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ABSTRACT: Cytochrome P450 reductase (CPR) is a tethered membrane protein which transfers electrons from
NADPH to microsomal P450s. We show that the lipid bilayer has a role in defining the redox potential of the
CPR flavin domains. In order to quantitate the electrochemical behavior of this central redox protein, full-length
CPR was incorporated into soluble nanometer scale discoidal membrane bilayers (nanodiscs), and potentials
were measured using spectropotentiometry. The redox potentials of both FMN and FADwere found to shift to
more positive values when in a membrane bilayer as compared to a solubilized version of the reductase. The
potentials of the semiquinone/hydroquinone couple of bothFMNandFADare altered to a larger extent than the
oxidized/semiquinone couple which is understood by a simple electrostatic model.When anionic lipids were used
to change the membrane composition of the CPR-nanodisc, the redox potential of both flavins became more
negative, favoring electron transfer from CPR to cytochrome P450.

Cytochrome P450s (CYPs) are heme-containing mono-
oxygenases which activate atmospheric dioxygen and insert one
oxygen atom into an organic substrate and reduce the other to
water (1). For efficient catalysis, a tight coupling between electron
transfer and P450 substrate oxidation is required to inhibit the
formation of deleterious reactive oxygen species. For eukaryotic
microsomal P450s, the membrane-bound form of cytochrome
P450 reductase (CPR)1 orchestrates the stepwise electron transfer
from NADPH to the cytochrome P450 heme center (2-4).
CPR is an obligate electron donor to all microsomal P450s
and is a critical partner in drug metabolism (5) and steroid
synthesis (6).

CPR is an∼78 kDa,multidomain proteinwhich belongs to the
family of electron transfer flavoproteins (7) that includes methio-
nine synthase reductase (MSR) (8), novel reductase (NR1) (9),
nitric oxide synthases (NOS) (10, 11), P450BM3 (12), and sulfite
reductase (SR) (13), all of which utilize both FAD and FMN as
tightly bound cofactors. CPR is the only known member of this
family that is membrane associated.

In order to solubilize CPR, the N-terminal membrane span-
ning domain can be cleaved by trypsin. Subsequent experiments,
however, demonstrated that membrane spanning domains are
essential for efficient electron transfer to microsomal P450s (14).
Interestingly, yeast CPR is able to function without requiring any
membrane anchor. The structures of both yeast (15, 16) and
mammalian CPR (17) are similar, but their redox potential and
electron transfer kinetics differ (18). For mammalian CPR it is
possible that, in addition to anchoring and orienting the protein,
the membrane modulates the redox potential of the FMN and

FAD prosthetic groups, facilitating electron transfer from
NADPH to P450.

The structure of soluble CPR, devoid of the N-terminal
membrane-anchoring sequence, is available in multiple confor-
mations (17, 19, 20). The protein has three distinct domains:
FADbinding, FMNbinding, and a linker region that dictates the
relative orientation of the FAD and FMN domains to facilitate
interflavin and FMN-heme electron transfer. In the “closed”
conformation (17), the FAD and FMN domains are near each
other, facilitating interflavin electron transfer. In the “open”
conformation (20), the structure of which was achieved by
deleting the residues in the linker region, the FMN and heme
domain are in proximity to each other, facilitating electron
transfer from FMN to heme. In nitric oxide synthase (NOS),
the redox potential of the “open” and “closed” forms are
very different, suggesting a conformationally gated redox
potential (21).

It has been shown in reconstituted systems that the mem-
brane charge is an important determinant for rates of substrate
oxidation by CYP3A4, the major membrane-bound drug
metabolizing P450 in humans (22). Kinetic analysis demon-
strated that a negative membrane charge facilitates electron
flow and the interactions between CPR and P450 (22).
Further, it has been shown that anionic lipids help in the
insertion of CYP3A4 (23) and CYP1A2 (24) into the mem-
brane. In CPR, there is a cluster of basic residues in the
membrane anchor domain, and it is suggested that anionic
lipids might aid in anchoring the protein to the membrane (17).
Moreover, the FMN domain has clusters of positive and
negative residues on opposite sides, forming a strong electric
dipole which potentially could aid in orienting the reductase. A
patch of positively charged residues on the FMN domain may
increase membrane affinity. Anionic lipids may not only help
in anchoring the CPR into themembrane but also play a role in
regulating the redox potential such that the electron transfer
from CPR to P450 is more favorable.
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The redox potential of human CPR has been determined in
solution without its membrane spanning domain (25). The pH
dependence of the redox potentials of the CPR redox couples has
also been investigated (26). CPR regulates electron transfer from
NADPH to P450 and is thought to operate between the 1-3-2-1
redox states (4). As the oxidized/semiquinone (ox/sq) redox
potential is very high for FMN, this prosthetic group favors
the formation of the neutral blue semiquinone, FAD/FMNH•,
generating the resting state of the enzyme. During catalysis,
NADPHdonates a hydride to the FAD, forming a three electron
reduced state, FADH2/FMNH•. Through fast interflavin elec-
tron transfer, the enzyme forms FADH•/FMNH2. The hydro-
quinone species of the FMN then donates one electron to the
P450 heme, leaving the disemiquinone species FADH•/FMNH•

which equilibrates to form FAD/FMNH2. The fully reduced
FMN donates the second electron to the P450 recycling to the
original resting state, FAD/FMNH•. In CPR, it is the hydro-
quinone form of FMN which gives electrons to P450, and
electron flow from NADPH to P450 is controlled by the redox
potentials of the different states of the FMN and FAD.

In this work, we show that the membrane has a role in
determining the redox potential of CPR. Further, anionic lipids
change the redox potential of CPR to make several processes in
the electron transfer fromCPR to P450more thermodynamically
feasible.

MATERIALS AND METHODS

Materials. Imidazole, sodium cholate, Triton X-100,
and Amberlite (XAD-2) were purchased from Sigma. POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPS
((1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine) were from
Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals,
purchased from Fisher, were at least ACS grade and were used
without further purification.
Expression, Purification, and Characterization of Cyto-

chrome P450 Reductase. CPR from rat was expressed in the
pOR262 vector and purified as described previously (27). The rat
CPR/pOR262 plasmid was a generous gift from Dr. Todd D.
Porter (University of Kentucky, Lexington, KY). CPR purity
was ascertained by a single band when analyzed by SDS-PAGE
with an Rz ratio (A276nm/A456nm) of 8.7 (28). The specific activity
of CPR was measured using the cytochrome c activity assay (14),
using an extinction coefficient of 24.1 mM-1 cm-1 at 456 nm
for CPR (7).
Self-Assembly and Purification of CPR Nanodiscs. To

self-assemble nanodiscs containing CPR, the protein at ∼10 μM
concentration was added to cholate-solubilized lipid and the
membrane scaffold protein MSP1D2 (29)(30). Phospholipids
were quantitated by inorganic phosphate analysis, dried under
a stream of nitrogen, and stored in a vacuum desiccator
overnight. The final molar ratio during reconstitution was
0.1:130:65:1 (CPR:cholate:POPC:MSP1D2). One nanodisc is
formed by two MSP1D2 molecules and 130 POPC molecules.
For a 50% POPC-50% POPS nanodisc, there are about 65
molecules of POPC and 65molecules of POPS. Thus, on average,
the assemblymixture produced an excess of empty nanodiscs and
favors the formation of a single CPR per disk. Once the total
reconstitutionmixture was added at the appropriate ratios, it was
incubated on ice for 1 h. To remove the detergents and
concomitantly initiate the self-assembly process, an excess of
Amberlite was added (1 g of Amberlite/mL of reconstitution

solution) and incubated on ice with shaking for an additional 4 h.
The formed nanodisc assemblies were separated from the
Amberlite by filtering through a 33 mm 0.22 μM syringe filter
(Millipore Corp.). To purify homogeneous CPR-nanodiscs the
mixture was applied to a nickel nitrilotriacetic acid (Ni-NTA)
column (0.6 � 3.5 cm; Qiagen Inc.) equilibrated with 10 mM
Tris-HCl (pH 7.4) and 100mMNaCl. The nickel affinity column
selectively binds to the His tag on MSP1D2. The column was
washed with 5 column volumes of 10 mM Tris-HCl (pH 7.4),
100 mMNaCl, and 15mM imidazole. The nickel affinity column
was then eluted with 5 column volumes of 10 mM Tris-HCl (pH
7.4), 100 mM NaCl, and 250 mM imidazole, and the colored
fractions were pooled, concentrated, and injected onto a cali-
brated Superdex 200 HR 10/30 size exclusion column (GE
Healthcare) equilibrated with 10 mM Tris-HCl (pH 7.4) and
100 mM NaCl and connected to a Waters HPLC system with a
photodiode array detector at a flow rate of 0.5 mL/min.
The nanodisc fraction was pooled, concentrated, and buffer
exchanged into 100 mM phosphate buffer, frozen, and stored
at -80 �C. The CPR-nanodisc concentration was measured by
UV-vis spectroscopy using a Cary BIO300 spectrophotometer.
CPR-nanodiscs were in 100 mM potassium phosphate buffer
(pH 7.4) for the spectroelectrochemical titrations. All titrations
were performed at 25 �Cusing CPR-nanodiscs at a concentration
of ∼30-35 μM.

In order to demonstrate the stability of CPR-nanodiscs to
proteolysis, SDS-PAGE gels were run before and after each
redox titration. No evidence of proteolytic degradation of MSP
or CPR was observed.
Determination of FMN and FAD Content of Soluble

CPR and CPR-Nanodiscs. Quantification of flavin cofactors
was performed by fluorescence titration. This method is based on
the markedly different behavior of FAD and FMN when the
fluorescence of each component is examined as a function of
pH (31-33). All solutions were prepared in a standard buffer,
0.1 M phosphate buffer, pH 7.7, and 0.1 mM EDTA. The FAD
and FMN stock solutions were prepared at 10 μM, and their
concentrations were measured using the extinction coefficients
1.22� 10-4 M-1 cm-1 for FMN and 1.13� 10-4 M-1 cm-1 for
FAD. The solutionswere diluted to 100 nMconcentration before
assay. The protein samples (CPR and CPR-nanodiscs) were
diluted with standard buffer so that the final flavin concentration
was ∼100 nM. Aliquots of the protein sample were placed in
aluminum foil covered centrifuge tubes and immersed in a boiling
water bath for 10 min and then rapidly cooled, followed by
centrifugation at 20000g for 10 min to remove the denatured
proteins. The fluorescence of all solutions was measured at 22 �C
using an excitation wavelength of 450 nm, and the emission at
524 nm was used to calculate the FMN and FAD ratio. After
fluorescence measurement in standard buffer, the pH of the
solution was changed to 2.6 by addition of 1.0 N HCl and the
experiment repeated. The concentrations and ratios were deter-
mined from the fluorometric data (31). The ratio of FMN to
FAD was found to be 1.00 in CPR and 0.95 in CPR-nanodiscs,
demonstrating that there is no significant loss of FMN during
nanodisc assembly.
Spectroelectrochemical Titrations. Redox titrations were

carried out under a continuous flow of argon in a cuvette that
was assembled in the anaerobic glovebox (COY Laboratory
Products, Inc., Grass Lake, MI). The cuvette has an open top
throughwhich theAg/AgCl reference electrode, the goldworking
electrode, an argon purging tube, and gastight Hamilton syringe
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were inserted. A small magnetic stir bar was placed at the bottom
of the cuvette to mix the reagents. The temperature was main-
tained at 25 �C. The titration buffer (100mMphosphate, pH 7.4)
was made anaerobic by flushing with ultrapure argon while
stirring. The final experimental volume was 1.3 mL with an
optical density ∼1.0 near the main CPR visible band (near
450 nm). The following redox mediators were used: methyl
viologen (-430 mV), benzyl viologen (-374 mV), 2-hydroxy-
1,4-naphthoquinone (-145mV), and anthraquinone-2-sulfonate
(-230 mV) to a final concentration of 4 μM each. All potentials
are reported against the standard hydrogen electrode (SHE).

Protein and mediator mixtures were deoxygenated under the
flowof argon gas for several minutes. The proteinwas reduced by
the addition of a small excess of anaerobically prepared sodium
dithionite solution (concentration determined using a molar
extinction coefficient of 8.05 mM-1 cm-1 at 315 nm) (34). The
reduced protein spectrum was recorded to confirm complete
reduction.Redox titrations followedDutton’smethod (35). A small
aliquot of oxidant/reductant (ferricyanide/dithionite) was added,
the solution was stirred until equilibration was reached, ∼15-
20 min, and the spectrum (350-800 nm) was recorded using a
Cary 300 UV-visible spectrophotometer. The electrochemical
potential was monitored using a Hewlett-Packard (HP) 34401A
multimeter (input resistance was 10 GΩ) coupled to the gold
electrode and the Ag/AgCl reference electrode (Bioanalytical
Systems, Inc.). Prior to modification, the gold working electrode
was cleaned as described previously (36, 37) and the electrodes
immersed in saturated 4,40-dithiodipyridine solution for 1 h. The
electrode system was calibrated against a standard calomel
electrode and observed potential obtained relative to the Ag/
AgCl reference. In order to control for potential interaction of
CPR-nanodiscs with the mediators, we analyzed the spectral
changes occurring upon addition of a mediator mixture to
nanodiscs. The spectra of the mixture is well represented by the
sum of the spectra of the components (mediators, proteins,
oxidants, and reductants) with no evidence for any significant
spectrally manifested interaction at the concentrations of com-
ponents used.
Analysis of Titrations. Redox data were evaluated using

Origin (OriginLab) software as described previously (25) and
were fit to a modified Nernst equation describing the four-
electron redox process that relates the absorbance changes at a
specific wavelength to the redox potential of the four different
redox couples:

A ¼ a� 10ðE-E1Þ=59 þ bþ c� 10ðE2 -EÞ=59

1þ 10ðE-E1Þ=59 þ 10ðE2 -EÞ=59

þ d � 10ðE-E3Þ=59þ eþ f � 10ðE4 -EÞ=59

1þ 10ðE-E3Þ=59þ 10ðE4 -EÞ=59 ð1Þ

Here A is the absorption at a specific wavelength, a-c are the
component extinction coefficient values contributed by one flavin
in the oxidized, semiquinone, and hydroquinone states, respec-
tively, d-f are the corresponding values for the second flavin,E is
the potential at the working electrode, and E1, E2, E3, and E4

correspond to the midpoint potentials of the oxidized/semiqui-
none (ox/sq) and the semiquinone/hydroquinone (sq/hq) redox
couples of the two flavins. Although it is difficult to spectrally
distinguish the FMN and FAD prosthetic groups, the redox
potential of each cofactor is cleanly separated, allowing decon-
volution during titration.

From the spectra of individual cofactors in eq 1 a=d and b=e,
but c is not equal to f, and these constraints were used during
spectral fitting. The coefficients a-f are wavelength dependent
but are independent of the midpoint potential. The linear
combination of the coefficients a-f gives rise to the absorbance
changes of the whole system at a given potential. Therefore,
analysis yields the coefficients a-f which are unique for that
wavelength. The data were also evaluated at the isosbestic
wavelengths at 501 and 429 nm. Isosbestic points are defined
as wavelengths corresponding to near-zero absorbance change
for the associated redox couples. At 429 nm, the redox potential
of oxidized/semiquinone for both FMN and FAD can be
determined, and we use the constraints b=c and e=f (as the
absorbance values for semiquinone and reduced states of one
flavin are equal at this wavelength). At 501 nm, the redox
potential of semiquinone and reduced can be determined, and
a=b and d=e as the absorbance of the oxidized and semiquinone
states are equal.

Global fitting used a Levinthal-Marquardt subroutine with
the constraints a= d and b= e at wavelengths 450-460 nm,
chosen to reflect oxidized species of FMN and FAD with
minimal interference from mediator absorbances, and 580-
605 nm correspond to the semiquinone absorbance wavelengths,
using b=c and e=f at 429 nm and a=d and d=e at 501 nm. The
coefficients a-f for each wavelength were given limits using the
maximal value of absorbance at that wavelength. From the
nonlinear curve fitting we obtain unique redox potential values,
which are the same for all wavelengths, and unique values for the
parameters a-f.

In order to verify the deconvolution analysis, a cross-valida-
tion approach was used. First, 10% of the data points are
removed and the remaining 90% used as training data set to
analyze the first 10%. Second, the coefficients a-f represent the
basis spectra for the flavin intermediates and therefore can be
used to determine the protein concentration. To demonstrate the
compatibility of the data analysis, we can calculate the total
protein concentration from these derived parameters. The con-
centrations calculated from the a(501) and a(429) coefficients
are 8.3 μM(ε501=9.2� 103M-1 cm-1) and 9.8 μM(ε429=18.2�
103M-1 cm-1) for 100%POPCand 16 μM(ε501=9.2� 103M-1

cm-1) and 12 μM(ε429=18.2� 103M-1 cm) for 50%POPS. The
coefficients a-f relate to the intrinsic spectral properties of
cofactors and are independent of the external conditions such
as the lipid composition.

RESULTS

In order to study the effect of the membrane environment on
the redox potential of CPR, we use nanodiscs (29, 38). Nanodiscs
are discoidal self-assembled, water-soluble, lipid bilayers encir-
culated by an amphipathic protein belt (Figure 1A). Nanodiscs
have been used to solubilize and functionally stabilize many
membrane proteins for investigations in solution and on sur-
faces (39, 40). Nanodiscs provide an ideal environment for
generating active monodisperse integral membrane proteins
which avoids potential aggregation that could make redox
potential measurements difficult (41). Nanodiscs have advan-
tages over liposomes in this study as the local membrane
environment around the protein in the nanodisc canbe rigorously
controlled (42) and the number of CPR per nanodisc can be
defined which ensures a homogeneous population of protein
without higher order aggregation.



Article Biochemistry, Vol. 48, No. 51, 2009 12107

Full-length CPR was purified to homogeneity as de-
scribed (27), incorporated into His-tagged nanodiscs, and pur-
ified. The homogeneity of CPR-nanodiscs is evident from the
HPLC profile (Figure 1B). SDS-PAGE analysis demonstrates
the lack of proteolysis during the nanodisc assembly process.
CPR-nanodiscs were made with two different membrane com-
positions, with 100% POPC (palmitoyloleoylphosphatidyl-
choline) and with 50% POPS (palmitoyloleoylphosphatidyl-
serine) and 50% POPC. CPR has three redox phases which are
spectrally distinguishable as it cycles from fully oxidized through
semiquinone to the fully reduced hydroquinone form (Scheme 1).
These spectral characteristics of CPR-nanodiscs are similar to

CPR in solution (27) as shown inFigure 2. The visible absorbance
maxima for the fully oxidized CPR are at 455 and 382 nm, with a
shoulder at approximately 484 nm. A characteristic of the
semiquinone is a broad band centered at 587 nm, with a shoulder
at approximately 630 nm. For the oxidized to semiquinone
transition, there is an isosbestic point at 501 nm. In the transition
from semiquinone to hydroquinone, however, there is mixture of
species, and no clear isosbestic point is evident. At very negative
potentials, the blue semiquinone signal decreases as the FAD
semiquinone is reduced, and there is a second isosbestic point at
approximately 429 nm in this phase of titration. Redox titrations
and concomitant spectral changes are initiated from the fully
oxidized protein and proceed to full flavin reduction by addition
of small aliquots of sodium dithionite and then back to oxidized
flavin by addition of ferricyanide (Figure 2). Full equilibration
was confirmed after the addition of each reducing/oxidizing
aliquot by observation of a stable electrode voltage and spectra.
No hysteresis was observed in the redox titrations, and spectra
recorded at similar potentials during oxidative and reductive
titrations were identical.

Previous redox titrations of CPR utilized the solubilized
trypsinized form of the enzyme (25, 26, 43). In order to provide
a consistent comparison, wemeasured the redox potential of full-
length rat CPR which is soluble and does not show any turbidity
in 100 mM phosphate buffer, pH 7.4, in the absence of glycerol.
Figure 2 shows a typical set of spectra obtained for a redox

FIGURE 1: (A) Schematic representation of CPR docking in the lipid
bilayer membrane of nanodiscs. (B) HPLC elution profiles of CPR-
nanodisc assemblies following the flavin absorbances at 453 nm. A
Stokes diameter scale is shown on the top axis.

Scheme 1: Structure of Flavin Redox States

FIGURE 2: Spectral changes during a redox titration of full-length
CPR in nanodiscs.
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titration of CPR. It has been previously shown that the FAD
domain has a lower reduction potential than the FMN do-
main (44), and this was used to deconvolute the potentials using
the Nernst equation as described inMaterials andMethods. The
redox potentials obtained are close to the literature values for
soluble human CPR as shown in Tables 1 and 2 for pH 7.5 (26).

In order to examine the effect of the membrane environment
on CPR, the redox potentials were determined when self-
assembled into 100%POPC nanodiscs. Figure 3 shows the redox
titration of CPR-nanodiscs in 100 mM phosphate buffer at pH
7.4. As with the soluble CPR, the redox potential of the CPR-
nanodiscs also showed three phases. However, due to the
presence of the membrane, the redox potentials of all the redox
couples shift to more positive values in 100% POPC CPR-
nanodiscs (Table 1). Therefore, CPR incorporated into a mem-
brane environment shows significant differences in redox poten-
tial from those of full-length CPR. In order to understand if the
redox potentials are changing due to the membrane composition,
anionic lipids in the form of POPS were incorporated in the
membrane bilayer of nanodiscs by self-assembly. Figure 4 shows
the redox titration of CPR-nanodiscs in a 50% POPS-50%
POPC nanodisc preparation.

Figures 3A and 4A show the dependence of the summed
absorbance from 450 to 460 nm, corresponding to oxidized
species of the FMN and FAD and having minimal interference
from mediator absorbances. Figures 3B and 4B present the
dependence of summed absorbances from 580 to 605 nm
(corresponding to the semiquinone absorbance wavelengths).
The asymmetric bell-shaped curve in Figures 3B and 4B shows
the presence of semiquinone contributions from both FMN

and FAD. The isosbestic point at 429 and 501 nm was used to
increase the validity of the redox potential analysis for the two
redox couples (ox/sq and sq/hq). Figures 3C and 4C show the
redox potential dependence at the isosbestic point absorbance
at 501 nm. At 501 nm, the redox potential of semiquinone and
reduced can be determined and a = b and d = e, as the
absorbance of the oxidized and semiquinone states is equal
(eq 1). In Figures 3D and 4D, the absorbance at 429 nm is
plotted against the potential which yields the redox potential of
oxidized/semiquinone for both FMN and FAD by setting b=c
and e = f (as the absorbance values for semiquinone and
reduced states of one flavin are equal at this wavelength) in
eq 1. All data from each experiment shown in Figures 3 and 4
were fitted to the four-electron Nernst equation (eq 1) simulta-
neously using a global fitting algorithm (Materials and Meth-
ods), and the solid lines in each figure represent the best fit to
these observed data sets. This approach also yields unique
values for the spectral parameters a-f . These parameters are
intrinsic for the protein and are not dependent on external
conditions such as the lipid composition. These values are the
absorbance of the pure species of oxidized, semiquinone, and
hydroquinone and are used to calculate the concentration of
the pure species (see Materials and Methods).

In Figure 5, we plot the electrode potential versus the
percentage of oxidized CPR at wavelength 478 nm for 50%
POPS and 100% POPC membrane composition. Clearly, the
potentials of the redox couples of both FMN and FAD are
shifted to more negative values in 50% POPS nanodiscs as
compared to 100%POPC, showing that themembrane composi-
tion has a major effect on the redox potential of CPR.

Table 1: Redox Potential of Full-Length CPR in Solution and in Nanodiscsa

enzyme

EFMN(ox/sq)

(mV)

EFMN(sq/hq)

(mV)

EFMN(ox/hq)

(mV)

EFAD(ox/sq)

(mV)

EFAD(sq/hq)

(mV)

EFAD(ox/hq)

(mV)

soluble CPR -68( 5 -246 ( 5 -157 -325( 5 -372( 2 -348

100% PC-CPR-nanodisc -16 ( 10 -127( 2 -71 -309( 9 -246( 6 -277

50% PS-50% PC-CPR-nanodisc -30( 5 -207( 0 -118 -332( 12 -277( 10 -304

ΔE1 = E�100%PC-CPR-nanodisc - E�solubleCPR þ52( 15 þ119( 7 þ86 þ16( 14 þ126( 8 þ71

ΔE2 = E�50%PC-CPR-nanodisc - E�solubleCPR þ38( 10 þ39( 5 þ39 -7( 17 þ95( 12 þ44

ΔE3 = ΔE2 - ΔE1 -14( 25 -80( 12 -63 -23( 31 -31( 30 -27

aAll potentials are reported in mV vs SHE in 100 mM phosphate buffer at pH 7.4.

Table 2: Redox Potential of Diflavin Reductases

enzyme EFMN(ox/sq) (mV) EFMN(sq/hq) (mV) EFAD(ox/sq) (mV) EFAD(sq/hq) (mV) pH ref

human t-CPRa -66 -269 -283 -382 7.0 25

human t-CPRa -89 -246 -328 -381 7.5 26

human t-CPRa -114 -261 -366 -385 8.0 26

human t-CPRa -133 -251 -380 -419 8.5 26

rabbit CPR -110 -270 -290 -365 7.0 43

rat CPR -68 -246 -325 -372 7.4 this work

rat CPR-100% PC nanodisc -16 -127 -309 -246 7.4 this work

rat CPR-50% PS-50% PC nanodisc -30 -207 -332 -277 7.4 this work

NOS (-calmodulin)b -49 -274 -232 -280 7.1 57

NOS (þcalmodulin)b -30 -267 -234 -284 7.1 57

endothelial NOS -105 -240 -230 -260 7.0 58

neuronal NOS -120 -220 -250 -260 7.0 58

inducible NOS -105 -245 -240 -270 7.0 58

P450-BM3 -213 -193 -292 -372 7.0 54

sulfite reductase -152 -327 -382 -322 7.7 59

at-CPR, truncated CPR with its membrane spanning domains missing. bNOS, nitric oxide synthase.
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DISCUSSION

The redox potentials of diflavin proteins that couple to heme
centers have been determined for a variety of enzyme systems
(Table 2). There is variation in the redox potentials of the flavin
couples and also differences in the identity of the redox state of the
flavin that delivers electrons to the accepting redox partner. For
example, with microsomal CPRs, the hydroquinone donates

electrons to the heme during P450 catalysis, and the diflavins cycle

between the “1-3-2-1” reduction states (4). In contrast, in bacterial

CYP102, the short-lived anionic semiquinone is the main species

transferring electrons to the heme group, and the enzyme circulates

between the “0-2-1-0” redox states during P450 catalysis (4).

Clearly, flavin redox potentials in these reductases are one of the

key factors which control electron transfer in these systems.

FIGURE 3: Multiple wavelength analysis of the redox titration of CPR-nanodiscs assembled with POPC. The absorbance is plotted versus the
solution potential (mV vs SHE) at several wavelength regions: (A) 450-460 nm, (B) the isosbestic of semiquinone/reduced couple at 429 nm, (C)
580-605 nm, and (D) the isosbestic of the oxidized/semiquinone at 501 nm. The solid lines represent fits to the four-electron Nernst equation
(Materials and Methods).

FIGURE 4: Multiple wavelength analysis of the redox titration of CPR-nanodiscs with 50% POPS and 50% POPC. (A)-(D) correspond to the
wavelengths of absorption measurements as described in Figure 3.
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In this work, we have determined the redox potential of full-
lengthCPR in amembrane environment. The reduction potential
of the soluble full-lengthCPR is found to be similar to the cleaved
soluble human CPR (Tables 1 and 2) for pH 7.4 (26). However,
the redox potentials of CPR in nanodiscs demonstrate that the
lipid bilayer can affect the redox potential of the flavin domains.
The redox potentials of both FMN and FAD are more positive
(ΔE1 and ΔE2, Table 1) when inserted into or in close proximity
to the lipid bilayer. Theoretically, it is been shown that a shift of
up to ∼100 mV with respect to bulk solution can be realized by
positioning the redox couples within 5-10 Å region of a
membrane-solvent interface (45, 46). The shift to more positive
potential of an NADPH oxidase system was observed when the
FADredox potential was determined in a plasmamembrane (47).
In other experiments, cyt b-558 has been shown to have a more
positive redox potential in membrane preparations as compared
to when it is solubilized (48). In addition, we have shown
previously that the redox potential of CYP3A4 in a lipid bilayer
shifts by ∼þ100 mV compared to CYP3A4 in solution (41).
Therefore, the membrane environment can affect the redox
potentials of membrane proteins, generally shifting them tomore
positive values (49).

The redox potential of FAD ox/hq, -304 mV in POPC:
POPS (50:50) and -277 mV in pure POPC in CPR-nanodiscs,
is more positive than the redox potential of NADPH
(-320 mV) (50). Therefore, the reduction of CPR by NADPH
is thermodynamically feasible when CPR is anchored to the
membrane, resulting in a more favorable couple as compared
to when CPR is in solution, where the ox/hq potential is
-348 mV (4). On the contrary, it can be argued that the redox
potential of NADPH changes on binding to CPR as the
nicotinamide center is moved from an aqueous hydrophilic
environment to a hydrophobic protein environment and also
forms a π-π stacking interaction with the isoalloxazine ring of
FAD. This has been shown to produce a shift toþ40 mV in the
redox potential of NADPH upon binding to the protein (51).
However, the effect of NADPH binding to the redox potential
of FAD is varied for different proteins (26, 51, 52). Although it
is possible that after hydride transfer the semiquinone form of
FAD and FMN is stabilized by the proximity of a positively
charged NADPþ, in soluble CPR the redox potentials in the
presence and absence of NADPþ and 2,50-ADP are the
same (26, 52). Therefore, the reduction of CPR by NADPH
is thermodynamically feasible only when CPR is anchored to a
membrane.

Upon reduction, the flavins go through three different redox
states, oxidized (ox), semiquinone (sq), and hydroquinone (hq),
as illustrated in Scheme 1. The sq and hq state can exist in both
protonated and unprotonated forms depending on the pKa in the
protein. From Figure 5 and Table 1, it can be seen that both the
FMN and FAD sq/hq equilibria shift to higher redox potentials
when in amembrane environment. The positive shift of the FMN
ox/sq further stabilizes the semiquinone in themembrane bilayer,
which may provide an additional driving force for electron
transfer from NADPH to P450. In the membrane environment
of nanodiscs, the redox potentials of the ox/sq and sq/hq couple
redox potentials are reversed for FAD, thus destabilizing the
semiquinone state of FAD. A similar inversion has been reported
inNADPHoxidase (53). The larger change in the redox potential
of the sq/hq redox couple (FADsq/hq, ΔE=þ126 mV, FMNsq/hq,
ΔE=þ119mV) versus the ox/sq couple (FADox/sq,ΔE=þ16mV,
FMNox/sq, ΔE=þ52 mV) in membranes compared to solution
can be qualitatively understood via simple electrostatic consid-
erations. As shown in Scheme 1, the pKa of semiquinone is ∼8.5
and is possibly higher in the protein. Thus, at pH 7.4, the
semiquinone is protonated and is charge neutral. This can be
observed spectrally, as the neutral semiquinone has a characteri-
stic peak at 585 nmwhile the anionic hydroquinone has a peak at
380 nm (54, 55). The pKa of the hydroquinone is ∼6.5 and
therefore at pH 7.4 the anionic hydroquinone is formed, which
has a net negative charge. Although the anionic semiquinone can
be spectrally distinguished from the neutral semiquinone, the
anionic hydroquinone and neutral hydroquinone are spectrally
indistinguishable. Hence, at pH 7.4, it is expected that when
reduction occurs from oxidized to semiquinone, there is conver-
sion from neutral oxidized to neutral semiquinone species, and
the ox/sq redox couple will not be altered as much as the
sq/hq couple bymembrane electrostatics.When reduction occurs
from semiquinone to hydroquinone, the neutral to charged state
conversion can be modulated by the membrane electrostatics.
Therefore, the insertion of the protein into a membrane bilayer
perturbs the redox potential of the sq/hq couple to a larger extent
than the ox/sq equilibrium. If true, then changing the pH to
higher values should favor the formation of red anionic semi-
quinone so that the redox potential of ox/sq (neutral ox and
anionic sq) should be more affected as compared to the sq/hq
couple where both states are charged. Previously, it has been
reported that there is a disappearance of the CPR neutral
semiquinone as the pH is raised (26). It was also observed that
the redox couple, ox/sq, is more affected by changes in pH from
7.0 to 8.5 than the sq/hq couple (Table 2). Thus, there is a
differential effect of membrane electrostatics on the proton-
coupled redox states of the flavins which can be qualitatively
explained on the basis of a charge stabilization in the membrane.

The redox potential of CPR-nanodiscs with 50% POPS was
measured in order to probe the effect of negatively charged lipids
on the redox potential of CPR. The redox potential of both
flavins becomes more negative compared to the nanodiscs
assembled with the zwitterionic POPC. We observe that the
redox potential of the sq/hq couple of both FMNand FAD (ΔE3

inTable 1) is affectedmore than the corresponding ox/sq couples.
Anionic lipids disfavor the formation of the anionic semiquinone
and anionic hydroquinone. Hence the reduction from neutral
semiquinone to anionic hydroquinone at pH 7.4 will be dis-
favored, leading to the redox potential of the sq/hq couple
becoming more negative when anionic lipids are in proximity.
As the oxidized form and semiquinone form are both neutral

FIGURE 5: Effect of anionic lipids on the CPR redox potentials.
Potential CPR-nanodiscs with 100%POPC (open circles) are shifted
to higher values as compared to CPR-nanodiscs containing 50%
POPC/50% POPS (open squares).
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at pH7.4, the redox couple of ox/sqwill not be affected to as great
an extent. On the other hand, the changes in the redox potential
of the ox/sq couple between 100% POPC and 50% POPS CPR-
nanodiscs cannot be explained on the basis of the simple
argument.

CPR orchestrates the electron supply from NADPH to the
P450 by stabilizing the one-electron reduced form of FAD/
FMNH• (56). In the presence of the membrane, the reduction
potential of the FAD is more positive and becomes thermo-
dynamically favorable for reduction by NADPH. The high
midpoint potential of the FMNox/sq couple provides the driving
force for the interflavin electron transfer in full-length CPR. In
the presence of neutral lipids, although the redox potential of all
the couples shifts to more positive values, the difference between
the FAD sq/hq couple and the FMN ox/sq couple decreases;
hence the driving force for interflavin electron transfer decreases.
On addition of anionic lipids, there is slight increase in this
driving force. The FMN hydroquinone is thought to be the
species which donates electrons to the P450 during enzyme
catalysis. The redox potential of the sq/hq couple of 100%POPC
CPR-nanodisc FMN is -127 mV, which is more positive than
the redox potential of substrate-bound CYP3A4-nanodiscs,
-138 mV (41). This makes the electron transfer from the CPR
FMN to CYP3A4 in neutral membranes slightly unfavorable
thermodynamically. In the presence of anionic lipids, as in 50%
POPS CPR-nanodiscs, the redox potential of the FMN sq/hq is
lowered (-207 mV), dropping below the redox potential of
substrate-bound CYP3A4, but more positive than substrate-free
CYP3A4, which thermodynamically favors electron transfer
from FMN to CYP3A4. This may be the origin of an enhance-
ment in substrate oxidation that is observed in the CPR-
dependent reaction in the presence of anionic lipids. Clearly,
understanding the functional behavior of integral membrane
redox proteins demands that experiments be conducted in a
native-like membrane environment.
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