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Cytochrome P450 3A4 (CYP3A4), the major P450 present in human liver metabolizes approximately half
the drugs in clinical use and requires electrons supplied from NADPH through NADPH-P450 reductase
(POR, CPR). Mutations in human POR cause a rare form of congenital adrenal hyperplasia from diminished
activities of steroid metabolizing P450s. In this study we examined the effect of mutations in POR on
CYP3A4 activity. We used purified preparations of wild type and mutant human POR and in vitro recon-
stitution with purified CYP3A4 to perform kinetic studies. We are reporting that mutations in POR iden-
tified in patients with disordered steroidogenesis/Antley-Bixler syndrome (ABS) may reduce CYP3A4
activity, potentially affecting drug metabolism in individuals carrying mutant POR alleles. POR mutants
Y181D, A457H, Y459H, V492E and R616X had more than 99% loss of CYP3A4 activity, while POR muta-
tions A287P, C569Y and V608F lost 60-85% activity. Loss of CYP3A4 activity may result in increased risk

Adrenal hyperplasia
Drug metabolism

of drug toxicities and adverse drug reactions in patients with POR mutations.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Cytochrome P450 3A4 (CYP3A4) is responsible for the metabo-
lism of a wide range of drugs and xenobiotics, accounting for an
estimated 50% of all drugs in clinical use including acetaminophen,
diazepam, erythromycin, codeine, cyclosporine A, midazolam, rif-
ampicin and quinidine [1]. In human liver CYP3As are the major
P450 enzyme present, accounting for approximately 30% of total
P450 content [2]. Several commonly used drugs also act as inhibi-
tors of CYP3A4 including antibiotics (erythromycin), anti-retroviral
agents (ritonavir), antidepressants (fluxotine) and calcium channel
blockers (verapamil) [3,4]. A complex interplay of inducers and
inhibitors of CYP3A4 often causes drug-drug interaction and
toxicity problems [3,4]. Cytochrome P450 oxidoreductase (POR,
CPR; NM_000941, NP_000932, EC 1.6.2.4) is the obligate electron
donor for CYP3A4 and other microsomal P450s (Fig. 1). Character-
istics of POR deficiency were long known in the literature as
so-called mixed oxidase disease [5] as POR deficiency typically
shows a steroid profile suggesting combined deficiencies of
steroid 21-hydroxylase (CYP21A2) and 17a-hydroxylase/17,20
lyase (CYP17A1) activities; because, these like other type 2 P450
enzymes, require electrons from NADPH through POR. However,
due to essential role of POR in numerous metabolic reactions,
mutations in POR itself were deemed unlikely [6]; a theory later
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supported by embryonic lethality of POR knocks-out mice [7]. In
2004 we and others reported mutations in POR from patients with
Antley-Bixler Syndrome (ABS) [8-10]. The POR mutations identi-
fied from patients with ABS showed reduced activities of steroid
metabolizing P450s CYP17A1 (17, hydroxylase/17,20 lyase)
[8,11]. More POR mutations have been identified [9,10,12-18]
and allelic variants are listed on CYP/POR database site (www.
cypalleles.ki.se/por.htm) [15]. Many POR variants identified from
patients and normal population have been tested for enzymatic
activities [11,19-22]. While initial studies focused on steroid
metabolizing P450s, several recent studies reported effects of
POR mutations on drug metabolizing P450s [13,23-26]. The overall
physiological role of POR mutations beyond congenital adrenal
hyperplasia (e.g. effects on hepatic drug metabolism, heme oxy-
genase and direct metabolism of small molecules) are still unclear.
A perusal of earlier reports of ABS in some children from mothers
treated with fluconozole, an antifungal agent which interferes with
cholesterol biosynthesis at the level of CYP51 activity, suggests
that disordered drug metabolism may result from deficient POR
activity [27,28]. Fluconozole is a mild inhibitor of CYP3A4 and aro-
matase (CYP19A1) [29]. In a clinical study examining in vivo drug
metabolism by CYP3A4, variations in CYP3A4 itself did not corre-
late with changes in enzymatic activity but the POR variant
A503 V (POR*28 1508C > T) was associated with higher levels of
CYP3A4 activities in a midazolam clearance assay [30].

Since CYP3A4 is the major drug metabolizing enzyme in humans,
a change in CYP3A4 activity in patients may have serious impact on
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Fig. 1. The CYP3A4 activity supported by NADPH P450 oxidoreductase. In the microsomal membranes, CYP3A4 interacts with POR to receive electrons used in metabolism of
drugs and xenobiotics. Heme unit in CYP3A4 is the catalytic center and electrons are transferred through reduced FMN to heme through electrostatic interactions. The POR
and CYP3A4 models were drawn with Pymol (www.pymol.org) based on published structures and models.

their drug metabolizing capabilities. Therefore, we sought to evalu-
ate CYP3A4 activities altered by mutations/polymorphisms in POR,
especially those identified from patients with the ABS phenotype.
We produced WT and mutant human POR and CYP3A4 and used li-
pid based reconstitution to perform enzymatic assays and detailed
kinetic studies. Here we are reporting that mutations in POR found
in patients may reduce CYP3A4 activity, potentially leading to al-
tered drug metabolism in individuals with mutant POR alleles.

2. Materials and methods

2.1. Expression and purification of the wild-type and the mutant POR
in bacteria

Human POR variants were expressed in bacteria and purified as
described previously [23].

2.2. Expression and purification of CYP3A4

The CYP3A4 cDNA [31] in the vector pCWORi+(kind gift of
Dr. F. Peter Guengerich, Vanderbilt University, Nashville, TN,
USA) was transformed in E. coli and recombinant protein was puri-
fied by ion-exchange (DEAE-Sepharose) and gel filtration chroma-
tography (Superdex 200 prepgrade, 1.6 x 60 cm, GE Lifesciences)
on a BioRad DuoFlow FPLC system (BioRad Laboratories, Hercules,
CA, USA) based on methods described previously. The P450 and
heme contents were measured as described previously [32,33].

2.3. Expression and purification of cytochrome bs

Cytochrome bs used in CYP3A4 assay was expressed in E. coli
and purified to homogeneity as described previously [23,34].

2.4. CYP3A4 assays with WT and variant POR

The in vitro CYP3A4 assays were performed using wild-type or
mutant P450 oxidoreductase and cytochrome bs at a ratio of 5:1:1

(POR:CYP3A4:bs) using the fluorogenic substrate BOMCC (Invitro-
gen Corp, Carlsbad, CA). Reaction mixture consisted of 50 pmol
POR, 10 pmol CYP3A4, 10 pmol cytochrome bs in 50 mM HEPES
buffer containing 25 mM MgCl,, 2.5 uM GSH, 0.5 mM sodium
cholate, and 10 pg phospholipid mixture (L-o-dilauroyl-sn-glyce-
ro-3-phosphocholine, L-a-dioleoyl-sn-glycero-3-phosphocholine
and L-o-phosphatidyl-L-serine 1:1:1) in a final volume of 200 pl.
The catalytic reaction was initiated by addition of NADPH to
0.1 mM final concentration and fluorescence was monitored on a
Spectramax M2e plate reader (Molecular Devices, Sunnyvale, CA)
at an excitation wavelength of 410 nm and emission wavelength
of 460 nm. Data were fitted for Michaelis—-Menten kinetics using
Prism (Graphpad Software, La Jolla, CA USA). Carbon monoxide
binding spectra were recorded on a Perkin Elmer Lambda 25 spec-
trophotometer at a slit width of 1.0 nm and scan speeds of 120 nm/
min.

3. Results and discussion

A review of previous enzymatic analysis indicates that effects of
specific mutations causing amino acid changes in POR varies with
different redox partners. From our first report conflicting results
for different target proteins were obtained for different mutation
in POR but in general P450 based assays proved more reliable in
accessing the effects of mutation in relation to clinical observations
[8,11,35,36]. Some general conclusions can be drawn from earlier
studies. POR mutations that lead to loss of FAD binding (R457H,
Y459H, V492E) cause loss of activity in all assays (Fig. 2) [8,11].
Mutations in NADPH binding domain that seem to cause reduced
(C569Y, V608F) or complete loss of NADPH binding also have se-
vere effects in P450 based assays [8,11,14,19,25]. Mutations in
other regions of POR molecule have variable effect and show signif-
icant variation in activities depending on choice of redox partner in
assays. Therefore, no single assay could predict activities of POR
mutations for all redox partners and specific effects of many POR
variants may vary with different partner proteins. As an example
the common POR variant found in European population A287P
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Fig. 2. Kinetics of CYP3A4 supported by WT or mutant POR. Kinetic constants are
shown in table 1. Data were fitted with Michaelis-Menten kinetics model using
Prism as described in methods.

has only a mild loss of cytochrome c (cyt c¢) reduction, NADPH oxi-
dation, and 17-OH hydroxylation activities but shows significantly
lower activities in supporting 17,20 lyase, CYP1A2 and CYP2C19,
and has similar to WT activity for CYP19A1 and CYP21A2. There-
fore, each POR variants will require testing with CYP3A4 and other
drug metabolizing P450s to assess its effects.

3.1. Activities of POR variants

Purified preparations of CYP3A4 were used to test the activities
of the POR variants. A115V found as a hetrozygote is a conserva-
tive change and retained similar to WT activity with CYP3A4 (Table
1), similar to CYP17A1 assays (Table 2). The POR variant Y181D re-
sulted in total loss of CYP3A4 activity while T142A had about 80%
of normal activity (Table 1). In human POR residues Y143 and Y181
are directly involved in FMN binding [37]. The POR variant Q153R
had Vmax values 25% higher than WT (22.9 vs 18.2 nmol/min/
nmol P450) (Table 1, Fig. 2) while variant P228L had close to WT
activity. The POR variant A287P which is identified as the major
mutation found in “European”/“Caucasian” population showed
75% loss of CYP3A4 activity (Table 1, Fig. 2). The A287 residue is

Table 1

Activities of CYP3A4 supported by WT or mutant POR. Purified preparations of WT
and mutant POR were mixed with phospholipids and CYP3A4 and activities were
assayed using fluorogenic substrate BOMCC as described under experimental
procedures.

POR km (puM) Vmax (nmol/ Vmax/km Kcat
min/nmol) (% of WT) (1/s)
WT 18.9+3.7 182+13 0.96 (100) 0.30
A115V 20.7+2.8 169+ 1.6 0.82 (85) 0.28
T142A 19.2+25 15.8+5.2 0.82 (85) 0.26
Q153R 20.0+3.9 229+1.7 1.14 (119) 0.38
Y181D - - - -
P228L 183+34 17.8+24 0.97 (101) 0.29
A287P 19.3+5.8 49+0.5 0.25 (26) 0.08
R316 W 18.1£35 193 +2.6 1.06 (110) 0.32
G413S 21341 20.5+1.8 0.96 (100) 0.34
R457H - - - -
Y459H - - - -
V492E - - - -
A503V 17.9+34 18413 1.03 (107) 0.31
G504R 20.2+£3.7 18.1+3.0 0.89 (93) 0.30
C569Y 2299+2.4 72+03 0.31(32) 0.12
V608F 253+3.8 3.7+0.2 0.15 (16) 0.06
R616X - - - -
V6311 19.7£3.1 169+24 0.85 (89) 0.28
delF646 18.2+3.8 152+19 0.84 (88) 0.25

located in the hinge region of POR. The A287P variant has variable
effect on various partner proteins of POR; the 17,20 lyase activity
of CYP17A1 is significantly reduced while 17 hydroxylase activity
of CYP17A1 is affected to lesser extent and activities of CYP19A1
and CYP21 are unaffected [19,38] (Table 2). The POR variants
R316 W, G413S identified as polymorphisms also had similar to
WT activities. However, the mutations affecting binding of FAD;
R457H, Y459H and V492E, resulted in total loss of CYP3A4 activity.
Electron transfer from NADPH to FAD is crucial in POR and its dis-
ruption also results in loss of CYP17A1, CYP1A2, CYP2C19 and cyt ¢
reduction activities (Table 2). The two POR polymorphs A503 V and
G504R found in a loop behind FAD binding site retained close to
normal activities. POR mutations C569Y and V608F resulted in
65-85%% loss of CYP3A4 and R616X mutations that results in
C-terminally truncated protein lost all activity (Table 1). In the
3D structural model of human POR based on the crystallographic
structure of rat POR, C569 interacts with NADPH with distances
of 3.05 and 3.42 A (for human POR) [37]. A change from cysteine
to tyrosine will change the binding of NADPH and reduce electron
transfer efficiency for the mutated POR. Valine 608 is next to tyro-
sine 607 and lysine 605 which have multiple contacts with NADPH
especially between OH group of tyrosine and first orthophosphate
group of NADPH with a distance of 2.96 A and second orthophos-
phate group of NADPH is at a distance of 2.49 A from lysine 605.
A change from valine to phenylalaline is likely to disturb the
NADPH binding site. CYP3A4 assays both V6311 and delF646 had
about 90% of WT activities. Although the conservative mutant
V6311 lies in a highly conserved segment of the NADPH binding
domain, it retained normal activity in the cytochrome c assays
and 40-50% of activity in the CYP17A1 assays. In-frame deletion
of F646 had no effect on 17a-hydroxylase activity but a 54% reduc-
tion in 17,20 lyase activity.

Many patients described with apparent combination of defects
in enzymatic activities of CYP17A1 and CYP21A2 in the literature
revealed no mutations upon analysis of CYP17A1 and CYP21A2
genes and underlying molecular basis of defect in those patients
remained unclear till identification of POR mutations by us and
other investigators. Initial POR mutations were identified from pa-
tients with apparent combined 17a-hydroxylase, 21-hydroxylase
deficiency (OMIM 201750) and a broad spectrum of clinical charac-
teristics ranging from severe neonatal skeletal malformations with
genital ambiguity (known as Antley Bixler's syndrome; OMIM
207410), to phenotypically minor polycystic ovary syndrome like
features [8,11,21,23,37]. Previously we and others have shown that
mutations in POR may severely affect activities of several steroid
metabolizing enzymes. Abnormal drug metabolism in patients
with POR mutations have so far not been investigated clinically
but some in vitro studies have been performed [23,25,26,39,40].
However, since POR is the electron donor for major drug metabo-
lizing P450 CYP3A4, we examined the effect of POR variants on
CYP3A4 activity to evaluate the effect of POR variants on drug
metabolism and predict their consequences in cases of POR
deficiency.

The common POR mutations in European population (A287P) as
well as common Japanese mutation (R457H) are severely affected
by POR mutations in supporting CYP3A4 activity. Further examina-
tion of patients carrying these mutations will be required to exam-
ine clinical significance of reduced CYP3A4 activity in POR
deficiency. Mutation Y181D has shown no activity in all P450
based assays (CYP17A1, CYP2C19, CYP2A1) studied so far appar-
ently due to loss of FMN binding [21,23,37,39] (Table 2). In agree-
ment with results from previous studies POR mutations that
destroy FAD binding (R457H, Y459H, V492E) resulted in loss of
CYP3A4 activity [8,11]. Mutations in NADPH binding domain
(C569Y and V608F) had slightly less severe effects [8,11,14,
19,25]. An investigation of redox levels in cellular environment of
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Table 2

WT or mutant POR activities towards CYP3A4 compared with previously reported effects on other redox partners. Data for other studies were
compiled from published studies on effects of POR variants [8,11,14,19,25].

POR 3A4 Cyt c reduction NADPH Oxidation 170H-ase 17,20 lyase Aromatase 1A2 2C19
WT 100 100 100 100 100 100 100 100
A115V 85 63 41 80 71 -

T142A 85 49 52 60 54 - 3 -
Q153R 119 9 11 31 27 - 144 284
Y181D - - - - - - -
P228L 101 75 72 100 41 - 20 39
A287P 26 93 104 40 21 104 - -
R316 W 110 61 77 94 141 - 109 100
G413S 100 76 100 83 110 - 73 104
R457H - 1 - 3 - 1 - -
Y459H - - - 11 - - - -
V492E - - - 3 - <1 - -
A503V 107 67 56 68 58 - 85 113
G504R 93 53 47 91 103 - 82 140
C569Y 32 18 7 28 13 51 6 -
V608F 16 8 3 80 57 24 5 -
R616X - - 6 - - - - -
V6311 89 74 23 51 40 - 6 23
delF646 88 36 94 97 46 - - -

POR and available NADPH/NADP concentrations will be required to
realistically access effects of these variants. Studies in which C569
of human POR was alkylated with iodo-acetic acid eliminated
activity, implicating a role for cysteine 569 in binding of NADPH
to human POR [41]. The C566S mutagenesis experiment in rat
POR (C569 for human) showed a 4.6-fold higher km value for
NADPH [42] but alkylation of cysteines in pig POR did not change
activity [43]. The mutation C569Y, found in a patient with disor-
dered steroidogenesis but without ABS [8], shows a higher km
for NADPH, has 13% of 17,20 lyase activity, 28% of 17a-hydroxylase
activity and 50% aromatase activity (Table 2). The C569Y mutation
was found as a compound heterozygote with V608F [8] which re-
tained 57% of 17,20 lyase activity and 80% of 17a-hydroxylase
activity, thus explaining that individual’s hormonal profile resem-
bling isolated 17,20 lyase deficiency. An excess of NADPH may be
able to overcome some of the NADPH binding defect as binding
does not seem to be completely destroyed. Several earlier experi-
ments were performed under cofactor concentrations optimal for
enzymatic activities of P450 enzymes (1 mM NADPH) and probably
need repetition with 1-100 pM NADPH.

POR interacts with all 50 human microsomal P450 enzymes,
and as the interactions with different P450 enzymes will vary with
the geometry of the redox-partner binding site of the P450, no as-
say based on a single P450 enzyme will reliably forecast all the
consequences of a specific POR mutant. Interactions between
POR, P450s and their substrates in the microsomal membranes
may cause conformational changes in the flavin- and NADPH-bind-
ing domains in POR [44,45], as well as inducing conformational
binding site changes in the interacting P450 partners. The mecha-
nisms of POR interactions with different cytochromes P450 and
other electron acceptors may vary with each enzyme, and further
complications may arise by the binding of substrates with P450
that might itself undergo conformational changes after substrate
binding.

We have shown that some mutations in POR identified from pa-
tients may lead to reduced CYP3A4 activities in vitro. Based on the
severity of effect caused by some of the mutations we are recom-
mending that prescription of medication to patients with POR
mutations known to reduce CYP3A4 and other drug metabolizing
enzyme activities should be monitored carefully for signs of ad-
verse drug reactions and adjustments be made to account for lower
levels of enzymatic activities. Further studies to directly measure
the in vivo drug metabolism in patients with POR mutations will
be required to assess metabolic effects of reduced CYP3A4 activity

in affected individuals. Some commonly occurring polymorphisms
of POR may also have variable effects on drug metabolizing P450s
and will need to be evaluated by in vitro as well as in vivo drug
clearance tests.
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