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A B S T R A C T   

Solid-state Nuclear Magnetic Resonance (NMR) in combination with magnetically aligned discoidal lipid mimics 
allows for studying the conformations of membrane proteins in planar, lipid-rich bilayer environments and at the 
physiological temperature. We have recently demonstrated the general applicability of macrodiscs composed of 
DMPC lipids and peptoid belts, which yield magnetic alignment and NMR spectroscopic resolution comparable or 
superior to detergent-containing bicelles. Here we report on a considerable improvement in the magnetic 
alignment and NMR resolution of peptoid-based macrodiscs consisting of a mixture of the zwitterionic and 
negatively charged lipids (DMPC/DMPG at the 85% to 15% molar ratio). The resulting linewidths are about 30% 
sharper due to the higher orientational order parameter likely arising from the stabilizing electrostatic repulsion 
between the discs. Moreover, highly aligned, detergent-free macrodiscs can be formed with a longer-chain lipid, 
DPPC. Interestingly, the spectra of Pf1 in the two lipid mimetics are almost indistinguishable, which would mean 
that the overall transmembrane helix tilt might be governed not only by the hydrophobic matching but also 
possibly by the interactions of the flanking lysine and arginine residues at the membrane interface.   

Introduction 

Magnetically oriented lipid bilayers such as anisotropic bicelles 
(Durr et al., 2012; Gayen et al., 2013; Glover et al., 2001; Prosser et al., 
1998; Sanders and Prestegard, 1990; Sanders and Schwonek, 1992; 
Verardi et al., 2011; Vold and Prosser, 1996) have been widely utilized 
for structure determination of membrane proteins by oriented-sample 
(OS) NMR spectroscopy. Bicelles are typically aligned with their mem
brane plane parallel to the field of the NMR magnet, due to the negative 
susceptibility anisotropy of the lipid hydrophobic alkyl chains (Scholz 
et al., 1984). In OS NMR, the positions of the spectral peaks are highly 
sensitive to the changes in the local structure and environment since 
they arise from angular-dependent observables such as chemical shift 
anisotropy and dipolar interactions. Thus, this technique can be effec
tively used for structural and dynamic studies of membrane proteins in 
their native-like, fully hydrated planar lipid membrane environments. 
Bicelles are usually prepared by the mixing of long-chain lipids (mainly 
DMPC) with either short-chain lipids [usually DHPC (De Angelis et al., 
2004)] or detergents [TX-100 (Park and Opella, 2010) or CHAPSO 
(Sanders and Prestegard, 1990)] at higher molar ratios q of DMPC to the 

detergent molecules, typically at q = 3–5. Moreover, in order to be able 
to study lipid-induced protein conformations and activity, it is important 
to create lipid mimetics closely resembling the composition of biological 
cells. The bilayer milieu is now believed to be composed of heteroge
neous lipid domains, called lipid rafts (Simons and Toomre, 2000), 
which give rise to different bulk bilayer properties such as viscosity and 
elasticity. Recently, DMPC-based bicelles rich in cholesterol (De Angelis 
et al., 2022) and cholesterol and sphingomyelin (Hutchison et al., 2020) 
have been introduced for structure–function studies of membrane pro
teins by solid-state and solution NMR. Despite their utility for protein 
structure determination, however, the presence of detergents may in
fluence the structure and function of the embedded membrane proteins. 
To address this important issue, recently magnetically alignable lipo- 
discoidal mimetics have been actively explored including peptide-belt 
stabilized macrodiscs (Park et al., 2011) and discs encircled by 
styrene-maleic acid (SMA) co-polymer chains (Park et al., 2020; 
Radoicic et al., 2018; Ravula et al., 2017). The peptide belts are derived 
from the naturally occurring lipoproteins, whose overall length and 
folding stabilizes the disc and determines its size. This constraint may 
make the lipodiscs less stable when loaded with higher amounts of the 
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lipids and the membrane protein of interest. Moreover, the main 
disadvantage of commercially available SMA copolymers is a high de
gree of variation in the molecular length and concentration from batch 
to batch. Typically, broad bimodal size distributions are observed, 
which are governed by an abundance of short oligomers as indicated by 
ca. two-fold difference between the average molecular weight and the 
number average molecular weight for the polymer. Such broad distri
butions can give rise to highly polydisperse species and, therefore, lower 
orientational order parameters, thereby yielding broader NMR lines. By 
contrast, utilizing amphipathic belts having both high flexibility and 
uniformity in length would make the disc size and their magnetic 
alignment more homogeneous. This, in turn, would undoubtedly lead to 
a considerable improvement in NMR resolution for oriented membrane 
proteins. 

In our recent work (Galiakhmetov et al., 2022) we reported on novel 
highly aligned macrodiscs formed by amphipathic 15-mer peptoid belts, 
cf. Fig. 1A. Peptoids (Zuckermann et al., 1992) consist of oligomers of N- 
substituted glycines having side-chains attached to the nitrogen atoms 
rather than the α-carbons. They are readily synthesized by submonomer 
solid-phase synthesis using commercially available reagents (Zuck
ermann et al., 1992; Sun and Zuckermann, 2013). Due to the lack of the 
main chain hydrogen-bond donor (i.e. the HN proton) and tertiary amide 
bond (Sun and Zuckermann, 2013; Zuckermann and Kodadek, 2009), in 
the absence of structure-inducing side chains peptoids exhibit high 
structural flexibility. Thus, they represent an attractive class of pepti
domimetics that maintain a peptide-like atomic backbone arrangement, 
with their conformations likely dominated by sidechain interactions 
with the surrounding lipids and water, which assist in the formation of 
macrodiscs. Due to the high biocompatibility and proteolytic resistance 
of peptoids, they have also been used for the delivery of genetic mate
rials and therapeutics (Fowler and Blackwell, 2009) and as antimicrobial 
agents (Mojsoska et al., 2015; Molchanova et al., 2017). An important 
prerequisite for making stable peptoid-based macrodiscs is the ability to 

control the peptoid-lipid interactions and the disc size. Similarly to SMA 
copolymers and lipoproteins, peptoid constructs having periodic and 
amphipathic side-chain arrangements can self-assemble around a lipid 
membrane forming peptoid-encapsulated lipid fragments (Zhang et al., 
2017; Zhang et al., 2019). The interaction between the amphipathic 
peptoid and the lipid membrane is driven by the hydrophobicity of the 
side-chain on the one side, hydrophilicity on the other, and was found to 
be dependent on the length of the amphipathic peptoid polymer (Jing 
et al., 2012; Andreev et al., 1860; Landry et al., 2019) and the overall 
peptoid-to-lipid molar ratio. The side chains and their relative 
arrangement can be chosen to mimic SMA co-polymers with the styrene 
and maleic acid monomers substituted by N-(2-phenylethyl)glycine 
(Npe) and N-(2-carboxyethyl)glycine (Nce) residues, respectively, 
incorporated at the 2:1 molar ratio. Unlike SMA, however, the synthe
sized peptoids have a highly controllable and regular length, which has 
greatly improved the stability and alignment of the macrodiscs as 
compared to bicelles and peptide-belt macrodiscs (Galiakhmetov et al., 
2022). 

Materials and methods 

A peptoid sequence composed of fifteen (15) alternating hydropho
bic and hydrophilic side chains, patterned at a pre-defined molar ratio of 
2:1 (Fig. 1B), has been synthesized from submonomers of phenylethyl 
amine and 3-aminopropanoic acid tert-butyl ester (β-Alanine tert-butyl 
ester) as previously described (Galiakhmetov et al., 2022). Briefly, the 
peptoid was synthesized on 200 mg Rink amide resin with a loading of 
0.698 mmol/g as a solid support. The solid phase submonomer cycle 
starts with acylation by addition of 0.6 M bromoacetic acid in dime
thylformamide (DMF) and 86 μL of N, N’-diisopropylcarbodiimide. The 
acylation stage is followed by addition of a 1.5 M solution of primary 
amine in DMF for 1 h for the displacement step. The cycle is repeated 
until completion of the 15-mer peptoid, making sure to drain the 

Fig. 1. A. A pictorial representation of a peptoid-stabilized lipid macrodisc with the incorporated Pf1 coat protein (green helix in a ribbon representation; pdb ID 
2KSJ) aligned in the presence of magnetic field; the peptoid chains are sketched in orange color. B. The chemical structure for the 15-mer peptoid belt with peri
odically alternating hydrophilic and hydrophobic side chains (chemical formula C127H150N16O26, MW = 2.3 kDa). C. Negative-stain TEM micrograph of peptoid- 
stabilized DMPC macrodisc with incorporated Pf1 coat-protein. D. Particle size distribution histogram with a normalization curve obtained from TEM images 
collected for the DMPC macrodisc with a lipid-to-peptoid ratio of 23:1. 
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reagents and wash the resin between each step. The 15-mer is acetylated 
using a 10 % acetic anhydride solution in DMF. The peptoid is then 
cleaved from the resin with simultaneous side chain deprotection using a 
solution of 95 % trifluoroacetic acid and 5 % water. The crude peptoid is 
purified by HPLC and the purity and structure of the peptoid is 
confirmed by LC-MS analysis. (Galiakhmetov et al., 2022) About 10–15 
mg of pure peptoid material can be easily obtained using an automated 
synthesizer. The size and uniformity of the formed macrodiscs are 
evaluated by TEM (Fig. 1C and 1D). 

In the present study, the following samples were prepared: DMPC 
macrodiscs having a lipid-to-peptoid ratio of 27:1 with the incorporated 
15N-labeled Pf1 coat protein; DPPC macrodiscs with a lipid-to-peptoid 
ratio of 25:1 (with 15N-labeled Pf1 membrane protein) and 22:1 
(empty macrodiscs). DMPC/DMPG 85/15 macrodiscs had a lipid-to- 
peptoid ratio of 25:1 (with 15N-labeled Pf1 membrane protein). The 
lipid macrodisc preparation has been performed as described in ref. 
(Galiakhmetov et al., 2022). Briefly, to form lipid macrodiscs, the 
desired lipid mixture is dissolved in chloroform and dried under a ni
trogen gas flow to form a thin film followed by overnight lyophilization. 
For macrodiscs with the incorporated Pf1 coat protein, a TFE solution of 
Pf1 protein is added to the thin film and subjected to another cycle of 
drying/lyophilization. Afterwards, the film is suspended in HEPES 
buffer pH 8.0 and subjected to 5 freeze–thaw cycles to obtain an MLV 
(multi lamellar vesicle) solution. The peptoid dissolved in the same 
buffer is added in 3–5 small aliquots of 70–100 µL to the lipid mixture 
and subjected to 5 freeze–thaw cycles per aliquot addition. The resulting 
lipid macrodisc solution is subsequently concentrated using Amicon 
Ultra-4 centrifuge filters with MWCO 10 kDa and additional five (5) 
freeze–thaw cycles are performed. The spectrum of Pf1 in 14-mer pep
tide discs were taken from ref. (Tesch et al., 2018) for comparison, 
having a 10 % w/v lipid concentration and a peptide-to-lipid ratio of 
1:13.3. 

All NMR spectra have been measured on a commercial 500 MHz 1H 
frequency Bruker (Bruker Biospin, Billerica, MA) Avance II spectrometer 
with a low-E probe (custom-built by Black Fox, LLC, Tallahassee, FL) 
developed at the National High Magnetic Field Laboratory (Tallahassee, 
FL) (Gor’kov et al., 2007; Gor’kov et al., 2010). The probe has a 5.35 mm 
inner coil for the X-Y channels and is equipped with switchable tuning 
cards for 1H/31P and 1H/13C/15N nuclei. The total sample volume is 124 
μL. 2D NMR spectra of Pf1 coat protein have been measured using the 
ROULETTE two-dimensional (2D) separated local field (SLF) sequence 
correlating the amide 15N chemical shifts with their 1H-15N dipolar 
couplings (Lapin and Nevzorov, 2020). 

Results 

The degree of magnetic alignment of peptoid macrodiscs around the 
gel-to-liquid crystalline phase lipid transition temperature has been 
investigated and quantified using 31P NMR. The 31P NMR spectrum 
shown in Fig. 2A exhibits a single anisotropic phosphate group peak 
having a chemical shift of − 13.8 ppm, which demonstrates that the 
DMPC bilayer is oriented with its normal being perpendicular to the 
direction of the applied magnetic field above the gel-to-liquid crystalline 
phase temperature. By contrast, the bicelle sample exhibits two reso
nances originating from two lipid constituents: DHPC (− 5.9 ppm) and 
DMPC (− 12.6 ppm). The average DMPC 31P NMR peak linewidths were 
measured to be about 80–100 Hz (0.4 ppm) within a broad temperature 
range of 32–43 ◦C and at the lipid to peptoid ratios varying from 23:1 to 
27:1. While their linewidths are comparable to those observed for q =
3.6 DMPC/DHPC bicelles (ca. 60–80 Hz), the 31P NMR peak in the 
macrodiscs is shifted to the right by 2 ppm. Thus, the greater values of 
the anisotropic 31P NMR chemical shift indicate a higher degree of 
alignment and order parameter of the peptoid-based macrodiscs in 
comparison with detergent-based bicelles. 

Fig. 2B shows a one-dimensional (1D) 15N chemical shift spectrum of 
uniformly 15N-labeled Pf1 coat protein reconstituted in the peptoid- 
based macrodiscs vs. the same spectrum obtained in magnetically 
aligned bicelles. The spectrum shows well-resolved resonances arising 
mainly from the amide 15N nitrogens in the transmembrane helix of Pf1 
(60 ppm-100 ppm). As can be seen from Fig. 2B, 15N spectroscopic 
resolution in detergent-free peptoid macrodiscs is somewhat better than 
in the bicelle spectrum. However, the increase in the magnetic align
ment is clearly manifested by concomitant displacements of both the 31P 
and 15N NMR spectra to the right, i.e. away from their corresponding 
isotropic chemical shift values. 

The spectroscopic resolution for both 31P (lipids) and 15N (protein) 
NMR can be dramatically improved by adding ca. 15 % of the negatively 
charged DMPG lipid to the DMPC bulk lipid (with the overall 25:1 lipid- 
to-peptoid ratio) as shown in Fig. 3A. One can attribute this increase in 
the alignment by additional disc stabilization via electrostatic surface 
repulsion between the discs (Krishnarjuna et al., 2023). Fig. 3B shows 
two-dimensional SLF spectra of uniformly 15N labeled Pf1 reconstituted 
in various aligned lipid mimics (color coded for clarity) showing a clear 
advantage of peptoid-based macrodiscs for high-resolution OS NMR of 
membrane proteins. More than 20 peaks corresponding to the Pf1 
transmembrane domain are well resolved in Fig. 3B. The arrangement of 
the NMR peaks in each spectrum exhibits a circular wheel-like pattern 
characteristic a transmembrane α-helix tilted at ca. 25◦ with respect to 
the bilayer normal (Park et al., 2010). 

Fig. 2. A. 31P chemical shift NMR spectrum of Pf1 reconstituted in DMPC peptoid-macrodisc with 27:1 lipid-to-peptoid ratio and 55:1 lipid-to-Pf1 ratio (blue) and 
conventional DHPC/DMPC bicelle with a ratio 1:3.6 (green) and 72:1 lipid-to-Pf1 ratio, at the sample temperature 37 ◦C. B. 15N chemical shift NMR spectrum of Pf1 
reconstituted in DMPC peptoid-macrodisc with a 27:1 lipid-to-peptoid ratio (blue) and conventional DHPC/DMPC bicelle with a ratio 1:3.6 (green), at the sample 
temperature 37 ◦C. 
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As can be seen from Fig. 3B, 2D SLF NMR spectra show a systematic 
increase in the degree of magnetic ordering for the aligned macrodiscs 
vs. DMPC/DHPC bicelles as given by an increased range for the 
maximum observed dipolar couplings (>4 kHz). Such an improvement 
in the order parameter is clearly seen by comparing 14-mer belt peptide 
(Park et al., 2011; Tesch et al., 2018) macrodiscs (red contours) with 
DMPC/DHPC bicelles (green contours) (S0 = 0.83 vs. 0.80), which in
creases to 0.85 in the case of DMPC-only 15-mer peptoid-based macro
discs (blue peaks), and even further for the sample containing 15 % of 
DMPG (S0 = 0.9; magenta peaks). Fig. 3C shows experimental 15N CSA 
linewidths plotted as a function of the residue number. It is clear that 
DMPG-containing peptoid macrodiscs exhibit uniform, sub-ppm reso
lution as opposed to all other alignment media, especially in comparison 
with bicelles and peptide-based macrodiscs where the linewidths are 
broader and non-uniform. 

As a next step towards creating oriented lipid environment of vari
able composition, Fig. 4 demonstrates that highly oriented peptoid- 
based macrodiscs can also be formed from the longer DPPC lipids 
(Fig. 4) having 16-member alkyl chains, which play an important role in 
the activation of pulmonary surfactant cells (Han and Mallampalli, 

2015). 
The spectrum of Fig. 4 illustrates the ability of peptoid-based mac

rodiscs to incorporate lipids of larger hydrophobic thickness (as 
compared to the model DMPC lipid) over a broad (albeit ca. 10 ◦C higher 
than for DMPC) temperature range that can be employed to study lipid- 
induced conformational changes of membrane proteins, for example. 
Surprisingly, however, the incorporation of 15N-labeled Pf1 coat protein 
into DPPC-based macrodiscs did not reveal any substantial conforma
tional changes in DPPC vs. DMPC bilayers that could have been expected 
due to an increased hydrophobic thickness of DPPC vs. DMPC or DMPG 
lipids. The overall degree of magnetic alignment for the two macrodisc 
constructs is similar as evidenced by the close 31P chemical shifts for the 
PC fractions in the spectra of Fig. 5A, which are also somewhat higher 
than for the 22:1 pure DPPC macrodiscs, cf. Fig. 4. Fig. 5B shows an 
overlay of 1H-15N ROULETTE (Lapin and Nevzorov, 2020) spectra of Pf1 
measured in DPPC macrodiscs (black contours) with the previous 
spectra from Fig. 3A measured for DMPC/DMPG peptoid macrodiscs. 
The NMR assignment was taken from ref. (Park et al., 2010). While the 
Pf1 resonances in pure DMPC lipids are systematically shifted to the left 
due to the lower orientational order parameter, So = 0.85 (cf. Fig. 3A), 
the peaks corresponding to DPPC and DMPC/DMPG (So = 0.9) bilayers 
overlay nearly perfectly except for the resonances G23, G24, and Y25 
showing the most pronounced deviations. These residues are located at 
the beginning of the Pf1 transmembrane helix, which would imply that 
the protein adjusts to the change in the bilayer thickness asymmetri
cally, cf. Fig. 5C. The preservation of the overall Pf1 structure and its 
overall orientation within the membrane could be dominated by elec
trostatic interactions between the lipid head groups and the flanking 
Lysine residue, K20, on the N-terminal side, and Arginine R44 and K45 
residues on the C-terminal side. In addition, two positively charged R44 
and K45 sidechains may interact more strongly with the negatively 
charged lipid phosphate groups on the C-terminus side, thereby leading 
to an asymmetric response to a change in the lipid bilayer environment. 
Thus, the overall helix tilt of the Pf1 transmembrane helix is not entirely 
governed by the hydrophobic match, and even a local increase in the 
bilayer thickness may occur. Similar conclusions have been made in ref. 
(Gleason et al., 2013) and also by comparing the spectra of Pf1 in 
nanotubular DMPC arrays vs. unsaturated DOPC/DOPG lipids (Marek 
et al., 2015). This interesting observation deserves a more thorough 
investigation. 

Conclusions 

We have demonstrated unprecedented magnetic ordering and 
enhanced NMR spectroscopic resolution in oriented peptoid-based 
macrodiscs containing DMPC/DMPG mixture of lipids vs. bicelles and 

Fig. 3. A. A dramatic improvement in spectroscopic resolution and the orientational order parameter obtained by adding charged DMPG lipids (magenta line) to 
peptoid/DMPC (blue) macrodiscs as evidenced by 1D 15N spectra of Pf1 coat protein. B. Systematic increase in the orientational ordering demonstrating the 
advantage of peptoid-based magnetically aligned macrodiscs vs. detergent-containing DHPC/DMPC bicelles and peptide-based macrodiscs. Superimposed are 2D SLF 
NMR spectra of Pf1 coat protein reconstituted in different membrane mimics including: q = 3.2 DMPC/DHPC bicelles (green contours), 14-mer belt peptide-DMPC 
macrodiscs (red), 15-mer peptoid-DMPC macrodisc (blue); mixture of DMPG/DMPC macrodiscs at a 15 %/85 % molar ratio (magenta). C. 15N CSA linewidths plotted 
for the resolved residues in the spectra showing uniform, sub-ppm linewidths for DMPC/DMPG peptoid macrodiscs. 

Fig. 4. 31P NMR spectra of peptoid macrodiscs (without any protein) formed at 
the 22:1 DPPC to peptoid molar ratio showing the degree of alignment at 
various temperatures (45 ◦C, blue; 47 ◦C, green; 49 ◦C, black; 51 ◦C, red). The 
sharpest linewidth of 90 Hz is achieved at 49 ◦C, thus indicating an optimal 
alignment temperature for DPPC lipid discs. 
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macrodiscs based on peptide belts. The addition of the negatively 
charged DMPG lipids dramatically increases the magnetic ordering due 
to electrostatic repulsions between the discs, thereby yielding sub-ppm 
linewidths and higher order parameters in OS NMR spectra. Peptoid- 
based macrodiscs posses the ability to incorporate lipids of different 
thickness. However, no substantial conformational change has been 
revealed for Pf1 coat protein reconstituted in DMPC- vs. DPPC- 
containing macrodiscs, which may indicate that the positively charged 
lysine and arginine side chains may be responsible for maintaining the 
overall transmembrane helix tilt by strongly interacting with the nega
tively charged lipid phosphate groups. 

These findings illustrate the utility of peptoid-based macrodiscs as a 
new and very promising direction towards radically improving resolu
tion in OS NMR for structural studies of membrane proteins in planar, 
detergent-free bilayers and their interactions with the lipid 
environment. 
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