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NADPH-P450 reductase (NPR) transfers electrons from NADPH to cytochrome P450 and
heme oxygenase enzymes to support their catalytic activities. This protein is localized within
the endoplasmic reticulum membrane and utilizes FMN, FAD, and NADPH as cofactors.
Although NPR is essential toward enabling the biochemical and pharmacological analyses of
P450 enzymes, its production as a recombinant purified protein requires a series of tedious
efforts and a high cost due to the use of NADP+ in the affinity chromatography process. In the
present study, the rat NPR clone containing a 6× Histidine-tag (NPR-His) was constructed and
heterologously expressed. The NPR-His protein was purified using Ni 2+-affinity
chromatography, and its functional features were characterized. A single band at 78 kDa was
observed from SDS-PAGE and the purified protein displayed a maximum absorbance at
455 nm, indicating the presence of an oxidized flavin cofactor. Cytochrome c and nitroblue
tetrazolium were reduced by purified NPR-His in an NADPH-dependent manner. The
purified NPR-His successfully supported the catalytic activities of human P450 1A2 and 2A6
and fungal CYP52A21, yielding results similar to those obtained using conventional purified
rat reductase. This study will facilitate the use of recombinant NPR-His protein in the various
fields of P450 research.
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Introduction
The oxidation reaction of cytochrome P450 (P450, CYP)
or heme oxygenase requires a coupled and stepwise supply
of electrons, which are derived from NADPH and supplied
by a redox partner [1]. NADPH-P450 reductase (NPR; E.C.
1.6.2.4) is conserved among many species containing
cytochrome P450 enzymes [1]. P450 enzymes are generally
divided into two major classes (class I and class II) according
to their types of reductase partners [1]. Mammalian and
fungal P450 enzyme species belong to class II, and are
supported by a diflavin NPR containing FAD and FMN [2,
3]. A single NPR gene product delivers the electrons to all
the different P450 enzymes and supports their catalytic
reactions [1].
Kasper and his coworkers were the first to report on a
cDNA clone of rat NPR, from which they expressed and

purified the recombinant protein in Escherichia coli [4, 5].
They constructed a pOR263 expression vector and
successfully expressed a membrane-bound rat NPR protein
[5]. The expressed NPR protein was solubilized with Triton
X-100 and subsequently applied to an ADP affinity column.
The NPR protein bound to the affinity column was eluted
with 2’-AMP or NADP+ [5]. Ever since Kasper and
colleagues established the purification method for rat NPR,
similar procedures using ADP affinity columns, with some
modifications, have been routinely used in many
laboratories [6-10]. However, the low efficiency of the
purification using the ADP column and the high cost of 2’AMP and NADP+ limit the supply of rat NPR for the
subsequent experiments.
In this study, we have cloned, expressed, and purified a
rat NADPH-P450 reductase containing a 6× Histidine-tag
(NPR-His), using Ni2+-affinity chromatography, and

May 2017 ⎪ Vol. 27 ⎪ No. 5

984

Park et al.

characterized its biochemical properties. This procedure
efficiently provides for large amounts of recombinant NPRHis protein for studies on P450 enzymes.

Materials and Methods
Materials
Coumarin, 7-ethoxyresorufin, lauric acid, glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, NADP+, and NADPH were
purchased from Sigma-Aldrich (USA). E. coli strains DH5α and
HMS174(DE3) were purchased from ThermoFisher (USA) and
MerckMillipore (Germany) respectively. Other chemicals were of
the highest grade commercially available.
Construction of Expression Plasmids
The general approach has been previously described [5]. To
attach the 6× His-tag at the end of the protein, PCR amplification
was used (Fig. 1). The open reading frame for rat NPR and
an added 6× His-tag were amplified using PCR with forward
and reverse primers (5’-gaacTCTAGAtaacgaggcgcaa-3’, 5’attatttctagaccggAAGCTTctagtgatggtgatggtgatggctccacacatc-3’). The

amplified PCR fragment was subsequently cloned into the
pOR263 vector using the XbaI and HindIII restriction sites to
produce the pOR263/NPR-His plasmid (Fig. 1). The ligated
pOR263/NPR-His plasmid was transformed into E. coli DH5α and
the cloned plasmids were verified by nucleotide sequencing
analysis.
Enzyme Expression and Purification
The expression was conducted as described previously with
some modifications [6]. In brief, the E. coli HMS174 (DE3) strains
transformed with pOR263/NPR-His plasmid were inoculated into
terrific broth containing 50 μg/ml ampicillin, 1 μg/ml riboflavin,
and 200 mg/ml glucose and grown at 37°C with shaking at
250 rpm until reaching an OD600 ranging between 0.6 and 0.8,
before inducing the expression by adding 1 mM of IPTG solution
and reducing the temperature to 28°C. The mixture was
subsequently incubated overnight with shaking at 200 rpm and
the expression was carried out at 28°C for 20 h.
Cells were harvested by centrifugation at 5,000 ×g for 20 min
and resuspended in a solution of 100 mM Tris acetate (pH 7.6),
0.5 M sucrose, and 0.5 mM EDTA (15 ml/g of wet cells). Freshly
prepared lysozyme solution (50 mg/ml) was added into the

Fig. 1. Construction scheme of the hexa-histidine-tagged NADPH-P450 reductase (NPR-His) expression vector.
(A) Cloning scheme of the hexa-histidine tag at the end of the NPR protein. (B) Sequence of the C-terminal region of the expressed NPR-His. The
hexa-histidine residues are shown red-boxed.

J. Microbiol. Biotechnol.

NADPH-P450 Reductase with His-tag

mixture (0.1 mg/ml) with gentle swirling. The suspension was
diluted by equal volumes of ice-cooled distilled water, and
immediately incubated on ice for 30 min with gentle shaking.
Before sonicating the cells, the mixture was clarified by
centrifugation at 4°C for 20 min, at the speed of 5,000 ×g, and the
spheroplasts were collected. The spheroplasts were resuspended
in sonication buffer (6 mM magnesium acetate, 0.1 mM DTT,
20% glycerol in 0.1 M potassium phosphate buffer, pH 7.4).
Protease inhibitor cocktail (ThermoFisher Scientific) and 1 mM
phenylmethanesulfonyl fluoride were added to the spheroplast
preparation, and then sonication was performed using an ultrasonicator (450 Digital Sonifier, USA) on ice with 50% pulse
amplitude (10 cycles of 30 sec bursts separated by 30 sec intervals
to allow for cooling).
The bacterial inner membrane fractions containing NPR-His
were isolated and prepared by ultracentrifugation (105 × g, 90 min).
The prepared membrane fractions were solubilized at 4°C
overnight in 100 mM potassium phosphate buffer (pH 7.4) containing
20% (w/v) glycerol, 0.5 M NaCl, 10 mM β-mercaptoethanol, 1.0%
(w/v) CHAPS, and 0.5% (v/v) Tergitol NP-10. The purification of
NPR-His enzyme using a Ni2+-nitrilotriacetate (NTA) column was
carried out as previously described [11]. In brief, the solubilized
fraction was loaded onto a pre-equilibrated Ni2+-NTA column
(Qiagen, USA) and bound proteins were washed with washing
buffer (100 mM potassium phosphate buffer (pH 7.4), 20% (w/v)
glycerol, 0.5 M NaCl, and 10 mM β-mercaptoethanol) containing
40 mM imidazole. The purified protein was obtained using an
elution buffer (100 mM potassium phosphate buffer (pH 7.4), 20%
(w/v) glycerol, 0.5 M NaCl, and 10 mM β-mercaptoethanol)
containing 300 mM imidazole. The eluted fraction containing the
NPR-His enzyme was collected and dialyzed at 4°C against
100 mM potassium phosphate buffer (pH 7.4) containing 20% (v/v)
glycerol.
Reducing Activity Assays
The reducing activity of the purified protein was analyzed via
cytochrome c assays with some modifications [9]. The increase in
absorbance at 550 nm was evaluated after the addition of 0.1 mM
NADPH. The calculation of the specific cytochrome c reduction
was carried out using an extinct coefficient of 21 mM-1·cm-1 [12].
Nitroblue tetrazolium (NBT) assays were conducted to alternatively
analyze the reducing activity of the purified protein. The increase
in absorbance at 535 nm was determined following the addition of
0.1 mM NADPH. The calculation of the specific activity for NBT
reduction was done using an extinction coefficient of 12.8 mM-1·cm-1.
7-Ethoxyresorufin O-Deethylation Assays
7-Ethoxyresorufin O-deethylation reactions were determined
using human P450 1A2 and purified NPR-His in phospholipid
reconstituted systems [13]. The reaction mixture included 50 pmol
of purified P450 enzyme, 100 pmol of NPR-His, and L-α-dilauroylsn-glycero-3-phosphocholine (DLPC) (30 μg) in 0.50 ml of 100 mM
potassium phosphate buffer (pH 7.4), along with various
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concentrations of 7-ethoxyresorufin as the substrate. An NADPHgenerating system [14] was employed to initiate the reactions.
Incubations were conducted for 10 min at 37°C and terminated by
adding 0.05 ml of 2 N HCl. After centrifugation, the fluorescence
changes in the upper layers were measured using a Molecular
Devices GeminiEM spectrofluorimeter at excitation and emission
wavelengths of 530 and 582 nm, respectively.
Coumarin Hydroxylation Assays
Coumarin hydroxylation reactions included 50 pmol of human
P450 2A6, 100 pmol of NPR-His, and DLPC (30 μg) in 0.50 ml of
100 mM potassium phosphate buffer (pH 7.4), along with various
concentrations of coumarin. An NADPH-generating system was
used to initiate the reactions. Incubations were generally done for
10 min at 37°C and terminated with 0.05 ml of 2 N HCl. Two
volumes of CH2Cl2 were added to extract the products, followed
by vortex mixing and centrifugation. The organic layer (bottom)
was transferred to a clean tube and an equal volume of 0.1 M
sodium borate buffer (pH 9.3) was added. The upper layer,
containing the phenolic product, was transferred into fluorescence
microtiter plates, and the 7-hydroxycoumarin concentration was
measured using a fluorescence plate reader at excitation and
emission wavelengths of 350 and 453 nm, respectively.
Lauric Acid Hydroxylation Assay
Lauric acid hydroxylation activities of fungal CYP52A21 were
determined as previously described [15, 16]. The reaction mixture
included 100 pmol of purified P450 protein, 250 pmol of NPR-His,
and DLPC (30 μg) in 0.50 ml of 100 mM potassium phosphate
buffer (pH 7.4), along with various concentrations of lauric acid as
the substrate. An NADPH-generating system was used to initiate
the reactions. The incubations were generally done for 10 min at
37°C and were terminated by adding 1.0 ml of CH2Cl2. The CH2Cl2
extract was then dried under N2 before the residue was
trimethylsilylated by incubation with N,O-bis(trimethylsilyl)
trifluoroacetamide (70 μl) at 70°C for 15 min. The derivatized
samples were allowed to cool, and were then vortexed and
transferred to sealed Teflon-capped glass vials for auto-injection
into the gas chromatography-mass spectrometry analyzer. Analyses
were performed on a Varian 450 gas chromatograph coupled to a
Varian 240 Mass Selective Detector in the electron impact mode.

Results
Expression and Purification of NPR-His Protein
The NPR-His protein was 78 kDa, as expected, with the
open reading frame. In the crude fraction of E. coli cells, the
putative overexpression of NPR-His was observed (Fig. 2).
Initial expression and purification of NPR-His protein
using ultracentrifugation separation showed that most of
the NPR-His was located in the membrane fraction, and
no detectable NPR-His remained in the soluble fraction
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Fig. 2. SDS-PAGE analyses of the purified 6× His-tagged
NADPH-P450 reductase (NPR-His) protein.
CF, crude fraction; MF, membrane fraction; SF, solubilized fraction;
AE, affinity column eluent; NPRH, final purified NPR-His protein.

(Fig. 2). Combined surfactants (CHAPS and Tergitol NP10) successfully solubilized the protein in the membrane
fraction. The final purified NPR-His protein from the Ni2+column yielded a single band on SDS-PAGE at 78 kDa
(Fig. 2).
Spectral Properties of Purified NPR-His Protein
The absolute spectrum analysis of purified NPR-His
showed that the maximum absorbance of the oxidized
enzyme was at 455 nm (Fig. 3). The concentration of purified

Fig. 3. Spectral variations of oxidized and reduced purified
6× His-tagged NADPH-P450 reductase proteins.
Absorbance spectra of the oxidized form and the reduced forms (40
and 200 µM NADPH).
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Fig. 4. Reductase activity of 6× His-tagged NADPH-P450
reductase (NPR-His).
(A) Cytochrome c reduction assay. (B) Nitroblue tetrazolium reduction
assay.

NPR-His was approximately 120 nmol of protein per liter
of culture (the value of absorbance at 455 nm divided by
0.0236 corresponds to the concentration of reductase in
nmol/ml) [17]. The reduction state of the purified NPR-His
was examined through the addition of NADPH (Fig. 3).
The absorbance changes at 455 nm can be attributed to a
characteristic of flavins, the absorbance spectra of which
are altered by changes in their reduction state [17].
Reductase Activity of NPR-His
The reductase activity of the purified enzyme was
analyzed by cytochrome c and NBT reduction assays. A
reducing activity of the purified protein was clearly
observed in the purified protein, whereas no changes in the
controls without NPR-His were noted in either of the
assays (Fig. 4). The calculated cytochrome c reduction
activity by the purified NPR-His was approximately 673
nmol of reduced cytochrome c/min/nmol of purified
enzyme. This result shows that the NPR-His displays
similar cytochrome c reduction ability to NPR (661 nmol/
min/nmol). Moreover, the purified NPR-His showed a
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Fig. 5. Steady-state kinetics of human P450 catalytic activities supported by 6× His-tagged NADPHP-450 reductase (NPR-His).
(A) 7-Ethoxyresorufin O-deethylation by P450 1A2. (B) Coumarin hydroxylation by P450 2A6.

similar reducing activity in the NBT assay (350 versus 355
nmol reduced NBT/min/nmol protein, NPR-His versus
NPR) (Fig. 4). Those results suggest that the purified NPRHis protein kept its functional reductase activity.
P450 Enzyme Catalytic Activities Supported by NPR-His
The 7-ethoxyresorufin O-deethylation reaction in the
human P450 1A2 and NPR-His reconstitution system was
analyzed by measuring fluorescence production. NPR-His
successfully supported the P450 1A2 catalytic activity
during the 7-ethoxyresorufin O-deethylation reaction
(Fig. 5A). The steady-state kinetic parameters of the
reaction using NPR-His were similar to those yielded by
the NPR-supported reaction (Fig. 5A and Table 1). In
addition, the coumarin 7-hydroxylation reaction of P450
2A6 was successfully supported by NPR-His, even though
a slight reduction in catalytic activity was observed (Fig. 5B
and Table 1). These results suggest that the purified NPRHis protein can functionally substitute NPR in a reconstituted
human P450-catalysis reaction.
Supporting Fungal CYP52A21 Catalytic Activity
The supporting property of NPR-His on the catalytic

Fig. 6. Steady-state kinetics of fungal CYP52A21 hydroxylation
of lauric acid, supported by 6× His-tagged NADPH-P450
reductase.
The products are the sum of 12- and 11-hydroxylated lauric acids.

activity of fungal CYP52A21 was analyzed. A reconstituted
system consisting of fungal CYP52A21 and NPR-His was
implemented to catalyze the hydroxylation of lauric acid

Table 1. Kinetic parameters for P450 enzymes with NADPH-P450 reductase (NPR) 6× His-tagged NPR (NPR-His).
Human P450 1A2

Human P450 2A6

Fungal CYP52A21

Ethoxyresorufin O-deethylation

Coumarin 7-hydroxylation

Lauric acid hydroxylation

kcat
(min-1)

Km
(µM)

kcat/Km

kcat
(min-1)

Km
(µM)

kcat/Km

kcat
(min-1)

Km
(µM)

kcat/Km

NPR

8.6 ± 0.7

9.4 ± 2.1

0.91

56.0 ± 2.4

8.5 ± 1.1

6.6

40.3 ± 1.1

43.2 ± 2.1

0.933

NPR-His

9.5 ± 1.1

5.9 ± 2.2

1.6

57.8 ± 1.5

4.7 ± 0.4

12

28.9 ± 0.4

31.7 ± 1.1

0.912
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(Fig. 6). The catalytic turnover (kcat) and Km values of lauric
acid hydroxylation by NPR-His were 28.9 min-1 and
31.7 µM, respectively (Fig. 6 and Table 1). The catalytic
efficiencies (kcat/Km) showed no differences when using
NPR or NPR-His. This result suggests that the purified
NPR-His can be used as a reductase partner in the
reconstitution of fungal P450-catalysis.

Discussion
This study provides a modified recombinant flavoprotein
for the efficient overexpression and purification of NPR, by
using a hexahistidine affinity tag at the C-terminus, and an
evaluation of its functional activities. Previously, we
purified and characterized two recombinant NADPHcytochrome P450 reductases from yeasts [3, 18]. The
constructed clones of yeast NPRs contained 6× His-tags at
the C-termini of the open reading frames. These proteins
were purified using an Ni2+-affinity column, and both
proteins successfully supported the electron transfer from
NADPH to mammalian P450s, as well as yeast P450s [3,
18]. However, they may be not sufficient enough to
substitute the rat NADPH-P450 reductase for human P450
assays. In many of the assays of P450, the rat NADPH-P450
reductase was chosen to be a reliable electron donor partner
to mammalian (including human) P450s [9]. Generally,
rat NPR can also successfully support the oxidation
reaction of fungal P450 enzymes [11, 19]. In this study, the
purified NPR-His protein fully supported the lauric acid
hydroxylation in the reconstitution reaction of C. albicans
CYP52A21 (Fig. 6).
Reconstitution reactions of mammalian P450 enzymes
include phospholipids, P450 enzymes, and reductases.
Generally, the amount of reductase in the reaction is more
than twice that of the P450 enzyme. In this study, the
concentration of NPR-His was twice that of the P450 enzyme
(2:1 molar ratio) for both the coumarin 7-hydroxylation and
the ethoxyresorufin deethylation reactions (Fig. 5).
Presumably, the ratio between reductase and P450 enzyme
can affect the final kinetic parameters and, therefore, the
amount should not limit the rate-determining steps of P450
enzyme activity. We investigated the effect of the ratio
between NPR-His and P450 on the enzyme kinetics; the
P450 catalytic activities started to saturate when NPR-His
was twice that of P450 enzyme (Fig. S1).
In both of the reductase assays using cytochrome c and
NBT, the purified NPR-His yielded relatively similar
values to rat NPR (Fig. 4). However, the histidine residues
of NPR-His can interact with the cytochrome c protein and
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interfere with the electron delivery, because the proteinprotein binding can be often hindered by the histidine
residues. Therefore, truncation of the histidine residues
after purification, using thrombin cleavage, may be applied
in the purification step [20].
In conclusion, we modified the C-terminus of the rat
NPR protein and purified it using nickel affinity column
chromatography. It should be noted that the catalytic
properties of NPR-His are markedly similar to those of
reductases purified by applying the previously established
protocol using an ADP affinity column. The purified NPRHis was functionally active in the electron transfer process
between NADPH and cytochrome P450 enzymes. Therefore,
the recombinant NPR-His, through its functional features,
may facilitate P450-related studies.
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