
1 
 

Magnetic-Alignment of Polymer Nanodiscs Probed by Solid-State NMR Spectroscopy 

Thirupathi Ravula,1 JaeWoong Kim,2 Dong-Kuk Lee,2 Ayyalusamy Ramamoorthy1* 
1Biophysics Program and Department of Chemistry, Macromolecular Science and Engineering, 
Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109-1055 (USA)2Department of 
Fine Chemistry, Seoul National University of Science and Technology, Seoul 01811, Republic of 
Korea. 

Corresponding author: E-mail:ramamoor@umich.edu 

 

Abstract 

The ability of amphipathic polymers to self-assemble with lipids and form nanodiscs has been a 
boon for the field of functional reconstitution of membrane proteins. In a field dominated by 
detergent micelles, a unique feature of polymer nanodiscs is their much-desired ability to align in 
the presence of an external magnetic field. Magnetic alignment facilitates the application of solid-
state NMR spectroscopy and aids in the measurement of residual dipolar couplings (RDCs) via 
well-established solution NMR spectroscopy. In this study, we comprehensively investigate the 
magnetic-alignment properties of SMA-QA polymer based nanodiscs by using 31P and 14N solid-
state NMR experiments under static conditions. The results reported herein demonstrate the 
spontaneous magnetic-alignment of large-size (≥ 20 nm diameter) SMA-QA nanodiscs (also 
called as macro-nanodiscs) with the lipid-bilayer-normal perpendicular to the magnetic field 
direction. Consequently, the orientation of macro-nanodiscs are further shown to flip their 
alignment axis parallel to the magnetic field direction upon the addition of a paramagnetic 
lanthanide salt. These results demonstrate the use of SMA-QA polymer nanodiscs for solid-state 
NMR applications including structural studies on membrane proteins.  

 

Introduction  

Membrane proteins play a central and intricate part to many necessary cellular functions. 
However the study of membrane proteins is formidable due to a common loss of solubility, 
function, and structure when removed from a native-like membrane environment essential for 
membrane protein stability.1-4 To overcome this major hindrance in the membrane protein field, a 
major active area of research has been the development of new membrane mimetic systems.1, 5-

15 While several solubilization systems have been introduced for the study membrane proteins 
(detergent micelles, bicelles, and nanodiscs),5, 16 nanodiscs have been proven to have 
advantages over other solubilization/membrane mimetics systems.17-20 Nanodiscs are lipid bilayer 
discs surrounded by amphiphilic macromolecules comprising of a protein,18 peptide,21-23 or 
polymer.24 Compared to other systems, polymer based nanodiscs have the unique capability of 
being able to extract membrane proteins directly from their native environment without the 
membrane proteins ever leaving the lipid bilayer.25-26 Recent developments in the polymer 
nanodiscs field expanded the applications of nanodiscs by using a wide variety of biophysical 
techniques to study membrane proteins.17, 19, 27-39  

For accommodation of different sizes of membrane proteins and membrane associated protein-
protein complexes, and to achieve magnetic-alignment, the size of nanodiscs should be variable.  
This is shown to be achievable with different polymer to lipid ratios.40-41 The large nanodiscs, 
called as macro-nanodiscs, (>20 nm diameter) that align in an external magnetic field40, 42-43 have 
been shown to be useful for structural studies using static solid-state NMR experiments40, 44 as 
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well as an alignment medium to measure residual dipolar couplings via solution NMR 
experiments.45 In spite of such unique magnetic-alignment properties of nanodiscs, a 
comprehensive study on understanding the factors affecting the alignment of nanodiscs is lacking. 
In this study, we undertook a comprehensive list of experiments to study the magnetic-alignment 
of polymer based nanodiscs made from a positively charged polymer SMA-QA43 and DMPC lipids. 
Magnetic-alignment of SMA-QA+DMPC nanodiscs was studied using 31P and 14N solid-state NMR 
experiments.  SMA-QA nanodiscs spontaneously align with the lipid bilayer normal perpendicular 
to the applied magnetic field direction. We also show that the nanodiscs alignment direction can 
be changed (or flipped) by the addition of lanthanide salts. 

 

Materials and Methods  

Poly(Styrene-co-Maleic Anhydride) cumene terminated (SMA) with a  ̴1.3:1 molar ratio of 
styrene:maleic anhydride and average molecular weight (Mn) of 1600 g/mol, N,N-
Dimethylformamide (DMF), Triethylamine (Et3N), HEPES, acetic acid (HOAc), hydrochloric acid 
(HCl), (2-Aminoethyl)trimethylammonium chloride hydrochloride, and sodium hydroxide (NaOH) 
were purchased from Sigma-Aldrich®. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was 
purchased from Avanti Lipids Polar, Inc®.  

Synthesis and characterization of SMA-QA polymer: SMA-QA polymer was synthesized as 
reported previously.43 Briefly, 2 g of SMA and 2.86 g of (2-Aminoethyl)trimethylammonium 
chloride hydrochloride (15 eq) was dissolved in 50 mL of DMF, followed by the addition of 4 mL 
of Et3N (30 eq).  The reaction mixture was stirred for 3 hrs at 80 °C. After 3 hrs the reaction mixture 
was cooled to room temperature and precipitated with ice-cooled diethyl ether. The resulting 
precipitate was washed three times with ether and dried under vacuum to give a white powder. 
The resulting powder was added to 2.25 g of sodium acetate, 50 mL of acetic anhydride and 6 
mL of Et3N. The reaction mixture was stirred for 12 hrs at 80 °C. After the reaction, acetonitrile 
(50 mL) was added, discarded the white powder present at the bottom of the reaction mixture by 
carefully taking the supernatant with a pipette. The polymer was precipitated by the addition of 
diethyl ether. The resulting product was washed three times with ether and dried under vacuum 
to give a brown powder. The resulting crude polymer product was purified using LH-20 to remove 
the salts and lyophilized to produce 1.8 g brown powder of SMA-QA polymer.  
 
Preparation and characterization of polymer nanodiscs: In this study, we used two different 
approaches to prepare the nanodiscs samples. In the first approach, nanodiscs were formed by 
directly adding SMA-QA to DMPC vesicles (LUVs or MLVs) at a polymer:lipid ratio of 0.5:1 w/w 
and the resultant sample was directly used in experiments. In the second approach, the nanodisc 
sample system was prepared using the same first approach, however we included a size 
exclusion chromatography (SEC) purification step at the end to remove any non-nanodiscs 
forming free polymer from the solution as explained below (Figure 1). Both types of nanodiscs 
samples prepared were characterized dynamic light scattering (DLS) and transmission electron 
microscopy (TEM) experiments, and were investigated by solid-state NMR experiments under 
static conditions as explained in the results and discussion section below.  
 
NMR sample preparation: To prepare samples for solid-state NMR experiments, 8 mg of DMPC 
dissolved in CHCl3 was used for each sample preparation. The samples were dried under a 
stream of nitrogen gas, followed by overnight drying under vacuum (30 °C) to completely remove 
any residual solvent. Tris buffer (10 mM Tris, pH 7.4) was added to hydrate the lipid film, vortexed 
for 2 min above the lipid’s phase transition temperature and freeze-thawed using liquid nitrogen 
at least 4 times. To obtain uniform size of large unilamellar vesicles (LUVs) of 1 μm in diameter, 
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the LUVs were extruded through polycarbonate filters (pore size of 1μm, Nuclepore®, Whatman, 
NJ, USA) mounted in a mini extruder (Avanti Polar Lipids, AL, USA) fitted with two 1.0 mL 
Hamilton gastight syringes (Hamilton, NV, USA). Samples were typically subjected to 23 passes 
through the filter. Odd number of passages were performed to avoid contamination of the sample 
by vesicles that have not passed through the first filter. SMA-QA sample, dissolved in Tris buffer, 
was added to LUVs to prepare the desired polymer concentration by making a final sample 
volume of 150 μL. The mixture was freeze-thawed using liquid nitrogen 3~5 times to get a 
transparent solution. 
 
31P NMR experiments: Time dependent NMR experiments were performed on an Agilent NMR 
spectrometer operating at the resonance frequency of 699.88 MHz for 1 H and 283.31 MHz for 
31P nuclei. A 4 mm triple-resonance HXY MAS NMR probe (Agilent) was used under static 
condition. 31P NMR spectra were acquired using a 5.5 μs 90° pulse followed by acquisition under 
24 kHz TPPM proton decoupling. 128 scans were acquired for each sample with a 
relaxation/recycle delay time of 2.0 s. Each sample was put in a 4 mm pyrex glass tube, which 
was cut to fit into the 4 mm MAS probe. A Varian/Agilent temperature control unit was used to 
maintain the sample temperature. All 31P NMR spectra were processed using 150 Hz line 
broadening and referenced externally to 85% phosphoric acid (0 ppm). Temperature dependent 
experiments were performed on a Bruker NMR spectrometer at a resonance frequency of 400.11 
MHz for proton and 161.97 MHz for 31P nuclei. 5 mm triple-resonance HXY MAS NMR probe was 
used under static conditions. 31P NMR spectra were acquired using a 5 μs 90° pulse followed by 
25 kHz TPPM proton decoupling. 512 scans were acquired for each sample with a 
relaxation/recycle delay of 2.0 s. 
 
14N NMR Experiments: Nitrogen-14 NMR spectra were acquired using a Bruker 400 MHz solid-
state NMR spectrometer and a 5 mm double-resonance probe operating at the 14N resonance 
frequency of 28.910 MHz. 14N NMR spectra were recorded using the quadrupole-echo pulse 
sequence46  with a 90° pulse length of 8 µs and an echo-delay of 80 µs. 14N magnetization was 
acquired using 25 ms acquisition time, 20,000 scans and a recycle delay of 0.9 s with no 1H 
decoupling. 

 
Figure 1. Nanodiscs preparation and characterization. (Top row) Schematic representation of 
the preparation of nanodiscs for solid-state NMR experiments, isotropic nanodiscs, and the 
alignment of macro-nanodiscs in the presence of an external magnetic field. (Bottom row) DMPC 
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and SMA-QA chemical formulae, SEC chromatogram, TEM, and an illustration of flipped macro-
nanodiscs in presence of lanthanide ions.  

 

Results and Discussion 

In this study, we used nanodiscs composed of a positively charged SMA-QA polymer43 and DMPC 
lipids. SMA-QA was synthesized and characterized similar to the procedure as reported in our 
previous studies.43 Polymer macro-nanodiscs were prepared by the addition of the DMPC 
liposomes to the polymer stock solution of weight ratio 1:0.5 DMPC:SMA-QA to give the final lipid 
concentration of 100 mg/mL.  The resulting solution was subjected to freeze thaw cycles until it 
became transparent, and the polymer nanodiscs solution was transferred to the NMR tube. To 
monitor the time-dependent changes in the alignment properties of the sample, a series of 31P 
NMR spectra were acquired as a function of time at 308 K (Figure 2). Initially, we observed a peak 
around ~-1 ppm and a small shoulder peak at ~-13 ppm. The observed peak at -1 ppm is from 
the isotropically tumbling nanodiscs, whereas the peak at -13 ppm is from the macro-nanodiscs 
aligned with the bilayer normal perpendicular to the magnetic field direction. The peak intensity 
for the aligned macro-nanodics increased whereas the isotropic peak intensity decreased as a 
function of time, and after 3 hrs the aligned peak became predominant. These results suggest 
that macro-nanodiscs possess a negative magnetic susceptibility and align in such a way that the 
lipid bilayer normal orients perpendicular to the magnetic field direction as shown in previous 
studies.40, 43, 47  

The magnetic susceptibility of these nanodiscs can be changed by the addition of 
paramagnetic metal ions such as YbCl3 which has a positive magnetic susceptibility.48-49 To study 
the alignment behavior of macro-nanodiscs 31P NMR spectra were acquired as a function of time 
by adding different concentrations of YbCl3 to the aligned macro-nanodiscs. Upon the addition of 
sufficient Yb3+ ions, we observed a change in the orientation of macro-nanodiscs resulting in the 
bilayer normal parallel to the magnetic field direction. At a low concentration of YbCl3 (0.3 mM), 
no change in the 31P NMR spectrum was observed. But, as we increased the concentration of 
YbCl3 salt to 0.5 mM, a powder pattern along with an isotropic peak in the 31P NMR spectrum was 
observed initially. After 0.5 hrs a new peak appeared at 25 ppm whose intensity increased with 
further time, and it became the predominant peak after 3 hrs. This observation suggests that the 
macro-nanodiscs alignment is flipped to orient the bilayer normal parallel to the magnetic field 
direction. Further increase in the concentration of YbCl3 did not show any difference in the 31P 
peak intensity indicating no major changes in the alignment of macro-nanodiscs. 
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Figure 2. Magnetic alignment and flipping of macro-nanodiscs. 31P NMR spectra of unpurified 
SMA-QA:DMPC nanodiscs recorded as a function of time at 308 K, and at various concentrations 
of YbCl3. 31P peaks appearing at ~ -15, 0 and -22 ppm indicate a perpendicular orientation, 
isotropic phase, and a parallel orientation, respectively. Here, perpendicular and parallel 
orientations mean the orientation of the lipid bilayer normal relative to the direction of an external 
magnetic field. All of these NMR spectra were acquired using an Agilent 700 MHz NMR 
spectrometer.  

While the simple addition of polymer to lipids result in the formation of nanodiscs, there is 
always a portion of the added polymer that stays in solution. The free polymer in solution can be 
removed from the sample by using SEC to yield purified nanodiscs. We observed that the purified 
nanodiscs aligned much faster (< 1hr) as compared to the unpurified nanodiscs (figure 3). These 
nanodiscs exhibited a sharp peak at -1ppm suggesting isotropic nature of the macro-nanodiscs. 
As the temperature is increased above the gel-to-liquid crystalline phase transition temperature 
of the lipids (T > Tm), an additional peak at -13 ppm in the 31P spectrum appeared suggesting the 
spontaneous magnetic-alignment of nanodiscs (Figure 3). As shown in Figure 3, at high 
temperatures (> 310 K), the isotropic peak at -1 ppm appeared with far less intensity suggesting 
significantly reduced isotropic population of macro-nanodiscs. In fact, for a range of temperatures 
(between 295 and 310 K), the 31P NMR spectra exhibited no isotropic behavior indicating an 
alignment of all macro-nanodiscs in the sample. 31P NMR spectra were also recorded upon the 
addition of different concentrations of YbCl3 as a function of temperature (Figure 3). For 0.5 and 
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1 mM concentrations of YbCl3, 31P NMR spectra showed a combination of powder pattern, 
isotropic peak, alignment with the bilayer normal perpendicular to the magnetic field direction, and 
flipping of nanodiscs with the bilayer normal parallel to the magnetic field direction depending on 
the temperature of the sample as shown in Figure 3. While the presence of 0.5 mM YbCl3 showed 
flipping of partial macro-nanodiscs population, the addition of a 1 mM YbCl3 showed complete 
flipping of nanodiscs at temperature 305 K. Further increase in temperature above 305 K showed 
the presence of an isotropic peak along with a peak at 21 ppm for samples containing YbCl3. At 
1.5 mM YbCl3, the samples exhibited no significant powder pattern and aligned with the bilayer 
normal parallel to the magnetic field direction at 305 K. Thus, the 31P NMR experimental results 
presented in Figures 2 and 3 clearly demonstrate the magnetic-alignment of macro-nanodiscs 
and their direction of the alignment can be flipped by the addition of lanthanide ions like YbCl3. 
The observed chemical shifts are reported in Table 1. In addition, these results show that 
temperature and the concentration of lanthanide ions need to be optimized to achieve desirable 
magnetic-alignment of macro-nanodiscs. The sample and experimental conditions also depend 
on the type of lipids present in the nanodiscs. These behavior of macro-nanodiscs is similar to 
that of that of the well-studied bicelles samples.47-48  

 
Figure 3. Temperature dependence of magnetic alignment and flipping of macro-
nanodiscs.  31P NMR spectra of DMPC:SMA-QA (1:0.5 w/w) macro-nanodiscs in the absence 
(column 1) and presence of YbCl3 (columns 2-4) at different temperatures. A 100 mg/mL lipid 
concentration was used in the sample. All of these NMR spectra were acquired using a Bruker 
400 MHz NMR spectrometer.  
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Temperature 0 mM YbCl3 0.5 mM YbCl3 1 mM YbCl3 1.5 mM YbCl3 

305 K 
-13.4 ppm 

(181 Hz) 

19.9 ppm 

(2741 Hz) 

16.5 ppm 

(1265 Hz) 

12.0 ppm 

(1723 Hz) 

310 K 
-13.8  ppm 

(272 Hz) 

22.6 ppm 

(1265 Hz) 

18.8 ppm 

(1355 Hz) 

14.9 ppm 

(1841 Hz) 

315 K 
-14.3  ppm 

(365 Hz) 

23.8 ppm 

(1292 Hz) 

20.1 ppm 

(1359 Hz) 

15.5 ppm 

(1933 Hz) 

Line widths are shown in parentheses  
 

Table 1. 31P Chemical shifts and linewidths measured from NMR spectra of DMPC:SMA-QA 
(1:0.5 w/w) macro-nanodiscs in the absence (column 1) and presence of YbCl3 (columns 2-4) at 
different temperatures. 

 

 

 In addition to 31P NMR, 14N NMR spectroscopy is a powerful technique in sensing the 
membrane surface charge potential as well as useful to study the interaction of membrane active 
biomolecules due to the choline moiety.50-55 14N is a quadrupolar nucleus with nuclear spin 
quantum number 1, and the quadrupole coupling constant depends on the orientation of the C-N 
bond vector of the choline group of DMPC with respect to the applied magnetic field direction, 
hydration, temperature, ions and other ligands, and mobility.50-52 14N NMR experiments have 
previously been used to study the magnetic-alignment of bicelles.51, 53-54 14N NMR spectra of 
macro-nanodiscs at 295 K showed the presence of a narrow peak centered at 0 kHz arising from 
the isotropic phase. As the temperature of the sample is increased to 310 K, the 14N NMR spectra 
showed the 0 kHz isotropic peak as well as the two additional peaks corresponding to a 
quadrupole splitting of 9.4 kHz. The quadrupolar splitting of 9.4土0.3 kHz arises from the 
magnetic-alignment of macro-nandiscs with the bilayer normal oriented perpendicular to the 
magnetic field axis. The small peak at 0 kHz may be assigned to the quaternary ammonium group 
from the SMA-QA polymer. With the addition of YbCl3, the choline group’s 14N quadrupolar 
splitting has doubled from 9.4 ± 0.3 kHz to 18.5 ± 0.5 kHz indicating the flip of nanodiscs alignment 
from perpendicular to parallel orientation of the bilayer normal with respect to the applied magnetic 
field axis. 14N NMR spectra acquired at different temperatures revealed macro-nanodiscs at low 
temperatures showed the presence of an isotropic phase whereas the increase in temperature 
(305 K and above) showed a quadrupolar splitting of ~18 kHz (Figure 4). Further increase in the 
sample temperature showed an increase in the intensity of the center peak at 0 kHz suggesting 
the coexistence of isotropic phase and flipped macro-nanodiscs. These results are in excellent 
agreement with the above presented 31P NMR results. 
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Figure 4. Magnetic alignment and flipping of macro-nanodiscs by 14N NMR. Nitrogen-14 
NMR spectra of SMA-QA:DMPC with (c and d) and without (a and b) YbCl3 acquired at 295 K (a 
and c) and 310 K (b and d). The isotropic 14N NMR spectra (a and c) indicate the macro-nanodiscs 
are isotropic in the gel phase, i.e. below the gel to liquid crystalline phase transition temperature 
of DMPC lipids. The magnetic alignment (b) and its flipping due to the presence of 1 mM YbCl3 
(d) are revealed by the observed 14N quadrupole splitting of 9.4 kHz (b) and 18.8 kHz (d) for the 
bilayer normal oriented perpendicular (b) and parallel (d) to the applied magnetic field direction, 
respectively. All of these NMR spectra were acquired using a Bruker 400 MHz NMR spectrometer.  
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Figure 5. Temperature dependence of magnetic alignment of macro-nanodiscs by 14N NMR. 
Nitrogen-14 NMR spectra of flipped SMA-QA:DMPC macro-nanodiscs containing 1 mM YbCl3 as 
a function of temperature. Macro-nanodiscs are isotropic (and unaligned, indicated by 0 kHz 14N 
quadrupole coupling) below the gel to liquid crystalline phase transition temperature (295 K) of 
DMPC lipids. Above the phase transition temperature (>300 K), macro-nanodiscs align with the 
lipid bilayer normal parallel to the applied magnetic field direction in presence of 1 mM YbCl3 as 
revealed by the observed quadrupole splitting of 18.8 kHz. All of these NMR spectra were 
acquired using a Bruker 400 MHz NMR spectrometer.  

 

Conclusion 

Polymer nanodiscs are a valuable tool used to study membrane proteins. With the ability to align 
in the presence of a magnetic field such that the bilayer normal is oriented perpendicular to the 
magnetic field direction, macro-nanodiscs show an promising use in solid-state NMR studies.14N 
NMR spectra reported in this study reveal the spontaneous alignment and the time and 
temperature required to align in the presence of an external magnetic field. Our results 
successfully demonstrate the ability of YbCl3 ions to flip the direction of macro-nanodiscs. We 
believe that this study will be useful in optimizing the conditions that are needed to study 
membrane proteins reconstituted in polymer nanodiscs by solid-state NMR spectroscopy.56-60 It 
is also worth mentioning that pH tolerance and deviant metal-ions resistance of SMA-QA polymer 
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nanodiscs further expands the applications for solid-state NMR applications including structural 
studies on membrane proteins. In addition, as shown in our recent study, magnetically-aligned 
polymer macro-nanodiscs can be used to measure residual-dipolar-couplings by well-established 
solution NMR methods to study the structure and dynamics of water-soluble molecules including 
proteins, peptides, DNA, RNA and small molecule compounds.61-63 We expect these unique 
properties of polymer based macro-nanodiscs to open avenues to expand the applications of both 
solution and solid-state NMR techniques, and create opportunities for further development of 
novel NMR approaches.2, 64-67  
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