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Abstract: Nanodiscs, which are disc-shaped entities that contain a central lipid bilayer 

encased by an annulus of amphipathic helices, have emerged as a leading native-like 

membrane mimic. The current approach for the formation of nanodiscs involves the 

creation of a mixed-micellar solution containing membrane scaffold protein, lipid, and 

detergent followed by a time consuming process (3-12 h) of dialysis and/or incubation 

with sorptive beads to remove the detergent molecules from the sample. In contrast, the 

methodology described herein provides a facile and rapid procedure for the preparation 

of nanodiscs in a matter of minutes (<15 min) using Sephadex® G-25 resin to remove 

the detergent from the sample. A panoply of biophysical techniques including analytical 

ultracentrifugation, dynamic light scattering, gel filtration chromatography, circular 

dichroism spectroscopy, and cryogenic electron microscopy were employed to 

unequivocally confirm that aggregates formed by this method are indeed nanodiscs. We 

believe that this method will be attractive for time-sensitive and high-throughput 

experiments. 

  

Keywords: nanodiscs, reconstitution, circular dichroism spectroscopy, analytical 
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1. Introduction 

Biophysical studies of membrane proteins commonly require the use of membrane 

mimics (e.g. vesicles, micelles, bicelles, and nanodiscs), and the ability of these mimics 

to recapitulate key aspects of cellular membranes is critical for maintaining the 

functionality of the biomolecule after reconstitution. Recently, nanodiscs pioneered by 

Sligar et al., have emerged as a particularly popular membrane mimic [1–11]. 

Nanodiscs are ovoid lipid aggregates with a diameter of 8 ‒ 13 nm that contain a central 

lipid bilayer, which is encased by an annulus of amphipathic helices dubbed membrane 

scaffold protein (MSP) (Fig. 1). Nanodiscs are advantageous for three major reasons:  

1) they possess a lipid bilayer,  2) they are amenable to a large variety of lipid 

compositions, and 3) they do not contain detergents.  

 

The typical method of preparing nanodiscs is to co-dissolve the MSP and 

phospholipid in a solution containing detergent followed by removal of the detergent via 

dialysis or incubation with sorptive beads, a process that typically takes 3 ‒ 12 h [8–14].  

However, the aforementioned two processes are not the only methods to remove 

detergent from a mixed-micellar solution [15–17]. In particular, we desired to investigate 
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whether detergent removal using Sephadex® G-25 resin could be used to prepare 

nanodiscs. If successful, this method would have the primary advantage of significant 

time savings which could be beneficial for time-sensitive experiments.  

In this report we show, using a complementary array of biophysical techniques, that 

nanodiscs can indeed be formed by passage through Sephadex® G-25 resin, and that 

the method is compatible with a number of detergents that are commonly used for 

nanodisc preparations. 

2. Materials and Methods 

A pET-based plasmid for the over-expression of MSP MSP1E3D1 (#20066)  was 

obtained from Addgene (Watertown, MA). Dimyristoylphosphatidylcholine (DMPC) was 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Sephadex® G-25 was 

purchased from EMD Millipore/Sigma-Aldrich (Milwaukee, WI). High affinity Ni-charged 

resin was purchased from GenScript Biotech Corporation (Piscataway, NJ). Sodium 

trichloroacetate was purchased from Alfa Aesar (Haverhill, MA). HiLoad™ 16/600 

Superdex™ 200 column was purchased from Cytiva Life Sciences (Piscataway, NJ). All 

other reagents were of standard laboratory grade. 

Expression and purification of MSP1E3D1. MSP1E3D1 was overexpressed in 

BL21(DE3) E. coli cells and purified using nickel affinity chromatography. All buffers 

used during the purification were supplemented with 3.0 M sodium trichloroacetate.  

Finally, MSP1E3D1 was concentrated to 1.4 mM using a centrifugal ultrafiltration device 

(Pall Microsep® Advance 3K MWCO). MSP1E3D1 concentration was determined using 

the Micro BCATM Protein Assay Kit.  
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Preparation of mixed-micellar solutions. 20 µL of 100 mg/mL DMPC in CHCl3 was 

added to a 1.5 mL microcentrifuge tube and the solvent was evaporated using a stream 

of dry N2 gas. Next, solutions of detergent, MSP, 10× buffer, and H2O were added 

according to Table 1, and the sample was vortexed and briefly heated in a hot water 

bath (~90°C) until clear.  

Sample 
DMPC  
(mg) 

200 mM 
detergent  

(µL) 

1.4 mM 
MSP 
(µL) 

10× 
buffer 
(µL) 

H2O 

(µL) 

Total 
Vol. 
(µL) 

MSP: 
DMPC* 

Detergent: 
DMPC* 

Cholate 2.0 30 13 30 227 300 1:160 2:1 

CHAPS 2.0 30 13 30 227 300 1:160 2:1 

OG 2.0 60 13 30 197 300 1:160 4:1 

 

Table 1. Components required for the formation of nanodiscs. 

*Molar ratios are based on those presented in Ritchie et al [11]. 

Formation of particles. Sephadex® G-25 resin was swollen in buffer for 24 h at room 

temperature. Next, the slurry was poured into a column with a 1.5 cm diameter and a 

bed height of 4.0 cm, and a small amount of chromatography sand was gently placed 

onto the resin surface as protection against agitation when buffer or sample was added. 

After equilibrating the column with 5 column volumes of buffer, the mixed-micellar 

solution (300 µL) was applied to the top of the column followed by the collection of 500 

µL fractions using buffer.  

Quantitation of detergents. For cholate and CHAPS samples, 50 µL of each fraction 

was placed into a 1.5 mL microcentrifuge tube followed by the addition of 800 µL of 

concentrated H2SO4. For octyl glucoside samples, 50 µL of each fraction was placed 

into a 1.5 mL microcentrifuge tube followed by the addition 250 µL of 5% phenol and 
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600 µL of concentrated H2SO4. Samples were vigorously vortexed, and then incubated 

at room temperature for 30 min to allow for color development. The absorbance of 

cholate and CHAPS samples were measured at 389 nm, while octyl glucoside samples 

were measured at 490 nm. This procedure was a slight modification of that presented in 

Urbani et. al [18].  

Gel filtration chromatography. 500 µL of sample was filtered through a 0.45 µm 

regenerated cellulose spin filter, and injected onto a HiLoad™ 16/60 Superdex™ 200 pg 

(prep grade) column equilibrated with 10 mM phosphate pH 7.4, 50 mM Na2SO4. A flow 

rate of 1.0 mL/min was used and 1.0 mL fractions were collected. 

Dynamic light scattering. Samples (~700 µL) were filtered through a 0.22 µm 

polyethersulfone (PES) syringe filter, and placed in a small glass test tube (12 mm × 75 

mm) for analysis. Measurements were performed in triplicate. Second order cumulant 

data fitting was used. 

Circular Dichroism Spectroscopy.  Samples (250 µL) were filtered through a 0.45 µm 

regenerated cellulose spin filter, and placed in a cuvette with a 1 mm pathlength for 

analysis. Data was collected from 190 to 250 nm with a resolution of 1 nm, an 

integration time of 4 s, and a temperature of 25°C. 4 scans were averaged for each 

sample.  

Analytical Ultracentrifugation.  All sedimentation equilibrium experiments were 

performed at 25°C using a Beckman XL-A analytical ultracentrifuge and a 4-hole AnTi-

60 rotor. Samples at three different particle concentrations were loaded into a 6-channel 

charcoal-filled epon centerpiece opposite a channel containing only buffer.  A volume of 
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120 μL of sample was loaded per channel.  Equilibrium absorbance measurements (240 

nm) were taken at speeds of 8,500 rpm, 12,000 rpm and 15,000 rpm using a step size 

of 0.003 and 64 replicates. Verification of equilibrium was determined using the match 

feature in the software Heteroanalysis (version 1.1.0.58, University of Connecticut, 

Storrs, CT). The data were fitted globally in Heteroanalysis to a single-species model 

using a non-linear least squares approach. During fitting, the molecular weight, 

baseline, and reference concentration were all allowed to float. 

Cryogenic electron microscopy. Quantifoil 2/1 grids were glow discharged using a 

PELCO easiGlow cleaning system. From a 2 mg/mL stock of particles, 3.5 µL of each 

sample was added to each grid, blotted for 3-5 s, and plunged into liquid ethane using a 

FEI Vitrobot mark IV. Grids were stored in liquid nitrogen until transferred to a FEI Titan 

Krios G3 for imaging at the Huck Institute of Life Sciences at Pennsylvania State 

University. Micrographs were taken at 75,000× magnification at 300 kV. 

Image processing and 3D particle reconstruction. CryoSPARC was used for motion 

correction and contrast transfer function estimation of 1380, 804, and 900 micrographs 

of cholate, CHAPS, and octyl glucoside nanodiscs, respectively [19]. Initial 2D 

classification templates were formed from manually picking ~300 particles across 20 

micrographs for each sample. Automated particle picking was performed across all 

micrographs using the initial templates. From these, new templates were generated and 

selected to exclude artifacts. CryoSPARC Ab-initio reconstruction and heterogeneous 

refinement was performed to generate 3-5 3D models from the selected templates. For 

each sample, the largest model was chosen for 3D visualization, which were 

constructed from 75193, 32961, and 29197 particles for cholate, CHAPS, and octyl 
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glucoside nanodiscs, respectively. 3D models were visualized using UCSF Chimera 

[20].  

 

Results and Discussion 

Preparation of particles via Sephadex® G-25 resin. For our studies we employed 

the ubiquitous MSP, MSP1E3D1, at a molar ratio of 1 : 160 MSP1E3D1 to DMPC 

(dimyristoylphosphatidylcholine), which is the established stoichiometry for preparing 

nanodiscs using this particular MSP [11]. However, it is important to note that this 

stoichiometry translates into 2 MSP1E3D1 molecules and 320 DMPC molecules per 

nanodisc (twice this ratio) [10,11,21,22]. First, the mixed-micellar solution is prepared by 

creating a homogeneous solution containing MSP1E3D1, DMPC, and detergent (Table 

1). This results in a mixed micelle solution containing final sodium trichloroacetate, 

DMPC, and detergent concentrations of 61 mM, 10 mM and 20 ‒ 40 mM, respectively. 

Three detergents commonly used for nanodisc preparations were chosen: sodium 

cholate, CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), and 

octyl glucoside at DMPC to detergent ratios of 1:2, 1:2, and 1:4, respectively. Next, the 

mixed-micellar solution was applied to a short gravity column containing 7.0 mL of 

SephadexⓇ G-25 resin. Our hypothesis was that as the sample percolates through the 

resin, the monomers of the detergent that are in equilibrium with the mixed-micelle will 

be trapped in the pores of the media, resulting in the gentle and efficient removal of 

detergent followed by the spontaneous formation of nanodiscs. Fig. 2 shows our 

hypothesis graphically. 
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When this procedure was performed, a species with a strong absorbance at 280 nm 

eluted in the void of the column (Fig. 3, black trace and Fig. S1), which indicated that it 

was much larger than the pores of the media. Importantly, if the voided species was an 

aggregate that did not contain MSP, which has 3 tryptophan and 9 tyrosine residues, it 

would not absorb at 280 nm. In addition, visually, the fractions containing the voided 

species were optically clear and did not show any turbidity, revealing that the 280 

absorbance was not due to light scattering, and is indeed a MSP-containing species.  
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For all 3 detergents, 99.6% of this species eluted in 2.0 mL (Fig. 3, grayed area). Next, 

all fractions were assayed for the concentration of detergent which revealed that in each 

case (Fig. 3, red trace), the detergent is effectively removed from the voided species 

(>99.9%). 

 

In all, processing the mixed micelle solution on the SephadexⓇ G-25 column takes less 

than 15 minutes from start to finish. 

 Determination of particle homogeneity by gel filtration chromatography. Next, the 

particles produced using the SephadexⓇ G-25 column were subjected to analysis by gel 

filtration chromatography to assess the overall homogeneity of the sample. A HiLoad® 

16/60 Superdex® 200 pg (prep grade) column was utilized as it is a common choice for 

researchers analyzing nanodisc samples [11,23–25]. Fig. 4 shows that for each 

detergent, a single major species was formed, and that processing of the mixed-micellar 

solution on the SephadexⓇ G-25 column does not result in an extremely 

inhomogeneous mixture of products. In addition, the elution volume of the major peak 
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was nearly identical for all three detergents which strongly suggests that the same 

species is being formed in each case. 

 

Determination of particle size by dynamic light scattering. To characterize the 

dimensions of the particles produced, dynamic light scattering was employed. In a 

dynamic light scattering experiment, one obtains the hydrodynamic radius, Rh, of a 

hypothetical sphere that diffuses as fast as the particles being analyzed. Therefore, to 

investigate a particle such as a nanodisc that is discoidal and not spherical, the Rh of its 

equivalent sphere must be determined. This can be done using Eqn. 1 developed by 

Mazer et al. where t and r are the thickness and radius of the disc, respectively [26]. In 

our case, the thickness is taken to be 5.0 nm which is that of a fully-hydrated DMPC 

bilayer and the radius is taken to be 6.05 nm which is the well-established literature 

value for the radius of a MSP1E3D1 nanodisc [11,26,27].   

 

When this is done, the expected Rh for MSP1E3D1 nanodiscs is 5.53 nm. Fig. 5 shows 

the dynamic light scattering data obtained for each detergent. Second-order cumulant 
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fitting was applied to the autocorrelation function which yielded the values of Rh and 

.  is often called the polydispersity index and it can be used as indication of 

sample homogeneity. Furthermore, it is widely accepted that a sample can be 

considered reasonably homogeneous if the value of this parameter is less than 0.3 

[28,29].  

 

Clearly, the  Rh values of 5.56 nm, 5.67 nm, and 5.55 nm obtained for each detergent 

match very well with the expected Rh for a nanodisc of 5.53 nm.  In addition, the values 

of  for each detergent were well below 0.3 indicating that the population of particles 

was quite homogeneous. Therefore, these results provide clear evidence that the 

particles produced were likely nanodiscs. 

 

Determination of particle molecular weight by analytical ultracentrifugation.  

Next, the particles were subjected to analysis by analytical ultracentrifugation using the 

method of sedimentation equilibrium.  Sedimentation equilibrium is a powerful technique 

that yields molecular weight information that is independent of particle shape. Based on 
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well-established nanodisc stoichiometry, there are two MSPs and 320 DMPC molecules 

per nanodisc [10,11,21,22].  From this ratio, the molecular weight of a nanodisc can be 

calculated using the formula below. 

Mnanodisc = 2MMSP + 320MDMPC  

where Mnanodisc, MMSP, and MDMPC are the molecular weights of the nanodisc, 

MSP1E3D1, and DMPC, respectively.  Using this formula, the molecular weight of a 

nanodisc is 282 kD.  Another parameter that is needed for the experiment is the partial 

specific volume of the nanodisc which can be calculated as a weighted average of the 

partial specific volumes of DMPC (0.963 mL/g) [30] and MSP1E3D1 (0.732 mL/g; 

SEDENTERP software). Using this methodology, the calculated partial specific volume 

is 0.909 mL/g. Fig. 6 shows the sedimentation curves at 3 speeds and 3 concentrations 

for particles prepared with all three detergents.  
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When this data was fit to the Lamm equation using non-linear regression and an ideal 

single species model, a molecular weight of 281 ± 3, 281 ± 2, and 289 ± 1 kD was 
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obtained for cholate, CHAPS, and OG, respectively. All three of these values were very 

close to the ideal molecular weight of a nanodisc which is 282 kD.  Therefore, the 

analytical ultracentrifugation data also supported that the particles obtained were likely 

nanodiscs. 

Determination of particle secondary structure by circular dichroism 

spectroscopy. Next, the particles were investigated by circular dichroism spectroscopy. 

Circular dichroism (CD) spectroscopy is a powerful tool that probes protein secondary 

structure.   

 

Fig. 7 shows that the particles produced by all three detergents possessed the hallmark 

signature of a strongly ⍺-helical protein, which is minima at 208 and 222 nm along with a 

maximum at 192 nm. In addition, analysis of the spectrum using the K2D algorithm 

developed by Andrade et al. confirmed that the overall ⍺-helicity was greater than 60% 

for all 3 preparations [31–34]. To be certain that the DMPC molecules are not 

influencing the spectrum of the particles, a spectrum of DMPC in a micellar solution at a 

concentration identical to the DMPC concentration in the particles was acquired. The 
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DMPC lipids did not produce any significant CD signal (Fig. S2); therefore, the observed 

CD spectrum of the particles was that of the MSP. This result was congruent with the 

established secondary structure of MSPs in nanodiscs as they are a series of amphipathic 

⍺-helices that wrap around the lipid bilayer [23]. 

 

Evaluation of particle shape and size by cryogenic electron microscopy. We used 

cryogenic electron microscopy to directly image the particles produced on the 

SephadexⓇ G-25 column.  

 

As shown in Fig. 8, the particles had a discoidal shape and average size of 10.06 ± 2.12 

nm, 10.27 ± 1.80 nm, and 10.74 ± 2.08 nm for the cholate, CHAPS, and octyl glucoside 

preparations, respectively. Therefore, the overall shape and size of the particles 

produced were in congruence with the formation of nanodiscs using the MSP1E3D1 

scaffold protein, which have been previously reported to have a diameter of 12.1 nm 
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[11]. A variety of nanodisc orientations were apparent in the micrographs, which allowed 

for particle reconstruction analysis. Reconstruction of the entities produced from each 

detergent preparation further supports the formation of nanodiscs as the electron 

density of the 2 MSP1E3D1 scaffolding proteins along the circumference of particles is 

clearly visible (Fig. 9).  

 

The methodology detailed herein represents a rapid and attractive alternative to 

produce nanodiscs. Future studies will explore the potential of this method to facilitate 

the rapid reconstitution of membrane proteins in nanodiscs. This could be potentially 

beneficial for labile proteins as it dramatically limits the time the protein spends in 

detergent. In addition, this significant decrease in time also introduces the possibility of 

high-throughput screens of nanodisc reconstitution. Lastly, we believe that the 

membrane protein community will benefit from having the option of another 

methodology for the preparation of nanodiscs. 
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Figure Legends 

Figure 1.  Cartoon image of a nanodisc.  Membrane scaffolding protein is shown in 

blue.  Dimyristoylphosphatidylcholine lipid is shown in yellow. 

Figure 2.  Pictorial representation of hypothetical nanodisc formation using Sephadex® 

G-25 resin.  

Figure 3.  Elution profiles of mixed micellar solutions passed over Sephadex® G-25 

resin. Spherical data points represent elution fractions. Red traces indicate the elution 

profile of detergent. Absorbances are normalized for facile viewing. 10 mM KH2PO4 pH 

7.4, 50 mM Na2SO4 was used to equilibrate the column and collect fractions.  

Figure 4.  Elution profiles of particles on a HiLoad™ 16/60 Superdex™ 200 column. vo is 

void volume and ve is elution volume. 10 mM KH2PO4 pH 7.4, 50 mM Na2SO4 was used 

to equilibrate the column and collect fractions.  

Figure 5.  DLS autocorrelation functions, Rh, and  values of the two highest 

intensity fractions from the Superdex™ 200 elution profile of particles produced on the 

Sephadex® G-25 column using 1× phosphate-buffered saline (PBS). Data was collected 

for 5 mins at 25° C using values of viscosity and refractive index of 1.0200 cP and 1.335 

respectively for PBS.[35] 
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Figure 6.  Sedimentation equilibrium profiles of particles produced on the Sephadex® 

G-25 column using sodium cholate (a-c), CHAPS (d-f), and octyl glucoside (g-i)  in 10 

mM KH2PO4 pH 7.4, 50 mM Na2SO4 at 25°C. Residuals are displayed underneath each 

equilibrium profile.  

Figure 7.  Circular dichroism spectra of particles in 10 mM KH2PO4 pH 7.4, 50 mM 

Na2SO4 at 25°C. [Θ] is mean residue ellipticity. 

Figure 8.  Cryogenic electron microscopy images of particles produced using 

SephadexⓇ G-25 resin with 10 mM KH2PO4 pH 7.4, 50 mM Na2SO4.   

Figure 9. Particle reconstruction images of particles produced using Sephadex® G-25 

resin with 10 mM KH2PO4 pH 7.4, 50 mM Na2SO4.   
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