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Abstract

Lipids are critical for the function of membrane proteins. NADPH-cytochrome-P450-reductase, 

the sole electron transferase for microsomal oxygenases, possesses a conformational dynamics 

entwined with its topology. Here, we use peptide-nanodiscs to unveil cytochrome-P450-

reductase’s lipid boundaries, demonstrating a protein-driven enrichment of ethanolamine lipids (by 

25%) which ameliorates by 3-fold CPR’s electron-transfer ability.
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NADPH-Cytochrome P450 reductase (CPR) is the electron transferase of the microsomal 

monooxygenase system. CPR is the obligate electron donor to a variety of enzymatic 
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systems, including cytochrome P450s and heme oxygenases, among others.1 Being the only 

reducing partner in the endoplasmic reticulum, it is a key component of human detox and 

biosynthetic machineries, and its physiology and pharmacology have emerged in the last 

decade.2, 3 CPR binds NADPH, which can reduce the enzyme by transferring electrons to 

both the FAD and FMN domains within the protein.1 The NADPH/FAD domain is 

connected to the FMN domain by a hinge region that closes when NADPH binds to CPR 

and transfers two electrons through a hydride ion transfer, followed by interflavin electron 

transfer.4-6 The open form of the enzyme is the responsible for delivering the electrons to the 

acceptor protein (i.e. cytochrome P450).1, 7, 8 CPR is found in the cytoplasmic side of the 

endoplasmic reticulum (ER) of eukaryotic cells, and possesses a hydrophobic N-terminal ER 

membrane-binding domain. The topology of CPR in ER membrane is dramatically altered 

by its functional conformational changes.8 Several studies have demonstrated that CPR 

catalytic activity can be reduced or enhanced by the interaction with specific phospholipids.9 

CPR‘s interactions with anionic phospholipids have been controversial,10, 11 although an 

efficient tuning on CPR’s redox potential has been demonstrated.9 The importance of CPR’s 

stability on catalysis for the physiology of the endoplasmic reticulum has been recently 

recognized,3 although the role played by the membrane has been surprisingly neglected. It is 

imperative to fill this scientific gap and provide critical knowledge on the molecular factors 

regulating CPR’s stability and interprotein electron transfer. Recently, we introduced the use 

of peptide-based nanodiscs to overcome such limitations by studying lipid-protein 

interactions at nanometric scale and unveil protein-dependent lipid segregation in a 

microsomal P450.12 Here, for the first time, we report the CPR’s interaction with a 

biomimetic ER (Table S1) and its preference for lipid composition using peptide based 

nanodiscs and biophysical experiments.5, 12, 13 The findings of this study contribute to the 

ongoing efforts of exploring and characterizing the important roles of lipids in biological 

functions.14

Peptide-based nanodiscs allow detergent-free protein incorporation, and avoids post-

reconstitution purification steps.15, 16 Size-exclusion chromatography (SEC, Figure S1a,b), 

dynamic light scattering (DLS, Figure S1c,d) and transmission electron microscopy (Figure 

S1d) indicate the formation of homogeneous nanodiscs. The size of 4F peptide-nanodiscs 

can be tuned by altering the lipid:peptide ratio;12 at 1:0.8 w/w lipid:peptide ratio (for all 

preparations), the diameter of the nanodisc was 8±1 nm, which is suitable for protein 

monomerization. We were able to reconstitute CPR in 4F-nanodiscs in homogeneous 

(POPC) and heterogeneous (POPC:POPS 8:2 and ER) lipid compositions. As recently 

demonstrated, peptide-based nanodiscs allow lipid “exchange” between nanodiscs.13, 15-17 

The presence of a membrane protein in a fraction of nanodiscs perturbs the mass equilibrium 

in a way that reflects the ability of the protein itself to recruit or exclude specific membrane 

components in its proximate boundaries. CPR was reconstituted in excess 4F-nanodiscs 

(Figure 1a), the fraction containing the protein was subsequently purified by SEC (Figure 

1b), and phospholipids and cholesterol were quantified (Figure 2a,b). The lipid composition 

uniquely reflects the perturbation induced by CPR. Since the beginning of P450 research, 

studies have reported that specific lipids preferably associate with CPR function. Balvers 

and coworkers10 found residual PI and PS bound to CPR purified from rat microsomes, 

whereas others have reported an enrichment of PE.11 Both studies used detergents to extract 
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CPR from microsomal membrane.18 The lipid-exchange nanodiscs approach described here 

surmounts the limitations of detergents in characterizing protein-dependent membrane 

organization. The first observation is that, compared to the initial ER lipid composition 

(“ER” in the rest of the manuscript), the phospholipid profiles were altered by CPR (Figure 

2b and Table S1). After lipid exchange, the nanodiscs (denoted as “ERex”) did not contain 

any detectable PS, but instead a higher amount of zwitterionic PE (+6%, p<0.05), and PI, 

although this is not statistically significant (+4%, p<0.28). On the contrary, the empty 

nanodiscs fraction was enriched with PS and depleted of PE (Figure S2). Cytb5 – whose 

cytosolic does not interact with membrane19 – was used as a control, and as expected, it did 

not perturb the nanodiscs’s lipid composition (Figure 2b). Preferential binding of PS to CPR 

has been justified by the 46Lys-Lys-Lys triplet in the transmembrane domain,9 which also 

contains an acidic 49Glu-Glu-x-x-Glu sequence20 that precedes the cytosolic side of the 

protein.21 In a recent report, super-resolution imaging of fluorescently labeled CPR in a 2:1 

PC:PS mole ratio supported lipid bilayer showed its exclusion from PS-rich domains22 

corroborating our findings. PE has a cone-shaped structure favoring a negative-curvature 

strain of the membrane,23 which might adapt CPR to the lipid bilayer,10, 24 thus the observed 

enrichment may be functional to CPR membrane topology.5, 21 These findings underlined 

that detergent-based approaches are inappropriate for studying membrane-protein topology, 

and most significant observations can be attained using nanodiscs and other biomimetics 

which better resemble physiological membranes.12, 16, 25

Next, we investigated CPR’s rotational mobility as well as structural fluctuations that can be 

attributed to the differences in membrane immersion due to preferential lipid boundaries. For 

this, we used the native flavin to study both steady-state and time-dependent fluorescence 

emissions. CPR possesses both an FMN and a FAD moiety, located in different domains. 

Flavin in the FAD domain is mostly silent,26 so the observed fluorescence can be attributed 

almost entirely to the isoalloxazine ring belonging to the FMN binding domain (FBD). 

When excited at the absorbance maximum (450 nm), CPR showed a typical fluorescence 

emission with a peak at 525 nm. Differences were observed between membrane-free and 

nanodiscs samples. CPR’s relative quantum yield (Φ) was higher in membrane (Figure 2c), 

with a ~10-fold increase in POPC:POPS; however, lipid exchange (ERex) led to a 

comparatively lower emission. This is a direct consequence of protein/membrane 

interactions: if CPR is more embedded into the lipid bilayer, the FBD microenvironment 

would be consequently more rigid and less solvent exposed, allowing flavin’s radiationless 

deactivation pathways to be reduced and the relative higher. Φ Temperature-dependent 

steady-state anisotropy was also measured (Figure 2d). The anisotropy experiments unveil 

that: (i) CPR possesses a significant higher anisotropy in ERex compared to POPC or POPC-

POPS membranes, and (ii) CPR’s rotational mobility in the membrane is not affected by the 

thermally increased membrane fluidity.5, 8 Both results indicate that the preferential 

membrane allows the FBD domain to better interact with the lipid bilayer, decreasing its 

rotational mobility. Similar experiments performed with the isolated full-length FBD 

(flFBD, Figure 2e),27 which contains the entire transmembrane domain and the FMN-

binding domain.28 For the flFBD, the observed anisotropy values were significantly lower, 

due to reduced mass (ca. 17-kDa) compared to full-length CPR (ca. 77-kDa). Going from 

POPC to the preferential ERex, a progressive reduction of rotational mobility was observed, 
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indicating that membrane can indeed exert a significant effect on the immersion of FBD 

domain. Contrary to CPR, flFBD’s anisotropy behavior was temperature-dependent, 

suggesting that CPR’s membrane topology likely differs from that of flFBD. When flFBD 

was studied in lipid bicelles, it was reported A combination of solution and solid-state NMR 

experiments has been used to reveal distinct time scales of motion for the transmembrane 

and cytosolic domains and also shown to be dependent on the lipid composition.28 

Unfortunately, no structural studies have been performed on the full-length CPR, although it 

is believed that extended fragments of CPR’s cytosolic domain also interact with the lipid 

bilayer,21 explaining the different anisotropic behavior.

Differences in Φ cannot be accounted only to the extent of protein/membrane interface, so 

we investigated if structural alterations can alter flavin time-dependent fluorescence decays. 

CPR’s fluorescence lifetime in its soluble truncated form has been characterized29 and has 

been shown to be multiexponential, as for other flavoproteins, including the cytosolic nitric 

oxide synthase.30 The observed complex fluorescence behavior is attributable to the 

structural heterogeneity of reductase with respect to the flavin environment.29 If the 

fluctuations of the protein architecture occurs on a time scale comparable with the 

fluorescence lifetime, multiple decays will be observed. When in solution, CPR’s 

fluorescent decay was biphasic, with a slower component comparatively matching free-FMN 

(Table S2). This can represent an “open” form population, with FAD distant from the FBD.
30, 31 When incorporated into nanodiscs, the decay curves became more complex, and a 

good fitting was achieved only by considering a tri-exponential function (Figure 2e). When 

in PE-containing membrane, CPR had lower average lifetime 〈τ〉, and the ~6 ns decay was 

split into two components (Table S2). A short lifetime population (~2 ns) indicates that 

membrane facilitates either FAD/FMN domains interactions or π-stacking of the 

isoalloxazine ring with aromatic residues (Figure S3). A third slower decay component 

(~8-10 ns), representing ~2% of the total decay, was not observed in previous reports,29 and 

is likely attributable to the lipid environment which reshapes flavin photophysics and delays 

non-radiative decay (Fig. 2c). As for anisotropy, fluorescence decays were also measured for 

flFBD (Table S2 and Figure S4). Solution flFBD decays as free FMN, with a shorter 

component τ1 of ~4 ns (Table S2). Interestingly, membrane reconstitution significantly 

decreased both τ1 and 〈τ〉, indicating that indeed the lipid environment alters flFBD’s 

topology and flavin’s microenvironment.

Fluorescence experiments clearly insinuate lipid-dependent structural fluctuations. The 

conformational plasticity of CPR is key for its catalytic abilities, thus we expected 

differences in electron transfer rates. For this, we measured the CPR‘s ability to reduce cyt c 
(Figure 3). Cyt c is a soluble hemeprotein, which has been extensively used as P450’s 

surrogate for its high homology in the redox interface.32 The catalytic behavior strongly 

supports the spectroscopic observations. A progressive increase in kcat values was observed 

from solution (52 s−1) to ER (110 s−1); however, after lipid exchange and PE-enrichment the 

electron transfer ability was further improved (175 s−1, p<0.001). NADPH-consumption 

rates mirrored cyt c reduction (Figure S5). A recent study in MSP-nanodiscs found that CPR 

was more active towards cyt c in a ER lipid mixture;33 however, the highest catalysis was 

obtained using a native lipid extract. Our findings support that CPR’s preference for PE and 

exclusion of PS is indeed linked to its function of an improved electron transfer ability. 

Barnaba et al. Page 4

Chem Commun (Camb). Author manuscript; available in PMC 2019 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Membrane-induced structural fluctuations revealed by a decrease of 〈τ〉 and the appearance 

of a shorter decay component (Table S2) supports a more “compact” CPR in ERex.31 If more 

compact, intermolecular electron transfer between the FAD and FBD domains will be 

facilitated, favoring a faster reduction rate (Figure 3).

In conclusion, this study reveals for the first time that CPR topology in an ER biomimetic is 

defined by its ability to exclude the negatively charged phospholipid PS and increase the 

cone-shaped PE. The protein-induced lipid segregation enhances CPR’s catalytic activity, 

when compared to homogeneous lipid environment,5, 33, 34 probably due to conformational 

fluctuations that favour proximity of the intra-protein ET pathway. Previous findings on 

residual PS binding to CPR may probably be influenced due to detergent-mediated 

solubilization. This study also demonstrated that CPR‘s lipid surrounding are somehow 

complementary to that of P450, suggesting monomerization into the ER occurs via protein-

induced lipid-ordering.12 Co-existence of P450 and CPR in rafts domain has also been 

proposed;34 however, this view collides with CPR promiscuous activity towards numerous 

oxidative partners, which can be achieved only assuming a more disordered and distinct lipid 

environment for CPR. We expect that the observed differences can be potentially 

exacerbated in the highly heterogeneous endoplasmic reticulum. These findings add novel 

information regarding the factors that control the stability and dynamics of CPR, and the 

reported experimental strategies can be used for characterizing the topology of CPR’s 

polymorphic variants2, 3 and their relation with function deficiencies. We believe that the 

approach reported in this study will be valuable to study the structure, dynamics and 

function of membrane proteins. Particularly, the ability to undergo lipid exchange via 

collisions by the self-assembled peptide-based lipid-nanodiscs would be useful to probe 

protein-protein, protein-membrane and protein-drug interactions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Peptide-based nanodiscs as a tool to unveil lipid-boundary regions of CPR
4F-ER nanodiscs allow detergent-free incorporation and monomerization of CPR. (a) 

Schematic of the lipid-exchange experiment. CPR was reconstituted with a 2.5-fold excess 

of empty 4F peptide based nanodiscs containing ER membrane lippids and incubated 

overnight to enable lipid exchange between nanodiscs. (b) SEC profiles showing two 

partially overlapped peaks, representing the reconstituted and empty fractions; the insert 

depicts a TEM image of the reconstituted fraction.
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Figure 2. CPR lipid boundaries differ from membrane bulk composition and determine 
topological and structural fluctuations
(a) 31P-NMR on detergent-treated nanodiscs was used to assess the phospholipid 

composition on the protein-containing fractions after overnight lipid exchange. (b) 
Percentage of lipids and cholesterol contents in empty, CPR, and cytb5 4F-ER nanodiscs 

after lipid exchange, as measured by 31P-NMR (phospholipids) and GC-MS (cholesterol). 

Data are expressed as average ± standard deviation (n = 3). * p<0.05, ** p<0.01, *** 

p<0.001. (c) Steady-state fluorescence emission of CPR in the 4F-nanodiscs (λex=450 nm). 

Φi is the relative quantum yield (to flavin) measured as described in the Experimental 

Section. (d–e) Steady-state fluorescence anisotropy of CPR and flFBD in solution and 4F-

nanodiscs (λex=450 nm, λem = 525 nm). (f) Fluorescence lifetime decays measurements of 

CPR in solution or in 4F-nanodiscs nanodiscs (λex=450 nm, λem = 525 nm). IRF, 

instrument response function.
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Figure 3. The preferential lipid boundaries increase CPR’s ability to transfer electrons to cyt c
a) Kinetic traces of cyt c reduction as measured by UV-vis absorption spectroscopy. b) 

Calculated kcat for cyt c reduction by CPR in solution or in 4F-nanodiscs. Data are expressed 

as average ± standard deviation (n = 3). * p<0.05, ** p<0.01, *** p<0.001.
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