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Abstract

Cytochrome-P450-reductase transfers electrons to cytochrome-P450 through its flavin 

mononucleotide binding domain (FBD). Despite the importance of membrane-anchoring for FBD 

function, studies have focused on its soluble domain lacking the transmembrane-domain. Here we 

demonstrate that the reconstitution of FBD in nanodiscs enables high-resolution NMR 

measurements and renders a stable conformation.

Graphical Abstract

Cytochrome-P450 mediated electron transfer in liver microsomes is responsible for the 

oxidative metabolism of both endogenous (vitamins, fatty acids, prostaglandins, and 

steroids) and exogenous (therapeutic drugs and toxins) compounds.1–3 NADPH-

cytochrome-P450-reductase (CPR) is an endoplasmic reticulum (ER) membrane‐bound 

protein that transfers electrons to different types of membrane-bound cytochrome-P450 

enzymes to metabolize these compounds.4, 5 The ~78-kDa CPR consists of a ~5-kDa N-

terminal region including a transmembrane domain and a ~72-kDa catalytic domain 

consisting of a flavin mononucleotide (FMN)-binding domain (FBD) and a flavin adenine 

dinucleotide (FAD)-binding domain.6, 7 The transmembrane and the catalytic domains are 
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connected by a small ~1-kDa linker region. CPR is one of the two mammalian enzymes 

reported to possess both FAD and FMN prosthetic groups.8 It transfers two electrons one at 

a time from NADPH to cytochrome-P450 prosthetic heme iron via FAD and FMN prosthetic 

groups.8 CPR is also indispensable in donating electrons to other physiological electron 

acceptors such as microsomal heme oxygenase and cytochrome-b5. FBD of CPR is an 

immediate electron donor to cytochrome p450s and other oxygenases.8 Hence, many of the 

in vitro characterization studies especially the structural studies have been reported on FBD 

containing9 or lacking the transmembrane domain (denoted as truncated-FBD).10–12

CPR lacking the transmembrane domain is impaired in electron transfer to cytochrome-P450 

signifying the importance of its transmembrane domain for the enzyme complex formation 

and function.3, 4, 13, 14 The interaction between the transmembrane domains of CPR and 

cytochrome-P450 in a lipid bilayer environment has been shown to be essential for 

cytochrome-P450’s enzymatic activities.3, 15–17 High-resolution studies on CPR and FBD 

have been challenging due to the hydrophobic nature and dynamics in the lipid interface. A 

solid-state NMR study on the lipid-anchored FBD (full-length FBD) revealed that the 

transmembrane domain in lipid bicelles adopts an α-helical conformation with a ~13° tilt of 

the helical axis from the lipid bilayer normal.7 However, the presence of detergent in bicelles 

has been shown to convert the functional cytochrome-P450 to an inactive P420.18, 19 Hence, 

detergent-based reconstitution approaches are not desirable for functional reconstitution of 

membrane-associated mammalian P450s.19 Although nanodiscs have been used to overcome 

this difficulty and to study the interaction between FBD and P450 in a lipid bilayer 

environment, lack of resonance assignment has limited such studies.20 In this study, we 

report a systematic assignment of resonances by performing a series of high-resolution 3D 

NMR experiments on the full-length FBD reconstituted in lipid nanodiscs, which is essential 

to investigate the interaction of FBD with P450 and lipid membrane in the presence and 

absence of substrates to better understand the enzymatic function of P450 at an atomic level.

The 13C- and 15N-labelled full-length FBD was successfully expressed in Escherichia coli 
C41 bacterial strain, and the protein was purified by DEAE anion-exchange and size-

exclusion chromatography (SEC) as depicted in Figure 1A. The protein was reconstituted in 

4F-DMPC nanodiscs and further purified by SEC (Fig. 1B). The nanodiscs with full-length 

FBD eluted earlier in SEC as compared to the protein-free 4F-DMPC nanodiscs suggesting 

the larger size of the nanodiscs containing FBD (Fig. 1B). This was confirmed by dynamic 

light-scattering (DLS) that showed a 0.5 nm increase in the hydrodynamic radius for the 

nanodiscs containing the full-length FBD (Figures 1D and S1).

The suitability of sample conditions and stability for structural studies were examined using 

simple NMR experiments. A 1D 1H NMR spectrum showed reasonably well-dispersed 

peaks in the backbone amide region and the methyl peaks in the most upfield region between 

0 to −0.6 ppm (Fig. 1E). High intensity peaks from the acyl chains of DMPC lipids and the 

4F peptide in the nanodiscs also appeared in the 1H NMR spectrum (Fig. 1E). A 2D 

[15N-1H]-HSQC spectrum also showed well-dispersed backbone amide resonances in both 
15N and 1H dimensions, indicating a well-folded conformation of the full-length FBD 

reconstituted in 4F-DMPC nanodiscs (Fig. 2).
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The spectral quality and protein stability were further assessed using 2D [15N-1H]-HSQC 

and 2D [13C-1H]-HSQC NMR experiments before carrying out a series of 3D NMR 

experiments (Fig. S2). Except for a few peaks, uniform peak intensity was observed 

throughout the spectrum of the full-length FBD indicating the homogenous and monomeric 

form of the reconstituted protein (Fig. 2). The low-intensity and broad peaks could be arising 

from the residues in the N-terminal region and the regions associated with the lipid bilayer, 

respectively. New peaks were observed when comparing the spectra recorded on day-1 and 

day-6: in 7.6 to 8.6 ppm (1H) and 109 to 130 ppm (15N) regions in 2D [15N-1H]-HSQC (Fig. 

S2) and also in the different regions of 2D [13C-1H]-HSQC spectra (Fig. S2). The 

appearance of new peaks could be due to a partial denaturation of the protein with time. 

Despite these changes, the overall spectral dispersion was not affected, indicating good 

stability and suitability of the sample (i.e. full-length FBD in 4F-DMPC nanodiscs) for 

acquiring a series of 3D NMR spectra (Table S1).

Full-length FBD construct consisted of 239 amino acid residues, including 8 proline and 19 

glycine residues, with a molecular weight of ~27-kDa. The sequence-specific resonance 

assignments were accomplished using a combination of conventional and TROSY-type 

triple-resonance HNCA, CBCA(CO)NH and HNCACB NMR spectra (Fig. S3). In these 

NMR experiments, ~95% of the expected cross-peaks were observed indicating the isotropic 

nature of the nanodiscs. A 2D [15N-1H]-HSQC spectrum with all the backbone amide 

assignments is shown in Figure 2. The Cα and Cβ chemical shifts of Cys residues are 

consistent with their reduced state (Table S2).21 An example of the assignment strip plots 

from 3D HNCACB and CBCA(CO)NH spectra are shown in Figure 3A and Figure S4. 98% 

amide (backbone, HN and NH) 100% Cα (backbone) and 99% Cβ (side-chain) assignments 

were determined for the 92% of the observed resonances (a total number of 202 residues 

including 18 Gly and 6 Pro residues) in the 2D [15N-1H]-HSQC spectrum. The assigned 

residues in the amino acid sequence are mapped onto the crystal structure of the soluble-

domain of FBD lacking the transmembrane domain (Fig. 3B and 3C).13 The measured 

chemical shift values for the full-length FBD are listed in Table S2 and have been deposited 

in the BioMagResBank database (BMRB id: 50744). Except a few small differences, the 

secondary structures predicted from the NMR chemical shifts are in an excellent agreement 

with the crystal structure of the soluble FBD domain of CPR (Fig. S5).

The measured line-widths for the full-length FBD are slightly larger than those observed for 

the truncated-FBD (see Table S3 and Fig. S6), indicating a slower tumbling rate for full-

length FBD reconstituted in nanodiscs. The 1H and 15N line-widths for the residues near the 

lipid bilayer of the nanodiscs were measured to be up to 41 and 34 Hz, respectively. These 

line-widths are nearly ~10 Hz larger than that observed for other residues in the soluble 

domain of the full-length FBD (Figures 4A and S6). The line-broadening observed for the 

residues Glu-14 to Glu-18 near the lipid bilayer surface (Table S3) is most likely due to their 

restricted motion and the enhanced spin-spin (T2) relaxation near the lipid bilayer. The poor 

chemical shift dispersion observed for the N-terminal residues 2–18 (<0.5 ppm) suggests 

that the N-terminal region is unstructured, which is correlated with the structure predicted 

based on chemical shifts (Fig. S5). The low-intensity peaks present in the 2D [15N-1H]-

HSQC spectrum (Fig. S7) might be from a minor conformation of FBD as reported earlier.10 

However, the number of low-intensity peaks observed for the full-length FBD is less than for 
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the truncated-FBD spectrum (Fig. S7), indicating the improved homogeneity of the soluble 

domain conformation in nanodiscs. Due to peak overlap and low signal-to-noise ratio, the 

sequential NMR assignments for the low-intensity peaks could not be determined.

Despite few chemical shift perturbations (CSPs), the resonance assignments for the soluble 

domain of the full-length FBD are similar to those for the truncated-FBD (Fig. S7). The 

majority of the amino acid residues that showed CSPs (≥0.02 ppm) were found to be from 

the disordered N-terminus and those near the lipid bilayer and also from loop-3 (Figures S7 

and S8). The observed perturbation to the resonances from loop-3 residues is likely due to 

the difference in the orientation of the FMN prosthetic group, which is non-covalently linked 

to the protein, when the protein is reconstituted in nanodiscs. Otherwise, the similar 

chemical shifts of full-length FBD and truncated-FBD indicate no structural changes due to 

reconstitution in lipid-nanodiscs. However, the CSPs suggest that the soluble domain of the 

full-length FBD would be making a few transient interactions with the lipid bilayer, which 

agrees with the previous solid-state NMR study.7 While the nanodiscs employed in this 

study used zwitterionic DMPC lipids, it would be useful to reconstitute the full-length FBD 

in nanodiscs containing the ER membrane lipids to obtain atomic-level insights on the 

interaction of the full-length FBD (or CPR) with the native lipid membrane in the absence 

and the presence of cytochrome-P450 and cytochrome-b5.17 Additionally, determining the 

ratio of different ER lipids specific to the cytochrome P450-FBD-b5 ternary complex using 
31P NMR would be useful.17, 22 Since the NMR resonance assignments are now 

accomplished through this study, probing the roles of different lipid composition on the 

folding and mobility of the full-length-FBD and its interaction with P450 in the presence 

and absence of substrates can be measured by NMR.

Most of the structural and functional studies reported so far has been carried out with 

truncated-FBD that does not have a lipid membrane environment. However, the native 

protein has a transmembrane domain through which the large soluble-domain of CPR is 

anchored to the microsomal membrane (see the schematic in Fig. 3). Investigation of the 

interaction of the transmembrane domains of CPR and P450 in a lipid membrane is in 

progress using nanodiscs and solid-state NMR experiments. Our previous studies have 

reported the direct interaction of the transmembrane domain of cytochrome-P450 with its 

another redox partner, cytochrome-b5, using solid-state NMR.23

High-resolution NMR studies of membrane proteins require a stable, homogenous 

reconstitution in the near-native lipid membrane bilayer. Although the membrane-mimicking 

systems such as bicelles and liposomes have been extensively used for membrane protein 

studies, they all have some intrinsic limitations.24 Bicelles contains detergent molecules, 

which are detrimental to protein’s stability, and they are also sensitive to temperature and 

buffer conditions. On the other hand, liposomes are less stable and non-homogenous that 

would result in increased line-widths and thus poor quality NMR spectra. Hence, performing 

high-resolution NMR experiments that require long acquisition times using these 

reconstitution systems is not feasible. In contrast, as shown in this study, the reconstitution 

of the full-length FBD in 4F-DMPC nanodiscs provided a stable, homogenous conformation 

that rendered high-quality, high-resolution NMR data. Unlike the previously reported results 

for the soluble fragment of FBD in the absence of lipids, our results clearly demonstrate the 
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feasibility of peptide-based lipid-nanodiscs to stabilize and study the native-like structural 

folding and dynamics of FBD. The NMR assignments for the full-length FBD reported here 

will be useful to study the structural interaction of FBD with cytochrome-P450 and the lipid 

membrane to better understand the structure, dynamics and enzymatic function of 

mammalian cytochrome-P450s by NMR, and will also be useful to probe the substrate-

dependent competitive interaction of cytochrome-P450 with its redox partners cytochrome-

b5 and CPR. Since nanodiscs are also used to investigate protein-ligand interactions25 and 

high-throughput screening in drug discovery26 in the presence of desired lipid composition, 

we expect this study to be useful to investigate the drug metabolism by cytochrome-

P450.17, 27

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic of the expression and purification of full-length FBD. (B) A size-exclusion 

chromatogram designating the elution peaks from 4F-DMPC nanodiscs with (a) and without 

(b) the full-length FBD, respectively. (C) SDS-PAGE analysis of SEC-purified 4F-DMPC 

nanodiscs with (lane 1) and without (lane 2) full-length FBD, and M is the protein marker. 

(D) DLS size measurement of the SEC-purified full-length FBD reconstituted in 4F-DMPC 

nanodiscs. (E) 1H NMR spectrum of the full-length FBD reconstituted in 4F-DMPC 

nanodiscs (0.3 mM FBD in 40 mM potassium phosphate buffer (pH 7.4) containing 0.01% 

sodium azide) recorded at 25 °C on a Bruker 900 MHz NMR spectrometer. High-intensity 

peaks originated from DMPC lipids and 4F peptide. The methyl peaks between 0 to −0.6 

ppm (indicated by an arrow) indicate a well-folded conformation for FBD in nanodiscs.
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Figure 2. 
Two-dimensional [15N-1H]-HSQC spectrum of 0.3 mM full-length FBD reconstituted in 4F-

DMPC nanodiscs recorded on a 600 MHz Bruker NMR spectrometer equipped with a 

cryogenically cooled triple-resonance probe operating at 25 °C. The spectrum was acquired 

with 16 scans and using 2048 and 256 data points for the 1H and 15N dimensions, 

respectively. The backbone NH assignments are annotated by the resonance peaks with one-

letter amino acid codes followed by their position in the protein sequence. The region with 

resonance overlap is boxed and expanded on the right side. Line-broadening (*) and the 

appearance of low-intensity peaks from residues making close contacts with the lipid-bilayer 

and a minor conformation, respectively. The protein sample was prepared in 40 mM 

potassium phosphate buffer pH 7.4 containing 10 % 2H2O and 0.01% sodium azide.
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Figure 3. 
(A) Overlay of two-dimensional F1(13C)-F2(15N) strip plots obtained from three-

dimensional HNCACB and CBCA(CO)NH spectra for the amino acid residues from Thr8 to 

Met12 and Glu14 to Glu18. Sequential intra-residue Cα (cyan) and Cβ (magenta) 

resonances in HNCACB are connected to corresponding inter-residue resonances in 

CBCA(CO)NH (red) using horizontal lines. NMR spectra were collected at 25 °C on a 

DMPC-nanodisc sample of 0.3 mM 13C-,15N-labelled full-length FBD in 40 mM potassium 

phosphate buffer (pH 7.4) containing 0.01% sodium azide. (B) Amino acid sequence of the 

full-length FBD highlighting the assigned residues colored in green, the unassigned residues 

colored in red and the transmembrane domain that is flanked by the short N-terminal region 

and the large C-terminal soluble domain is underlined. The proline residues are shown in 

bold. (C) Mapping the assigned residues on to the structure of FBD lacking the N-terminal 

region and the transmembrane domain (PDB id: 1AMO). The N-terminal region and the 
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transmembrane domain are schematically shown. N- and C- indicate N- and C-termini, 

respectively. The prosthetic group ‘FMN’ is colored in orange.
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Figure 4. 
(A) 1H (open circles) and 15N (closed circles) line-widths of the amino acid residues near to 

the bilayered lipid-membrane (residues 14–18 and 53) compared to those in the soluble 

domain (residues 53–68) of the full-length FBD. (B) Expansion of 2D [15N-1H]-HSQC 

spectra of the full-length (black colored contours) and the truncated (red colored contours) 

FBD highlighting the perturbed resonances.
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