
*

Article

Aligned peptoid-based macrodiscs for structural
studies of membrane proteins by oriented-sample
NMR
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AB S T RACT     Development of a robust, uniform, and magnetically orientable lipid mimetic will undoubtedly advance solid-state
NMR of macroscopically aligned membrane proteins. Here, we report on a novel lipid membrane mimetic based on peptoid belts.
The peptoids, composed of 15 residues, were synthesized by alternating N-(2-phenethyl)glycine with N-(2-carboxyethyl)glycine
residues at a 2:1 molar ratio. The chemically synthesized peptoids possess a much lower degree of polydispersity versus sty-
rene-maleic acid polymers, thus yielding uniform discs. Moreover, the peptoid oligomers are more flexible and do not require a
specific folding, unlike lipoproteins, in order to wrap around the hydrophobic membrane core. The NMR spectra measured for the
membrane-bound form of Pf1 coat protein incorporated in this new lipid mimetics demonstrate a higher order parameter and
uniform linewidths compared with the conventional bicelles and peptide-based macrodiscs. Importantly, unlike bicelles, the pep-
toid-based macrodiscs are detergent free.

SIGNIFICANCE     Creating a lipid-rich, highly alignable membrane environment closely mimicking physiological conditions
is important for structure-function studies of membrane proteins by solid-state NMR of macroscopically aligned samples. A
self-assembled, magnetically oriented, and detergent-free lipid mimetic based on peptoid belts has been developed for the
first time. This mimetic yields higher or comparable degree of ordering compared with the commonly used anisotropic
bicelles and macrodiscs stabilized by amphipathic peptide and polymer belts. Moreover, conformational flexibility of the
synthesized peptoids allows for a higher protein loading compared with lipoprotein-based macrodiscs.

INTRODUCTION

Oriented-sample (OS) solid-state NMR represents a power-
ful tool for the structural studies of membrane proteins
(MPs). The method generally requires the preparation of a
lipid-rich, fully hydrated membrane environment in order
to correctly preserve MP folding and functionality. Magnet-
ically aligned bicelles (1–8) have been widely utilized for the
structure-function studies of MPs by OS NMR. The native
alignment state of bicelles relative to the external NMR field
is perpendicular, which arises from the negative susceptibil-
ity anisotropy of the hydrophobic alkyl chains (9). The
anisotropic bicelles are typically prepared by the mixing of
long-chain lipids (mainly DMPC) with short-chain lipids
(mainly DHPC) at the molar ratio [DMPC]/[DHPC] >3.

Submitted February 17, 2022, and accepted for publication July 17, 2022.

*Correspondence: alex_nevzorov@ncsu.edu

Editor: Charles Deber.

https://doi.org/10.1016/j.bpj.2022.07.024

 2022 Biophysical Society.

Despite their utility for protein structure determination in
flat, lipid-rich bilayers, the short-chain DHPC lipids possess
detergent-like properties, which may interfere with the struc-
ture of the embedded MPs. Therefore, alternative magneti-
cally alignable lipid mimetics have been recently explored
including peptide-belt stabilized macrodiscs (10) and macro-
discs encircled by styrene-maleic acid (SMA) copolymer
chains (11–13). The former are derived from naturally occur-
ring lipoproteins whose folding largely dictates the overall
disc diameter to be around 30 nm, which may make the lip-
odiscs less stable when loaded with higher amounts of the
MP of interest. On the other hand, the high polydispersity of
the SMA polymers may result in non-uniformity of the
macrodiscs and their order parameters, thus yielding broader
NMR lines. Therefore, it would be advantageous to utilize
belts that would possess sufficient flexibility to wrap
themselves around the DMPC lipid core while having a suf-
ficiently high uniformity in length that, in turn, would make
the discs more homogeneous.
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Synthetic peptoids (14) represent a unique class of highly
flexible peptidomimetics that are dominated by side chain
chemistry while maintaining the backbone atomic composi-
tion of peptides. In short, peptoids are formed by oligomers
of N-substituted glycines that have side chains appended to
the nitrogen atoms rather than the alpha carbons. Therefore,
there is a loss of main-chain chirality and removal of the back-
bone hydrogen-bond donor (the NH group) (15,16). Peptoids
can be easily synthesized to have diverse yet highly controlled
amphipathic structures by using solid-phase sub-monomer
synthesis (14,16). Due to their similarities to polypeptides
and the resistance to proteolytic degradation, peptoid poly-
mers exhibit high biocompatibility. Their effectiveness for
biological activities has motivated development for several
applications, including vectors for gene and drug delivery
(17) and antimicrobial peptidomimetics (18,19). NMR and
x-ray studies have demonstrated that peptoid oligomers
form secondary helical conformations with the inclusion of
alpha-chiral and aromatic side chains (20–24). The partial he-
lical ordering investigated by molecular modeling and circu-
lar dichroism has been proposed to be induced by steric clash
avoidance and electrostatic repulsion between backbone car-
bonyls and pi-clouds of side chains with aromatic rings
(23,25,26). An important consideration for making peptoid-
based macrodiscs is the peptoid-lipid interaction. Similarly
to SMA copolymers and lipoprotein peptides, amphipathic
peptoids can be inserted into the lipid membrane, leading to
the formation of peptoid-lipid fragments (27,28). This inter-
action with the lipid membrane is driven by the peptoid hydro-
phobicity on one side and is dependent on the length of the
amphipathic peptoid polymer (29–31). In a recent work
(32), peptoids were incorporated at the edge of bicelles, and it
was demonstrated that the peptoid-functionalized bicelle did
not significantly alter the bicelle morphology. Based on the
insertion properties of amphipathic peptoids into the lipids,
we have designed a 15-mer peptoid oligomer that has a
side chain structure similar to SMA copolymer at the 2:1
styrene:maleic acid molar ratio. Unlike the SMA copoly-
mers, the synthesized peptoids havea much more uniform and
controllable length, which in turn is expected to improve the
stability and alignment of the macrodiscs.

M A T E R I A L S  AND METHODS

Peptoid synthesis

The 15-mer peptoid was synthesized on a robotic synthesizer using the
submonomer solid-phase method (14). The synthesis started with swelling
of the Rink amide resin (200 mg, 0.122 mmol) with N,N-dimethylforma-
mide (DMF), followed by Fmoc deprotection. Specifically, the resin was
treated with 40% piperidine in DMF (3 mL) for 3 min, followed by drain-
ing of the solution and addition of 40% piperidine in DMF (1.7 mL). The
resin was agitated for another 12 min, the solution was drained, and the
resin was washed with DMF (5  3 mL). The first step of the submonomer
cycle was then started by the addition of 0.6 M bromoacetic acid solution in
DMF (3.2 mL) and N, N0-di-isopropylcarbondiimide in DMF (1:1 v/v, 0.7
mL). The resin was agitated for 25 min, the solution was drained, and

the resin was subjected to another wash cycle with DMF (5  3 mL). The
second step of the submonomer cycle was next performed with the addi-
tion of a 1.5 M solution of phenylethylamine or b-alanine tert-butyl ester in
DMF (3.2 mL) for 1 h, before draining of the reagents and washing the resin
with DMF (5  3 mL). The two-step submonomer cycle was repeated
until completion of the 15-mer peptoid. After automated synthe-sis, and the
peptoid was acetylated using a 10% acetic acid solution in DMF (2 mL)
for 30 min. The solution was drained, and the resin was washed with
DMF (5  2 mL) and CH2Cl2 (5  2 mL). The peptoid was then cleaved
from the resin, with removal of the side chain protecting groups using a
solution of 95% trifluoroacetic acid and 5% water for 3 h. Evaporation of
the cleavage cocktail filtrate, followed by purification us-ing reverse-phase
high-performance liquid chromatography, afforded the desired peptoid in
5% overall yield and 98% purity. The 15-mer peptoid synthesized with 2:1
phenyl:carboxyl monomer ratio is shown in Fig. 1, which allows for their
spontaneous incorporation into DMPC lipid for the formation of
magnetically alignable peptoid-based macrodiscs.

Preparation of protein-containing peptoid
macrodiscs

The lipids used were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). The peptoid solution was prepared by dissolving the dry compound in
20 mM HEPES and 0.02% NaN3 to 10 mg/mL final concentration and
adjusting the pH to 8.0. Blank peptoid-DMPC macrodiscs were prepared
with 1:22 to 1:27 peptoid:lipid molar ratios at 15% (w/v) lipid concentra-
tion in a 200 mL sample (20 mM HEPES, 0.02% NaN3 [pH 8.0]). The Pf1
sample in peptoid macrodiscs was made by mixing 3 mg of Pf1 coat
protein (expressed as described elsewhere (33)). The coat protein isolated
from the phage through precipitation by adding TFE (50%) and trifluoro-
acetic acid (0.1%), followed by lyophilization and several washing steps.
Lyophilized protein was dissolved in TFE, added to the lyophilized DMPC
lipids thin film, vortexed, and dried to form a thin film under the nitrogen
gas. The protein/lipid mixture was lyophilized overnight and rehydrated
with 0.7 mL of 20 mM HEPES and 0.02% NaN3 (pH 8.0) buffer
followed by 3 steps of freeze-thaw cycle, then the peptoid was added in 3
aliquots totaling 0.3 mL. The samples were subjected to several tem-
perature cycles (ice/N2(liq.)/40C) after each aliquot addition, and solution
was then concentrated down to 200 mL using 10,000 MWCO centrifuge
filters. The concentrated sample was subjected to 5 more temperature
cycles.

Preparation of 14-mer peptide macrodiscs, S M A
macrodiscs, and bicelles

A 14-mer belt peptide (Ac-DYLKAFYDKLKEAF-NH2) was purchased
from Peptide 2.0 (Chantilly, VA, USA). A protocol for making macrodiscs
using 14-mer has been previously described (10). Briefly, the peptide
was solubilized in 20 mM HEPES (pH 8.0) at a final concentration of 35
mg/mL. The protein/lipid film, prepared as described above, was lyoph-
ilized overnight, rehydrated with the belt peptide solution, and subjected to
several temperature cycles (ice, vortex, 40C, vortex, etc.). The final 200 mL
NMR sample had a 10% (w/v) DMPC lipid (20 mg), a 5:1 (w/w) or 13.3:1
molar ratio of DMPC to 14-mer belt peptide (4 mg), and about 2 mg of Pf1
coat protein. To prepare the sample of SMA macrodiscs, 46 mL of the 6.7
mM solution (re-calibrated by drying, weighing, and rehydrating of the
commercial stock solution) of 7.5 kDa SMA polymer (Cray Valley, Ex-ton,
PA, USA; 2:1 styrene:maleic acid ratio) were gradually added to form a 200
mL solution of 10% w/v DMPC liposomes containing ca. 2 mg of Pf1 in a
buffer (20 mM HEPES, 0.02% NaN3 [pH 8.0]), followed by multiple
freeze-thaw cycles (ice/N2(liq.)/40C) to form macrodiscs. The final molar
ratio of lipids:SMA was 50:1. The Pf1-containing bicelle sample was pre-
pared using well-established protocols (34,35).
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FIGURE 1 (A) Schematic for synthesis of 15-mer peptoid with the chemical formula C127H150N16O26 and a total molecular weight of 2.3 kDa. (B) Liquid
chromatography with tandem mass spectrometry spectrum of the synthesized peptoid demonstrating sample purity at 214 nm.

Dynamic light scattering (DLS)

The peptoid-macrodisc DLS measurements were performed on a Zetasizer
nanoseries instrument (Malvern Instruments, Malvern, UK). The samples
were diluted 40-fold from the NMR concentration using deionized water
passed through the 0.2 mm membrane filter, and experiments were
measured in a disposable 40 mL micro cuvette at 25C and 40C. All DLS
measurements were collected for 30 s using 10 scans.

NMR spectroscopy

All NMR experiments were acquired on an Avance II spectrometer (Bruker
Biospin, Billerica, MA, USA) operating at a 1H NMR frequency of 500
MHz, and data were acquired using the Topspin 2.0 software. The NMR
samples were sealed in a 5 mm glass tube and placed either in a static triple
resonance 1H/15N/31P Bruker 5 mm E-free probe or a custom-made triple-
resonance probe manufactured by BlackFox (Tallahassee, FL, USA). The
31P NMR spectra were acquired using a 20 ms 90 pulse with 1H decoupling.
The 15N spectra were acquired at B1 rf field of either 60 (in the case of the
BlackFox probe) or 48 kHz (in the case of the Bruker probe). Two-dimen-
sional (2D) separated local field (SLF) spectra for both the bicelle and pep-
toid samples were acquired using the recently developed ROULETTE 2.0
pulse sequence (36) using the BlackFox probe (with a 20 ms acquisition in
the direct dimension), whereas the previously published 14-mer peptide

macrodisc spectrum (37) was acquired with SAMPI4 pulse sequence (38)
and the commercial Bruker probe (also with the 20 ms acquisition in the
direct dimension). The NMR data were processed and analyzed using
NMRPipe (39). No apodization has been applied in the 15N chemical shift
anisotropy (CSA) dimension for the data analysis.

Transmission electorn microscopy (TEM)
measurements

All TEM images were acquired on a Bio-TEM HT7800 120kV transmis-
sion electron microscope (Hitachi, Tokyo, Japan). The carbon-coated cop-
per TEM grids were prepared by depositing 3 mL of diluted peptoid
macrodics solution with a final lipid concentration of 40 mM on a grid.
The grids were carefully dried with a filter paper and stained with 2% uranyl
acetate solution, washed with the deionized water, and placed on the racks to
dry overnight prior to the image acquisition.

R E S U L T S

The size distribution of the peptoid-DMPC discs ultimately
determines the quality of solid-state NMR spectra. One
way to estimate the size distribution of the peptoid macrodisc
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particle as it diffuses in the sample solution is by DLS. The
nature of DLS requires fairly dilute solutions in order to
minimize the multiple scattering through the sample, so the
samples were diluted 40-fold prior to the measurements.
The polydispersity index, which is a representation of the
variance of size distribution, exhibits a value of 0.155 (cf.
Fig. 2), which may be partially due to different scattering
angles from the anisotropic discoidal species. The Zavg diam-
eter is the most direct way to measure the particle, and it is
derived from single exponential fit of the light scattering
autocorrelation function assuming single particle size, but it
does not provide for a size distribution. A distribution by
volume, on the other hand, is obtained from scattering inten-
sity distribution with the consideration that particles of
different sizes scatter different intensities of light under the
assumption that particles are homogenous and spherical.
The results of the measurements demonstrated on Fig. 2
show the presence of the macrodiscs with the Z average
diameter of 40 nm. It should be emphasized that DLS data
analysis is based on the assumption of spherical particle
shapes, while in fact we are dealing with discoidal species,
which may skew the distributions toward smaller sizes.

To further investigate the morphology of the peptoid-
based macrodiscs, we turned to the negative-stain TEM.
On the micrographs shown in Fig. 2, the discs with approx-
imate diameters of 40 nm are observed either as clusters (B)
or individually (C). Rare occurrences of the discs that are
positioned either perpendicularly or at an angle with respect
to the surface of the grid may be due to the extensive wash of
the grids prior to image acquisition. Additional TEM images
showing discs lying on their side are provided in the sup-
porting material. Importantly, the size of the species
observed on the TEM images is in agreement with the above
Zavg diameter value of 42 nm.

Solid-state NMR experiments were subsequently carried
out after confirming that the lipo-peptoid complexes possess a
discoidal morphology and are large enough for a sponta-
neous alignment in the presence of an external magneticfield.
Both 31P NMR and 15N NMR spectra are in agreement with
the results of the DLS and TEM measurements, proving an
effective and uniform sample alignment (cf. Fig. 3).

The 31P NMR spectrum of a sample containing 3.2 mg Pf1
coat protein reconstituted in peptoid-based macrodisc (Fig. 3
A) shows a single anisotropic chemical shift at ca. 13.5 ppm

FIGURE 2 (A) Dynamic light scattering particle-
size distribution by volume for a diluted peptoid
macrodisc sample measured at 25C. Polydispersity
index and Zavg diameter are shown as insets in the
top right corner. (B) Transmission electron micro-
scopy images of the peptoid-based macrodiscs
loaded with Pf1 coat protein demonstrating the pres-
ence of clusters of discs with an average diameter of
40 nm. (C) An enlarged image of an individual disc
with the black bar as a scale. To see this figure in co-
lor, go online.

3266 Biophysical Journal 121, 3263–3270, September 6, 2022



Magnetically aligned peptoid macrodiscs

FIGURE 3 (A) 31P chemical shift NMR spectrum of the sample of Pf1
coat protein reconstituted in peptoid-belt macrodiscs, at a sample tempera-
ture of 37C and 23:1 lipid:peptoid molar ratio. (B) One-dimensional 15N
NMR spectrum of Pf1 coat protein reconstituted in peptoid-based macro-
discs measured at 37C.

having a 120 Hz linewidth, which is to be compared with the
typical 150–200 Hz observed in bicelles. Fig. 3 B shows a
one-dimensional 15N chemical shift spectrum of uniformly
labeled Pf1 coat protein in the peptoid-based macrodiscs.
The spectrum shows well-resolved 15N resonances arising
from the residues corresponding to the aligned transmem-
brane helix region (60–110 ppm). It should be noted that a
low degree of polydispersity of the sample, as observed by
DLS and TEM, ultimately determines the high quality of
the spectra and that there are no ‘‘isotropic’’ or unaligned
peaks in the 31P NMR spectrum. The optimal temperature
of alignment was found to be 37C based on the 31P NMR
measurements, as summarized in Fig. 4.

Fig. 4 shows the effect of temperature on the magnetic
alignment of the macrodiscs. The 31P NMR resonance shifts
to the right (toward higher negative ppm values), while the
31P linewidth passes through a minimum. This trend for the
resonance shift persists until a certain upper limit (45C–
50C), where the high temperature starts to negatively affect
the overall stability of the complex. Still, the peptoid-based
discs remain aligned over a wide temperature range, from
ca. 30C to at least 45C. Additional 1D 31P and 2D 15N
NMR spectra measured at as low as 25C are presented in the
supporting material. While the order parameter has

FIGURE 4 The effect of temperature on the 31P NMR linewidth (A) and
resonance position (B) at various lipid:peptoid ratios and presence of the
incorporated membrane protein as indicated. To see this figure in color, go
online.

further increased to ca. 0.9 at this temperature, static orienta-
tional disorder becomes more pronounced, which, in turn,
negatively affects resolution. Furthermore, as the size of
the macrodisc increases (i.e., at higher lipid:peptoid ratios), a
greater degree of alignment is observed (i.e., higher aniso-
tropic ppm values). However, due to its larger size, the disc
likely experiences slower motions, and hence an increase in
the NMR linewidths is observed due to less efficient motional
narrowing. Note that when loaded with the Pf1 coat protein,
the optimal 31P NMR linewidth slightly increases from ca. 78
to ca. 107 Hz compared with the pure macrodiscs.

The advantages of peptoid-based macrodiscs compared
with other membrane-mimicking systems used for OS
NMR become even more apparent for the case of 2D SLF
NMR spectra. Fig. 5 A shows an overlay of SLF spectra of
Pf1 coat protein in the various alignment mimics (i.e., bi-
celles, peptide macrodiscs, and peptoid-based discs). NMR
data for membrane mimetics based on styrene/maleic acid
copolymer belts are given in the supporting material. Subop-
timal resolution obtained in 15N NMR spectra of Pf1 coat pro-
tein in the latter case is possibly due to a lower degree of
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FIGURE 5 (A) Two-dimensional NMR spectra of Pf1 reconstituted in
different membrane mimics: the ‘‘traditional’’ q ¼  3.2 DMPC/DHPC bi-
celles (green), 14-mer belt peptide-DMPC macrodiscs (red), and 15-mer
peptoid-DMPC macrodiscs (blue). (B) Slices through the dipolar dimension
for peak G37 from the spectrum of panel A.

magnetic alignment of SMA macrodiscs at the field strength
used in this work (11.7 T) versus that used in (12) (21.1 T). A
direct comparison of 2D NMR spectra in Fig. 5 A shows a
measurable increase in the order parameter for the peptoid
macrodiscs, as evidenced by an increased range for the dipolar
coupling when compared with DMPC/DHPC bicelles and the
previously published 14-mer belt peptide macrodiscs (37).

The increase in the dipolar coupling range (from ca. 4.0 to
4.3 kHz) for the maximum coupling indicates a higher degree
of magnetic alignment in the case of peptoid-based discs,
quantitatively corresponding to an increase in the order
parameter from 0.8 to 0.86, compared with bicelles. Note
that there are concomitant systematic displacements in the
chemical shifts in the direction away from the isotropic value
(120 ppm), thus also indicating an increased degree of
alignment. Fig. 5 B shows slices through the indirect dimen-
sion for the resolved peaks for residue G37 comparing the
dipolar shapes linewidths for the three lipid mimetics.

Fig. 6 summarizes direct comparisons of the spectral line-
widths in the CSA and dipolar NMR dimensions measured
for each transmembrane peak in the assigned SLF spectra
of Pf1 coat protein. Note that while all three profiles approx-
imately follow a 3.6-periodicity characteristic of OS NMR

FIGURE 6 (A and B) Chemical shift anisotropy (A) and dipolar (B) line
widths measured at half height for each assigned TM residue in the 15N
chemical shift anisotropy and 1H-15N dipolar dimensions from two-dimen-
sional NMR spectra: q ¼  3.2 DMPC/DHPC bicelles (green), belt peptide-
DMPC macrodisc (red), and in 15-mer peptoid-DMPC macrodiscs (blue).
The connecting lines are shown as a visual guide. More uniform chemical
shift anisotropy linewidths are obtained in the case of peptoid-based macro-
discs, indicating a more homogenous rotational motional averaging.

observables for an a-helix, the CSA linewidths measured
for peptoid macrodics in Fig. 6 A are more uniform (blue
lines). This would indicate a more homogeneous motional
narrowing of the dipolar NMR lines due to fast uniaxial rota-
tional diffusion, which is essential for obtaining good resolu-
tion at the perpendicular membrane alignment relative to the
main magnetic field (40). Sharper dipolar linewidths are
observed for the peptoid sample and bicelles compared
with the belt-peptide lipodiscs (cf. Fig. 6 B). However, the
narrower dipolar linewidths measured for peptoid-based
macrodiscs and bicelles versus lipodiscs are likely due to
the higher efficiency of ROULETTE versus SAMPI4 used
to evolve the vertical (indirect) NMR dimension. It should
also be noted that SMA- and peptide-based macrodiscs typi-
cally incorporate ca. 2 mg of the protein in a 180 mL sample,
whereas the loading by the Pf1 coat protein in the case of pep-
toid-based macrodiscs is increased here to 3.2 mg for the
same sample volume.
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CONCLUSIONS

Similarly to bicelles and macrodiscs stabilized with either
belt peptides or SMA polymers, peptoid-based macrodiscs
have been shown here to act as a self-assembled, magneti-
cally orientable membrane mimetics for OS NMR studies
of MPs. The peptoid-based macrodiscs are able to incorpo-
rate and align MPs, resulting in well-resolved resonances as
demonstrated by systematic NMR studies performed with
the membrane-reconstituted Pf1 coat protein. Both 31P and
15N NMR experiments have demonstrated that the peptoid
macrodisc yields high uniformity of the magnetic alignment
and increased order parameter in comparison with bicelles
and lipoprotein-based macrodiscs.

While the formation of a stable membrane mimic based on
15-mer peptoids has been demonstrated here for thefirst time,
the controllable peptoid synthesis affords for further tuning
and control of the disc diameter, size distribution, and protein
loading factors. Moreover, the peptoid-based mimetics devel-
oped in the present work yield a sufficiently uniform size dis-
tribution given the relatively simple sample preparation
protocol, which does not require additional size-exclusion
and purification steps. The DLS data show that the peptoid-
based macrodiscs with a relatively narrow distribution of
ca. 40–50 nm particles are consistent with the observed nar-
row 31P signal arising from uniformly aligned species. A
noticeable improvement in the ordering and, thus, the spectral
range and uniform resolution was observed in the 2D NMR
spectra of Pf1 coat protein reconstituted in magnetically
aligned peptoid-based macrodiscs versus DMPC/DHPC bi-
celles and belt peptide-DMPC macrodiscs. While the line-
widths in the dipolar dimension for the peptoid-based discs
and bicelles have been found to be similar on average, the
former are completely detergent free and possess a tunable
discoidal morphology. On-going and future research efforts
are aimed at studying mixtures of polyunsaturated lipids
and cholesterol embedded in peptoid-based macrodiscs
with the purpose of investigating lipid-protein interactions,
membrane fluidity, and lipid rafts. The presented magneti-
cally alignable membrane mimetic is potentially applicable
to solid-state NMR studies of more complex, multi-span
MPs.
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