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Abstract (248 words) 1 

Membrane mimetics are essential for structural and functional studies of membrane proteins. A 2 

promising lipid-based system are phospholipid nanodiscs, where two copies of a so-called membrane 3 
scaffold protein (MSP) wrap around a patch of lipid bilayer. Consequently, the size of a nanodisc is 4 

determined by the length of the MSP. Furthermore, covalent MSP circularization was reported to 5 
improve nanodisc stability. However, a more detailed comparative analysis of the biophysical 6 

properties of circularized and linear MSP nanodiscs for their use in high-resolution NMR has not been 7 

conducted so far. Here, we analyze the membrane fluidity and temperature-dependent size variability 8 
of circularized and linear nanodiscs using a large set of analytical methods. We show that MSP 9 

circularization does not alter the membrane fluidity in nanodiscs. Further, we show that the phase 10 

transition temperature increases for circularized versions, while the cooperativity decreases. We 11 
demonstrate that circularized nanodiscs keep a constant size over a large temperature range, in contrast 12 

to their linear MSP counterparts. Due to this size stability, circularized nanodiscs are beneficial for 13 

high-resolution NMR studies of membrane proteins at elevated temperatures. Despite their slightly 14 
larger size as compared to linear nanodiscs, 3D NMR experiments of the voltage-dependent anion 15 

channel 1 (VDAC1) in circularized nanodiscs have a markedly improved spectral quality in 16 
comparison to VDAC1 incorporated into linear nanodiscs of a similar size. This study provides 17 
evidence that circularized MSP nanodiscs are a promising tool to facilitate high-resolution NMR 18 

studies of larger and challenging membrane proteins in a native lipid environment. 19 
 20 
Keywords: biophysics, membrane proteins, nanodiscs, NMR, structure  21 
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Introduction 1 

In recent years, various lipid nanodisc systems have become increasingly popular for structural and 2 

functional studies of membrane proteins [1-3]. The herein investigated nanodiscs are composed of two 3 
copies of an engineered apolipoprotein A-1, called membrane scaffold protein (MSP), wrapped around 4 

a patch of lipid bilayer membrane [4]. By altering the length of the MSP, it is possible to define the 5 
diameter of the nanodisc particles [5, 6]. In particular, the use of smaller nanodiscs turned out to be 6 

crucial for solution-state NMR spectroscopy, which led to the determination of the first high-7 

resolution membrane protein structure in nanodiscs [7]. To further improve the size homogeneity of 8 
nanodiscs, MSP circularization was introduced recently using Sortase A-mediated protein ligation [8] 9 

or in vivo split-intein splicing [9]. As shown by negative-stain EM, nanodiscs assembled with 10 

circularized MSPs (cMSPs) show exceptional size homogeneity [8, 9]. Due to the incorporation of a 11 
linker region and the participation of the entire MSP in the formation of the protein belt around the 12 

lipid patch, cMSP nanodiscs are approximately 1 nm larger in diameter than their linear counterparts 13 

[8-11]. Despite the larger size of cMSP nanodiscs, it has been observed that these nanodiscs are a 14 
suitable tool for solution-state NMR of membrane proteins [9]. However, a detailed investigation of 15 

the molecular and structural basis of this observation remains elusive, as well as their benefit for NMR 16 
investigations of more complex membrane proteins of larger size.  17 

Here, using a large set of biophysical methods, we conducted a detailed comparison of the 18 

membrane fluidity and temperature-dependent size variability of linear and circularized MSP 19 
nanodiscs of different sizes. Using fluorescence anisotropy and differential scanning calorimetry 20 
(DSC), we show that MSP circularization does not have a marked impact on the membrane fluidity in 21 
nanodiscs containing 1,2-dimyristoyl-sn-glycero-3-phsophocholine (DMPC). We show that the lipid 22 

phase transition profile in nanodiscs is comparable to liposomes containing physiological amounts of 23 
cholesterol. We further systematically evaluated the size homogeneity of cMSP nanodiscs at various 24 

temperatures by dynamic light scattering (DLS) and small angle X-ray scattering (SAXS). These 25 
experiments revealed that cMSP nanodiscs have a remarkable temperature-dependent size stability 26 

even above the lipid phase transition, whereas the diameters of larger linear MSP nanodiscs 27 

continuously increase at higher temperatures. Finally, we could show that the spectral quality of 3D-28 

HNCA and HNCACB experiments recorded with the 32 kDa voltage-dependent anion channel 1 29 

(VDAC1) in nanodiscs of 10-11 nm in diameter (~150 kDa in size) markedly improved if cMSP was 30 

used for nanodisc assembly. This study demonstrates that, together with cutting-edge NMR 31 
instrumentation, optimization of the biophysical properties of lipid nanodiscs is a key factor for 32 

enabling high-resolution solution-state NMR investigations of larger and more complex membrane 33 

proteins in a native membrane environment.  34 
  35 
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Results 1 

MSP circularization does not alter lipid dynamics in nanodiscs 2 

Membrane morphology and lipid dynamics in physiological membranes can directly influence the 3 
functionality of incorporated membrane proteins [12-16]. Thus, the flexibility of the surrounding lipids 4 

in membrane mimetics such as nanodiscs can have a direct impact on membrane protein activity [17, 5 
18]. Fluorescence anisotropy (FA) experiments were carried out using the fluorophore 1,6-diphenyl-6 

1,3,5-hexatriene (DPH), which incorporates itself into the lipid bilayer and enables to monitor lipid 7 

fluidity. Measurements carried out with linear or circularized nanodiscs of various sizes (MSP1E3D1: 8 
13 nm; MSP1D1: 10 nm; MSP1D1ΔH5: 8 nm; MSP1D1ΔH45: 7 nm) containing the lipid DMPC 9 

(Fig. 1a), indicated that covalent circularization of MSP variants does not markedly alter the lipid 10 

bilayer fluidity as compared to the linear versions. We previously showed that very small linear 11 
nanodiscs, such as MSPΔH45 and MSPΔH4-6, have limited thermal stability [9, 19] and tend to open 12 

up, which is presumably caused by the increased strain in the MSP ring around the rim of the bilayer 13 

(Fig. S1). In line with this observation, we here observed a reduced DPH fluorescence anisotropy 14 
value for nanodiscs assembled with linear MSPΔH45 already at lower temperatures, which is not 15 

visible with the circularized MSP counterpart. Next, we wanted to compare the fluidity profile found 16 
in lipid nanodiscs with a pure lipid system in liposomes. Thus, we measured fluorescence anisotropy 17 
of DMPC liposomes with increasing amounts of cholesterol (Fig. 1b). Cholesterol is the major sterol 18 

component in most mammalian membranes and has a strong impact on lipid fluidity [20, 21]. These 19 
data show that all investigated nanodisc variants have a similar DMPC lipid fluidity than found for 20 
pure DMPC liposomes containing 20% (n/n) cholesterol, which is a typical value for physiological 21 
membranes [22, 23]. In addition, the presence of a diverse set of membrane proteins in biological 22 

membranes additionally impacts the lipid fluidity [17, 24].  23 
Next, we used differential scanning calorimetry (DSC) to obtain a detailed thermodynamic 24 

characterization on the DMPC phase transition and the exact phase transition temperature in each 25 
nanodisc (Fig. 1c,d). Our DSC data show that lipids in circularized nanodiscs generally have an 26 

increased phase transition temperature as compared to the linear versions, most likely caused by a 27 

tighter packing of the incorporated lipids [25] and an increased interaction of the cMSP belt with 28 

adjacent lipids (boundary lipids), as previously suggested [26]. This finding is consistent with the idea 29 

that the MSP belt generates a lateral pressure at the adjacent lipids [27]. This explanation is supported 30 

by the slightly lower calorimetric enthalpy (DH) measured in circularized nanodiscs (Fig. 1e) taking 31 

into consideration that MSP-bound lipids do not participate in the phase transition, leading to a 32 

reduced amount of core lipids [5] (Fig. 1h). DSC experiments with liposomes containing increasing 33 
cholesterol concentrations corroborate the notion that the calorimetric enthalpy of the lipid phase 34 

transition is markedly reduced if bound to cholesterol (Fig. 1f,g). Interestingly, the enthalpy of the 35 

lipid phase transition of DMPC liposomes with 20% cholesterol is almost identical to the one for the 36 
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smaller nanodiscs, where the influence of the MSP is more pronounced. This is in line with the 1 

obtained FA profiles (Fig. 1g). 2 

Looking at the DSC peak width that is indicative of the cooperativity of the phase transition, it 3 
can be noted that the cooperativity decreases with smaller nanodisc size (Fig. 1 c,d). Furthermore, 4 

MSP circularization, due to the resulting tighter interaction between the MSP and lipids, leads to an 5 
additional decrease in cooperativity. Of note, the small linear MSPΔH45 nanodisc surprisingly shows 6 

a strong DSC peak at a rather low temperature (Fig. 1d) and a high calorimetric enthalpy (Fig. 1e). 7 

This unexpected behavior is caused by the low nanodisc stability where MSP unfolding overlaps with 8 
the lipid phase transition. In contrast, cMSPΔH45 with its higher MSP stability shows the expected 9 

phase transition for the lipids.  10 

 11 

Circularized MSP nanodiscs show improved homogeneity and size stability 12 

As shown previously by negative-stain EM, circularized nanodiscs have a larger size than their linear 13 

counterparts [8, 9]. Consequently, circularized nanodiscs have a higher molecular weight, which we 14 
were able to probe by multi-angle light scattering experiments (Fig. 2a). In addition to providing 15 
native-like lipid properties, the stability and size homogeneity are essential requirements for the use of 16 

lipid nanodiscs for structural methods, such as solution-state NMR. Therefore, we investigated the 17 
nanodisc dimensions at various temperatures with dynamic light scattering (DLS) and small angle X-18 

ray scattering (SAXS) experiments. With DLS, we obtained low-resolution information on the 19 
hydrodynamic radii of the nanodisc particles, whereas the higher resolution of SAXS experiments 20 
permitted the measurement of the precise nanodisc dimensions. For DLS and SAXS experiments we 21 

used nanodiscs of two different sizes, assembled with circular or linear MSPΔH5 and MSP1E3D1, 22 
respectively. DLS experiments (Fig. 2 b,c, Fig. S2) were performed at three different temperatures, 23 
below the lipid phase transition (10°C), directly at the phase transition temperature (~27-30°C) or well 24 

above the phase transition (45°C). These experiments show that the linear MSPDH5 nanodiscs 25 

gradually expand in size with increasing temperature, whereas the circular variant can retain a more 26 

stable size even at a higher temperature (Fig. 2b). While the size difference between 10°C and 45°C is 27 

roughly 1 nm for the linear version, the circular nanodiscs merely show an expansion of 0.3 nm. 28 
However, the homogeneity, or polydispersity, for both variants is quite comparable (Fig. 2c). In 29 

contrast to the smaller nanodiscs, the size stability of the larger MSP1E3D1 nanodiscs is less well 30 

defined and less dependent on circularization (Fig. 2b). Nonetheless, the DLS data indicate that the 31 
circularized nanodiscs show a better homogeneity than the linear version, in particular below or at the 32 
lipid phase transition temperature (Fig. 2c). As probed by DLS, the polydispersity of the nanodiscs is 33 

increased above the lipid phase transition temperature where the lipids in the liquid crystalline phase 34 
are sterically more demanding. 35 

In order to obtain a higher resolution picture of the effect of MSP circularization and 36 
temperature on the nanodisc dimensions, we next applied SAXS experiments with the above-37 
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mentioned set of differently sized nanodiscs. The obtained scattering curves (Fig. 3a, Fig. S3) were 1 

used for the calculation of the corresponding pair distance distribution functions (PDDFs) (Fig. 3b, 2 

Fig. S4), which contain information on the detected distance distribution in the nanodisc particles. 3 
Maximum distance (Dmax) values in each nanodisc show that the diameters of the lipid nanodiscs tend 4 

to expand at higher temperatures (Fig. 3c,d), driven by the increased surface area of the incorporated 5 
lipids in the fluid liquid-crystalline phase [28]. Such a temperature-induced size expansion was 6 

previously shown for different lipid nanodiscs [26]. In addition, the expansion is associated with a 7 

decrease in the SAXS scattering density of the lipids, in line with previous observations [26]. For both 8 
nanodisc sizes, the increase in Dmax with temperature is more pronounced for the linear versions (Fig. 9 

3c,d). The circularized nanodiscs show a more stable size over the investigated temperature range, 10 

which is most evident and significant with the larger cMSP1E3D1 nanodiscs (Fig. 3d). The quality of 11 
the data and of the curve fitting for the calculation of the PDDF data were similar for all samples, as 12 

indicated by the almost identical values obtained by curve fitting in real and reciprocal space (Fig. S5). 13 

Thus, it can be concluded that the degree of temperature-induced expansion of lipid nanodiscs is 14 
directly correlated with their diameter. These data also corroborate the inhomogeneity of linear 15 

nanodiscs already at medium temperatures (~lipid Tm), as detected by DLS. The scattering curves were 16 
further fitted with a core-shell bicelle model, which confirmed the Dmax values obtained from the 17 
PDDFs (Figs. S6&7). 18 

 19 
The improved biophysical properties of circularized nanodiscs facilitate NMR studies  20 
After the in-depth characterization of the biophysical properties and size stability of linear and 21 
circularized lipid nanodiscs, we next wondered whether multidimensional high-resolution NMR 22 

experiments might benefit from using circularized nanodiscs. In line with previous reports [8, 9], we 23 
here observed with multi-angle static light scattering (MALS) a higher molecular weight of cMSP 24 

nanodiscs as compared to the linear versions (Fig. 2a). This suggests that the use of cMSP nanodiscs 25 
might lead to reduced NMR spectral quality of an inserted membrane protein, due to slower rotational 26 

diffusion. However, since it is desirable to conduct solution-state NMR experiments at elevated 27 

temperatures, the improved size stability of cMSP nanodiscs might outweigh their larger size. Initial 28 

2D-NMR studies [8, 9] suggest that cMSP nanodiscs might be a suitable tool for enabling high-29 

resolution NMR investigations of membrane proteins. While small nanodiscs have been shown to 30 

facilitate multidimensional NMR experiments for resonance assignment and structure determination of 31 
inserted small membrane proteins [7, 19], medium-sized membrane proteins might be too large for 32 

these NMR-optimized nanodiscs. Due to this size limitation, the only possibility to enable high-33 

resolution NMR experiments on membrane proteins in larger lipid nanodiscs is to increase their 34 
homogeneity, long-term and size stability, and conduct NMR experiments at elevated temperatures, 35 

which we hope to achieve by using cMSPs. To demonstrate the benefit of circularized nanodiscs, we 36 
selected VDAC1 as a challenging model system. VDAC1 has a molecular weight of 32 kDa and an 37 
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outer diameter of ~4.5 nm, rendering it too large for a stable insertion into the smaller MSP1DH5 1 

nanodiscs (~6 nm inner diameter) while keeping enough lipids between VDAC1 and the MSP ring. 2 
Thus, we used the slightly larger MSP1D1 system (~8 nm inner diameter) for NMR studies of VDAC1 3 

in linear and circularized nanodiscs. First, we recorded 2D-[15N,1H]-TROSY experiments of 2H,15N-4 

labeled VDAC1 in the two nanodisc systems at gradually increased temperatures (Fig. 4). For the 5 
linear nanodiscs, temperatures up to 45°C (318K) (Fig. 4a) could be used whereas the circularized 6 

nanodiscs were stable up to 50°C (323K) (Fig. 4b) without marked sample precipitation. The high 7 

temperature markedly increased the NMR spectral quality, as evident from 1D projections obtained 8 
from the 2D spectra (Fig. 4c). Furthermore, spectral slices taken from the 2D spectra (boxes in Fig. 9 

4a,b) show that the linewidths in the 1H dimension are relatively constant in the cMSP samples with a 10 

slight decrease at high temperature, whereas the linewidths decrease more pronounced for the linear 11 
MSP sample (Fig. S8), indicating an increase in flexibility. This finding corroborates the less restricted 12 

nature of the linear MSP nanodiscs and suggests that the faster motions at elevated temperatures are 13 

the cause of the observed lower long-term stability and lower homogeneity. 14 
However, as shown in Fig. 4, the NMR spectra of all VDAC1 samples in nanodiscs were of 15 

sufficient quality to envision more sophisticated 3D NMR experiments at appropriate maximum 16 
temperatures, including triple resonance experiments, such as HNCA and HNCACB that are crucial 17 

for sequence specific backbone resonance assignments. In order to evaluate the suitability of both 18 
nanodisc systems for further NMR work, we recorded 3D-TROSY-based HNCA and HN(CA)CB 19 
experiments [29] using a U-[2H,13C,15N]-labeled VDAC1 sample in nanodiscs assembled with fatty-20 

acid deuterated (d54) DMPC and DMPG lipids. Lipid deuteration has been previously shown to be 21 
beneficial for the NMR spectral quality in nanodiscs, especially if side-chain resonances are detected 22 
[19]. In order to further increase sensitivity, we recorded all 3D experiments in a non-uniformly 23 

sampled manner [30]. To ensure maximal long-term stability of each sample, we set the temperature to 24 
40°C and 45°C for the linear and circular nanodiscs, respectively. With this setup, NMR experiments 25 

of up to two weeks were feasible in each case, which proved essential for the collection of NMR 26 

spectra of sufficient quality, especially for the less sensitive HN(CA)CB experiment. As shown in Fig. 27 

5, peaks corresponding to the carbon chemical shift of a particular spin system (Ca,i) as well as of the 28 

proceeding residue (Ca,i-1) are visible in the 3D-HNCA spectra of both nanodisc samples (Fig. 5a). 29 

However, a higher peak intensity was generally observed for the cMSP nanodisc sample even though 30 
the protein concentration was only half of the linear MSP sample. In contrast to the 3D-HNCA 31 
experiment, pronounced differences in the spectral quality were observed in the 3D-HN(CA)CB 32 

experiment (Fig. 5b). Due to the additional magnetization transfer step to the Cb nucleus, the 33 

sensitivity of this experiment is markedly lower than for the 3D-HNCA. Consequently, only Cb 34 

resonance peaks of the intense NMR signals of VDAC1 could be observed in the linear MSP sample 35 

(53 intraresidual and 9 sequential out of 213 observed TROSY-HSQC peaks) whereas in the cMSP 36 

sample a large number of Cb signals and in many cases also sequential connections to the Cb signal of 37 
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the proceeding residue could be detected (114 intraresidual and 40 sequential out of 213 observed 1 

TROSY-HSQC peaks), which is crucial for obtaining reliable sequence-specific protein backbone 2 

resonance assignments (Fig. 5c). In addition to its large size in nanodiscs of ~10 nm in diameter, 3 
VDAC1 shows intrinsic dynamics in the µs to ms time scale, leading to marked line broadening of 4 

many resonances in the 2D-TROSY-HSQC experiment. Consequently, only a few Cb peaks could be 5 

detected for these low-intensity spin systems. Thus, we anticipate that the relative number of observed 6 

Cb peaks will be even higher for other membrane proteins that show more favorable NMR spectral 7 

signatures in nanodiscs. Nonetheless, the observed improvement in spectral quality for the cMSP 8 

sample suggests that the homogeneity and long-term and size stability of nanodiscs are crucial to 9 

enable NMR investigations of membrane proteins of increased size and complexity. 10 
 11 

Discussion 12 

In this study we provide a detailed comparative biophysical analysis of linear versus circularized MSP 13 
nanodiscs. We show that the lipid properties in lipid nanodiscs are only slightly altered by MSP 14 

circularization.  While the number of stably bound boundary lipids is higher according to the lipid 15 
phase transition enthalpies, the fluidity of the core lipids is not perturbed. However, the circularization 16 

leads to more stable MSP nanodiscs, which becomes clear with the small (7 nm diameter) MSP1DH45 17 

nanodisc. In addition, circularized nanodiscs have a sharper size distribution and show an exceptional 18 
temperature-dependent size stability even if the lipid bilayer is in the fluid liquid-crystalline phase. 19 

These advanced features offer the possibility to push the limits of solution-state NMR investigations of 20 

membrane proteins. Previously, smaller nanodiscs with improved NMR relaxation properties have 21 
been developed for enabling high-resolution NMR studies of membrane proteins [19, 31]. One of 22 
these shorter MSP constructs has been used to determine a solution structure of a nanodisc particle 23 

using NMR and EPR [32]. Despite these important improvements of the nanodisc technology for 24 
solution-state NMR, smaller nanodiscs are obviously not suitable to incorporate membrane proteins of 25 

larger size, restricting their use to small or medium-sized membrane proteins or single transmembrane 26 

helices [7, 19, 33-38]. In the present study, we aimed to evaluate the use of circularized MSP 27 
nanodiscs for high-resolution NMR studies of larger membrane proteins, such as the mitochondrial 28 
VDAC1 channel. To achieve this goal, we utilized the advanced properties of circularized nanodiscs, 29 

as probed here by a detailed comparison of the biophysical and structural features of linear and 30 
circularized MSP nanodiscs. We believe that the circularized MSP nanodisc technology is an 31 
important tool for expanding the size limits of solution state NMR of membrane proteins in lipid 32 

nanodiscs. The main benefit of cMSP nanodiscs is that their increased stability enables long-term 33 

NMR experiments at elevated temperatures. This feature overcompensates their slightly larger size and 34 
lower intrinsic dynamics. By this, together with cutting-edge NMR instrumentation and isotope 35 

labeling methods [7], the investigation of the structure, function, and dynamics of membrane proteins 36 

of increasing complexity in a native lipid environment will be feasible by NMR. In addition, 37 
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circularized nanodiscs are not only beneficial for NMR spectroscopy of membrane proteins. In this 1 

study, we provide novel insights on the molecular details of this advanced nanodisc system, which will 2 

be beneficial for a wide range of applications, including cryo-EM, where sample homogeneity and 3 
stability are key factors as well [39, 40].  4 
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Material and Methods 1 

Protein expression 2 

The expression of all MSP proteins was conducted according to previous protocols [6, 9]. 2H,15N,13C-3 
labeled VDAC1 production was carried out by transforming BL21(DE3) cells with pET21a-VDAC1 4 

[41]. Cells were grown in M9 media in 99% D2O supplemented with 2 g/L 2H, 13C-glucose and 1 g/L 5 
15NH4Cl. Protein expression was induced with 1 mM IPTG and the culture shaken at 37 °C for 4 more 6 

hours before cell harvesting. 7 

 8 
Protein purification 9 

Purifications of the linear MSP variants and of cMSPΔH45 were carried out as previously described 10 

[6, 9, 19]. The purification of cMSPΔH5, cMSP1D1 and cMSP1E3D1 was done with a slightly 11 
modified protocol: cells were resuspended in 50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 1% Triton X-12 

100 and 1 mM PMSF and lysed as previously described [9]. After applying a heat-shock at 70 °C for 13 

20 min and removing formed aggregates, the protein was applied to a Q Sepharose Fast Flow anion 14 
exchange gravity flow column (GE Healthcare). Flow-through and 5 CV of wash (50 mM Tris-HCl, 15 

pH 8.0, 0.5 mM EDTA, 15 mM BME, 200 mM NaCl) were collected. The NaCl concentration in the 16 
pooled protein was adjusted to 250 mM and the EDTA quenched with 5 mM MgCl2. Protein was then 17 
applied onto a gravity flow Ni2+-NTA column (GE Healthcare). Flow-through and wash 18 

(50 mM Tris-HCl, pH 8.0, 250 mM NaCl, 15 mM BME) were collected and the protein was dialyzed 19 
into 20 mM Tris-HCl, pH 8.0, 0.5 mM EDTA and 15 mM BME. Thereafter, urea was added up to a 20 
concentration of 8 M and the sample was applied to a 5 mL HiTrap QFF anion exchange column (GE 21 
healthcare). The protein was then eluted with a 30 CV gradient from low salt buffer (20 mM Tris 22 

pH 8, 0.5 mM EDTA, 8 M urea, 15 mM BME) to high salt buffer (20 mM Tris pH 8.0, 200 mM NaCl, 23 
0.5 mM EDTA, 8 M urea, 15 mM BME). Pure protein was pooled, dialyzed into 20 mM Tris pH 7.5, 24 

100 mM NaCl, 0.5 mM EDTA and 10 mM BME and concentrated using a 10 kDa molecular weight 25 
cut-off (MWCO) spin concentrator (Millipore). VDAC1 refolding and purification was carried out as 26 

described previously [9, 41].  27 

 28 

Reconstitution of nanodiscs 29 

MSP:DMPC ratios of 1:15, 1:50, 1:100, 1:40, 1:60, 1:130 were used to reconstitute empty MSPΔH45, 30 

MSPΔH5, MSP1E3D1, cMSPΔH45, cMSPΔH5 and cMSP1E3D1 nanodiscs, according to established 31 
protocols [6, 9, 19]. 2H,15N,13C-labeled VDAC-1 in cMSP1D1 nanodiscs was prepared according to 32 

protocol [6] with a VDAC-1:MSP:lipid ratio of 1:6:80. 50 μM VDAC-1, 300 μM cMSP1D1, 33 

24 mM d54-DMPC/DMPG 3:2 were incubated in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl and 34 
5 mM BME for 1 h at room temperature. Subsequently detergent was removed by adding 0.5 g/mL 35 

previously washed Bio-Beads (BioRad) for 1.5 h at room temperature while rocking. Thereafter, the 36 
Bio-Beads were removed, and the assembly applied to a Ni2+-NTA gravity flow column (GE 37 
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Healthcare). The column was washed with 3 CV of 20 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM 1 

BME. Loaded nanodiscs were then eluted by applying 5 CV of buffer + 500 mM imidazole. The eluate 2 

was applied to a Superdex 200 10/300 GL column equilibrated with 20 mM NaPi pH 7.0, 50 mM 3 
NaCl, 0.5 mM EDTA and 2 mM DTT and monodisperse fractions were pooled and concentrated to 4 

300 - 600 μM. 5 
 6 

Liposome preparation 7 

Lipid mixtures of DMPC and varying amounts of cholesteryl-hemisuccinate in chloroform were 8 
prepared at a final concentration of 3 mg/mL. Chloroform was then evaporated using a stream of 9 

nitrogen gas and trace amounts of residual chloroform was removed by lyophilization overnight. Next, 10 

lipids were mixed with buffer, followed by 10 cycles of sonication, freezing in liquid nitrogen, and 11 
thawing at 40°C. Finally, liposomes were formed using an extruder device with a membrane of 0.2 µm 12 

pore size (Avanti Polar Lipids, Alabaster, AL, USA). 13 

 14 
Biophysical experiments 15 

All biophysical experiments were carried out in 20 mM NaPi pH 7.5, 50 mM NaCl, 0.5 mM EDTA 16 
(and 5 mM BME for cMSPs). 17 
 18 

Dynamic Light Scattering (DLS) 19 
DLS measurements were done on a DynaPro NanoStar instrument (Wyatt Technology) at a 20 
wavelength of 658 nm, using a 10x2 mm UV cuvette (Eppendorf). The acquisition time of each 21 
measurement was 15 sec and 10 measurements per experiment were recorded. The temperature was 22 

controlled by the built-in Peltier element of the device. Protein concentration was 20 µM. Data were 23 
fitted using the DYNAMICS software (Wyatt Technology) to determine particle diameters using an 24 

isotropic diffusion model.  25 
 26 

Differential Scanning Calorimetry (DSC) 27 

DSC was carried out using a MicroCal PEAQ-DSC instrument (Malvern Panalytical). Prior to each 28 

measurement the instrument was equilibrated by measuring three thermal scans with each, water and 29 

buffer. Samples had a lipid concentration of at least 0.5 mg/mL. Thermal scans were conducted from 30 

10 °C to 60 °C with a rate of 60 °C/min using the high feedback mode. Heat capacities and transition 31 
temperatures were obtained with the MicroCal PEAQ-DSC software.  32 

 33 

Multi-Angle Light Scattering (MALS) 34 
For MALS experiments an OmniSEC Resolve (Malvern) with an analytical Superdex 200 Increase 35 

10/300 GL column of 24 mL bed volume was used. 2 mg/mL of nanodiscs were applied to the column 36 
with a flowrate of 0.4 mL/min. Data was obtained using the Omnisec-V.10.40 Software. To calibrate 37 
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the system a sample of 5 mg/mL BSA was used. To determine the refractive index increment (dn/dc) 1 

of nanodiscs, containing both, lipid and protein, MSPΔH5 nanodiscs with a known concentration and 2 

molecular weight were measured. The resulting dn/dc value was used for the calculation of the 3 
molecular weight of the other nanodisc samples.  4 

 5 
Circular Dichroism (CD) Spectroscopy 6 

CD spectra were recorded with a Jasco J-715 spectropolarimeter using a 1 mm path-length cell. 7 

Samples were scanned five times from 260 nm to 190 nm with a scanning speed of 100 nm/min. The 8 
band width was 1.0 nm and the response time 1 sec. The data pitch was set to 0.5 nm. Sample 9 

concentration was 5 µM. Thermal scans following the CD signal at 222 nm were measured from 10 

20 °C to 100 °C using a scanning rate of 60 °C/h with a bandwidth of 2 nm, a response time of 2 sec. 11 
The obtained data was then normalized.   12 

 13 

Fluorescence Anisotropy (FA) 14 
FA measurements [42] were carried out on a Jasco FP-8300 spectrofluorometer with an FDP-837 15 

polarizer and a 10x4 mm path-length quartz cuvette with a mini-cuvette stirrer. Nanodiscs were diluted 16 
to a concentration of 2-3 mg/mL lipids. Liposomes were prepared with a concentration of 3 mg/mL. 17 
100 µM 1,6-Diphenyl-1,3,5-hexatriene (DPH) was added and samples were incubated for 30 min at 18 

37 °C. Fluorescence anisotropy was measured from 10 °C to 50 °C with a data interval of 1 °C/min. 19 
The excitation wavelength was 355 nm, while emission wavelength was 430 nm (5 nm bandwidth). 20 
Response time was set to 2 sec.  21 
 22 

Small-angle X-ray Scattering (SAXS) 23 
SAXS experiments were performed on a Rigaku BioSAXS1000 instrument attached to a Rigaku 24 

HF007 microfocus rotating anode with a copper target (40 kV, 30 mA). Transmissions were measured 25 
with a photodiode beam stop. The scattering vector calibration was done with a silver behenate 26 

sample. Nanodisc samples with concentrations of 1 mg/mL and 2 mg/mL, as well as respective buffers 27 

were measured in single capillaries with approx. 50 µl sample capacity. A typical measurement 28 

consisted of eight 900 s frames, which were compared to check for radiation damage, for a total 29 

measurement duration of 7 200s. Sample temperature was controlled using a Julabo F25-MA 30 

thermostat with a specified temperature stability of ± 0.02 K. Circular averaging and solvent 31 
subtraction were done using the SAXSLab software. Respective pair distance distribution functions 32 

and maximum particle dimensions (Dmax) were obtained with the ATSAS 3.0.5 Primus software [43]. 33 

Dmax mean values of MSPΔH5 and cMSPΔH5 were determined from duplicates. Single measurements 34 
did not differ more than 2.3% from each other. Hence, for MSP1E3D1 and cMSP1E3D1 nanodiscs, a 35 

divergence of 3% was estimated for each single measurement and mean values were determined 36 
accordingly. To determine the significance of the increase in Dmax with increasing temperature, p-37 
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values were calculated using the two-sampled t-test.  The determination of scattering length densities 1 

and data fitting was performed with the SasView 4.2.2 software [44] using a core-shell-bicelle model. 2 

 3 
NMR Spectroscopy 4 

For NMR, we produced U-[2H,13C,15N]-labeled VDAC1, as described previously [41] and inserted the 5 
protein into lipid nanodiscs (linear MSP1D1 or circularized MSP1D1) with a 3:2 blend of fatty-acid-6 

deuterated (d54) DMPC and DMPG lipids (FB reagents, Sofia, Bulgaria). The final VDAC1 7 

concentration was 340 µM in cMSP1D1 and 600 µM in linear MSP1D1 nanodiscs in 20 mM sodium 8 
phosphate pH7.0, 50 mM NaCl, 0.5 mM EDTA, 5 mM DTT. NMR experiments (2D-[1H,15N]-9 

TROSY, 3D-NUS-TROSY-HNCA and 3D-NUS-TROSY-HN(CA)CB) were recorded at 313K for 10 

linear MSP1D1 and at 318 K for circularized MSP1D1 nanodiscs on a Bruker AvanceIII NMR 11 
spectrometer equipped with a cryogenic probe operating at a proton frequency of 800 MHz. For 2D-12 

TROSY experiments, 1024 and 128 complex data points were recorded in the direct 1H and the 13 

indirect 15N dimension, respectively, with 32 to 64 transients. The TROSY-type HNCA and 14 
HN(CA)CB experiments [29] were carried out in a non-uniformly sampled (NUS) manner (10-20% 15 

sampling density), using Poisson-gap sampling and subsequent spectral reconstruction by the iterative 16 
soft thresholding (IST) method [45] yielding 2048 complex data points in the direct 1H dimension, 40 17 
in the indirect 15N dimension and 64 in the indirect 13C dimension. For both nanodisc samples, 160 and 18 

384 transients were acquired for each increment for the HNCA and HN(CA)CB experiments, 19 
respectively. The HN(CA)CB experiment was run with a delay time of 7.2 ms to enable complete 20 

magnetization transfer from the Ca to the Cb nuclei. Thus, only Cb resonances are visible in the 21 

HN(CA)CB experiment, except for glycine residues, lacking Cb. Processing was done with Bruker 22 

Topspin 4 or NMRPipe [46]. Data analysis and visualization was done with NMRFAM-SPARKY 23 
[47].  24 
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Figure captions 1 
 2 

Fig. 1. Lipid fluidity in lipid nanodiscs is not altered by MSP circularization. Fluorescence 3 

anisotropy measurements to monitor lipid phase transitions were carried out after the addition of the 4 

fluorophore DPH to nanodisc or liposome samples. (a) Fluorescence anisotropy of linear and 5 
circularized DMPC nanodiscs of varying sizes, as indicated in the plot. (b) same as (a) but with DMPC 6 

liposomes containing the indicated cholesterol concentrations (mol%). The cooperativity of the phase 7 

transition diminishes gradually with increasing cholesterol content, leading to a more rigid lipid 8 
bilayer. The lipid phase transition in nanodiscs and liposomes was monitored by differential scanning 9 

calorimetry (DSC). (c,d) DSC thermograms of linear and circular MSP nanodiscs of different sizes. (e) 10 

Calorimetric enthalpies (ΔH) of the DMPC lipid phase transitions shown in (c and d). DSC 11 
thermograms of DMPC liposomes (f). Calorimetric enthalpies of the liposome phase transition are 12 

depicted in (g). (h) Model depicting the location of the core (red) and boundary (green) lipids in MSP 13 

(blue) nanodiscs.  14 
 15 

Fig. 2. Light scattering analysis of linear versus circularized MSP nanodiscs at different 

temperatures. (a) Normalized SEC-MALS data where the nanodiscs were detected by changes in the 

refractive index. The distinct retention volumes of linear and circular variants reflect the higher 

molecular weight of circularized nanodiscs. Due to the instability of linear MSPΔH45 nanodiscs, they 

tend to open and form larger aggregates (peak at 13.5 mL). The depicted hydrodynamic diameters (b) 

and polydispersities (c) determined with dynamic light scattering (DLS) were obtained with an 

isotropic diffusion model. Tm refers to the respective phase transition temperature of each nanodisc 

determined by differential scanning calorimetry (Fig. 1 c,d). 

 

Fig. 3. SAXS analysis of linear and circular MSPΔH5 and 1E3D1 nanodiscs. Scattering data (a) 

and (b) corresponding pair distance distribution functions (p(r)). (c,d) Dmax values obtained from p(r) 

functions. Tm refers to the respective phase transition temperature of each nanodisc determined by 

differential scanning calorimetry (Fig. 1c,d). Probabilities for the significance of a diameter increase 

were calculated using the two-sample t-test (p-values). P-values were determined for each nanodisc 

between 4°C and the phase transistion temperature (Tm) and 4 °C and 40 °C.  The maximal diameter 

expansion of linear nanodiscs is more pronounced in comparison to the circular versions. However, 

while the linear MSPΔH5 nanodiscs show a less pronounced increase between 4°C and 40°C of about 

0.3 nm (compaired to 0.15 nm for the circular version),  linear MSP1E3D1 discs show a significant 

expansion of ~2 nm (compared to 0.2 nm for the circular version).   

 16 



 19 

Fig. 4. Validation of VDAC1 nanodisc sample quality by 2D-NMR. (a) 2D-[15N,1H]-TROSY 1 

spectra of VDAC1 in MSP1D1 nanodiscs at 313 and 318 K. (b) same as (a) but with VDAC1 in 2 

cMSP1D1 nanodiscs, permitting higher sample temperatures of up to 323 K. (c) 2D projections of the 3 
spectra shown in (b), indicating gradually increased NMR signal intensity at elevated temperatures. 1D 4 

slices of the signal in the black boxes in panels (a) and (b) are shown in Fig. S8.   5 
 6 

Fig. 5. Selected strip plots of 3D-NMR triple resonance experiments obtained with 2H,13C,15N-7 

labeled VDAC1 in circularized and linear nanodiscs. (a) The 3D-TROSY-HNCA experiment is of 8 
comparable spectral quality in both nanodisc systems. (b) The less sensitive 3D-TROSY-HN(CA)CB 9 

experiment shows marked differences where only a few peaks are visible in the linear MSP nanodisc 10 

sample (MSP) and most Cb(i) and in many cases also the Cb(i-1) resonances show up in the 11 

circularized MSP nanodisc sample (cMSP). (c) Relative number of intraresidual (i) (left panel) and 12 

sequential (i-1) (right panel) Cb resonances observed in the HN(CA)CB spectra of both samples.  13 

  14 
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Fig. S1. Thermal stability of circular and linear nanodiscs. (a) Normalized thermal melting curves detected with 
circular dichroism (CD) spectroscopy at λ = 222 nm. (b) Far-UV CD spectra. The thermal stability of circular 
nanodiscs is increased in comparison to their linear counterparts. This is especially evident for the smaller 
MSPΔH45 version, which is very unstable in its linear form. (b) All MSPs adopt an a-helical secondary structure in 
nanodiscs as probed by CD spectroscopy.  
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Fig. S2. Probed by DLS circularized nanodiscs show higher size stability and homogeneity than their linear 
counterparts. Dynamic light scattering data obtained for linear (a) and circular (b) MSPΔH5 as well as linear (c) 
and circular (d) MSP1E3D1 nanodiscs at 4 °C, the respective nanodisc specific lipid phase transition temperature 
(27 – 28 °C) obtained with differential scanning calorimetry, and at 45 °C. The size expansion of the smaller, 
circularized MSPΔH5 nanodiscs is reduced in comparison to the linear version, while the homogeneity of both 
nanodisc types is comparable. The larger MSP1E3D1 discs seem to expand equally for the linear as for the circular 
version but a higher homogeneity is clearly observable for the circular nanodiscs. 
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Fig. S3. Recorded small-angle X-ray scattering data is independent of the protein concentration. (a) Small-
angle X-ray experiments of cMSPΔH5 nanodiscs at an MSP protein concentration of 2 and 1 mg/ml yield identical 
scattering data. (b) Guinier plots of cMSPΔH5 nanodiscs at 4 °C with a protein concentration of 1 mg/mL and (b) 2 
mg/mL. The linearity of the data points in the low q-region indicates good data quality. 
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Fig. S4. Curve-fitting of the small-angle X-ray scattering data of linear (a) and circular (b) MSPΔH5 and 
linear (c) and circular (d) MSP1E3D1 for the calculation of pair distance distribution functions. Data was 
acquired with nanodiscs at protein concentrations of 1 mg/mL and 2 mg/mL at temperatures of 4 °C, the nanodisc 
specific lipid phase transition temperature of (27-30 °C) and 40 °C. For each fit, the q-value at minimal intensity 
was determined for all temperatures and concentrations. These q-values are nearly identical for both concentrations 
and therefore a confirmation that the data are independent of the concentration.  
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Fig. S5. Reciprocal space and real space Rg and I(0) values obtained with small-angle X-ray scattering. Data 
was acquired using the ATSAS 3.0.5 Primus software [1]. The data shows that reciprocal and real data are very 
similar, therefore giving a good quality estimate for the generated pair distance distribution functions and the 
determined Dmax values. 
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Fig. S6. Determination of absolute diameters of nanodisc particles using a core-shell-bicelle model. (a) Core-
shell bicelle model. (b) Absolute diameters generated by fitting according to the core-shell-bicelle model. Diameters 
are in good agreement with Dmax values acquired through pair distance distribution functions. (c-f) Raw scattering 
data was fitted using the SasView 4.2.2. software [2]. 
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Fig. S7. Comparison of maximal diameters (Dmax) and absolute diameters (in nm) of linear and circular 
MSPΔH5 and MSP1E3D1 nanodiscs at various temperatures. Dmax was determined via pair distance distribution 
functions (Fig. 3c,d) and absolute diameters were calculated by data fitting with a core-shell-bicelle model (Fig. 
S6b). The nanodiscs were measured at 4 °C, the nanodisc specific lipid phase transition temperature (27-30 °C) and 
at 40 °C. Due to the complexity of the core-shell model with many fitted parameters, the obtained values are 
generally more error-prone than the values obtained by an analysis of the raw scattering data via the corresponding 
pair distance distribution functions. However, the fitted diameters are generally in very good agreement with the 
Dmax values and show the same temperature-dependent behavior.  
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Fig. S8. Slices extracted from 2D-[15N,1H]-TROSY spectra of VDAC1 nanodisc samples at increasing 
temperatures. A well-resolved signal at ~109 ppm (15N) and ~7.8 ppm (1H) was used for this comparison using U-
2H,15N-labeled VDAC1 in linear (a) and circularized (b) MSP1D1 nanodiscs. Due to sample precipitation, the linear 
MSP nanodisc sample could only be used up to a temperature of 318 K. The cMSP sample shows a continuous 
increase in the signal-to-noise level at increasing temperature and generally a better signal-to-noise than the linear 
MSP sample, especially in long-term experiments. The fitted NMR linewidth in the 1H dimension is indicated in 
each 1D spectrum.  
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