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Abstract

Although there is a growing interest in using polymer lipid-nanodiscs, polymer charge pose 

limitations for studies on membrane proteins. Here, we demonstrate the functional reconstitution 

of large soluble-domain containing positively-charged ~57-kDa cytochrome-P450 and negatively-

charged ~16-kDa cytochrome-b5 in lipid-nanodiscs, and the role of polymer charge for high-

resolution studies on membrane proteins.

Graphical Abstract

Membrane proteins play a plethora of important roles in cellular function. Despite the need 

for high-resolution structures to fully understand the function, poor solubility and stability of 

membrane proteins continue to pose challenges.1 The development of lipid-nanodiscs as a 

membrane mimetic has enabled structural studies of membrane proteins in their near-native 
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lipid bilayer environment.3 Nanodiscs are discoidal shaped and contain a planar lipid bilayer 

surrounded by an amphiphilic molecular belt.4 Different types of amphiphilic belts such as 

membrane scaffold protein (MSP),3, 5, 6 peptides7, 8 and polymers,9, 10 have been used to 

form lipid-nanodiscs. In recent years, polymer based lipid-nanodiscs have been developed 

and their advantages over the well-established protein based nanodiscs have been 

demonstrated.11–14 Polymer based lipid-nanodiscs have been shown to not only form 

nanodiscs with varying lipid compositions, but have also been used to directly extract 

membrane proteins from their native cellular membrane environment.15, 16 Styrene maleic 

anhydride/acid (SMA) polymers were the first amphiphilic polymers shown to form 

nanodiscs (known as SMALP),9, 17 and since their introduction several other polymers 10, 18 

have also been synthesized to improve the nanodiscs properties. Low molecular weight 

SMA derivatives such as styrene maleic acid – ethanol amine (SMA-EA)19 and styrene 

maleimide quaternary ammonium (SMA-QA)2 were recently developed to improve the size 

control and pH stability of nanodiscs. Although polymer nanodiscs are increasingly used for 

studies on membrane proteins, they have been limited to polytopic transmembrane (TM) 

proteins.20 On the other hand, unlike the TM proteins, large soluble domain containing 

membrane proteins (such as single-pass or double-pass TM proteins) exhibit heterogeneous 

aggregation due to differences between soluble and TM domains. Interestingly, these are the 

proteins that continue to pose major challenges for structural studies; significant difference 

in the time scales of motions between the soluble and TM domains makes it very difficult to 

crystallize them and, functional reconstitution remains to be major a challenge.21 Therefore, 

it is important to demonstrate the capabilities of polymer nanodiscs to reconstitute such 

membrane proteins to broaden the applications of polymer nanodiscs.

In this study, we chose the ~57-kDa cytochrome P450 (CytP450) and ~16-kDa cytochrome-

b5 (Cyt b5) to demonstrate the feasibility of using polymer nanodiscs because they contain a 

single TM domain, a large soluble domain, and exhibit their function in a lipid membrane 

environment.22, 23 The additional complexities due to highly cationic CytP450 and anionic 

Cyt b5 are also utilized to understand the role of polymer charge on their functional 

reconstitution. CytP450 and its redox partners are involved in the oxidation of a variety of 

substrates.24 The active site of CytP450 contains a heme moiety axially coordinated to a 

cysteine, and this coordination plays a major role in its function.25 When functional CytP450 

is reduced and binds to carbon monoxide (CO), it displays a characteristic Soret absorption 

at 450 nm. CytP450 has an inactive form denoted as P420, which causes a blue shifted Soret 

absorption peak at 420 nm. Previous studies on using peptide or MSP nanodiscs showed the 

reconstituted CytP450 to be monomeric, functionally active and more stable as compared to 

the detergent solubilized protein.7, 26, 27 These studies enabled biophysical and structural 

characterization of CytP450, whereas in the absence of the nanodiscs the heterogeneous 

nature of CytP450 makes it difficult.28, 29 In this study, we reconstituted the functional 

cytochrome P450 2B4 (CYP2B4) in different polymer nanodiscs (negatively charged SMA-

EA and SMALP, and positively charged SMA-QA), and demonstrated that CytP450 stability 

is increased when reconstituted in SMA-QA polymer nanodiscs as compared to that in a 

lipid-free solution (but in detergent). SMA-EA and SMA polymer nanodiscs were found to 

inactivate CytP450 during reconstitution. The inactivation of CytP450 was found to be 

dominated by charge-charge interaction between the negatively charged polymer and 
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cationic CytP450. SMA-EA nanodiscs were found to be effective for Cyt b5 reconstitution, 

whereas SMA nanodiscs exhibited a strong interaction between Cyt b5 and the polymer belt. 

On the other hand, SMA-QA nanodiscs successfully reconstituted Cyt b5 only in the 

presence of a high ionic strength medium. These results demonstrate that the innate 

chemical properties of the chosen polymer to form nanodiscs can have a large effect on 

successful functional protein reconstitution.

The nanodiscs used in this study were prepared using DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine) and a SMA, SMA-EA or SMA-QA (Figure 1a and 1b) as explained in the 

supporting information. SMA was commercially obtained, whereas both SMA-EA and 

SMA-QA were synthesized and characterized as previously described.2, 19 The dynamic 

light scattering (DLS) (Fig.1c–e) and size exclusion chromatography (SEC) (Fig.1f–h) 

profiles showed that all polymer nanodiscs exhibited a similar size (~10–15 nm diameter). 

More details on the stability of these polymer nanodiscs can be found in the literature.2, 9, 19 

Following SEC, the nanodiscs solutions were incubated with CytP450 at room temperature 

for 12 hrs. The resulting CytP450-reconstituted nanodiscs were reduced using sodium 

dithionite and the solution was bubbled with carbon monoxide (Figure 2). Figure 2b shows 

the absorption spectra of ferric (Fe3+) CytP450 and CO bound ferrous (Fe2+) CytP450. The 

CytP450 reconstituted in SMALP absorbed at 420 nm showing that the protein is in its 

inactive form, similar to that observed from DPC micelles (see the experimental data in 

Figure S1 in the supporting information).30 CytP450 reconstituted in SMA-EA nanodiscs 

displayed two absorbance peaks at 420 nm and 450 nm indicating the partial inactivation. 

CytP450 incubated with SMA-QA nanodiscs exhibited a peak maximum at 450 nm 

demonstrating that the protein is reconstituted in its active form. The overall percentage of 

inactive CytP450 in SMA-EA nanodiscs decreased when CytP450 was reconstituted in 

SMA-EA nanodiscs in the presence of 500 mM NaCl (Figure 2c–d). This observation 

suggests that the positively charged CytP450 (+6.9 at pH 7.4)31 interacts with the negatively 

charged SMA or SMA-EA via electrostatic charge-charge interactions. The high affinity of 

positively-charged CytP450 for SMA-EA or SMA can be attributed to the significant charge 

density of the nanodisc’s polymer-belt that contain negatively-charged carboxylate-groups 

(see the supporting information).

To further investigate the interaction between the polymer nanodiscs and CytP450, SEC was 

performed. SEC analysis (Figure S2) of the positively-charged P450 and the negatively-

charged polymer (SMA-EA or SMA) exhibited a shift in the retention volume of 4.4 (for 

SMA-EA) or 4.6 (for SMA) ml. This observation suggests that the formation of large-size 

particles due to the interaction of the oppositely-charged protein and polymer-belt. On the 

other hand, when the protein and polymer have the same type of charges, SEC profiles 

revealed the formation of particles that are larger than that of empty-nanodiscs but smaller 

than that observed for oppositely-charged protein and polymer-belt (mentioned above). For 

example, the positively-charged P450 and the positively-charged polymer (SMA-QA) 

exhibited a shift in the retention volume of 2 ml as compared to that of empty-nanodiscs 

(Figure S2). This observation indicates a successful reconstitution of P450 in the positively-

charged SMA-QA-polymer-nanodiscs. This finding is also in agreement with UV-vis 

experimental results and demonstrates a successful reconstitution of a functionally active 

P450.
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Reconstitution of functional CytP450 in SMA nanodiscs was not possible as SMA is 

unstable under high NaCl concentrations; whereas salt is essential to screen the nonspecific 

electrostatic interactions between the polymer and protein. The complete inactivation of 

CytP450 by SMA is also partially due to the presence of the hydrophobic domains in SMA 

polymer as explained in a recently published study.32 Use of salt during SMA-QA 

reconstitution of CytP450 showed negligible effects on the functional reconstitution 

efficiency (Figure 2e–f). The ability to monomerize the full-length CytP450 and functionally 

reconstitute in a planar lipid bilayer using SMA-QA and SMA-EA (in the presence of salt) is 

remarkable. We believe that this first demonstration should enable high-resolution structural 

and enzymatic mechanistic studies on the full-length CytP450.

We further examined the effect of polymer charge on the reconstitution of a negatively 

charged ~16-kDa rabbit Cyt b5 (-8.4 at pH 7.4) which has an isoelectric point of 6.0.31 The 

incubation of Cyt b5 with SMA-QA nanodiscs was monitored using static light scattering 

(SLS) (Figure 3b). Increase of light scattering from SMA-QA nanodiscs upon the addition 

of Cyt b5 indicated the formation of aggregates in the sample. No change in SLS was 

observed by the addition of Cyt b5 to SMA-QA nanodiscs in the presence of 500 mM of 

NaCl, suggesting that the positively charged SMA-QA was forming aggregates with 

negatively charged Cyt b5 via a nonspecific electrostatic interaction; but the addition of salt 

suppressed the electrostatic interaction between polymer and protein to avoid aggregation. 

Further insights on the reconstitution of Cyt b5 and stability of resultant nanodiscs were 

obtained using 2D 1H-15N transverse relaxation optimized spectroscopy heteronuclear single 

quantum coherence spectroscopy (TROSY-HSQC) NMR experiments on uniformly 15N-

labeled Cyt b5 reconstituted nanodiscs (Figure 3). As seen in NMR spectra in Figure 3g, Cyt 

b5 reconstituted in SMA-EA nanodiscs showed well dispersed resonances indicating that the 

protein is well folded as reported previously.7, 19 On the other hand, when Cyt b5 is 

reconstituted in the presence of the SMA polymer nanodiscs, resonances in the 2D TROSY-

HSQC NMR spectrum were clustered around in the 7 to 8.5 ppm region signifying a strong 

interaction between the polymer and Cyt b5 (Figure 3d). The strong intermolecular 

interaction is most likely due to the hydrophobic domains present in SMA,32 similar to the 

interactions observed for CytP450 reconstitution as mentioned earlier. It is interesting that 

SMA-QA polymer nanodiscs containing Cyt b5 produced well dispersed resonances only in 

the presence of 500 mM NaCl (Figure 3f), while no resonances were observed in the 

presence of 100 mM NaCl (Figure 3e). This observation suggests that the negatively charged 

Cyt b5 and positively charged SMA-QA polymer nanodiscs form large aggregates, 

supporting the above-mentioned SLS results (Figure 3b).

In conclusion, we have successfully reconstituted functional CytP450 and Cyt b5 in polymer 

nanodiscs. We have demonstrated that CytP450’s stability is increased when reconstituted in 

SMA-QA nanodiscs as compared to that in a lipid-free solution (or in detergent), which is 

similar to when reconstituted in MSP and peptide nanodiscs. Polymer-protein charge-charge 

interactions were demonstrated to play an important role in the functional reconstitution of 

proteins and on the stability of resultant nanodiscs. These interactions are attributed to the 

presence a high charge density on the polymer-belt of the nanodisc due to the presence of a 

large number of polymer molecules within a limited surface area. Positively charged SMA-

EA polymer nanodiscs were found to be effective for the reconstitution of Cyt b5 which 
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contains a large anionic soluble domain. The negatively charged SMA based polymer 

nanodiscs, however, were incapable of functionally reconstituting CytP450 or Cyt b5 due to 

the presence of hydrophobic domains in the SMA polymer, even when the charge-charge 

interactions were removed as in the case of Cyt b5. Thus, our study reveals that the innate 

chemical properties of the chosen polymer to form lipid-nanodiscs can have a large effect on 

the successful functional reconstitution of a membrane protein. In particular, the presence of 

charged residues in the large soluble-domain(s) containing single-pass (like cytochromes 

P450 and b5) and double-pass membrane proteins can pose challenges due to their direct 

interaction with the charged polymer belt. As demonstrated in this study, with a judicious 

choice of a polymer to form lipid-nanodiscs and salt concentration, membrane proteins can 

be reconstituted for studies using NMR. We expect the results reported in this study to be 

useful to prepare polymer based nanodiscs for studies using a variety of biophysical 

techniques including SAXS, cryo-EM and crystallography. While SMA based polymers 

exhibit unique advantages and are increasingly used for the structural studies of membrane 

proteins, our findings reported in this study indicate the need for neutral molecules, that can 

form lipid-nanodiscs, for the structural studies on the most challenging large soluble-domain 

containing membrane proteins. Unlike other types of nanodiscs, tolerance exhibited by 

SMA-QA nanodiscs over a broad range of pH and divalent metal ions can be further utilized. 

A complete characterization of lipid bilayer properties of polymer nanodiscs would be 

useful in the structural studies of reconstituted membrane proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of polymer nanodiscs
(a) Schematics of nanodiscs with a different charged polymer. (b) Structure of different 

polymers used. Dynamic light scattering profiles of (c) SMA:DMPC (1.5 :1 w/w), (d) SMA-

EA:DMPC (2:1 w/w), (e) SMA-QA:DMPC (1.5:1 w/w). Size exclusion chromatogram 

profiles of (f) SMA:DMPC (1.5 :1 w/w), (g) SMAEA:DMPC (2:1 w/w), and (h) SMA-

QA:DMPC (1.5:1 w/w).2
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Figure 2. Reconstitution of CytP450 2B4 in polymer nanodiscs
(a) Schematic showing CytP450 reconstited in a SMA-QA:DMPC nanodiosc. Heme 

corination sphere of CO bound state. (b) UV-vis absorption spectra of CytP450 reconstituted 

in different nanodiscs in its ferric state (left column) and ferrous -carbon monoxide complex 

(right column). UV-vis absorption spectra of cytP450 reconstituted in SMA-EA nanodiscs: 

(c) in the presence of indicated NaCl concentrations and (d) ferrous carbon monoxide 

complex (d). UV-vis spectra of cytP450 reconstituted in SMA-QA nanodiscs and (e) in the 

presence of NaCl, (f) ferrous carbon monoxide complex.
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Figure 3. Reconstitution of Cyt b5 in polymer-nanodiscs
a) Schemtaic representation of a ~16-kDa rabbit Cyt b5 reconstituted in a negatively charged 

polymer-nanodisc. b) SLS spectra of SMA-QA nanodiscs and Cyt b5 at different NaCl 

concentrations. c) Projections of 2D TROSY HSQC spectra of a uniformly-15N-Cyt b5 

reconstituted in SMALP (d), SMA-QA (e) with 100 mM NaCl, SMA-QA (f) with 500 mM 

NaCl, and SMA-EA (g) nanodiscs.
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