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Identification of six novel P450 oxidoreductase 
missense variants in Ashkenazi and Moroccan 
Jewish populations

The enzyme NADPH–P450 oxidoreductase 
(POR, EC 1.6.2.4.) is a membrane-bound 
microsomal protein that contains both flavin 
adenine dinucleotide (FAD) and flavin mono-
nucleotide (FMN) moieties. The principal func-
tion of POR is to transfer electrons from reduced 
NADPH to all known microsomal (type  II) 
CYP enzymes [1]. By interacting with microsom-
ally localized cytochrome P450 enzymes, POR 
participates in xenobiotic and drug metabolism, 
and in steroidogenesis. 

Human POR is encoded by a single gene, 
POR, which is located on the long arm of chro-
mosome 7 [2]. POR contains 15 protein-coding 
exons (exons 1–15) and one noncoding exon 
(exon 1U) [3]. Human POR is a 79 kDa pro-
tein containing 680 amino acid residues. The 
crystallographic structure of rat POR revealed 
that the molecule is composed of four structural 
domains: (from the N‑ to C‑termini) the FMN-
binding domain, the connecting domain, and 
the FAD- and NADPH-binding domains [4]. A 
sequence of 25 amino acids in the N‑terminal of 
the protein determines the microsomal localiza-
tion of the protein and its linkage to the mem-
brane [5]. The recently published structure of 
human POR confirmed that these features are 
conserved [6]. The enzyme functions as a mono-
mer in solution and requires the hydrophobic 
N‑terminus for interaction with CYPs [5]. 

In recent years, investigation of POR has 
become an issue of great interest and a large 

number of new POR genetic variants have been 
described [7–15,101]. Phenotypic manifestations of 
POR variation cover a wide spectrum of develop-
mental outcomes. The POR knockout of the Por 
gene in mice leads to embryonic lethality [16]. 
It was found that Por deletion does not block 
early embryonic development, but has pro-
found impact on progression past midgestation 
[16]. Defects in the development of Por-deleted 
mice may be related to the adverse effects of 
elevated retinoids caused by defective function 
of the POR-dependent retinoic acid-metaboliz-
ing CYP26 enzymes [17]. On the other hand, 
liver-specific deletion of the Por gene yields 
morphologically and reproductively normal 
mice that accumulate hepatic lipids and exhibit 
impaired hepatic drug metabolism [18]. Notably, 
silencing of POR by siRNA in primary human 
hepatocytes induced upregulation of CYP3A4 
but did not affect CYP1A2 or CYP2D6 expres-
sion [19]. Thus, levels of POR expression may be 
linked to those of certain CYP enzymes [19]. In 
humans, POR mutations are less severe than 
total gene deletion, since they provide some 
degree of residual POR activity. Disorders asso-
ciated with POR mutations, referred to cumu-
latively as ‘POR deficiency’ (OMIM #201750), 
comprising a number of divergent steroidogenic 
anomalies (e.g., ambiguous genitalia, female vir-
ilization and decreased male masculinization) 
are often accompanied by several craniofacial 
and skeletal malformations (e.g., brachycephaly, 
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bowed femora, radioulnar and radiohumeral 
synostoses) characteristic of Antley–Bixler syn-
drome [10,11,20]. In addition to the developmental 
defects associated with reductase deficiency, the 
involvement of POR in drug metabolism has 
recently also made POR the subject of intense 
investigation. It is known that CYPs from 
families CYP1–CYP3 mediate 80–90% of all 
phase  I-dependent metabolism of drugs used 
clinically [21,22]. Therefore, it is reasonable to 
assume that discontinuity in the electron flow 
from POR to CYPs, caused by POR polymor-
phisms, would have deleterious effects on drug 
oxygenation. A number of sequence variants 
found in POR give rise to the question of whether 
such variants might contribute to interindividual 
variations in drug response (both drug safety 
and efficacy). Ideally, all patients would be 
genotyped for relevant genetic markers before 
initiation of drug therapy. As an interim research 
step to supplement individual genotyping, pop-
ulation studies might be performed for identi-
fying relative allele frequencies. To date, four 
POR pharmacogenetic studies have been carried 
out, gathering allelic frequency data from four 
ethnic groups (Caucasian, African–American, 
Hispanic and Asian) [12–14,23]. Many areas of 
the world remain under-represented in current 
clinical genetics and pharmacogenetics research 
[24,25], which contributes to our limited knowl-
edge of POR polymorphisms. Here we present 
POR allele frequencies of two additional ethnic 
groups, Ashkenazi Jewish (AJ) and Moroccan 
Jewish (MJ) and compare our results with data 
from other studies. 

Materials & methods
�� Samples

Anonymous DNA samples were obtained from 
the collection of The National Laboratory for 
Genetics of Israeli Populations (NLGIP; [102]) at 
Tel Aviv University (Tel Aviv, Israel). All sam-
ples in the study group (301 individuals) were 
from healthy, unrelated adult donors who have 
self-identified their ethnicity as AJ (35 males 
and 130 females) or as MJ (57 males and 79 
females). Notably, women were more likely to 
donate blood samples to the NLGIP biobank 
compared with men and this fact is reflected 
by their higher representation in these DNA 
samples [26].

�� DNA analysis
Two approaches for POR analysis were used. A 
new-generation amplicon high-resolution melt-
ing (HRM) method was implemented. It has 

been demonstrated that the HRM method is a 
useful screening tool for detecting DNA varia-
tions [27]. When the project was initiated, the 
HRM method was optimized only for the POR 
exons 1, 2, 5 and 6. POR exons 1U, 3, 4 and 7–15 
were sequenced directly with a forward primer. 
Identified DNA variations were confirmed by 
independent sequencing of the second PCR 
product from both directions. Using the HRM 
method, amplicons that resulted in an altered 
melting curve compared with controls were sub-
jected to direct sequencing from both directions.

Specific primers in the intronic regions flank-
ing the 16 exons were designed to avoid the 
known polymorphisms and minimize undesir-
able base pairing interactions. Exon pairs 8 and 
9, 12 and 13, and 14 and 15 were amplified as 
single PCR products, named E89, E1213 and 
E1415, respectively. All 13 sets of primers and 
the sizes of the specific PCR products are listed 
in Table 1.

�� HRM
PCR was performed using a 1× concentration 
of the saturating DNA dye LCGreen® Plus 
(Idaho Technology, UT, USA), 1× Plain PP 
Combi Master Mix for E1 and E2 or 1× PP 
Master Mix for E5 and E6 (both from Top-Bio, 
Prague, Czech Republic), 0.1 µM forward and 
0.1 µM reverse primer, 4% (E1 and E2) and 8% 
(E5 and E6) dimethyl sulfoxide, 25 ng of DNA 
template, and PCR-grade water were adjusted 
for a 10-µl final PCR reaction volume. The 
reaction mix was overlaid with 15 µl of mineral 
oil (Sigma-Aldrich, MO, USA). All PCR reac-
tions were performed in duplicate using a DNA 
Engine Dyad Cycler (Bio-Rad, MA, USA). The 
thermal cycling profiles were as follows: initial 
denaturation at 94°C (2 min), amplification: 
40 cycles of denaturation at 94°C (30 s), anneal-
ing at 58°C (E1 and E2) and 62°C (E5 and E6; 
30 s), extension at 72°C (40 s), final extension 
at 72°C (5 min). The PCR products were incu-
bated for an additional 30 s at 94°C followed 
by rapid cooling to 20°C. After amplification, 
melting acquisition was performed on the Light 
Scanner (Idaho Technology), in which DNA 
samples were melted by gradually increasing the 
temperature from 55 to 98°C at a rate of 0.1°C/s.

�� HRM analysis
Upon completion of the run, data were ana-
lyzed using the LightScanner Software ver-
sion 1.5. The melting curves were normalized 
and the temperatures shifted (80–90°C for the 
lower temperature range and 85–95°C for the 
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upper temperature range) to allow samples to 
be directly compared. Samples were then auto-
matically clustered into groups and the melting 
curves and the plots inspected. The sensitivity 
level was set at 1. Differences were considered as 
significant if the replicates fell outside the range 
of the variations seen in the wild-type samples. 

�� DNA sequencing
PCR was performed using a 1× PP Master Mix 
(Top-Bio), 0.1 µM forward and 0.1 µM reverse 
primer, 4% (E4, E5, E6, E7, E89, E1213 and 
E1415) and 8% (E1U, E1, E2, E3, E10 and E11) 
dimethyl sulfoxide, 25 ng of DNA template and 
PCR-grade water adjusted for a 12.5-µl final 
PCR reaction volume. Thermal cycling profiles 
were as follows: initial denaturation at 94°C 
(2 min), amplification: 33 cycles of denatura-
tion at 94°C (30 s), annealing at 55°C (E1 and 
E2), 58°C (E1U) and 64°C (all other exons; 
30 s), extension at 72°C (40 s) and final exten-
sion at 72°C (5 min). PCR reactions for all exons 
were carried out using a DNA Engine Dyad® 
Cycler. Post-PCR clean-up was performed by 
adding 0.5 U of shrimp alkaline phosphatase 
and 10 U of exonuclease I (both from Fermentas, 
Burlington, Canada) to 2 µl of the PCR prod-
uct and the final volume of the reaction was 
adjusted with PCR-grade water to 10 µl. The 
reaction mixture was subsequently incubated in 
a DNA Engine Dyad Cycler for 15 min at 37°C 
and then for 20 min at 80°C. Sequence ana
lysis of amplified DNA was performed using the 
BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems, CA, USA). The amplicons 
were sequenced on the automatic sequencer ABI 
3130xl Genetic Analyzer (Applied Biosystems). 

�� Statistical method 
Statistical analysis was performed by using the 
STATISTICA  10 software (StatSoft, Czech 
Republic) and Pearson’s c2 test. 

�� Haplotyping studies
The linkage disequilibrium (LD) and haplo-
type block estimation analyses were performed 
using the Genotype Resolution and Block 
Identif ication using Likelihood (GERBIL) 
algorithm [28] implemented in Genotype 
Visualization and Algorithmic Tool (GEVALT) 
version 2 software [29].

Results
To identify POR gene variations in the AJ and 
MJ populations, we sequenced first untranslated 
exon 1U, 15 coding exons and approximately 

20 bp of the intronic sequence flanking these 
exons in 301 individuals. A total of 30 POR SNP 
genetic variations (Table 2) were identified, nine 
of which were found in the noncoding regions 
(introns and exon 1U) and 21 in the protein-
coding regions (exons). From the 21 variations 
found in exons, ten were synonymous and 11 
were missense SNPs. Missense variants found in 
the cohort are summarized in Figure 1. 

In this study, we have identified 12 new 
genetic variations, three of which were found 
in noncoding regions, while the other nine 
were found in exons (Figure 1). From the novel 
exonic variants, three silent mutations Y143Y, 
Y248Y and S400S (according to the GeneBank 
accession number NP_00932.3) were present in 
four, one and one heterozygous MJ individu-
als, respectively, but were not found in the AJ 
group. Six of the newly described POR vari-
ants changed the encoded amino acid (S102P, 
V164M, V191M, D344N, E398A and D648N). 
Each of the above missense SNPs were found 
on a single allele; V164M, D344N and E398A 
in the MJ population and S102P, V191M and 
D648N in the AJ population. In one MJ sample, 
the double mutation (V164M and E398A) has 
been identified. 

No significant differences in the allele fre-
quencies of known variants described in the 
present study or the allele frequencies obtained 
in previous studies were found. Eight of the 30 
identified SNP variants had allele frequencies 
greater than 10% in both MJ and AJ groups. 
From the remaining SNPs, one variant exhibited 

Table 1. Primers used for POR genotyping.

  Primer F (5´–3´) Primer R (5´–3´) Length of 
PCR product

E1U cgtaccaagagcgcaaat gagataccgagccctaacc 493

E1 accctctgctgacatctgct caccccaaaatgctacaagg 347

E2 ctgtaggggaaatgggaagg acatcctctatgcggtgacg 385

E3 agaagggactcaaagccaggaa aaggcaacttccgaggacg 396

E4 tcccacgacactcagacatcc attctcgtagtgctggggtctg 453

E5 gcccagtgttccttgcagtg ctctgtgttggaggtgcgtgt 407

E6 ccttcctgatgctctgggttt gtggcagagtgagtccttggct 407

E7 gctcccctgcttcttgtcgt ctcagtacaaactgggcgagtg 428

E89 gagattccctgtgctttgtgc cctaagcagaagctcaaccca 524

E10 gccttgtttccagcaccag tcctaagagacacgggggtga 415

E11 cgcaagatggcctcctcct ccttgcactctgcctgctgt 354

E1213 tgcagaacgggacttggg agcctcatgcccaccttcgt 605

E1415 gagcagtcccacaaggtgaga gccaaacacacccaggagactac 515

F: Forward; R: Reverse.
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an allele frequency greater than 1% in both AJ 
and MJ groups, while three variants exceeded 
1% only in the MJ group (rs72553977, T29T 
and Y143Y). The common variant A503V 
(POR*28) was present at an allele frequency of 
20.6% in the MJ group and 29.4% in the AJ 
group. Although the difference between the AJ 
and MJ groups in A503 frequencies is statisti-
cally significant (p < 0.02), it still fell into the 
range of allele frequencies found in previous 
studies (Table 2). Three other nonsynonymous 
amino acid variants found in the current study 
(A115V, P228L and V631I) were present on just 
one allele. In the sample with the P228L vari-
ant, the heterozygous variant A229A was also 
found. The variant E300K was reported in two 
AJ samples, but not in the MJ population. 

We reported four genetic variations in the 
first untranslated exon (Table 2). Two of them 
(rs3823884 and rs72553977) are known poly-
morphisms described in a previous study [13]. 
Two genetic variations are new (5003A>C and 
5078G>T according to the NG_008930.1), 
not previously reported. Interestingly, both 

undescribed genetic variations were found only 
in the AJ population, while polymorphism 
rs72553977 was found only in the MJ popu-
lation. Distribution of the allele rs3823884 is 
similar to the frequency of this allele in the 
Caucasian population [13].

Twenty and 22 polymorphic markers were 
used for LD and haplotype block identifica-
tion analyses in AJ and MJ, respectively. As 
depicted in Supplementary Figure 1 (see online at: 
www.futuremedicine.com/doi/suppl/10.2217/
pgs.12.21) we detected a similar pattern of con-
siderable LD across the POR region in both AJ 
and MJ populations. We identified four and six 
haplotype blocks in AJ and MJ populations, 
respectively, in both cases with indication of 
high values of multiallelic D´ between the blocks 
(Supplementary Figure 2). In both populations, most 
of the haplotype combinations corresponded to 
the reference sequence or its variants without 
amino acid changes (POR*1) – over 60% both 
in AJ and MJ. POR*28 (A503V)-containing 
haplotypes were present in approximately 20% 
of MJ and 28% of AJ individuals. The remain-
ing haplotype block combinations were present 
in low frequencies.

Discussion
Pharmacogenetics determine correlations 
between individual DNA sequence variations 
and variability in drug response [30]. It is often 
mentioned in connection with adverse drug reac-
tions (ADRs), which represent a major public 
health concern [31]. There is evidence that drug 
therapy based on an individual’s genetic makeup 
may result in a clinically significant reduction in 
adverse outcomes [32]. According to this study, 
56% of drugs implicated in ADRs are metab-
olized by phase I enzymes, of which 86% are 
POR-dependent CYPs. In light of these findings, 
knowledge of the effects of POR variation on 
CYP activity has a potential for predicting ADRs 
and developing diagnostic tools for improving the 
safety and efficacy of CYP-metabolized drugs. 

This information could provide the basis to 
yield more efficient and safer drug therapies. 
Until recently, variability in phase I biotrans-
formation of drugs and other xenobiotics was 
attributed almost exclusively to polymor-
phisms in CYP genes, the drug and xenobi-
otic metabolic consequences of which have 
been well characterized [33]. Since POR is the 
unique electron donor to all microsomal CYPs, 
the contribution of common POR variants to 
inter- and intra-individual variability is of great 
pharmacogenetic interest. 

D344N

E398A

S102P

L228P

A115V

V191M

V164M

FMN

E300K

NADPH FAD

V6311
Ashkenazi
Moroccan

Figure 1. Missense variants found in the Jewish population. The structure of 
human POR [19] is shown, gray ribbons indicate the peptide backbone. FAD (yellow) 
and FMN (blue–gray) cofactors and NADP(H) coenzyme (only 2 ,́5´-ADP of NADP+ 
was structurally resolved, pink) are shown in stick configuration. Amino acid 
residues corresponding to Ashkenazi Jewish variants (red) and Moroccan Jewish 
variants (blue) are shown in space-filling configuration (see inset labels). 
FAD: Flavin adenine dinucleotide; FMN: Flavin mononucleotide.
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Four recent studies have investigated the role 
of POR gene variants in relation to pharmaco-
genetics [12–14,23]. The present study confirmed 
several of the already reported common POR 
SNPs (>10%) and their allelic frequencies in MJ 
and AJ populations were found to be consistent 
with the allele frequencies obtained in the previ-
ous reports in other ethnic populations includ-
ing African–Americans, Caucasian–Americans, 
Chinese–Americans, and Mexican–Americans 
(see Table  2). Notably, although genetic stud-
ies have shown that different Jewish ethnic 
groups including Ashkenazi Jews share distinct 
common Middle-Eastern origins, each Jewish 
group shows evidence of gene flow from local 
populations [34,35]. Thus, it was of interest to 
study POR mutations in both Ashkenazi and 
Moroccan Jews, despite these two ethnic groups 
having been separated from one another for 
approximately only two millennia.

All but two of the common variants identi-
fied in the study samples have little or no meas-
urable effect on the POR activity [23,36], which 
suggests that they do not contribute to the dif-
ferences in drug-metabolizing phenotypes. The 
common A503V variant, previously investigated 
in recombinant assays, showed only modest 
influence on the 17a‑hydroxylase enzymatic 
activity, but did not modify function of either 
CYP1A2 and CYP2C19 [36] or 21‑hydroxylase 
activity [37]. Further investigation of this variant 
in microsomal studies by Hart et al. [12] and by 
Gomes et al. [23] did not reveal any significant 
association between the A503V POR variant and 
altered drug-metabolizing CYP activity. Thus, 
the authors concluded that its role as a pharma-
cogenetic marker appears to be negligible. On 
the contrary, in two recent studies the A503V 
variant was found to reduce CYP3A4 activ-
ity to 61–77% of wild-type with midazolam 
and testosterone [38] and CYP2D6 activity to 
53–62% with dextromethorphan and bufuralol 
[39]. As indicated, the impact of A503V on CYP 
activities may vary greatly depending on the 
CYP enzyme and the substrate metabolized, 
but it seems that in particular cases it could be 
used to explain differences in drug metabolism. 
Another common intronic variant (rs22868232) 
found here has been identified as an effector of 
CYP drug-oxidation activity [23]. In the POR 
functional analysis of Hart et al., an intronic 
polymorphism rs41301427 was also found to 
be associated with a decrease in POR function 
[12]. In the present study, we have examined 
only exonic and flanking intronic regions of 
the POR gene, but the importance of screening 

POR noncoding regions is clear. Among the 
MJ and AJ populations analyzed here, none 
of the known POR amino acid changes or 
frameshift mutations (T142A, Q153R, Y181D, 
N185K, M263V, A287P, R457H, Y459H, 
V492E, G539R, L565P, C569Y, L577R, Y578C, 
V608F, R616X, delF646, delE217, I444fsX449, 
L612W620delinsR, 1363delC, 697–698ins-
GAAC and delP399_E401) associated with 
POR deficiency were found [8–11,15,40]. In this 
study, we have detected 11 amino acid substi-
tuted variants. Five (A115V, P228L, E300K, 
A503V, V631I) are already known and described 
in the CYP database [101]. The amino acid vari-
ant E300K reported by the SNP consortium 
[103] was found in our study in two heterozygous 
samples. According to Agrawal et al. E300K has 
practically no effect on CYP activity, but diverse 
outcomes can be expected with different pro-
tein partners [36]. The variant A115V was first 
described by Huang et al. [11] and recombinant 
expression and analysis of the A115V-mutant 
activity showed complete loss of function with 
drug-metabolizing CYPs, whereas the activ-
ity for the steroid-metabolizing CYPs was not 
dramatically affected [36,41]. These diametri-
cally opposed results with different CYPs are 
interesting since this residue is located in the 
hydrophobic core of the FMN domain, which 
from structural considerations can accommo-
date the Val side chain [6]. This mutation would 
not be predicted to affect function. Also, two 
other POR variants, P228L (first described on 
the BioVentures Website [104]) and V631I (iden-
tified by Huang et al. [11]), exhibit significantly 
decreased support of CYP1A2- and CYP2C19-
mediated activities, but do not appear to sub-
stantially affect steroid-metabolizing CYPs [41]. 
Comparatively low activities of these two vari-
ants for several CYPs were determined by Gomes 
et al. [23]. Neither A115V, P228L nor V631I was 
associated with POR deficiency. In the previ-
ous report, all three variants were considered 
rare and not ordinarily present in the common 
population [23]. Indeed, in our present study they 
were observed only once each (on one allele). 
Considering the number of samples in the per-
formed studies (99 [12], 842 [13], 150 [23], 235 
[14] and 301 [present study]), it is probable that 
they exist at higher frequency among the greater 
population. A possible higher frequency of the 
mentioned variants, together with the fact that 
they play an important role in the activity of the 
drug-metabolizing CYPs, led us to hypothesize 
that they could represent a potential biomarker 
for future POR pharmacogenetic screening, at 
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least in the Jewish populations studied here. For 
further investigation, allele frequency data from 
a larger population will inevitably be required. 
Six of the 11 exonic POR nonsynonymous poly-
morphisms are new, and are reported here for the 
first time. The structure of human POR (Figure 1) 
allows us to localize the new genetic variants 
and to predict their impact on POR activity [6]. 
Residue S102 is situated in the middle of helix B 
of the FMN-binding domain. Since proline resi-
dues are known to be helix breakers, the S102P 
mutation would introduce a kink in helix B. In 
addition, the OH group of S102 makes a hydro-
gen bond with the carbonyl oxygen of G112 of 
the neighboring b‑strand that would not be pos-
sible in the S102P variant. Replacement of S102 
with a proline would result in destabilization 
of the entire FMN domain, thereby producing 
functional consequences. V164 is a surface-
exposed residue in close proximity to residues 
that were previously shown to act in membrane 
binding and orientation of the POR [42]. Variant 
V164M may therefore affect the association of 
POR with the microsomal membrane. V191 is 
located in the middle of a helix that forms part 
of the FMN-binding site with side-chain atoms 
facing inward [9]. Valine to methionine substitu-
tion at residue 191 may thus influence binding 
of the FMN. Moreover, the previously described 
mutations Y181D and N185K that lie close to 
the residue V191 drastically compromise POR 
activity [8,11,43]. The additional three variants 
(D344N, E398A and D648N) change amino 
acids in the surface-exposed residues. D344 is a 
solvent-exposed surface residue located at the top 
of the connecting domain on a short random coil 
between a b‑sheet and an a‑helix. E398 is also a 
solvent-exposed surface residue facing outward 
from the connecting domain but is located on 
a sharp turn between two a‑helices. D648 is 
a solvent-exposed surface residue located on an 
a‑helix that forms part of the adenine binding 
site within the NADPH pocket, but is located at 
the opposite end of the helix. Variants D344N, 
E398A and D648N all occur in the connecting 
domain and change the charge of the residue 
involved. However, because they are directed 
toward the surface in a region unlikely to inter-
act with CYPs, these charge changes probably 
will have no effect on POR function. 

Recent studies also outlined the question of 
the role of genetic variations in the first untrans-
lated exon and in POR promoter regions [44,45]. 
Sequencing of 274 bp of the human POR pro-
moter revealed three common polymorphisms 
(‑208, ‑173 and ‑152) [13]. A transcriptional study 

by Tee et al. showed that one of these polymor-
phisms (‑152) might play a role in steroid bio-
synthesis and drug metabolism [45]. Soneda et al. 
described two deletions encompassing exon 1U 
in two patients with POR deficiency and showed 
a pivotal role of the evolutionally conserved SP1 
binding sites in the POR transcription initia-
tion site [44]. Moreover, approximately 12% of 
patients with POR deficiency are known to have 
one apparently normal POR allele [46] indicating 
that the second mutation should be somewhere 
in the unstudied regions of the POR gene. Thus, 
the importance of exploring noncoding regions 
of POR is clear. In our study, we focused on the 
exon 1U and found four genetic changes within 
this exon, two of which are previously unde-
scribed. Future studies are planned which will 
also investigate promoter regions. 

Our results confirm both the strong LD 
pattern across the POR region as well as the 
most prevalent POR*1 and POR*28 haplo-
types as reported previously in Caucasian [23] 
and Japanese [14] subjects. The apparent differ-
ences in the inferred haplotype block structure 
in AJ and MJ populations from the previously 
published studies may result from utilization of 
rather distinct algorithms and the relatively lim-
ited number of frequent alleles in the AJ and MJ 
datasets. Actually, given the incomplete coverage 
of the promoter variants in the study by Gomes 
et al. [23] and the limited historical recombina-
tions between the blocks in the current study, 
the differences may well be reconcilable if both 
sets are analyzed in a unified fashion.

Several new findings have been highlighted 
in recent POR functional studies, representing 
important implications for further research. A 
number of studies have confirmed that the effects 
of different POR mutations depend on both 
the particular CYP and the substrate assayed 
[36,39,40,47]. For that reason, the residual activity 
of a particular CYP for a particular drug may 
not be predictive for every CYP, or even other 
drugs metabolized by the same CYP enzyme, or 
other POR-dependent enzymes. Thus, numer-
ous electron acceptors must be tested separately 
with each POR mutant for assessing the effect of 
each POR variation on drug metabolism.

Much remains to be clarified about the effects 
of POR mutations on the mechanism of POR 
action. In some cases, mechanisms that alter pro-
tein activity are quite well understood [40,48,49]. 
For example, deleterious mutants Y459H and 
V492E result in loss of POR function due to 
diminished affinity of the mutant protein for the 
essential FAD cofactor [48]. Mutations affecting 
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the FMN-binding domain, N185K and Y181D, 
compromise binding of the FMN moiety and 
therefore ablate nearly all POR activity [8,11,43]. By 
contrast, residue L577 participates in maintain-
ing the NADPH-binding domain structure with 
the L577R variant retaining 27–46% of wild-
type activity, depending on the tested substrate 
[40]. Finally, solvent-exposed mutations such as 
Q153R [11], which could alter the distribution of 
surface charge of the electron-donating FMN 
domain, result in different effects on POR activi-
ties with different substrates [36]. Some authors 
hypothesized that differences in the activity of 
the POR variants may be due to conformational 
changes in POR [36,50]. Mutations important for 
FMN and FAD binding may thus be expected 
to result in deleterious POR activity impair-
ment with all CYPs, while mutations changing 
the distribution of electronic charge may have 
variable effects on POR interactions, depending 
on specific CYP enzymes and drugs tested. All 
of these conjectures can be tested by examina-
tion of the structures of these mutant proteins, 
provided crystallization is possible. If there are no 
conformational changes, it may not be possible 
to obtain data by this method, however, indirect 
inferences may be made utilizing binding assays 
and protein interaction measurements. 

Most functional investigations of POR–CYP 
interactions were performed in  vitro. Gomes 
et al. [23] and Hart et al. [12] examined expres-
sion and function of POR in human liver micro-
somes, an approach that offers an advantage over 
reconstituted recombinant systems in that the 
complexity and dynamics of the endoplasmic 
reticulum are better represented. Lately, several 
in vivo studies exploring the influence of POR 
variants on CYP-catalyzed drug metabolism has 
been carried out. Oneda et al. investigated the 
activity of the A503V variant in humans and 
observed a 1.6‑fold enhancement of drug clear-
ance in  vivo over that observed in wild-type 
carriers [50]. This result differs from outcomes 
observed in vitro [23,36,41]. The discrepancy can 
be explained by the fact that both CYP3A4 and 
CYP3A5 contribute to midazolam biotrans
formation [51], thus the rate of CYP3A4 par-
ticipation in midazolam metabolism cannot 
be clearly established in  vivo. Another study 
examining the A503V variant addressed the 
question of tacrolimus metabolism in a cohort 
of renal allograft recipients [52]. They observed 
that patients expressing CYP3A5*1 and carry-
ing at least one A503V allele required elevated 
tacrolimus doses, especially in first days after the 
transplantation.

A recent study investigated an effect of the 
major POR mutant A287P in an adult patient 
with POR deficiency and her mother; both indi-
viduals exhibited subnormal activities of sev-
eral CYPs [53] confirming the data obtained in 
in vitro assays [36,39,41]. Although in vitro assays 
may not simulate some aspects of the natural 
environment of the endoplasmic reticulum, they 
remain useful tools for comparison of residual 
activities among individual CYP enzymes. At 
the very least, it is important that in vitro assays 
mimic the membrane milieu and stoichiometry 
of the in vivo system as closely as possible [54].

Conclusion 
In summary, our results from AJ and MJ popula-
tions, along with those from other recent phar-
macogenetic reports [12–14,23] and comparisons to 
our structural studies, suggest that the human 
POR gene is highly polymorphic and that certain 
variants correlate with significant differences in 
residual CYP enzyme activities. Nevertheless, 
nonsynonymous variants associated with POR 
deficiency are uncommon in the normal popula-
tion, indicating that these variants are rare and 
unlikely to represent genetic factors contribut-
ing to the large interindividual variability of 
drug-metabolizing phenotypes. The continued 
study of POR polymorphisms promises to be an 
exciting research area in pharmacogenetics. 
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Executive summary

Background

�� Recently, the possible contribution of common POR sequence variants to inter- and intra-individual variability in drug metabolism has 
become of great pharmacogenetic interest.

Materials & methods

�� In order to search for polymorphic alleles in the POR gene, we first sequenced untranslated exon 1U and 15 coding exons and 
approximately 20 bp of the intronic sequence flanking these exons in the POR gene in 301 healthy unrelated individuals from Ashkenazi 
and Moroccan Jewish populations. 

�� A new-generation amplicon high-resolution melting method and DNA sequencing was implemented for the analysis of the POR gene. 

Results

�� Thirty POR SNPs were identified, nine in the noncoding regions and 21 in the protein-coding regions (ten synonymous, 11 missense). 
Six of these missense variants were previously undescribed (S102P, V164M, V191M, D344N, E398A and D648N).

Conclusion

�� The linkage disequilibrium pattern of POR was similar between the Ashkenazi and Moroccan Jewish populations and the most 
prevalent haplotypes corresponded to those previously identified in Caucasians and Asians.

Future perspective

�� The data collected in this study along with examination and comparisons to structural parameters indicate that some of the POR 
missense variants may be potential biomarkers for future POR pharmacogenetics screening.
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