
Contents lists available at ScienceDirect

BBA - Biomembranes

journal homepage: www.elsevier.com/locate/bbamem

Membrane proteins in magnetically aligned phospholipid polymer discs for
solid-state NMR spectroscopy

Sang Ho Parka, Jiaqian Wua, Yong Yaob, Chandan Singhb,1, Ye Tianb, Francesca M. Marassib,
Stanley J. Opellaa,⁎

aUniversity of California San Diego, La Jolla, CA, USA
b Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA

A R T I C L E I N F O

Keywords:
Membrane proteins
Solid-state NMR
Macrodisc
SMA
SMALP

A B S T R A C T

Well-hydrated phospholipid bilayers provide a near-native environment for membrane proteins. They enable the
preparation of chemically-defined samples suitable for NMR and other spectroscopic experiments that reveal the
structure, dynamics, and functional interactions of the proteins at atomic resolution. The synthetic polymer
styrene maleic acid (SMA) can be used to prepare detergent-free samples that form macrodiscs with diameters
greater than 30 nm at room temperature, and spontaneously align in the magnetic field of an NMR spectrometer
at temperatures above 35 °C. Here we show that magnetically aligned macrodiscs are particularly well suited for
solid-state NMR experiments of membrane proteins because the SMA-lipid assembly both immobilizes the em-
bedded protein and provides uniaxial order for oriented sample (OS) solid-state NMR studies. We show that
aligned macrodiscs incorporating four different membrane proteins with a wide range of sizes and topological
complexity yield high-resolution OS solid-state NMR spectra. The work is dedicated to Michelle Auger who made
key contributions to the field of membrane and membrane protein biophysics.

1. Introduction

Membrane proteins and their surrounding lipids have co-evolved to
provide many of the unique and specific functions that constitute cel-
lular life [1]. The physically anisotropic and chemically heterogeneous
environment of the lipid bilayer influences membrane protein struc-
tures, dynamics and functions [2] and highlights the importance of
performing structural studies on entire protein-lipid assemblies, near
physiological conditions of temperature, pH and hydration.

Nuclear magnetic resonance (NMR) is compatible with these sam-
ples [3,4]. NMR signals provide accurate structural restraints, offer
information about protein and lipid dynamics, and serve as sensitive
probes of intermolecular and ligand binding events that enable struc-
ture-activity correlations to be established [5]. While solution NMR
studies are primarily limited to membrane proteins solubilized in de-
tergent micelles or small detergent-free lipid nanodiscs [6] that have
short correlation times [7], solid-state NMR extends the methodology to
many types of lipid bilayer samples, not just those that reorient rapidly
in solution. Solid-state NMR has played a central role in shaping our
current understanding of the structures and dynamics of lipids and

membrane proteins, and their interactions in the complexes that con-
stitute biological membranes [8–16]. Notably, early experiments by
Michelle Auger and her coworkers were instrumental for characterizing
phospholipid and glycolipid dynamics [17,18]. Importantly, they set
the stage for later studies from her laboratory that provided a wealth of
critical insights into the mechanisms of action of membrane-associated
antibiotic peptides [19–21].

Solid-state NMR methods based on measuring the influence of im-
mobilization and uniaxial alignment on peptides and proteins in or-
iented samples [21–23] are particularly useful for resolving and as-
signing resonances in the spectra of 15N/13C double-labeled proteins.
The frequencies of single-line resonance and splittings of doublets
provide powerful, angle-dependent restraints for structure determina-
tion. Oriented sample (OS) solid-state NMR relies on the preparation of
planar lipid bilayer samples where the axis normal to the membrane
plane aligns in a unique orientation, parallel or perpendicular to the
field of the direction of the magnetic field.

Protein-containing aligned phospholipid bilayers serve as excellent
membrane mimics for biophysical studies. These samples can be pre-
pared by spreading phospholipid bilayers on hydrated glass surfaces, or
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by exploiting the inherent magnetic anisotropy susceptibility of the li-
pids in bilayers. Both types of samples have been used successfully to
determine membrane protein structures with high accuracy and preci-
sion [21–23]. The preparation of glass-aligned bilayer samples, how-
ever, remains challenging, and bicelle samples require detergents which
have the potential of altering protein structure and function.

The development of nanodiscs [6] relies on forming patches of
phospholipid bilayer stabilized by two copies of helical amphiphilic
membrane scaffold protein (MSP). These small 6–10 nm diameter as-
semblies are suitable for solution NMR studies of some membrane
proteins [7], but reorient too rapidly for solid-state NMR studies. Pre-
viously, we demonstrated that versions with larger diameters (macro-
discs), that are suitable for solid-state NMR, may be prepared by sub-
stituting MSP with a 14-residue amphipathic peptide at a high lipid to
peptide ratio [24]. Macrodiscs offer several advantages for solid-state
NMR studies: the embedded proteins experience less lateral pressure
and crowding from the surrounding lipids; the assemblies are suffi-
ciently large to immobilize their associated proteins on the NMR
timescales; and finally, macrodiscs align spontaneously in the magnetic
field, yielding high-resolution NMR spectra of their associated proteins.
The latest version of macrodiscs described here is based on the use of
styrene maleic acid (SMA) copolymers and offers several advantages.
Synthetic polymers replace amphipathic polypeptides at the rim of the
phospholipid bilayer discs. Importantly, this eliminates the need for
detergent molecules during macrodisc formation from proteoliposomes.

SMA copolymers with alternating hydrophobic (styrene) and hy-
drophilic (maleic acid) moieties, have been used successfully to extract
membrane proteins from their native membranes [25–31], or to solu-
bilize artificial proteoliposomes into discrete circular lipid bilayer as-
semblies of defined diameter [25,32–34]. Several membrane proteins
have been studied in SMA preparations [25,29,32,35], and analogous
polymers with greater pH stability and decreased susceptibility to di-
valent metal cations are being developed [36–39].

While the size of SMA discs may be tuned by altering the lipid to

SMA ratio, and smaller SMA nanodiscs offer potential for solution NMR
applications [40–42], their relatively large diameters (~10 nm) and
heterogeneous size distributions result in significantly broader NMR
linewidths and poorly resolved spectra compared to those obtained
with MSP nanodiscs [7]. On the other hand, we have shown that SMA
macrodiscs with disc diameters in the range of 25–45 nm can align
spontaneously in the magnetic field and are well suited for OS solid-
state NMR studies of membrane proteins [34]. We also demonstrated
that these samples have the important advantage that they can be
flipped between orientations with the membrane normal parallel or
perpendicular to the field by adding lanthanide ions such as Tm3+, and
therefore, provide a powerful approach for enhancing spectral resolu-
tion, obtaining resonance assignments, and measuring accurate or-
ientation-dependent restraints for structure determination [43,44].
Previous demonstrations of magnetically aligned SMA macrodiscs fo-
cused on solid-state NMR spectra of a 46-residue membrane protein
with a single transmembrane helix, the major coat protein from Pf1
bacteriophage [34]. Here we describe preparations that enable larger
and more complex membrane proteins to be incorporated in SMA
macrodiscs for OS solid-state NMR. The results build upon a large body
of research on aligned lipid bilayers that includes seminal work by
Michelle Auger and her laboratory [21].

2. Materials and methods

2.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
Dimyristoyl-sn-glycero-3-phosphorylglycerol sodium salt (DMPG) were
purchased from Anatrace (www.anatrace.com). SMA(3:1), a pre-hy-
drolyzed styrene-maleic acid copolymer with a 3/1 ratio of styrene to
maleic acid, was provided by Polyscope (www.polyscope.eu).
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5. Solid-state NMR experiments for characterization of 
membrane protein structure, dynamics and orientation.

A

C

B

83.2 ± 24.6 nm

31.4 ± 8.8 nm

Fig. 1. Preparation of membrane proteins in magnetically aligned macrodiscs and size characterization of SMA macrodiscs. (A) Steps 2–4 are interdependent (double
arrows) and require optimization. (B, C) Dynamic light scattering profiles of macrodisc size distribution versus scattering number for (B) DMPC liposomes
(83.2 ± 24.6 nm) or (C) DMPC/SMA(3:1) (10/3, w/w) SMA macrodiscs (31.4 ± 8.8 nm). Different colors represent three independent measurements made for
each sample. These protein-free samples are representative of protein-loaded samples. Inset images illustrate the transition to a translucent preparation that is a
hallmark of macrodisc formation. DLS experiments were performed at 25 °C. The lipid concentration was 1% (w/v).
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2.2. SMA macrodisc preparation

The preparation of protein-containing SMA macrodiscs for OS solid-
state NMR studies is outlined in Fig. 1A and the final sample condition
are listed in Table 1. First, pure and homogeneous membrane proteins
were prepared by final HPLC purification in either trifluoroethanol/
water organic solvent (Pf1 coat protein and MerFt) or size-exclusion
chromatography in detergent (Ail and CXCR1). Next, the lipid to pro-
tein ratio and lipid composition was optimized to obtain stable homo-
geneous proteoliposomes. To obtain maximum sensitivity in the protein
NMR spectra, the protein concentration was gradually increased while
keeping the lipid concentration constant, and the protein aggregation
was monitored by SDS-PAGE. This step is important for successful
macrodisc formation. The final samples contained DMPC/DMPG = 1/1
(molar) for Pf1 coat protein and MerFt, or DMPC/DMPG = 4/1 (molar)
for Ail and CXCR1). Third, the lipid to SMA ratio was optimized by
titrating SMA into proteoliposomes to obtain homogeneously translu-
cent macrodiscs (Fig. 2B, C). The final ratio of lipid/SMA was between
10/2 and 10/30 (by weight). The lipid concentration of the final
macrodics was adjusted between 10% and 20% (w/v). Fourth, the
magnetic alignment and homogeneity of protein-containing macrodiscs
was evaluated by 31P and 15N solid-state NMR for the lipids and pro-
teins, respectively. Finally, 1H/15N 1D and 2D NMR experiments were
performed to characterize membrane protein structure, dynamics, and
orientation.

Dynamic light scattering (DLS) experiments (Fig. 1B, C) were per-
formed using a Malvern Instruments Zetasizer Nano-ZS, at 25 °C, with a
backscatter angle of 173°. The data were fitted using the protein ana-
lysis model for data processing. DMPC liposomes and DMPC/SMA(3:1)
macrodiscs had lipid concentrations of 1% (w/v).

2.3. Protein preparation

Uniformly 15N-labeled major coat protein from Pf1 bacteriophage
was prepared and purified as described previously [24,45]. Briefly,
2 mg of HPLC-purified and lyophilized protein was dissolved in 1 mL of
neat trifluoroethanol and mixed with 30 mg of DMPC/DMPG (1/1
molar) dissolved in 1 mL of trifluoroethanol/chloroform (1/1, v/v). The
organic solvent was then evaporated under a stream of nitrogen gas to
obtain a thin, transparent protein/lipid film, which was placed under
high vacuum overnight. Homogeneous proteoliposomes were obtained
by suspending the protein/lipid film in 2 mL of 20 mM HEPES buffer,
pH 8.0 with multiple heat (40 °C) and cold (on ice) cycles.

Uniformly 15N-labeled truncated bacterial mercury transporter
MerFt was prepared and purified as described previously [46,48].
Briefly, 2 mg of HPLC-purified and lyophilized protein was dissolved in
1 mL of trifluoroethanol/trifluoracetic acid (99.9/0.1 by vol.) and fil-
tered through 0.2 μm polytetrafluoroethylene syringe filter to remove
insoluble aggregates. The protein solution was then mixed with 30 mg
of DMPC/DMPG (1/1, molar) dissolved in 1 mL trifluoroethanol/
chloroform (1/1, v/v). The organic solvent was then evaporated under
a stream of nitrogen gas to obtain a thin, transparent protein-lipid film,
which was placed under high vacuum overnight. Homogeneous pro-
teoliposomes were obtained by dissolving the suspending the protein/
lipid film in 2 mL of 20 mM HEPES buffer, pH 7.4 with multiple heat

(40 °C) and cold (on ice) cycles.
Uniformly 15N-labeled wild-type outer membrane protein Ail from

Yersinia pestis was prepared and purified as described previously
[49–51]. Briefly, 2 mg of lyophilized Ail was refolded in 170 mM of the
detergent decylphosphocholine. Refolded Ail was mixed with 25 mg of
DMPC/DMPG (4:1 molar) and dialysed against 20 mM Tris-Cl, pH 8 for
72 h to remove detergent. The resulting Ail proteoliposomes were then
mixed with 3 mg SMA and submitted to several heat (42 °C) and cold
(on ice) cycles to obtain homogeneously translucent macrodiscs.

Uniformly 15N-labeled human chemokine receptor CXCR1 was
prepared and purified as described previously [47,52]. Briefly, 3 mg of
monomeric CXCR1 purified in 0.25% (w/v) dodecylphosphocholine
micelles were mixed with 30 mg of DMPC/DMPG (4/1, molar) lipo-
somes at a final volume of 3 mL of buffer solution (20 mM HEPES,
50 mM NaCl, pH 7.4) and incubated overnight at 25 °C with gentle
stirring. Detergents were removed by 4000-fold dialysis (10 kDa mo-
lecular weight cutoff) against 20 mM HEPES, 50 mM NaCl, pH 7.4
buffer over the course of 3 days. The dialyzed suspension was supple-
mented with 30 mg of Bio-Beads SM-2 (www.bio-rad.com) and in-
cubated for 2 h at 25 °C to remove residual detergent. Removal of Bio-
Beads yielded homogeneous proteoliposomes and protein homogeneity
was verified by SDS-PAGE.

2.4. Solid-state NMR experiments

One-dimensional 31P NMR experiments were performed on a Bruker
Avance spectrometer with a homebuilt 1H/31P double-resonance probe
[53], at a 1H resonance frequency of 700 MHz. The 31P NMR spectra
were obtained at 35 °C by direct single pulse excitation with a radio
frequency (RF) field strength of 50 kHz, 10 ms acquisition time, 2 s
recycle delay, and co-addition of 64 transients. Continuous wave 1H
decoupling, with RF field strength of 25 kHz, was applied during data
acquisition. 31P chemical shifts were externally referenced to phos-
phoric acid solution at 0 ppm.

Two-dimensional 1H/15N separated local field (SLF) NMR experi-
ments were performed using the SAMPI4 pulse sequence [54], on a
Bruker Avance III HD spectrometer with a home-built low-E 1H/15N
double-resonance probe [55], at a 1H resonance frequency of 900 MHz.
Signal averaging required 64–512 transients for each of 64–128 t1 in-
crement. The NMR data were processed using Bruker Topspin 4.0.7 and
NMRPipe/NMRDraw [56]. The data were zero-filled to form a final
2048 × 2048 matrix. 15N chemical shifts were externally referenced to
15N labeled ammonium sulfate powder at 26.8 ppm.

2.5. Computational methods

All calculations were performed with Xplor-NIH [57,58], using the
eefxPot energy function for implicit membrane solvation [59,60]. The
protein coordinates were taken from the Protein data Bank (PDB) with
identifiers: 2KSJ (Pf1), 2LJ2 (MerFt), 5VJ8 (Ail), and 2LNL (CXCR1),
and subjected to 500 ps of minimization, followed by 100 ps of Car-
tesian dynamics. The thickness of the eefxPot membrane was set to 25 Å
to reflect the thickness of mixed DMPC/DMPG lipid bilayers.

The 15N chemical shift and 1H/15N dipolar coupling frequencies
were calculated by fixing the axes of an axially symmetric order tensor
parallel to the z axis of the eefxPot membrane, which corresponds to the
membrane normal [59,60]. Two separate, tensors with different values
of the magnitude (Da) were used to allow for differences in con-
formational dynamics in transmembrane helices and membrane-surface
regions of the proteins. In the case of Pf1, the two-dimensional SLF
spectrum (Fig. 2M) was assigned by direct comparison to the previously
assigned SLF data from magnetically aligned bicelles [45], and the as-
signed data from SMA macrodiscs were used to restrain the dynamics.
For MerFt and CXCR1, the dynamics were restrained by applying the
experimental values of 15N chemical shift and 1H/15N dipolar coupling
measured previously in bicelles or liposomes [46,47]. For Ail, the

Table 1
Sample conditions of protein-containing SMA macrodiscs for OS solid-state
NMR experiments.

Protein DMPC/DMPG
(molar)

Lipid/protein
(molar)

Buffer

Pf1 coat 1/1 101 20 mM HEPES, pH 8
MerFt 1/1 138 20 mM HEPES, pH 7.4
Ail 4/1 100 10 mM NaPi, pH 7
CXCR1 4/1 600 20 mM HEPES, pH 7.4
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dynamics were not restrained and the protein coordinates were first
embedded in the implicit membrane of eefxPot and then allowed to
adopt the preferred orientation dictated solely by the eefxPot mem-
brane potential.

3. Results and discussion

One- and two- dimensional solid-state NMR spectra of four integral
membrane proteins incorporated in SMA macrodiscs are shown in
Fig. 2. The macrodiscs align with their membrane normal perpendicular
to the direction of the external magnetic field. The proteins vary in size,

Fig. 2. Solid-state NMR spectra of four membrane proteins in magnetically aligned SMA macrodiscs. (A–D) Representations of the protein structures after 100 ps of
dynamics with eefxPot, where the starting structures were determined by solid-state NMR (A, B, C) or solution NMR (D) in lipid bilayers: Pf1 major coat protein (PDB:
2KSJ), MerFt (PDB: 2LJ2), Ail (PDB: 5VJ8), and CXCR1 (PDB: 2LNL). The gray horizontal lines depict the membrane boundaries. The structure of pF1 was calculated
with the assigned data from the SLF spectrum (M) in SMA macrodiscs. (E–H) 31P NMR spectra. (I–L) 15N NMR spectra. (M–P) Two-dimensional 1H/15N SLF spectra.
The spectrum of Pf1 was assigned by comparison with the spectra from bicelles. (Q–U) Back-calculated 1H/15N SLF spectra derived from the membrane-embedded
protein structures. Peaks from sidechains and N- and C-termini are not shown. For Pf1, the experimental SLF spectrum was assigned by direct comparison to the
previously assigned SLF data from bicelles [45], and the assigned SMA data were used to restrain the dynamics for back-calculation. For MerFt and CXCR1, the
dynamics were restrained by directly applying the experimental values of 15N chemical shift and 1H/15N dipolar coupling measured previously in bicelles or
liposomes [46,47]. For Ail, the dynamics were not restrained and the protein was allowed to adopt the preferred orientation dictated solely by the membrane
potential of eefxPot.
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secondary structure, and structural complexity (Fig. 2A–D). They in-
clude: the major coat protein of Pf1 bacteriophage (46 residues, one
transmembrane helix); MerFt, a truncated version of the bacterial
mercury detoxification protein MerFt (60 residues, two transmembrane
helices); the outer membrane protein Ail from Yersinia pestis (156 re-
sidues, eight-stranded β-barrel), and the human chemokine receptor
CXCR1 (350 residues, seven transmembrane helices). The structures of
these proteins have all been determined previously by solid-state NMR
spectroscopy in other types of phospholipid bilayer samples
[45–48,50,51]. Improvements in structural precision and accuracy are
anticipated from determining their structures in SMA macrodiscs.

Macrodiscs are magnetically alignable lipid bilayer discs. The
samples were prepared by first reconstituting each protein in proteoli-
posomes prepared with a mixture of DMPC and DMPG, and then adding
SMA(3:1) co-polymer to form a translucent solution (Fig. 2C). Main-
taining lipid to protein molar ratios> 100 is critical for the formation
of liquid crystalline lipid bilayers as well as reducing the potential for
forming protein-protein close contacts that lead to unwanted aggrega-
tion. Macrodisc formation was monitored by the reduction of sample
turbidity at 25 °C and magnetic alignment was confirmed by the con-
version of 31P NMR spectra from powder patterns to single resonance
lines at 35 °C.

The requirement for size homogeneity is very high in the case of
solution NMR, where narrow lines rely on the preparation of small
nanodiscs with very narrow size distribution in the range of 8 nm [7],
as we have observed for Ail [49–51]. In the case of solid-state NMR,
however, size homogeneity is not an issue, but two things are im-
portant: that the lipid bilayer membrane has a homogeneous phase and
the embedded protein has a homogeneous conformation. Such phase
and conformational homogeneity are completely reflected in the 31P
and 15N solid-state NMR spectra of the magnetically aligned bilayer
samples, where narrow lines reflect the homogeneity of magnetic
alignment, lipid phase and protein conformation.

At 25 °C, macrodiscs have discrete diameters in the range of 32 nm,
as measured by dynamic light scattering (Fig. 1C). Nevertheless, at
35 °C in the magnetic field, these macrodiscs form a magnetically
aligned phase. This forms extended lipid bilayers with their membrane
normal perpendicular to the magnetic field, and likely resembles the
smectic phase of magnetically aligned bicelles [34].

The single line 31P NMR spectra acquired at 35 °C have a chemical
shift value of −13 ppm, confirming that the SMA macrodiscs align with
the phospholipid membrane normal perpendicular to the applied
magnetic field (Fig. 2E–H). The absence of signal near 20 ppm de-
monstrates a high degree of homogeneous magnetic alignment for all
samples. Interestingly, the 31P chemical shift frequencies reflect a
higher degree of uniaxial order compared to bicelles prepared by
doping phospholipid bilayers with short-chain lipids or detergents,
which have axial values of the 31P chemical shift in the range of
−11 ppm and corresponding order parameters of 0.8–0.85, relative to
the full 31P axial value of−14 ppm (order parameter = 1) observed for
liquid crystalline DMPC/DMPG mixtures in large vesicles with dia-
meters> 500 nm [61]. By contrast, the −13 ppm value of the axial
chemical shift of aligned macrodiscs reflects an order parameter in the
range of 0.9–0.95.

Consistent with high uniaxial alignment of the SMA macrodiscs, the
one-dimensional 15N chemical shift spectra from the membrane em-
bedded 15N labeled proteins also display single lines (Fig. 2I–L), de-
monstrating that the proteins are also highly aligned. The spectra have
very narrow linewidths; for example, the membrane-bound form of Pf1
coat protein has resonance linewidths of 0.3 ppm. At least twenty five
15N resonances can be resolved in the one-dimensional 15N spectrum of
the 46-residue Pf1 coat protein in aligned SMA macrodiscs, reflecting
the high degree of uniaxial symmetry of these samples. As observed for
31P, the 15N spectra have chemical shift frequency dispersions con-
sistent with greater order parameters (0.9–0.95) than observed for the
same proteins in bicelles.

In all cases, the absence of 31P signal intensity at the isotropic fre-
quency near −1 ppm further excludes the presence of small isotropic
protein/lipid/SMA assemblies. Moreover, the absence of powder pat-
terns in either 31P or 15N NMR spectra, indicates that (1) the lipids form
a single homogeneous phase, and (2) the membrane-embedded proteins
undergo fast rotational diffusion about the lipid bilayer normal, which
is the major line narrowing mechanism for OS solid-state NMR spec-
troscopy.

The two-dimensional 1H/15N separated local field spectra from
proteins in SMA macrodiscs have remarkably high resolution
(Fig. 2M–P). The spectra provide two orientation-dependent fre-
quencies (15N chemical shift and 1He15N dipole-dipole coupling) that
correlate directly with the structure, membrane orientation, and dy-
namics of the protein. With one and two transmembrane helices, re-
spectively, Pf1 and MerFt yield well-resolved spectra, while the spec-
trum of CXCR1 is more crowded as expected for a 350-residue protein
with seven transmembrane helices. The spectra display characteristic
PISA wheel patterns [62,63] from residues in transmembrane helices.
Signals from the transmembrane helices populate the spectral region
between 60 and 100 ppm of 15N chemical shift and 3–5 kHz of 1He15N
dipolar coupling frequency (6–10 kHz dipolar coupling), while peaks
from non-helical protein segments occur in the spectral region between
100 and 140 ppm and 0–2 kHz. By contrast, the outer membrane pro-
tein Ail folds as a transmembrane β-barrel. In this case, the overall
alignment of the β-barrel amide NH bonds is parallel to both the
macrodisc membrane plane and the magnetic field, and the 1H/15N
spectrum (Fig. 2O) reflects the characteristic twisted wheel-like re-
sonance pattern [64], with signals in the spectral region between 100
and 150 ppm (15N) and 0–2 kHz (1He15N).

To gain insights about the conformation and alignment of the pro-
teins in the SMA macrodisc membranes, we performed restrained and
unrestrained calculations of the SLF spectra using the Xplor-NIH
eefxPot implicit membrane potential, that has been developed specifi-
cally for membrane proteins [59,60]. In the case of Pf1, the two-di-
mensional SLF spectrum (Fig. 2M) may be assigned by direct compar-
ison to the previously assigned SLF data from magnetically aligned
bicelles [45]. The assigned data, in turn, provide restraints for calcu-
lating the structure and integral membrane orientation of the protein in
the SMA discs. The resulting structure (Fig. 2A) reflects the global po-
sition of the coat protein embedded in the SMA-corralled membrane,
and the back-calculated SLF spectrum (Fig. 2Q) has very high cross-
correlation with the experimental spectrum.

For MerFt and CXCR1, the greater number of resonances made di-
rect assignment challenging. Here, the SLF spectra were calculated by
restraining the Xplor-NIH eefxPot dynamics with the experimental va-
lues of 15N chemical shift and 1H/15N dipolar coupling measured pre-
viously in bicelles for MerFt or liposomes for CXCR1 [46,47]. Finally,
for Ail, there are no experimental OS-solid-state NMR data available,
and the SLF spectra were back-calculated by embedding the protein
coordinates in the implicit membrane of eefxPot, and allowing them to
adopt a preferred membrane orientation without other restraining po-
tentials.

While the spectra back-calculated for Pf1 and MerFt agree ex-
tremely well with the experimental spectra, the agreement is also re-
markably good for CXCR1 and Ail, especially considering that the latter
was obtained without restraints. Taken together, the results indicate
that the overall protein conformations are not perturbed by the pre-
sence of SMA(3:1) and that the SMA macrodiscs provide a suitable
membrane environment for structural studies of membrane proteins
with varied conformations.

4. Conclusions

Here we demonstrated that SMA macrodiscs provide a valuable
phospholipid bilayer system for OS solid-state NMR studies of mem-
brane proteins. The samples and the NMR methods are validated by the
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high resolution of the two-dimensional separated local field spectra of
both α-helical and β-barrel membrane proteins. There is room for fur-
ther development of SMA macrodiscs with the aim of obtaining samples
that yield complete resolution and enable resonance assignments for
proteins in the size range and structural complexity of CXCR1 and Ail.
Further, since SMA has been shown to be capable of extracting and
solubilizing membrane proteins along with their surrounding lipids
directly from viable cells and microorganisms, this approach may lead
to the determination of protein structures in their native environment
under physiological conditions. The work is dedicated to the memory of
Michelle Auger whose contributions were fundamentally important to
the field of membrane and membrane protein biophysics.
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