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Abstract

Divalent cations, especially Ca2+ and Mg2+, play a vital role on the function of biomolecules 

and thus making them important to be contained in the samples for in-vitro biophysical and 

biochemical characterizations. While lipid nanodiscs are becoming valuable tools for structural 

biology studies on membrane proteins and for drug delivery, most types of nanodiscs used in these 

studies are unstable in the presence of divalent metal ions. To avoid the interaction of divalent 

metal ions with the belt of the nanodiscs, synthetic polymers have been designed and demonstrated 

to form stable lipid-nanodiscs under these conditions. Such polymer-based nanodiscs have been 

shown to provide an ideal platform for structural studies using both solid-state and solution NMR 

spectroscopy because of the near-native cell-membrane environment they provide and the unique 

magnetic-alignment behavior of large-size nanodiscs. In this study, we report an investigation 

probing the effects of Ca2+ and Mg2+ ions on the formation of polymer-based lipid-nanodiscs, 

and on the magnetic-alignment properties using a synthetic polymer, SMA-QA, and DMPC lipids. 

Phosphorus-31 NMR experiments were used to evaluate the stability of the magnetic-alignment 

behavior of the nanodiscs for varying concentrations of Ca2+ or Mg2+ at different temperatures. 

It is remarkable that the interaction of divalent cations with lipid headgroups promotes the 

stacking up of nanodiscs that result in enhanced magnetic-alignment of nanodiscs. Interestingly, 

the reported results show that both temperature and concentration of divalent metal ions can be 

optimized to achieve optimal alignment of nanodiscs in the presence of an applied magnetic field. 

We expect the reported results to be useful in the design of nanodiscs based nanoparticles for 

various applications in addition to atomic-resolution structural and dynamics studies using NMR 

and other biophysical techniques.
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Although detergents are still used in the structural studies of membrane proteins, native

like membrane mimetics are essential to functionally reconstitute and investigate the 

structure, dynamics, and function of membrane-associated proteins. Among the many 

types of membrane mimetics, lipid-nanodiscs are increasingly used in the biophysical 

and biochemical studies. The belt surrounding the lipid bilayer in a nanodisc is made 

up of amphipathic membrane scaffold proteins (MSP),1–9 short amphipathic peptides10–13 

or synthetic amphipathic polymers.14–16 These different types of belts have their own 

advantages and limitations. Among them, synthetic polymers are gaining more attention 

due to their ability to directly extract membrane proteins from cell lysates without the 

use of detergents and the feasibility to functionalize the polymer with chemical groups 

as desired.14 Recent studies have demonstrated the nanodisc formation by a variety of 

polymers that are cationic,17–20 anionic,15, 21–23 zwitterionic,24 styrene-containing, styrene

free,19, 22–23 charge-free, and metal-chelators.25 Some of these polymers have been shown 

to be stable against pH and some of them can be used to form nanodiscs for certain pH 

values.17–18, 20, 26 This library of amphipathic polymers have significantly expanded the 

applications of nanodiscs.27–43

One of the limitations of many of the polymer based nanodiscs is their instability against 

divalent metal ions, for example Ca2+ and Mg2+. But, Ca2+ and Mg2+ are two of the most 

important cations present in human body, which are critical for the function of a variety of 

biomolecules.44–49 For example, a concentration of 1–10 mM Mg2+ is essential for some 

of the RNAs to fold and for the ribozyme activities.50 There are also proteins that require 

divalent cations for their activities; for example, Ca2+ dependent calmodulin and other 

proteins, and Mg2+ dependent bovine heart glycogen synthase D and glucose-6-phosphate 

dehydrogenase enzyme.51–52 The concentration of divalent cations can also influence the 

membrane binding, folding, structure and membrane orientation of membrane proteins such 

as phospholamban and the annexins.53–56 Because of these reasons, it is important to make 

sure that the membrane mimetics are tolerant to the presence of divalent metal ions.

Recent studies have been successful in designing synthetic polymers and demonstrating 

their application to form stable nanodiscs against divalent metal ions. Since the size 

of the polymer-based nanodiscs can be varied by simply changing the lipid:polymer 

ratio, it is feasible to prepare very large-size nanodiscs called ‘macro-nanodiscs’ (>20 
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nm in diameter) as demonstrated in the literature.21, 57 Such macro-nanodiscs have 

been shown to spontaneously align in the presence of an external magnetic field with 

its lipid-bilayer-normal oriented perpendicular to the magnetic field direction.21, 57 In 

addition, the alignment axis can be flipped by 90° to render the lipid-bilayer-normal 

to orient along the magnetic field axis by using paramagnetic ions as demonstrated in 

the literature.21, 26, 58–59 The ability to align, and flip the alignment axis, enables the 

measurement of anisotropic NMR parameters such as chemical shift anisotropy, dipole

dipole couplings, and quadrupole couplings for solid-state NMR experiments. Such static 

solid-state NMR experiments have been well developed for the structural studies of a 

variety of membrane-associated proteins.21, 57, 60–61 Similar to other alignment media used 

in the biomolecular NMR studies,62–65 the ‘macro-nanodiscs’ have also been successfully 

used as an alignment medium to measure residual dipolar couplings (RDCs) by well

established solution NMR experiments.60 A recent study has demonstrated the feasibility 

of measuring natural-abundance 17O residual-quadrupole coupling of water molecules that 

are dynamically associated with lipid-nanodiscs.61 While the polymer-based nanodiscs can 

be useful for atomic-resolution studies on membrane proteins, not all of the polymers that 

can form nanodiscs are stable against the divalent metal ions. For example, the nanodiscs 

forming SMA-EA,21 SMA-dA,18 and PAA23 precipitate at high concentrations of divalent 

metal ions as they contain carboxyl groups that can chelate with metals resulting in the 

instability. On the other hand, the nanodiscs forming SMA-QA20 and PMA19 polymers are 

stable against high concentrations of divalent metal ions.

While the absence of metal-chelating groups in the positively charged polymers, SMA-QA 

and PMA, make them stable against divalent metal ions, it is unclear if the interaction 

of divalent metal ions with lipids contained within the nanodiscs would play any role 

on the stability and magnetic-alignment properties of the macro-nanodiscs. To address 

this question, herein we systematically examined the effects of Ca2+ and Mg2+ on the 

formation of polymer-based nanodiscs and on the magnetic-alignment properties using a 

synthetic polymer, SMA-QA, and DMPC lipids. A schematic for the chemical structure of 

SMA-QA and an illustration of a nanodisc are shown in Figure 1. Static phosphorus-31 

NMR experiments were used to evaluate the stability of the magnetic-alignment behavior of 

the nanodiscs for various concentrations of Ca2+ and Mg2+.

EXPERIMENTAL SECTION

Preparation and characterization of polymer-based macro-nanodiscs:

The synthesis, purification, and characterization of amphipathic SMA-QA polymer and 

its ability to form nanodiscs are described elsewhere.20, 61 1,2-dimyristoyl-sn-glycero-3

phosphocholine (DMPC) was purchased in the powder form from Avanti Polar Lipids 

(Alabama). Lipids were dispersed in 10 mM HEPES buffer with 100 mM NaCl, and then 

sonicated for 10 min. The polymer was dissolved in the same buffer and mixed with the 

lipid solution. After three freeze-thaw cycles, the lipid-polymer mixture was incubated at 

room temperature for 12 h. The clear mixture was then loaded to the column for Size 

Exclusive Chromatography (SEC), and then purified using 10 mM HEPES buffer and 100 

mM NaCl. The SEC profile shown in Figure 1 shows the elution of nanodiscs at 20 ml that 
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are estimated to have a size of ~25±4 nm diameter as reported in our previous publication61 

and the free polymers elute around 40 ml. We have previously reported on the effect of 

critical micellar concentration (cmc) on the equilibrium between free- and nanodisc-bound 

polymers.66 After concentrating the nanodiscs containing solution to 200 μl, the solution 

was kept at 4 °C.

NMR experiments:

Phosphorus-31 NMR experiments were performed on a Bruker solid-state NMR 

spectrometer operating at 400.11 MHz for 1H and 161.96 MHz for 31P resonance 

frequencies. The spectra were acquired as a function of temperature from 295 to 315 K 

by increasing the sample temperature in steps of 5 K. Upon a change in the temperature, 

the sample was equilibrated for about 20 min before acquiring NMR data. A solution of 

H3PO4 was used as a reference sample and its 31P NMR frequency was set to 0 ppm. Other 

experimental details are provided in the figure captions.

RESULTS AND DISCUSSION

Phosphorus-31 NMR reveals the magnetic-alignment of nanodiscs above the main phase 
transition temperature of lipids

To investigate the effects of lipid interaction with divalent metal ions (such as Ca2+ and 

Mg2+), the positively charged SMA-QA polymer was used due to its stability in the presence 

of these metal ions. Polymer macro-nanodiscs of size ~25±4 nm in diameter were prepared 

using DMPC lipids and characterized as reported previously.20, 26, 60–61 31P NMR spectra 

were recorded to examine the magnetic-alignment of nanodiscs. 31P NMR spectra shown in 

Figure 2 exhibit an isotropic peak at −1 ppm and an anisotropic peak at ~−14 ppm below the 

phase transition temperature (Tm, ~300 K for pure DMPC). The random orientations of the 

nanodiscs below Tm result in the axially symmetric powder pattern with the perpendicular 

edge at ~−14 ppm. When the temperature of the sample was increased above the gel-to

liquid-crystalline phase transition temperature (300 K and above), the anisotropic peak 

position changed to ~−18 ppm and became narrow with an enhanced intensity indicating 

the magnetic-alignment of nanodiscs. Further increase in the sample temperature (> 300 K), 

increased the intensity of the anisotropic peak and decreased the isotropic 31P NMR peak at 

−1 ppm.

Linewidth for the anisotropic peak at ~−18 ppm indicating a better alignment of nanodiscs 

when the constituent lipids are in fluid lamellar phase. On the other hand, the isotropic 

peak that disappeared at 300 K started to appear and grew in intensity with the increasing 

temperature indicating the presence of a mixture of both isotropic and aligned nanodiscs. 

This observation is in agreement with a previously reported results20 that also showed the 

stability of nanodiscs against the divalent metal ions based on the static light scattering 

experiments. The appearance of a peak in the region of ~−14–16 ppm above the phase 

transition temperature of the lipids indicates the magnetic-alignment of nanodiscs with the 

bilayer-normal oriented perpendicular to the magnetic field axis as shown previously.21, 26 

For this uniaxial orientation of macro-nanodiscs, 31P chemical shift of the motionally
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averaged lipids appear at the perpendicular edge of the chemical shift powder pattern (i.e. 

~−13 to 16 ppm), which varies with the sample temperature as shown in Figure 3.

After the successful confirmation of magnetic-alignment of nanodiscs, divalent metal ions 

were added to the sample to measure the effects of metals on the magnetic-alignment 

properties of nanodiscs. A series of 31P NMR spectra of DMPC-SMA-QA macro-nanodiscs 

were recorded as a function of temperature for the nanodiscs by varying the concentration 

of metal ions. 31P NMR spectra obtained in the presence of 10, 20, 35, and 50 mM 

concentrations of Ca2+ ions and Mg2+ ions are shown in Figures 2 and 3, respectively. The 

observed 31P NMR spectral features can be divided into three types: (i) isotropic peak at −1 

ppm, (ii) anisotropic peak in the region of ~−14 to ~−18 ppm due to the magnetic-alignment 

of nanodiscs that have the lipid-bilayer-normal oriented perpendicular to the direction of the 

external magnetic field, and (iii) axially symmetric powder pattern appearing as a broad line 

with a maximum at ~−14 ppm. 31P NMR spectra recorded at 295 K (i.e. below the phase 

transition temperature of pure DMPC) showed an axially symmetric powder pattern along 

with the isotropic peak appearing at ~−1 ppm as explained above for the samples containing 

no metal ions and also a contribution from aligned nanodiscs. While signal intensities 

observed for frequencies > 0 ppm are low, simulation was used to disentangle the different 

contributions as shown in Figure S1 for the spectrum obtained at 295 K with 10 mM Ca2+ 

ions. The isotropic peak indicates the isotropic nature of nanodiscs that tumble fast in the 

NMR timescale. The combination of isotropic and axially symmetric powder pattern was 

found to be dependent on the concentration of Ca2+. An increase in the concentration of 

Ca2+ ions increased the intensity of isotopic peak; in fact, only the isotropic peak was 

observed at 50 mM Ca2+ (see Figure 2). This effect was found to be more prominent 

in the presence of Ca2+ as compared to Mg2+, whereas a combination of powder pattern 

and isotropic peaks were observed even at 50 mM Mg2+ (see Figure 3). For temperatures 

above Tm, the intensities of the anisotropic and isotropic peaks varied depending on the 

concentration of the metal ions and sample temperature as explained above for samples with 

no metal ions. In addition, broadening of the aligned peak in the presence of Ca2+ and better 

alignment in the presence of Mg2+ ions can be seen from spectra shown in Figures 2 and 

3. For example, at 310 K, the intensity of the anisotropic peak increased for 10 and 20 

mM Ca2+ and decreased for higher concentrations of Ca2+ ions (Figure 2). On the other 

hand, the intensity of the anisotropic peak is higher in the presence of Mg2+ ions and did 

not change significantly with increasing concentration of Mg2+ ions for all temperatures 

above Tm (Figure 3). These results indicate that the degree of alignment and stability of 

macro-nanodiscs are different for Ca2+ and Mg2+ ions, with much better alignment in the 

presence of Mg2+ ions which may be attributed to the difference in their binding affinities 

with lipids.

Effect of magnesium and calcium cations on 31P chemical shifts.

Since a divalent metal ion is known to interact with phospholipid head group, the presence 

of divalent metal ions can alter the observed 31P chemical shift values. To better understand 

the chemical shift dependence on the metal ion concentration, the experimentally measured 
31P chemical shift values for the anisotropic peak are plotted in Figure 4 as a function of 

metal ion concentration and for various sample temperatures (Figure 5). The 31P chemical 
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shift of the aligned macro-nanodiscs was found be more negative with increasing Ca2+ ion 

concertation for all the temperatures, whereas it was found to be varying to a lesser extent 

for Mg2+ as shown in Figure 4. These results suggest a stronger binding of Ca2+ ions with 

lipids as compared to Mg2+ ions.

To further confirm the effect of metal binding on 31P chemical shift, 31P NMR experiments 

were performed on multilamellar vesicles (MLVs) of DMPC (Figure 6). 31P NMR spectra 

were acquired as a function of temperature with varying of Ca2+. The frequency of the 

perpendicular edge of 31P CSA powder pattern is shifted to a negative value in the presence 

of the Ca2+ as shown in Figure 6 for multilamellar vesicles. These results further confirm 

that the observed chemical shift values in the presence of Ca2+ ions for macro-nanodiscs (as 

shown in Figure 4) are indeed due to the binding of Ca2+ ions to the lipid head group.

The 31P chemical shift values measured as a function of temperature for various 

concentration of metal ions are shown in Figure 5. The observed chemical shift values vary 

(decrease) linearly with temperature, which is in good agreement with previous studies on 

bicelles.67 The effect is more pronounced for Ca2+ ions than that observed in the presence 

of Mg2+ ions as shown in Figure 5. The observed difference in the influence of divalent 

metal ions on the magnetic-alignment of nanodiscs suggests that the interaction of divalent 

metal ions with lipid head groups assists the magnetic-alignment of nanodiscs in the lamellar 

phase of the lipids. This observation could be attributed to the mechanical stacking of 

nanodiscs in the lamellar phase of the lipids, as illustrated in Figure 7. Overall the reported 

results are similar to the observations for magnetically-aligned DMPC:DHPC bicelles in the 

presence of divalent metal ions.68 Such type of mechanical stacking has been reported for 

MSP based lipid-nanodiscs in the presence of calcium ions.69 In addition, such stacking of 

nanodiscs observed in samples prepared for TEM experiments, where uranyl salts (UO2
2+) 

are used for negative staining, demonstrates the common feature for nanodiscs based on 

polymer,22 peptides70 or protein.71 It is worthwhile to use divalent metal ions to prepare 

such stacked nanodiscs for structural studies using cryo-EM and diffraction methods.

In conclusion, this study reports the effects of Ca2+ and Mg2+ ions on the formation of 

polymer-based lipid-nanodiscs and on their magnetic-alignment properties. The positively 

charged amphipathic SMA-QA polymer, that is stable against the divalent metal ions, is 

used to probe the interaction of Ca2+ and Mg2+ ions with DMPC lipids. Phosphorus-31 

NMR experiments under static conditions were used to evaluate the stability of the 

magnetic-alignment behavior of the macro-nanodiscs containing various concentrations of 

Ca2+ or Mg2+ ions at different temperatures. It is remarkable that the interaction of divalent 

cations with lipid headgroups promotes the stacking up of macro-nanodiscs that results 

in the enhanced magnetic-alignment of macro-nanodiscs above the main phase transition 

temperature of the lipids. Interestingly, the reported results show that both temperature and 

concentration of divalent metal ions can be optimized to achieve an optimal alignment of 

nanodiscs. We believe that the reported results would be useful in the design of nanodiscs 

based nanoparticles for various applications in addition to the structural studies using 

solid-state and solution NMR techniques. While nanodiscs are used to trap the amyloid 

intermediates,40, 72–74 studies investigating the role of metals (such as Cu2+, Zn2+, Al3+ and 
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other metals) on the amyloid aggregation in a membrane environment would benefit from 

the use of polymer nanodiscs that are stable against the metal ions.75–78

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Production and characterization of nanodiscs.
(A) An illustration of SMA-QA based lipid nanodiscs used in this study. SMA-QA was 

synthesized from a styrene maleic anhydride polymer that has a ~1.3:1 molar ratio of 

styrene:maleic anhydride with Mn = ~1.6 kDa. A desired polymer:lipid ratio is mixed to 

self-assemble to form the nanodiscs. Then, the nanodiscs are purified through size exclusion 

chromatography (SEC) to remove the free polymer and characterized using dynamic light 

scattering and NMR experiments. (B) SEC profile showing the elution volumes for the 

SMA-QA based lipid-nanodiscs and the free-(or aggregated) polymers from the sample. 

The first peak around 20 ml shows the overall size of nanodiscs and the relatively narrow 

width indicates the size uniformity of the nanodiscs. The second peak centered around 40 

ml is from the free polymer aggregates that are not part of the nanodiscs in the sample. The 

interval between the two peaks assures the purity of nanodiscs sample as the free polymers 

can be removed from nanodiscs.
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Figure 2. Magnetic-alignment of macro-nanodiscs in the presence of Ca2+ ions.
Phosphorus-31 NMR spectra of magnetically-aligned 0.5:1 (w/w) SMA-QA:DMPC macro

nanodiscs with the lipid-bilayer-normal oriented perpendicular to the external magnetic field 

direction. Spectra were recorded on a 400 MHz Bruker solid-state NMR spectrometer at the 

indicated temperatures by varying the concentration of Ca2+ ions as shown. Spectra obtained 

at 295 K have contributions from isotropic, anisotropic powder pattern, and anisotropic 

aligned lipid components. Simulation was used to quantify the individual components for 

the experimental spectrum obtained at 295 K with 10 mM Ca2+ ions as shown in Figure S1 

in the Supporting Information.
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Figure 3. Magnetic-alignment of macro-nanodiscs in the presence of Mg2+ ions.
Phosphorus-31 NMR spectra of magnetically-aligned 0.5:1 (w/w) SMA-QA:DMPC macro

nanodiscs with the lipid-bilayer-normal oriented perpendicular to the external magnetic field 

direction. Spectra were recorded on a 400 MHz Bruker solid-state NMR spectrometer at the 

indicated temperatures by varying the concentration of Mg2+ ions as shown.
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Figure 4. Dependence of the extent of magnetic-alignment of nanodiscs on divalent metal ion 
concentration.
Change in the 31P chemical shift frequency measured from magnetically-aligned 0.5:1 (w/w) 

SMA-QA:DMPC macro-nanodiscs, with the lipid-bilayer-normal oriented perpendicular to 

the external magnetic field direction, as a function of divalent metal ion concentration at 

the indicated temperature of the sample. Error bars represent the observed full-width at 

half-maximum from the respective 31P NMR spectrum.
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Figure 5. 
Dependence of the extent of magnetic-alignment of nanodiscs on temperature. Change in 

the 31P chemical shift frequency measured from magnetically-aligned 0.5:1 (w/w) SMA

QA:DMPC macro-nanodiscs, with the lipid-bilayer-normal oriented perpendicular to the 

external magnetic field direction, as a function of temperature at the indicated divalent metal 

ion concentration: Ca2+ (left) and Mg2+ (right).
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Figure 6. Effect of calcium ions binding to lipids.
31P NMR spectra (experimental in black and simulated fit in blue) of DMPC multilamellar 

vesicles (MLVs) with and without 10 mM Ca2+ ions obtained at the indicated sample 

temperature. 31P chemical shift anisotropy span, Δδ, was obtained by fitting the 

experimental spectra. The observed increase in the CSA span for Ca2+-containing samples 

is due to Ca2+ ions binding to lipids. The observed weak signal intensity near the parallel 

edge of the powder pattern (i.e. >20 ppm) may be due to calcium-ion-binding induced 

non-spherical distribution of lipids in MLVs.
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Figure 7. Effect of calcium ions on the magnetic-alignment of nanodiscs.
Illustration of: (A) the isotropic nature of polymer-based macro-nanodiscs below the main 

phase transition temperature (Tm) of the lipids present in the nanodiscs, (B) the anisotropic 

and magnetic-aligned state of the macro-nanodiscs above Tm, (C) the effect of Ca2+ ions 

binding to lipid head-groups in stacking nanodiscs below Tm which result in a mixed phase 

that exhibits an anisotropic powder pattern and an isotropic 31P peaks, and (D) the effect 

of Ca2+ ions binding to lipids on the magnetic-alignment of stacked macro-nanodiscs above 

Tm.
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