cultures and Membrane Preparations and Their CYP3A4/CYPOR
Content. Cultures and membrane fractions of the different strains were pre-
pared as described previously (Kranendonk et al., 2008). Membranes were
characterized for their protein content, according to the method described by
Bradford (1976), following the manufacturer’s protocol (Bio-Rad Laborato-
ries, Hercules, CA), using bovine serum albumin as standard. The CYP3A4
content of membranes was determined using the CO-difference spectral tech-
nique as reported previously (Kranendonk et al., 2008). CYPOR content of
membrane fractions was quantified by immunoblotting against a standard
curve of purified human, full-length WT CYPOR, using polyclonal rabbit
anti-CYPOR primary antibody and biotin-goat anti-rabbit antibody in combi-
nation with the fluorescent streptavidin conjugate (WesternDot 625 Western
Blot Kit; Invitrogen). Western blot signals were analyzed with LabWorks 4.6
software (UVP, Cambridge, UK).

Enzyme Assays. The electron transfer capacity of the CYPOR variants was
measured using the NADPH-cytochrome c reduction assay as described pre-
viously (Kranendonk et al., 2008). Catalytic activity of CYP3A4, sustained by
the different CYPOR variants was evaluated by its capacity to mediate the
O-debenzylation of DBF, which has been used as a CYP3A-specific reporter
reaction (Ghosal et al., 2003). The debenzylation activity was measured as the
rate of the increase in fluorescein fluorescence (excitation 485 nm and emis-
sion 535 nm). All measurements were performed in triplicate, in a 96-well
format using a Zenyth 3100 microplate reader (Anthos, Wals, Austria) and
rates [picomoles of fluorescein formed per (picomoles of CYP3A4 per min-
ute)] were calculated by using a standard curve of the product fluorescein. The
reaction was performed with either bacterial membranes or pooled human liver
microsomes (n � 200) in 100 mM potassium phosphate buffer (pH 7.6) with
3 mM MgCl2 and 200 �M NADPH in a total volume of 200 �l, using a final
well concentration of 25 nM CYP3A4 (for liver microsomes, assuming that
�30% of total human liver P450 is CYP3A) (Shimada et al., 1994). Stock
solutions of DBF were prepared in acetonitrile (ACN), with the solvent
maintained at a final concentration of 0.1% (v/v) throughout the experiment, to
prevent CYP3A4 inhibition by the solvent (Busby et al., 1999). The reaction
was followed for 30 min at 37°C, and rates were derived from the linear part
of the kinetic traces. To maintain a constant NADPH concentration, an
NADPH-generating system was used, which consisted of 0.5 mM glucose
6-phosphate and 40 mU/ml glucose-6-phosphate dehydrogenase. Initial assays
with human liver microsomes and BTC3A4_PORWT membranes were per-
formed with DBF gradients up to 1.25 �M. Subsequent assays with bacterial
membranes were performed with a DBF gradient up to 5 �M, except for
membranes containing the Q153R variant for which a maximum DBF con-
centration of 10 �M was applied. Plots of velocity traces versus DBF concen-
tration were fitted according to the Michaelis-Menten equation to determine
kinetic parameters kcat and Km. BTC3A4 membranes containing CYPOR
variants WT, Q153R, or A287P were also tested with the Vivid CYP450
substrates BOMCC and DBOMF with assay conditions as described above,
adapted according to the indications of the manufacturer. The substrate
BOMCC was used up to 100 �M, copying conditions described in the study of
Flück et al. (2010). Because of low solubility, the concentration gradient of
BOMCC could only be performed with final solvent (ACN) concentrations greater
than 2%, thus inhibiting CYP3A4 by more than 30% (Busby et al., 1999).
Therefore, a different Vivid CYP450 substrate (DBOMF) was used in the present
studies, with a concentration gradient up to 10 �M, keeping the final ACN
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concentration at 0.5%. The final P450 concentration for this assay was 37.5 nM.
Velocity traces were plotted, and Michaelis-Menten parameters could be derived
appropriately.

Results

Human CYP3A4 and CYPOR Contents in the BTC3A4_POR
Membrane Fractions. All membrane fractions of the BTC3A4_POR
strains were characterized with respect to CYPOR and CYP3A4
contents (Table 1). Human CYP3A4 expression levels range from 50
to 127 pmol/mg protein, as determined by CO-difference spectropho-
tometry. CYPOR protein contents were determined by immunodetec-
tion (Supplemental Fig. 1). All membrane fractions demonstrated a
major signal at around 77 kDa except that derived from the POR mock
strain (BTC 3A4_PORNull: no CYPOR-specific signal) and the one
containing the CYPOR variant R616X (Supplemental Fig. 1). This latter
variant was expressed in a truncated form as demonstrated by its
CYPOR-specific signal at a lower molecular mass (approximately 70 kDa).

Densitometry analysis using a standard curve of purified full-length
wild-type protein allowed the quantification of CYPOR protein in the
membrane fractions. The CYPOR_ABS variants all demonstrated
similar contents of CYPOR protein compared with that of the WT
(Table 1), indicating that the respective mutations did not affect
protein expression and stability in the BTC3A4_POR cell model,
except for variants L565P and R616X. These variants showed lower
levels, namely 8 and 7 pmol/mg membrane protein, respectively,
indicating lower efficiency in expression or protein stability, as was
already noted for the R616X variant (see above, this section).

These results indicate that the ABS-related CYPOR alleles were
coexpressed with CYP3A4 in stoichiometries approximating those of
the wild-type CYPOR (ratio CYPOR/CYP3A4 � 1:3) (Table 1) in the
BTC3A4_PORWT system and that observed in human liver micro-
somes (average � 1:3; range � 1:2–1:13) (Paine et al., 1997; Ven-
katakrishnan et al., 2000) (Table 1). Exceptions to these ratios were
observed in membrane fractions derived from BTC3A4_PORL565P

and BT3A4_PORR616X, which demonstrated substantially lower ra-
tios as a result of the lower expression levels of their CYPOR variants
(see above, this section) but not as a result of altered CYP3A4 levels.

Electron Transfer Capacities of CYPOR Alleles in BTC3A4_
POR Membranes. Initial studies of the electron transfer capacity of
the CYPOR variants in the different BTC3A4_POR membrane frac-

tions, measured as the maximum velocity of NADPH-cytochrome c
reduction, were performed taking into account the expression level of
the CYPOR variants (Table 1). This capacity was considerably dif-
ferent among mutants. Several were apparently capable of reducing
cytochrome c with a wild-type capability (Q153R, M263V, and
G413S). Other variants had very low or almost no capacity for this
reaction, such as Y181D, Y459H, V492E, G539H, L565P, and R616X.
Variant A287P seemed not to be severely hampered (�85% residual) and
variants P228L and R457H demonstrated approximately 55 and 30% of
wild-type capacity, respectively (Table 1).

CYPOR Variants Sustaining CYP3A4-Mediated Debenzylation
of Dibenzylfluorescein. The fluorogenic substrate, DBF (Stresser et
al., 2000), was selected for the purpose of determining the effects of
the ABS-related CYPOR variants on CYP3A4 activity. DBF was
previously shown to be debenzylated by CYP3A4/5 and CYP2C8, but
when applied in low concentrations (�2 �M), it can be used as a
CYP3A-specific substrate (Ghosal et al., 2003). In our first experi-
mental setup using DBF concentrations up to 2.5 �M DBF, the human
liver microsomes showed non-Michaelis-Menten velocity traces (data
not shown), probably due to interference by CYP2C8-mediated me-
tabolism (see above, this section). Therefore, the use of the
BTC3A4_POR membranes was validated against human liver micro-
somes (pooled, n � 200) using a restricted substrate gradient with a
maximum of 1.25 �M. The velocities obtained for the
BTC3A4_PORWT membranes and human liver microsomes were
very similar (Fig. 1A) and could be plotted according to the Michae-
lis-Menten equation, with high confidence (r2 � 0.97 and 0.99,
respectively). The results demonstrated equal debenzylation activities
of the BTC3A4_PORWT membranes compared with the liver micro-
somes, with kcat (0.34 � 0.04 versus 0.47 � 0.04 min�1) and Km

(1.0 � 0.2 versus 1.4 � 0.2 �M) values, respectively. Although these
parameters were derived using a suboptimal concentration-range of
the substrate DBF (0–1.25 �M) to prevent CYP2C8 interference in
the human liver microsomes, the velocity trace and kinetic parameters
of the BTC3A4_POR system very closely resembled those of human
liver microsomes in the CYP3A4-mediated DBF biotransformation.
Then, velocity traces of the bacterial CYP3A4 membranes containing
ABS-CYPOR variants were measured. For several membrane prepa-
rations, in particular those containing debilitated CYPORs, it was
necessary to use a substrate concentration variation up to 5 �M to be

TABLE 1

CYP3A4 and CYPOR contents and NADPH-cytochrome c reductase activities of BTC3A4_POR membrane fractions

BTC3A4_POR CYP3A4 CYPORa Ratio CYPOR/CYP3A4 Vmax Cytochrome cred Electron Transfer Efficiencyb

pmol/mg protein nmol � min�1 � mg protein�1

Null 129 � 2 0 2.1 � 0.7
WT 77 � 3 30.3 � 1.5 1:3 97.1 � 5.1 100
P228L 105 � 28 37.8 � 2.6 1:3 68.9 � 2.9 55 (76)
M263V 111 � 11 24.4 � 1.4 1:5 84.0 � 0.4 105 (104)
A287P 77 � 8 16.3 � 1.2 1:5 44.4 � 5.3 85 (41)
G413S 85 � 13 24.0 � 1.1 1:4 84.5 � 5.2 108 (71)
Q153R 58 � 3 26.0 � 2.7 1:2 84.2 � 1.9 100 (23)
R457H 53 � 6 26.9 � 1.3 1:2 27.1 � 1.0 30 (8)
G539R 127 � 11 24.5 � 1.0 1:5 5.0 � 0.4 4 (41)
Y181D 81 � 6 36.2 � 0.1 1:2 4.1 � 0.7 2 (0)
Y459H 75 � 6 21.2 � 0.7 1:4 10.1 � 2.5 12 (7)
V492E 50 � 9 24.8 � 1.6 1:2 3.5 � 0.1 2 (7)
L565P 120 � 12 8.1 � 0.6 1:14 3.0 � 0.2 4 (29)
R616X 104 � 9 6.9 � 0.3 1:14 2.5 � 0.2 3 (0)
Human liver microsomes 1:3 �1:2–1:13	c

a CYPOR content of membranes, based on immunoblot analysis.
b Percentage in electron transfer measured as NADPH cytochrome c reduction (Vmax) relative to the expected, calculated reduction activity based on the CYPOR protein content (immunodetection)

using kcat of 3200 min�1 (Parikh et al., 1997). Numbers in parentheses indicate the same percentage, calculated by using the Vmax values, reported by Huang et al. (2005), with use of N-terminal
(27 amino acids)-deleted CYPOR expression relatively to their CYPOR_WT form.

c CYPOR/CYP3A ratio (average and interval) (Venkatakrishnan et al., 2000), assuming a �30% CYP3A content of human liver (Guengerich, 2005).
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able to plot the velocity traces with high confidence (Fig. 1B).
Results are presented in Table 2, including those for the WT
variant under these conditions.

For the BTC3A4_POR membranes containing the severely debili-
tated CYPOR forms Y181D, Y459H, or V492E, no activity parame-
ters could be determined. This was also the case for the CYPOR forms
L565P or R616X, which were expressed in very low quantities rela-
tive to CYP3A4 (see above). The catalytic efficiency (kcat/Km) of
CYP3A4 was substantially compromised when supported by CYPOR
variants R457H or G539R, demonstrating 10 or 30%, respectively, of
the efficiency calculated for the wild-type CYPOR. This result was
mainly due to a severe drop in maximum velocities (kcat), but main-
tenance of a wild-type-like apparent affinity (Km) for DBF for these
two variants (Table 2). The domain perturbations producing these
lowered activities have been reported in X-ray structures for R457H
and V492E in collaborative studies between the Kim and Masters
laboratories (Xia et al., 2011). Membrane fractions containing variants
P228L, M263V, A287P, and G413S showed WT capacity in sustain-
ing CYP3A4, all of which demonstrated similar maximum reaction
velocities and similar apparent affinities for DBF. The velocity plot of
the O-debenzylation of DBF by CYP3A4, when supported by the
CYPOR variant Q153R, demonstrated a substantially different trace
compared with that supported by the wild-type enzyme (Fig. 1B). For
this variant, it was necessary to extend the gradient to 10 �M to obtain
a velocity trace with high confidence (Fig. 1C). The maximum ve-
locity showed an increase of approximately 2-fold relative to the
wild-type CYPOR. However, the apparent Km for DBF increased 3
times, leading to a decrease of 40% in catalytic efficiency (kcat/Km).
The effect of several of the CYPOR variants on the CYP3A4 inves-
tigated here were described in two recent studies, with several variants
demonstrating substantially different efficacy outcomes (Table 3). In
particular, opposing results were obtained for the effects of variants
Q153R and A287P on CYP3A4 (noted in bold type). For clarification
of these discrepancies, the WT, Q153R, and A287P variants were
tested with the Vivid CYP450 substrate BOMCC, the substrate used
by Flück et al. (2010). With application of their concentration gradi-
ents up to 100 �M, serious BOMCC solubility problems were en-
countered, which could be surpassed only by using final solvent

FIG. 1. Reaction velocity plots of BTC3A4_POR membranes. A, velocity plots of
human liver microsomes versus BTC3A4_PORWT membranes with DBF up to 1.25
�M. B, velocity plots of BTC3A4_POR membranes containing CYPOR variants
WT, Q153R, Y181D, M263V, or A287P with DBF up to 5 �M. C, velocity plots
of BTC3A4_POR membranes containing CYPOR variants WT or Q153R, using
DBF gradient up to 10 �M. D, velocity plots of BTC3A4 membranes containing
CYPOR variants WT, Q153R, or A287P with DBOMF.

TABLE 2

Dibenzylfluorescein O-debenzylation activities

BTC3A4_PORa kcat Km R2 kcat/Km

fluorescein-formed
pmol � min�1 �

pmol CYP3A4�1

�M % WT

Null —b — — —
WT 0.43 � 0.03 1.37 � 0.22 0.97 0.32 (100)
P228L 0.23 � 0.01 0.78 � 0.14 0.95 0.30 (95)
M263V 0.28 � 0.02 0.76 � 0.12 0.95 0.38 (119)
A287P 0.25 � 0.01 0.84 � 0.10 0.97 0.29 (93)
G413S 0.33 � 0.02 0.89 � 0.15 0.96 0.37 (115)
Q153R 0.80 � 0.04 4.24 � 0.45 0.99 0.19 (60)
R457H 0.052 � 0.001 1.70 � 0.07 0.99 0.03 (10)
G539R 0.059 � 0.002 0.62 � 0.06 0.98 0.10 (30)
Y181D — — — —
Y459H — — — —
V492E — — — —
L565P — — — —
R616X — — — —
Human liver

microsomes
0.47 � 0.04 1.36 � 0.17 0.99 0.34 (108)

a Velocity parameters obtained using a DBF gradient up to 5 �M, except for human liver
microsomes for which a gradient up to 1.25 �M was applied to prevent interference with DBF
metabolism by CYP2C8 (Ghosal et al., 2003) and for CYPOR variant Q153R for which a
gradient up to 10 �M was applied.

b —, not measurable.
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(ACN) concentrations greater than 2%. Such high solvent concentra-
tions are known to inhibit P450s substantially, in particular with
CYP3A4, in which case 2% ACN-inhibited activity is greater than
30% (Busby et al., 1999). This level of inhibition is incompatible with
the objective of accurately determining effects of ABS-related CYPOR
variants on CYP3A4 activity. Further, in a persist search for clarifi-
cations for the described discrepancy, a different Vivid CYP450
substrate was used, specifically DBOMF, for variants WT, Q153R,
and AP278P, with a final ACN concentration of 0.5%. Accurate
velocity traces for the BTC3A4 membranes of these CYPOR variants
could be plotted (Fig. 1D). Maximum velocities were 1.2 � 0.1, 1.8 �
0.2, and 1.2 � 0.1 min�1 for WT, Q153R, and A278P, respectively.
The corresponding apparent affinities (Km) were 2.9 � 0.6, 5.6 � 1.0,
and 2.9 � 0.7 �M, respectively. The efficacies (kcat/Km) relative to
CYPOR_WT could thus be calculated, demonstrating an almost 25%
drop for CYP3A4 when sustained by variant Q153R and an equal
(WT) efficacy when supported by variant A287P.

Discussion

Variation in CYP3A-mediated drug metabolism is considered to be
one of the main reasons for observed differences in the therapeutic
efficacy and toxicity of drugs (Evans and McLeod, 2003). The current
study explored the importance of POR variation in CYP3A4 metab-
olism, particularly of haplotypes encountered in individuals with
perturbed steroidogenesis, by evaluating the influence of 12 different
CYPOR variants on CYP3A4 activity, using an engineered bacterial
cell model. The CYPOR/CYP3A4 ratios of the variants approximated
those found in human liver (1:3–1:5; Table 1) (Paine et al., 1997;
Venkatakrishnan et al., 2000), except for variants L565P and R616X,
which were expressed in substantially lower amounts, because of
apparent instability. Characterization of the membranes (Table 1)
demonstrated the expression of full-length CYPOR variants in the
BTC3A4_POR model system, except that R616X was expressed in a
truncated form, ascribed previously to a truncation of the C-terminal
end (Huang et al., 2005).

DBF was shown previously to be a CYP3A-specific model sub-
strate when used in low micromolar concentrations (Ghosal et al.,
2003) and was used for detailed analysis of the CYPOR variants to

determine their capacities to sustain CYP3A4-mediated activity. Un-
der these conditions CYP3A4 and its congener CYP3A5 debenzylate
DBF with very similar kcat and Km values (Ghosal et al., 2003). Our
bacterial membrane fractions, combining CYP3A4 with wild-type
CYPOR demonstrated: 1) kinetic parameters almost identical to those
previously described for (recombinant) CYP3A4 (kcat 0.55 � 0.08
min�1; Km 1.03 � 0.42 �M) (Ghosal et al., 2003) and 2) parameters
very similar to those for pooled human liver microsomes (Fig. 1A).
These data validate the BTC3A4_POR system for in vitro studies to
evaluate CYP3A4-mediated biotransformation.

On the basis of DBF debenzylation catalytic efficiencies (kcat/Km),
the BTC3A4_PORABS membranes may be grouped (Table 2). One
group comprises CYPOR variants containing mutations directly in-
volved in the binding of the prosthetic flavins (Y181D, Y459H, or
V492E), for which no CYP3A4 activity could be detected. These
results correlate with their severe decline in electron transfer effi-
ciency to background levels, measured as cytochrome c reductase
activity (Table 1). In previous studies, we described the deficiency of
these variants in sustaining CYP1A2 activity, which could be sub-
stantially recovered by exogenous FMN (Y181D) or FAD (Y459H
and V492E) (Marohnic et al., 2006; Kranendonk et al., 2008). The
second group, P228L, M263V, A287P, and G413S, metabolized DBF
similarly to WT CYPOR, reflected by their kcat and Km parameters
(Table 2). This finding is corroborated by their wild-type-like cyto-
chrome c reduction efficiency (Table 1), except for variant P228L,
which demonstrated 45% loss of this activity. Variants classified in
this second group have been identified in individuals with altered
steroidogenesis (catalyzed by CYP17A1, CY19A1, and CYP21A1)
(Huang et al., 2005; Dhir et al., 2007; Pandey et al., 2007). Our results
with these variants indicate that these mutations may produce P450-
dependent effects, explainable by the location of the P228L mutation
(interaction domain with protein redox partners), but to a lesser extent
for the M263V, A287P, and G413S mutations (hinge region/connect-
ing domain). In previous studies, variant A287P was found to influ-
ence differentially CYP17A1 (decreased activity) relative to
CYP19A1 and CYP21A1 (normal activity) (Dhir et al., 2007; Pandey
et al., 2007). Both kcat and Km values for this mutant CYPOR were
lower (Table 2, present study), resulting in only slightly lower cata-

TABLE 3

Comparison of CYP3A4 efficiency when sustained by ABS-CYPORs, using different in vitro systems and substrates

Bold indicates CYPOR variants of this present study with most deviating results compared with those of the Fluc̈k et al. (2010) and Agrawal et al. (2010) studies.

BTC3A4_POR

kcat/Km
a

Debenzylation
DBFb

Debenzylation
BOMCCc

6�-Hydroxylation
Testosteroned

1-Hydroxylation
Midazolamd

4-Hydroxylation
Midazolamd

3-Hydroxylation
Quinidined

N-Demethylation
Erythromycind

WT 100 100 100 100 100 100 100
Q153R 60 119 129 94 92 150 76
Y181D N.D. N.D. —e — — — —
D211N 107 — — — — — —
P228L 95 101 — — — — —
M263V 119 — — — — — —
A287P 93 26 17 17 14 3 N.D.
G413S 115 110 — — — — —
R457H 10 N.D. N.D. N.D. N.D. — N.D.
Y459H N.D. N.D. — — — — —
V492E N.D. N.D. — — — — —
G539R 30 — — — — — —
L565P N.D. — — — — — —
R616X N.D. N.D. — — — — —

N.D., no activity detected.
a Percentage kcat/Km values relative to WT.
b Present study.
c Data from Flück et al. (2010).
d Data from Agrawal et al. (2010).
e —, CYPOR variant not evaluated.
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lytic efficiency. The third group is composed of variants R457H and
G539R. These variants demonstrated low CYP3A4 catalytic efficien-
cies, i.e., 10 and 30% relative to those for the WT, respectively,
mainly due to a severe drop in their maximum velocities (Table 2).
These low kcat values correlated with low cytochrome c reduction
capacities, 30 and 4%, respectively (Table 1). The R457H and the
G539R mutations are located in the FAD- and NADPH-binding
domains, respectively, explaining their effects on electron transfer and
CYP3A4 maximum velocity. Variant Q153R demonstrated quite dif-
ferent kinetics compared with CYP3A4 sustained by WT CYPOR
(Fig. 1C), with a 40% drop in DBF debenzylation catalytic efficiency
(Table 2). Of interest, there was not a corresponding drop in electron
transfer capability to cytochrome c, which was equal (100%) relative
to that for the WT (Table 1). The Q153R mutation is located in the
FMN binding domain, which forms the interface for interaction with
the redox partners of CYPOR, including cytochrome c (Vermilion and
Coon, 1978), suggesting that protein-protein interactions and/or elec-
tron transfer in CYPOR-CYP3A4 or CYPOR-cytochrome c com-
plexes occur differentially. No DBF metabolism could be detected
with variants L565P or R616X, precluding conclusions concerning
their effects on CYP3A4 DBF biotransformation.

The effects of ABS_CYPOR variants on CYP3A4 activity have
been described in recent studies (Agrawal et al., 2010; Flück et al.,
2010). Many of the ABS_CYPOR variants we presented here were
included in these reports; most noteworthy were the Q153R and
A287P variants. Neither the Flück et al. (2010) nor the Agrawal et al.
(2010) study indicated decreases in CYP3A4 efficiency (kcat/Km) for
variant Q153R versus the �40% loss we describe here for DBF. In
addition, in these two studies variant A287P produced a very severe
defect in CYP3A4 efficiency, contradicting our data showing that this
variant sustained CYP3A4 activity similar to WT CYPOR, with the
interesting exception of erythromycin, a sterically large CYP3A4
substrate (Table 3). Some discrepancies between our data and these
earlier studies can be expected for particular ABS CYPOR variants on
CYP3A4 when different substrates were used. However, results for
the second CYP3A4 substrate DBOMF herein confirm our data for
variants Q153R and A287P. Moreover, our observation that substrate
BOMCC used in the study of Flück et al., (2010) can only be used
with high acetonitrile concentrations, leading to severe inhibition of
CYP3A4, suggests some compromise of their CYP3A4 activity data
due to solvent effects. Although not clinically used, DBF is defined as
a drug-like compound because of its CYP3A4 specificity.

We have used full-length constructs of CYPOR in our studies to
recapitulate the activities observed in human liver microsomes and
based our calculations on the generally accepted turnover of 3000 to
3200 min�1 (Parikh et al., 1997; Guengerich et al., 2009) for CYPOR-
catalyzed cytochrome c reduction. However, the studies by Agrawal
et al. (2010) and Flück et al. (2010) made use of N-terminally
truncated CYPOR variants in their CYP3A4/ABS_CYPOR in vitro
systems. Comparison of the electron transfer efficiency of the full-length
variants (Table 1) with the same variants expressed in the N(27)-deleted
form (values in parentheses) reveals substantial differences.

A second possibility concerns the CYPOR/P450 stoichiometry in these
two studies. Their experiments used ratios strongly favoring CYPOR
(5-fold excess). Although empirical comparisons can be made using
higher CYPOR/P450 ratios, nonphysiological ratios in favor of CYPOR
could produce protein-protein interactions via nonphysiological equilib-
ria. This was demonstrated for CYP3A biotransformation, producing
different results, depending on the relative ratio of CYPOR over
CYP3A4/5 (Emoto et al., 2008; Christensen et al., 2011).

Differences could also result from the in vitro systems applied in
the studies of Flück et al. (2010) and Agrawal et al. (2010) compared

with those used in the present system. These former studies involved
in vitro reconstitution combining purified and membrane-bound pro-
teins, specific phospholipids, and a detergent with the objective of
forming artificial lipid vesicles. This method requires specific proce-
dures to ensure their proper application, including size exclusion
chromatography, to remove adventitious nonincorporated proteins and
the subsequent analysis of lipid vesicles to obtain their actual
CYPOR/P450 stoichiometry. Such characterization of the lipid vesi-
cles as well as a rigorous validation of their use for a detailed study of
the effect of these variants on CYP3A4 were not performed in the
studies of Flück et al. (2010) and Agrawal et al. (2010). Of interest, in
a previous study by Flück et al. (Pandey et al., 2007) in which
ABS-related variants were expressed as full-length proteins, using
more in vivo-like CYPOR:P450 stoichiometries, variant A287P
showed no diminished efficiency to sustain CYP19A1 activity.

In conclusion, we have evaluated the effect of 12 CYPOR variants
on human CYP3A4, using an engineered bacterial model system,
validated as a robust in vitro system for the purpose of CYP3A4-
mediated metabolism studies. Substantial differences were found for
several CYPOR variants, when our data are compared with two
previous studies. Comparison of the experimental approaches of the
current study with previous approaches highlights the importance of
the use of well defined, validated in vitro systems, with full-length
proteins simulating in vivo-like stoichiometric quantities of protein
partners for enzymatic evaluations to assist in making pharmacoge-
netic predictions in biotransformation. It is tempting to predict that
each CYPOR variant will differentially affect interactions with vari-
ous redox partners. Evidence derived from studies performed in our
laboratories with various redox partners (Kranendonk et al., 2008;
Marohnic et al., 2011), as well as those of Flück et al. (2010), Agrawal
et al. (2010), and Dhir et al. (2007), has strongly suggested these
differences. Finally, although there is no perfect system that recapit-
ulates the in vivo environment, it is important to maintain biochemical
principles in measuring catalytic parameters and to attempt to mimic
the in vivo system to the extent possible. Proper validation of in vitro
systems remains an imperative control for their correct application,
such as the use of pooled human microsomes in the present study.
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Pandey AV, Kempná P, Hofer G, Mullis PE, and Flück CE (2007) Modulation of human
CYP19A1 activity by mutant NADPH P450 oxidoreductase. Mol Endocrinol 21:2579–2595.

Parikh A, Gillam EM, and Guengerich FP (1997) Drug metabolism by Escherichia coli
expressing human cytochromes P450. Nat Biotechnol 15:784–788.

Porter TD, Beck TW, and Kasper CB (1990) NADPH-cytochrome P-450 oxidoreductase gene
organization correlates with structural domains of the protein. Biochemistry 29:9814–9818.

Porter TD and Kasper CB (1986) NADPH-cytochrome P-450 oxidoreductase: flavin mononu-
cleotide and flavin adenine dinucleotide domains evolved from different flavoproteins. Bio-
chemistry 25:1682–1687.

Sandee D, Morrissey K, Agrawal V, Tam HK, Kramer MA, Tracy TS, Giacomini KM, and
Miller WL (2010) Effects of genetic variants of human P450 oxidoreductase on catalysis by
CYP2D6 in vitro. Pharmacogenet Genomics 20:677–686.

Shimada T, Yamazaki H, Mimura M, Inui Y, and Guengerich FP (1994) Interindividual
variations in human liver cytochrome P-450 enzymes involved in the oxidation of drugs,
carcinogens and toxic chemicals: studies with liver microsomes of 30 Japanese and 30
Caucasians. J Pharmacol Exp Ther 270:414–423.

Stresser DM, Blanchard AP, Turner SD, Erve JC, Dandeneau AA, Miller VP, and Crespi CL
(2000) Substrate-dependent modulation of CYP3A4 catalytic activity: analysis of 27 test
compounds with four fluorometric substrates. Drug Metab Dispos 28:1440–1448.

Venkatakrishnan K, von Moltke LL, Court MH, Harmatz JS, Crespi CL, and Greenblatt DJ
(2000) Comparison between cytochrome P450 (CYP) content and relative activity approaches
to scaling from cDNA-expressed CYPs to human liver microsomes: ratios of accessory
proteins as sources of discrepancies between the approaches. Drug Metab Dispos 28:1493–
1504.

Vermilion JL and Coon MJ (1978) Identification of the high and low potential flavins of liver
microsomal NADPH-cytochrome P-450 reductase. J Biol Chem 253:8812–8819.

Wang M, Roberts DL, Paschke R, Shea TM, Masters BS, and Kim JJ (1997) Three-dimensional
structure of NADPH-cytochrome P450 reductase: prototype for FMN- and FAD-containing
enzymes. Proc Natl Acad Sci USA 94:8411–8416.
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