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Abstract (366/500 words)

Membrane proteins are important players in signal transduction and the exchange of metabolites
within or between cells. Thus, this protein class is the target of around 60 % of currently marketed
drugs, emphasizing their essential biological role. Besides functional assays, structural and dynamical
investigations on this protein class are crucial to fully understanding their functionality. Even though
X-ray crystallography and electron microscopy are the main methods to determine structures of
membrane proteins and their complexes, NMR spectroscopy can contribute essential information on
systems that (a) do not crystallize and (b) are too small for EM. Furthermore, NMR is a versatile tool
for monitoring functional dynamics of biomolecules at various time scales. A crucial aspect of such
studies is the use of a membrane mimetic that resembles a native environment and thus enables the
extraction of functional insights. In recent decades, the membrane protein NMR community has
moved from rather harsh detergents to membrane systems having more native-like properties. In
particular, most recently phospholipid nanodiscs have been developed and optimized mainly for
solution-state NMR but are now also being used for solid-state NMR spectroscopy. Nanodiscs consist
of a patch of a planar lipid bilayer that is encircled by different (bio-)polymers to form particles of
defined and tunable size. In this review, we provide an overview of available membrane mimetics,
including nanodiscs, amphipols and bicelles, that are suitable for high-resolution NMR spectroscopy
and describe how these advanced membrane mimetics can facilitate NMR studies on the structure and
dynamics of membrane proteins. Since the stability of membrane proteins depends critically on the
chosen membrane mimetic, we emphasize the importance of a suitable system that is not necessarily
developed for solution-state NMR applications and hence requires optimization for each membrane
protein. However, lipid-based membrane mimetics offer the possibility of performing NMR
experiments at elevated temperatures and studying ligand and partner protein complexes as well as
their functional dynamics in a realistic membrane environment. In order to be able to make an
informed decision during the selection of a suitable membrane system, we provide a detailed overview
of the available options for various membrane protein classes and thereby facilitate this often-difficult
selection process for a broad range of desired NMR applications.
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1. Introduction

Membrane proteins (MPs) are essential players in cellular signaling [1]. Major efforts have been
undertaken to obtain functional and in particular structural insights for this protein class [2]. MPs are
positioned in strategic locations and control the exchange of information and metabolites across
biological membranes. These processes are regulated by various stimuli, such as small molecule
ligands, partner proteins and membrane potential. Since they have such a large variety of biological
functions, MPs are of utmost importance for drug design, representing around 70 % of all current drug
targets [3].

In order to obtain a better understanding of MP function and regulation, structural information
is required. However, MPs only represent about 2% of all structures deposited in the protein data bank
so far (https://blanco.biomol.uci.edu/mpstruc), a situation that is most likely caused by difficulties in
the production and purification of MPs in a functional form and in a sufficient amount for structure
determination. A major part of this problem is the time-consuming process of selecting an appropriate
membrane-mimicking environment that can support both function and stability for a particular MP of
interest. Most commonly, detergent micelles are used as a membrane mimetic for MP preparation and
subsequent structural investigations [4]. The general advantages of using detergent micelles are easy
handling and the availability of a large variety of different detergent scaffolds, offering the possibility
to screen for an optimal choice for a given MP of interest. Detergent micelles have been widely used
for solution-state NMR spectroscopy; however, only a small number has proven to be suitable for
high-resolution work (Tab. 1). These detergents commonly form relatively small micelles providing
the benefit of favorable NMR relaxation properties for inserted MPs. In many cases, this leads to a
functionally folded MP preparation, in particular in case of high thermodynamic MP stability (Fig.
1a). However, the drawback is that these detergents generally tend to be quite harsh and thus are often
not compatible with more labile MPs, i.e. detergents lower their thermodynamic stability and lead to
incorrectly folded or unfolded protein (Fig.1b) [5]. In addition, detergent molecules often bind to
hydrophobic cavities of MPs that are important for enzymatic activity (Fig. 1¢). Another, and probably
the most important, issue is that detergent micelles might interfere with partner protein binding,
leading to unfolding or precipitation of soluble protein domains (Fig. 1d) [6, 7]. In addition, for
studying complexes of two different MPs, detergents that have been individually optimized for each
protein are not necessarily compatible with each other, leading to structural perturbations or unfolding
of one or both proteins in the complex. In general, MP structures can be markedly modulated by a
chosen membrane mimetic [8]. This dilemma has been recognized in past decades and was addressed
by the introduction of more lipid-like membrane mimetics that have the potential to resolve most or all
of those issues [9]. This process was further motivated by the fact that crystal structures of MPs
solubilized in detergents often contain bound lipids, emphasizing the beneficial effect of a lipid
environment for their structure and stability [10]. Here, we will summarize the most common non-

micellar membrane mimetics that are relevant and suitable for NMR-based investigations on the



structure and dynamics of MPs. Even though the emphasis will be put on the more recent and most
actively developed nanodisc technology, we will also provide a detailed comparison with other
systems and highlight the advantages and drawbacks of each system for specific MP systems and
NMR applications. Finally, we will give practical guidelines on relevant membrane mimetics for
particular MP systems and their complexes. Furthermore, we will describe a straightforward strategy
to obtain NMR resonance assignments for MPs in nanodiscs that, due to their large size, would not
permit recording of most triple resonance experiments. In doing so, we aim to provide a thorough and
critical overview of current developments in the field of membrane mimetics so as to enable an

informed search for the most suitable system for NMR studies of a particular MP of interest.
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Fig. 1: Common problems with using detergents for membrane protein extraction and refolding.
Extracting a membrane protein from cells or refolding of inclusion bodies using detergent micelles can lead to
various scenarios that might require a tedious optimization procedure. (a) The best case is that the membrane
protein tolerates the initial detergent used for extraction. Such preparations can then readily be investigated by
NMR. Alternative, more likely options are that (b) the membrane protein is incorrectly folded in the chosen
detergent, (c) a putative enzymatic activity is inhibited by detergent molecules or (d) the detergent prevents
interaction with a soluble partner protein or even leads to its unfolding. Scenarios (b) — (d) would require an
iterative screening effort to identify detergents that are compatible with the desired application and that are still
suitable for NMR spectroscopy. Even though these problems can be solved individually, it is almost impossible
to find a detergent that can be used for all applications and, in particular, for NMR experiments at elevated
temperatures.



2. Non-micellar membrane mimetics

Since a large variety of membrane mimetics are available, it is important to obtain a rough
overview of the particular systems and their characteristics. The most commonly used membrane
mimetic are detergent micelles. As discussed in the introduction section, micelles can have adverse
effects on MP stability and on that of their complexes. Even though suitable detergents can be found
by screening, this membrane mimetic can be considered harsher than lipid-based systems (Fig. 2). A
mixture of detergents and lipids, termed bicelles [11], shows a more lipid bilayer native-like behavior
but, due to the presence of detergent molecules, can still lead to denaturation and destabilization of
MPs and their partner proteins. A polymer-based amphipathic membrane mimetic, called amphipols
[12], are more native-like and also seem to be suitable for use as a refolding system for certain MPs.
The most native membrane mimetics are pure lipid systems. In particular, phospholipid nanodiscs
[13], due to their tunable and defined size, are well-suited for solution-state NMR [14, 15]. The size of
a nanodisc is defined by the length of a lipid binding protein or, more recently, a polymer [16] that
wraps around the hydrophobic rim of the phospholipid bilayer. A pure liposome or immobilized lipid
bilayer system would be the most native system for studying MPs structure and function. However,
these assemblies are very large and thus not suitable for solution-state NMR or most other structural
methods. For this reason, these systems will not be covered here, although we should point out that

they can be used for solid-state NMR, as described in recent reviews [17-20].

detergent lipid/detergent amphipoles phospholipid liposomes /
micelles bicelles nanodiscs bilayer

non-native native

Fig. 2: Commonly used membrane mimetics for solution and solid-state NMR. Those written in bold letters
have been demonstrated to be suitable for solution-state NMR. Liposomes or immobilized lipid bilayers are
being used for solid-state NMR. As a rough guide, these membrane mimetics are sorted according to their ability
to resemble a native membrane environment, with nanodiscs and liposomes being the most native. For details of
the different mimetics, see main text.

In this review, we will focus on non-micellar membrane mimetics with an emphasis on
phospholipid nanodiscs that can nowadays be assembled with a large variety of amphipathic
molecules, such as proteins, peptides and polymers, and thus are a versatile tool for NMR as well as

for other structural and biophysical and biochemical experiments.



2.1 Phospholipid bicelles

Bicelles are discoidal lipid aggregates composed of long-chain phospholipid and detergent [11].
The morphology of bicelles depends on the total phospholipid concentration, the ratio of the
constituents, and the temperature [21, 22]. In contrast to detergent micelles, bicelles contain a planar
lipid bilayer formed by the long-chain phospholipid. This planar region is surrounded by a rim of
detergent that shields the long-chain lipid tails from water [22-24]. As is the case for any phospholipid
bilayer system, the lipid composition in the planar region of bicelles can be adjusted to the particular
requirements of the MP under investigation. This is particularly useful for membrane-attached proteins
that require certain lipid head-group charges [25] of chemical scaffolds for their specific interaction.
Suitable detergents for bicelle formation are bile salts, such as CHAPS, or short-chain lipids, such as
dihexanoylphosphatidylcholine (DHPC). The advantage of this system is its size scalability by simple
variations of the parameter g which represents the molar ratio between the long-chain and short-chain
lipid (or detergent) component. A simple equation can be used to roughly estimate the radius of the
bilayer region of the bicelle R by using the parameter ¢ and half the bilayer thickness »: R="'2rg [n +
(m* +8/¢)”*] [24] (Fig. 3). The overall diameter D of a bicelle can thus be expressed as: D = 2R +2r. A
typical value for the phospholipid bilayer membrane thickness is 4 nm, i.e. » = 2 nm. For a ¢g value of
0.5, i.e. a two-fold excess of short-chain lipid, bicelles with a diameter 2R of the planar region of § nm
and an overall diameter 2R + 27 of 12 nm are obtained. Bicelles that are suitable for solution-state
NMR experiments typically have g-values between 0.15 and 0.5, resulting in a diameter of between

6.4 and 12 nm.
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Fig. 3: Structure and size dependency of phospholipid bicelles. (a) The planar region consists of
phospholipids (orange) and the hydrophobic rim of the bilayer is comprised of short-chain lipids or detergents
(blue). The size of a bicelle can be controlled by the ratio ¢ of the two components (lipids versus detergent). R:
radius of the planar region, r: radius of the hydrophobic rim (half the thickness of the lipid bilayer). The resulting
bicelle diameter is: 2R + 2r. (b) Plot of the bicelle diameter against the value of g, using an empirical formula for
R as mentioned in the main text. Bicelles with q > 2.5 (diameter > 40 nm) spontaneously align in the magnetic



field. For solution-state NMR, bicelles with g-values between 0.15 and 0.5 (6.4 - 12 nm diameter) are most
commonly used.

Due to their large size and the anisotropic magnetic properties, bicelles with ¢ > 2.5 (diameter of
> 40 nm) spontaneously align in the magnetic field and can be used as an alignment medium for the
measurement of residual dipolar couplings (RDCs) of soluble proteins [26, 27]. However, due to the
presence of a short-chain lipid or detergent, similar problems arise as with detergent micelles, leading
to the destabilization of MPs and their binding partners. Despite this limitation, due to their planar
structure, bicelles provide a more native-like environment than detergent micelles. Since their size can
be fine-tuned in an easy manner, this system is suitable for a wide range of MPs and has been
extensively used for solution NMR studies [28-31]. More recently, an optimal g-value of 0.5 was

determined that leads to the most realistic bilayer properties for solution-state NMR applications [32].

2.2 Amphipols

Amphipols are polymers with amphipathic, i.e. hydrophobic and polar, properties (Fig. 4a) that
can solubilize MPs and form stable and homogenous particles [33] suitable for solution-state NMR
[34]. Amphipols stabilize inserted MPs and can be used for MP refolding and thus facilitate
biochemical and biophysical studies. In particular, NMR [34, 35] and cryo-electron microscopy [36-
39] of MPs has been conducted in amphipols. Here, we will emphasize the use of amphipols in MP

folding and stabilization and their benefits for solution-state NMR.
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Fig. 4: Chemical structure, nomenclature and applications of amphipols. (a) Amphipols are
acrylate polymers that have been grafted at the carboxylate position with alkanes such as n-hexyl- or
isopropyl- moieties to yield an amphipathic polymer (amphipol). The nomenclature of amphipols
consists of a capital letter (A: acrylate-derived), followed by a number indicating the average
molecular weight of the polymer in kDa and a negative number that indicates the content (in %) of
negative charges (i.e. acrylate side chains). (b) A major application of amphipols is the refolding of
MPs from an SDS-solubilized form. Addition of amphipols followed by detergent removal with
Biobeads leads to gentle refolding in relatively high yields.



2.2.1 Chemical structure and properties of amphipols

The most commonly used amphipol is A8-35, where a relatively short polyacrylate chain (~ 35 %) is
randomly grafted with around 9 octylamine and 14 isopropylamine units [12, 33] (Fig. 4a). The
nomenclature of amphipols begins with a capital letter, where A stands for acrylate, followed by a
number that indicates the molecular weight of the monomeric modified polymer. The latter number
represents the content of the charged monomer, where -35 indicates the percentage of the negatively
charged acrylate moieties. Thus, A8-35 stands for an acrylate polymer with a molecular weight of 8
kDa that contains, after grafting the acrylate side chains with octylamine and isopropylamine, around
35 % negative charge. A large variety of modified amphipols have been introduced, ranging from
zwitterionic amhipols [40], fluorophore adducts [41] to phosphocholine-based [42], sulfonated [43]
and glycosylated non-ionic variants [44]. Unfortunately, A8-35 is the only amphipol that is
commercially available, restricting the use of this system. However, for NMR applications, A8-35 can
be purchased in a per-deuterated form, a prerequisite for high-resolution NMR. Despite the restricted
access to amphipols through commercial sources, these polymers can be quite easily produced in

house, as described recently [45].

2.2.2 Applications of amphipols

The initial idea behind the development of amphipols was to stabilize MPs that do not tolerate a
detergent environment or where a detergent micelle is too flexible for structural studies. More specific
applications came up over the years, such as immobilization to surfaces [46] or controlled delivery of
solubilized MPs to preformed membranes [47]. Transfer of MPs from detergent into amphipols is
simply achieved by the addition of amphipol followed by dialysis or treatment with hydrophobic
polystyrene beads (Biobeads or Amberlite) to remove residual amounts of detergent [48]. Amphipols
can be easily produced in a hydrocarbon deuterated form (i.e. with C-H universally replaced by C-D)
for subsequent high-resolution NMR experiments of inserted MPs [34, 49]. The quality of solution-
NMR spectra of the model protein bacteriorhodopsin (bR) has been recently compared in various
membrane mimicking media. It was found that amphipols promoted the long-term stability of bR and
permitted the acquisition of high-quality 2D-['H,'°N]-TROSY experiments and enabled partial
resonance assignment [35].

In particular, amphipols gained attention through the idea that they are suitable for refolding
studies of MPs and generally lead to higher yields than detergent micellar systems. A prominent
example is the application to G-protein coupled receptors (GPCRs) [50]. These essential MPs mediate
signal transduction across the cell membrane by allosteric conformational changes that are induced by

binding of an agonist ligand to the extracellular side. An activated GPCR is then able to stimulate GTP



exchange within the associated G-protein, thus mediating the activation of a multitude of signaling
pathways [51, 52]. However, production of this protein class is very challenging and often only
possible in eukaryotic cell systems [53]. For NMR applications, with the requirement for high-level
isotope labeling, bacterial expression hosts, such as E. coli, are desirable. Since production of GPCRs
in a functionally folded form is very difficult in E. coli, efforts have been made to optimize production
in the form of insoluble inclusion bodies and to refold the protein into a suitable membrane
environment [54]. Unfortunately, the refolding step into detergent micelles is very inefficient for
GPCRs resulting in very low refolding yields [50]. Amphipols seem to be better suited for refolding of
this protein class GPCRs (Fig. 4b) with reported overall yields of up to 50 % for human BLT1
receptor [50]. Thus, since cutting-edge isotope labeling is possible in E. coli, refolding from inclusion

bodies appears to be a suitable route for the preparation of functional GPCRs for NMR.

23 Phospholipid nanodiscs

Despite the advantages and the progress in the development of non-micellar membrane mimetics,
the described systems do not provide a planar and detergent-free phospholipid bilayer surface. Such
native lipid bilayer properties and the associated lateral pressure characteristics are in many cases
essential for proper MP functionality. Furthermore, binding of peripheral MPs to their partner proteins
or a plain membrane surface is only possible in a detergent-free lipid environment (see Fig. 1).

Since pure lipid systems such as liposomes are too big for solution-state NMR experiments, novel
strategies are required for the stabilization of homogenous lipid particles of defined size. This issue
has been resolved by the use of lipid binding proteins, peptides or polymers that encircle a patch of
lipid bilayer and lead to the formation of lipid discs in the nanometer diameter range, so called
nanodiscs [16, 55, 56].

Here, we will focus on the four major nanodisc systems: membrane scaffold protein (MSP),
styrene-maleic acid (SMA) copolymer, Saposin and amphiphilic peptide nanodiscs. We will describe
these components as well as the assembly procedure of these nanodisc systems and provide additional
information on the advantages in each case as well as their specific applications with a focus on

solution NMR studies.

2.3.1 Membrane scaffold protein (MSP) nanodiscs

The recent introduction of phospholipid bilayer nanodiscs as membrane mimetics [55, 57, 58]
appears promising for studying membrane proteins in a native-like environment by solution NMR.
The formation of nanodiscs is based on the observation that apolipoproteinA-I (ApoA-I) can wrap
around small lipid bilayer patches creating small membrane-like particles of defined size [59, 60] (Fig.
Sa). In living cells, ApoA-I is a main constituent of high-density lipoprotein particles that is essential

for the transport of lipids and cholesterol to the liver. This task is facilitated by the amphipathic nature



of ApoA-I that is used to stabilize these hydrophobic assemblies [61]. Different versions of ApoA-I
have been engineered for biophysical studies, and these are called membrane-scaffolding proteins
(MSPs) [55]. Ideally, two copies of MSP form a disc-like particle or nanodisc [55, 62] of a well-
defined diameter. The size of these nanodiscs is governed by the length of the MSP. Nanodisc
assembly can be easily achieved by mixing detergent-solubilized lipids with the MSP and the to-be-
incorporated MP solubilized in detergent micelles. After an incubation time of 1-2 hours, stable
assembly is initiated by detergent removal, using dialysis or treatment with hydrophobic beads
(Biobeads or Amberlite). The temperature during assembly should be chosen to be above the gel-to-
liquid-crystal phase transition temperature of the lipid being used (Tab. 2) to ensure pre-formation of
the MSP-lipid-MP complex. For assembly, any kind of bilayer-forming lipid can be used, depending
on the requirements of the particular MP of interest or of particular experiments. Nanodiscs with a
diameter of around 10 nm and higher have been widely used for 2D heteronuclear NMR spectroscopy
[35, 63-65] as well as for ligand binding experiments [66]. However, due to their relatively large size
for solution state NMR, an in-depth NMR characterization, such as for resonance assignment and
structure determination, of MPs in these 10 nm nanodiscs remains very challenging. To address this
issue, an interesting approach has been proposed to use nanodiscs as a reference system [67] and
screen for detergents that give rise to an (almost) identical 2D NMR spectrum of an inserted
membrane protein. This provides the opportunity to perform multidimensional NMR experiments and
structure determination in smaller detergent systems and extrapolate the findings to a membrane
bilayer environment. Since chemical shifts are very sensitive probes of structural changes, it seems
very likely that the structure in lipids is rather similar to that determined in detergent micelles. In order
to solve the size problem associated with the nanodisc system, a set of truncated MSP variants has
been introduced that form nanodiscs of diameters ranging from 6-8 nm [14, 15] (Fig. Sb,¢). The use of
smaller nanodiscs led to a marked improvement of NMR spectral quality (Fig. 5d) and enabled the
first structure determination of a MP in nanodiscs [14, 68] (Fig. 5e). Since then other MPs have been

characterized in nanodiscs by NMR, e.g. refs [69, 70].
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Fig. 5: Phospholipid nanodiscs assembled with ApoA-1 or membrane scaffold protein (MSP). (a) Structure
of a MSP nanodisc, where two copies of MSP (MSP1 and MSP2) wrap around a patch of lipid bilayer in an
antiparallel manner [55, 71]. (b,c) Truncation of internal segments of the MSP leads to nanodiscs of successively
smaller size [15]. (d) The quality of a 2D-['’N,'H]-TROSY spectrum of 2H,'’N-labeled OmpX in MSP1D1AHS5
nanodiscs is suitable for multidimensional NMR spectroscopy and subsequent structure determination [14]. (e)
NMR structural ensemble of OmpX determined in smaller MSP1D1AHS nanodiscs showing an r.m.s.d. of 0.32

A for ordered secondary structure elements [14, 68].

Furthermore, one of the truncated MSP variants, MSP1D1AHS (lacking helix 5 of the MSP), has been
recently used for the structure determination of an empty nanodisc by solution-state NMR
spectroscopy [71]. This structure revealed important insights into the features of the MSP protein
double belt surrounding a patch of lipid bilayer in an antiparallel manner and the interaction between
the two MSP copies.

More recently, the MSP nanodisc field has been further advanced by the introduction of
circularized MSPs for nanodisc assembly [72]. In order to achieve covalent circularization, a C-
terminal SortaseA recognition site (LPETG) was fused to the MSP to be ligated to an N-terminal
Glycine residue of the MSP using SortaseA enzyme [73, 74]. Intramolecular circularization can be
facilitated by using diluted MSP solutions of around 10 uM concentration and by adding mild
detergents, such as Triton-X100 [75]. Furthermore in another study, the properties of the MSP were
engineered to optimize solubility, an approach that further enhanced the yields of circular MSP after
ligation with SortaseA [76]. In order to speed up the production workflow of circularized MSPs, a
split-intein approach was established whereby intein fragments were fused to MSPs of various lengths
to allow for in vivo production of circular MSP in E. coli at high yields [77] without the need for an

enzymatic reaction step.
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Nanodisc assembly with circularized MSPs can be achieved in a similar manner as with linear MSPs
with a slightly increased incubation time before detergent removal to allow for efficient MP
incorporation into the somewhat more restricted circular MSP belt. In contrast to linear MSP
nanodiscs, the circularized versions show improved size homogeneity and thermal stability [72, 77]. In
particular, since small nanodiscs tend to disassemble over time due to the higher strain in the MSP belt
[14, 77], circularization is an elegant way to stabilize these nanodiscs for long-term structural studies.
Thus, these small circular nanodiscs are promising for high-resolution NMR investigations of small to
medium sized MPs due to their shorter rotational correlation times, in particular with the very small
variants, approaching those found in small detergent micelles [77]. In addition, small circular MSPs
can be used for long-term NMR experiments at elevated temperatures due to their enhanced stability,
further facilitating high-resolution NMR work.

In addition to their widespread use in solution [15, 78, 79] and solid-state NMR [80-83], MSP
nanodiscs are particularly useful in (cryo-) electron microscopy [84-86], small-angle X-ray scattering

(SAXS) [87, 88] and small-angle neutron scattering (SANS) [89] studies of membrane proteins.

2.3.2 Polymer nanodiscs

Polymer nanodiscs were discovered through the observation that amphipathic polymers are able to
solubilize lipid bilayers and form discoidal particles [90], which led to the development of nanodiscs
composed of an amphipathic styrene and maleic-acid (SMA) co-polymer (Fig. 6a) [16]. The
mechanism of nanodisc formation is based on the interaction of the styrene phenyl rings of the
polymer with the hydrophobic edge of a planar lipid bilayer. This interaction leads to a stabilization of
a disc-shaped particle, similar to what can be obtained with a lipid binding protein. The maleic acid
moieties are oriented towards the solvent and thus mediate the solubility of the obtained particles. The
most commonly used SMA co-polymer has a styrene-to-maleic-acid-anhydride ratio of 2:1. The
maleic acid anhydride can subsequently be hydrolyzed to expose the di-maleic-acid moieties. This
composition seems to provide the most native-like membrane properties [91]. The molecular weight of
the polymer is around 10 kDa, which translates to 62 styrene and 31 maleic acid building blocks. As
with any chemical polymer, the polydispersity of the chain has to be considered. For SMAs, a typical
polydispersity of ~ 2.5 [92] can be observed, which means that the polymer chains have a broad size
distribution over more than one order of magnitude. Thus, the structure of an individual SMA lipid
particle (SMALP) cannot exactly be described, since it is not known which parts of the polymer are
actually in contact with the lipid bilayer. Interestingly, the size of a SMALP seems to depend on the
net charge of the polymer. A 2:1 molar ratio of maleic acid to styrene in the SMA polymer yields
SMALPs of around 30 nm diameter, whereas a 3-to-1-ratio results in smaller discs of around 10 nm in
diameter [93]. However, the dependence of the SMALP diameter on polymer composition has not yet
been investigated systematically. The relative ratio of polymer to lipids seems to have a more

pronounced effect on SMALP size, as demonstrated recently [94, 95], where diameters between 10
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and 30 nm could be obtained with SMA-to-lipid ratios of 1.5 or 0.25, respectively. 30 nm SMALP
have been shown to align in the magnetic field, as shown by *'P and "N NMR spectra [94].
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Fig. 6: Commonly-used polymers that form nanodiscs. (a) Styrene-maleic acid (SMA) copolymer can be
obtained by hydrolysis of poly-styrene-maleic acid anhydride yielding a negatively charged polymer. A
positively-charged derivative of SMA, called SMA-QA (quaternary ammonium), can be obtained after reaction
with (2-aminoethyl) trimethylammonium chloride. This polymer shows high stability in the presence of divalent
cations over a wide pH range of 2.5 to 10. (c) Another polymer, DIBMA, or di-isobutylene maleic acid, shows
high stability against divalent cations and lacks UV absorption at 280nm, which would interfere with membrane

protein quantification.

Another important feature of SMALPs is their pH stability. Due to protonation of the maleic acid
moiety at low pH, SMALPs tend to precipitate at pH values below 6.5, limiting their use in
applications for membrane protein structure and function at lower pH regimes. Furthermore, divalent
cations like Ca*" and Mg?" that are often used for nucleotide binding or signaling assays are chelated
by the polymer, rendering the particle insoluble. These issues have been addressed by the design of
SMA polymers in which the maleimide carboxylates are chemically modified with enthanolamine or
positively charged quaternary ammonium compounds (SMA-QA, Fig. 6b) [94, 95]. Due to the
absence of a carboxyl moiety, these SMALPs are stable over a wider pH range from 2.5 to 10. In
addition, a non-styrene-containing SMA co-polymer named DIBMA (diisobuthylene/maleic acid)
(Fig. 6¢) shows better stability in the presence of divalent cations and, due to the absence of an
aromatic moiety, DIBMA is less harsh than SMA and does not interfere with far-UV optical

spectroscopy [96].
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A very interesting feature of SMALPs is their ability to be used for the direct extraction of MPs
from cellular membranes [97]. The standard procedure for MP extraction involves usage of detergent
micelles, leading to commonly observed problems of MP unfolding or misfolding (Fig. 1). In contrast,
SMALPs provide a very mild environment for MPs but are nevertheless capable of efficient
solubilization of lipids. This feature makes SMALPs suitable to be used as a carrier system for MPs
for subsequent transfer to lipidic cubic phase systems for crystallography [98] or for the direct usage
for structure determination with cryo-electron microscopy [99]. Macrodiscs assembled with SMA
polymers have turned out to be useful for solid-state NMR [100, 101]. Solution-state NMR
experiments involving SMALPs have been limited to membrane attached proteins [102] with no
integral MPs reported so far. The reason for this might be the larger size inhomogeneity of SMALPs
compared to protein based nanodisc systems [103]. Such variations would not affect the spectral
quality of membrane attached proteins, since the soluble domains do not interact directly with the

nanodisc.

2.3.3 Saposin nanodiscs

Saposins are lipid-binding proteins that are derived from a precursor protein, called pro-Saposin.
Saposins are modulators of the lipid membrane that are located in lysosomes and are active at acidic
pH [104]. Individual members of the saposin family have lipid binding and lipid transport activity and
structures of individual members have been solved recently [105, 106]. In a systematic study, the
capability of a large set of Saposin variants to form homogenous nanodiscs has been investigated,
showing that Saposin A (SapA) is the most widely applicable member of the family, tolerating a broad
range of lipids and lipid-to-Saposin ratios [107]. SapA is a sphingolipid activator protein in lysosomes
at a pH of 4.8. Crystal structures of SapA revealed that in the apo form a closed conformation is
present which can be transformed into an open form upon the addition of detergents, such as
lauryldimethylamine-N-oxide (LDAO) [108], even at neutral pH. In this open state, two SapAs
surrounding the bilayer are in a head-to-tail arrangement. The assembly of nanodiscs with SapA,
termed Salipro nanodiscs, has been recently confirmed and characterized by cryo-EM [56].
Furthermore, the structure of Salipro nanodiscs containing target membrane proteins, such as the
mechanosensitive channel T2 and the bacterial peptide transporter PepTso2, could characterized at high
resolution [56].

In comparison to MSP nanodiscs, where the membrane scaffold protein completely encloses a
patch of lipid bilayer membrane in an extended helical conformation, SapA nanodiscs need to form
oligomers to stabilize a nanodisc assembly. This feature offers the possibility of adjusting the size of
the nanodisc simply by variations in the SapA-to-lipid ratio. As a minimum, two SapA molecules are
sufficient to form a nanodisc particle. However, by increasing the amount of lipid in the system, a
larger number of SapA molecules are required to bind to the hydrophobic rim of the bilayer resulting

in larger nanodiscs. Such an open system is particularly helpful for MP oligomers that would not insert
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into an MSP nanodisc due to their strictly defined diameter. Furthermore, SapA nanodiscs loaded with
a MP tend to contain only a limited number of lipid molecules, leading to a tightly packed particle that
facilitated analysis by single particle cryo-EM [56]. In addition, solution-state NMR has also been
reported with SapA nanodiscs. In this study, isotope-labeled OmpX was inserted yielding 2D-NMR
spectra of decent quality [109]. Furthermore, the functionality of B1-adrenergic receptor in this
nanodisc system could be proven with NMR chemical shift perturbation experiments with various
ligands as well as a nanobody G-protein mimetic [109].

Despite the above-mentioned advantages, the production of SapA, containing a disulfide
bridge, is less straightforward than for MSP proteins that can easily be obtained in quantities
exceeding 50 mg per liter growth medium. Thus, this system might become more popular for cryo-EM
than for NMR in the future, where sample quantity requirements are less demanding and a low amount

of lipids might be beneficial for high-resolution structure determination.

2.3.4 Peptide nanodiscs

Peptide nanodiscs are based on short amphipathic peptides that can bind to the hydrophobic rim of
a phospholipid bilayer membrane. The most common peptide, called 18A, is derived from
ApolipoproteinA-1 [110-112]. 18A (Ac-DWLKAFYDKVAEKLKEAF-NH,) is an 18 amino acid
peptide with amphipathic properties of the so-called class A type (i.e. derived from ApolipoproteinA-
1) that forms a single a-helix of approximately the same length as a single helix within the ApoA-1
protein. A large set of structural data [110, 113] suggests that 18 A peptides are aligned in an
antiparallel manner at the hydrophobic rim of the bilayer membrane of the nanodisc.

An advantage of peptide nanodiscs is the possibility of adjusting the nanodisc size simply by
variations in the peptide-to-lipid ratio, a feature that can also be achieved by using the saposin
nanodiscs system or with bicelles. For DMPC nanodiscs, it was shown that the diameter can be
increased from 10 to 30 nm if the lipid-to-peptide molar ratio is increased from 1.67 to 13.3 [114]. A
drawback of the peptide nanodisc approach is the relative high cost of custom peptide synthesis as
compared to recombinant production of ApoA-1 proteins. In addition, due to their non-covalent
assembly, peptide nanodiscs are less stable than other nanodisc systems. However, this issue has been
addressed by chemical methods, where covalent ligation of individual peptides in an assembled

nanodiscs was performed e.g. by native chemical ligation [115].

3. Practical hints for finding a suitable membrane mimetic for a
particular membrane protein

The availability of a large number of different membrane mimetics can be overwhelming,

making it difficult to identify a suitable system, in particular for structural studies, where homogeneity
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and long-term stability is a key factor. In addition, for solution-state NMR spectroscopy, the overall
size of the complex of a MP and a membrane mimetic is a critical parameter. In the following sections,
we will discuss the use of membrane mimetics for different MP types, such as integral MPs, single-
spanning transmembrane helices, tail-anchored MPS and, finally, their suitability for studying
complexes between MPs and soluble or lipidated partner proteins. The properties of the membrane

mimetics that we discuss and their (dis-)advantages are outlined in Table 3.

3.1 Integral membrane proteins

For folded integral MPs, a membrane mimetic needs to fulfill two main requirements for high-
resolution NMR: (a) to promote the functional form of the MP and (b) have a minimum size. The
classical approach is to screen for a suitable detergent micelle system [4]. Since a large variety of
detergents is available, the above-mentioned main objectives for a membrane mimetic can in principle
be achieved. As a rule of thumb, detergents harboring a net charge are harsher than zwitterionic
species or non-charged detergents such as alkyl maltosides. The diameter of a detergent micelle is
dependent on the chain length of the hydrophobic part and the bulkiness of the head group. These few
parameters can quite efficiently guide the way to finding a good detergent system. In general, harsher
detergents can be used for 3-barrel MPs and single transmembrane helices, whereas milder detergents
are required for a-helical bundles, such as GPCRs. A selection of NMR-suitable detergents is
commercially available in per-deuterated or tail-deuterated forms. However, due to their spherical
shape, detergent micelles do not realistically resemble a bilayer membrane. Thus, the use of non-
micellar bilayer systems is generally preferred. The easiest way to deviate from a spherical shape is by
using bicelles. This enables embedding of the MP in a real bilayer environment, but still with large
amounts of detergents present in the sample. The benefit of bicelles for solution-state NMR is their
tunable size [24]. In a recent study, it was concluded that bicelles with a g-value of 0.5 or above can be
considered to be a realistic membrane mimic [32].
Ambhipols represent a non-lipid-containing alternative to micelles. These relatively large molecules (=
8 kDa) are less denaturing as compared to detergent micelles and still have an acceptable size for
solution-state NMR [35]. Despite their use for refolding of MPs from inclusion bodies [50] and
subsequent cryo-EM studies [36-39], the application for solution state NMR has only been
demonstrated with model integral MPs (OmpA [34], OmpX [116], bR [35]). This is complicated by
the fact that the most common amphipol A8-35 can only be used at pH > 7.

In cases where MP stability is a critical issue, the use of pure lipid systems is advantageous.
Thus, nanodisc systems are often the best choice to study such MP systems in a more native-like
environment by solution-state NMR. Since SMALPs have not been used for solution NMR studies of
integral MPs, it remains unclear whether the homogeneity of these nanodiscs is sufficient for high-
resolution structural work. However, membrane associated proteins have been studied by NMR in

SMALPs [117], corroborating their native-like properties.
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The largest pool of NMR data is available for protein-based nanodiscs, confirming their versatility
and suitability for integral MPs. Among these, MSP nanodiscs are most often used, especially since
the diameter of these nanodiscs can be adapted to account for the size of the inserted MP [14, 15].
Reasonable MSP constructs for medium to small size proteins are MSP1D1 [55] (10 nm diameter) and
the truncated variants MSP1D1AHS (8 nm) or AH4HS (7 nm) [14]. Larger nanodiscs (e.g. with
MSPI1E3DI1, 13 nm [55]) might be useful to obtain fingerprint 2D NMR spectra for larger MPs, but,
due to their large size, the spectral properties are not sufficient for more sophisticated
multidimensional NMR experiments. Smaller nanodiscs (down to 6 nm with MSP1D1AH4-6) have
been reported [14] but their long-term stability is rather limited. Thus, circularization of MSP
nanodiscs [72, 75-77] seems to be a good way to stabilize these very small particles. Saposin A
nanodiscs, which have recently been reported to be a suitable tool for EM studies, have also been
shown to be applicable for solution-state NMR experiments of integral MPs [109]. Since variations in
the saposin-to-lipid ratio lead to nanodiscs containing three (Salipros) or four (Salipros) SapA
molecules, the size of these nanodiscs can easily be adapted to account for the loaded MP [109]. Using
"N-labeled OmpX in Salipros most backbone resonance signals could be resolved. However, the
overall spectral quality was lower as compared to OmpX in MSP1D1AHS nanodiscs. This is
presumably caused by the lack of OmpX deuteration in this study or the lower number of lipid
molecules (~ 5-10 DMPC per SapA) in OmpX-loaded Salipros nanodiscs. As discussed recently [15],
two layers of lipids around the inserted membrane protein are commonly required for a native lipid
environment and a stable NMR sample, as demonstrated with OmpX in MSP nanodiscs of
subsequently decreasing diameters [14]. Finally, despite promising results from solid-state NMR
[114], the only uses of peptide nanodiscs in high-resolution solution-state NMR studies reported so far
have been in studies of membrane attached proteins [118], presumably because the limited

homogeneity of these more loosely assembled nanodiscs renders studies of integral MPs difficult.

3.2 Single-pass transmembrane helices

Single-pass transmembrane helices (TMHs) are often used to anchor soluble domains to the
external leaflet of the cell membrane or organelles. In many cases, protein-protein interactions are
regulated by a fine-tuned interaction between transmembrane helices. Since in TMHs no tertiary
structure is present, the use of (often harsh) detergent micelles, such as DPC or DHPC, does not lead
to unfolding or inhibition of relevant interactions, as has been shown e.g. for the assembly of subunits
of the influenza M2 proton channel [119] or the dimerization of glycophorin [120]. Thus, detergent
micelles are the most common membrane mimetic used for TMHs. Since the step from detergent
micelles to the preparation of bicelles is rather small, NMR structural information is also abundantly
available in this system, e.g. the complex of TMHs of the o and 3 chains of integrins [29]. In addition
to detergent-based systems, TMHs have been inserted and structurally characterized in MSP

nanodiscs. In recent years, the structure of the TMH of BelxL was investigated in DPC micelles [79]

17



and phospholipid nanodiscs assembled with MSP1D1AHS [121]. These studies showed that the
structure of BelxL-TMH is very similar in both membrane mimetics. It remains to be seen whether the
type of membrane mimetic has a significant impact on functional dynamics of TMHs. Recent data on
a TMH of an intra-membrane protease substrate in detergent micelles indicate that functional insights

can sometimes be obtained even without a bilayer membrane [122].

3.3 Membrane-anchored proteins

A more challenging MP class are tail-anchored MPs. The dilemma with these proteins is that
harsh detergents that would be suitable for solubilizing the TMH for NMR studies often unfold or
destabilize the folded soluble domain. Thus, screening for suitable detergents that preserve both parts
of the structure is very difficult. For structural studies, TMHs are usually removed, focusing on the
soluble domain only. A prominent protein family are Bcl2 proteins that regulate membrane pore
formation and subsequently the induction of apoptosis at the outer mitochondrial membrane [123]. It
has been shown that lyophilized full-length BclxL can be solubilized in DPC micelles and transferred
into phospholipid nanodiscs [79]. In DPC, the soluble domain of BclxL lacks tertiary structure, as
shown previously by NMR [7]. However, upon detergent removal during nanodisc assembly, in this
case the soluble domain folds back to its native structure, as indicated by a well-dispersed 2D-
[°N,'H]-TROSY spectrum [79]. Another example is tail-anchored cytochrome bs (Cytbs), where the
TMH binds to the soluble domain in solution. Membrane insertion can be induced by the addition of
detergent to dissociate the TMH [124]. In this detergent-bound state, it has been shown that Cytbs can
be inserted into MSP nanodiscs [125]. For other membrane attached proteins that show a high degree
of detergent sensitivity, the approach to solubilize the protein in detergent prior to nanodisc
incorporation might be more difficult, calling for a detergent-free workflow of nanodisc assembly. For
this scenario, a SortaseA-based method has been introduced for the production of full-length
membrane-anchored proteins [121]. In this strategy, BclxL-TMH is produced separately, purified in
detergent micelles and subsequently inserted into nanodiscs. The TMH in nanodiscs is then ligated in
a detergent-free environment to the soluble domain of BelxL containing a C-terminal SortaseA
recognition motif (LPXTG, X: any amino acid). In this approach, the soluble domain is never in
contact with detergents and thus adopts a well-folded state in the full-length context. This functional
feature was demonstrated by binding assays with canonical peptide ligand, which found binding
affinities very similar to those obtained for the soluble domain alone [121]. The advantage of this
approach is the possibility of segmental isotope labeling, which can be beneficial for visualizing the
TMH in the full-length protein, since its resonances usually appear in the random-coil region and
overlap with other signals originating from the soluble domain whose lines are much sharper due to
faster tumbling outside the membrane. Another benefit is the possibility of producing large amounts of
ligated protein using optimized SortaseA variants [74], a prerequisite for NMR structural studies.

Furthermore, refolding of disulfide bond-containing ectodomains, such as CD3 subunits of the T-cell
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receptor [126], for NMR is very difficult by itself. The presence of a TMH during refolding would be
detrimental for the overall refolding yields. Thus, separating refolding from membrane insertion is a

promising approach for difficult members of this protein class.

3.4 Complexes of integral and membrane associated membrane
proteins

In order to understand functional aspects of MP signaling, structural investigations of complexes
between receptors and soluble partner proteins are essential. Detergents are often too harsh to stabilize
such interactions as well as the properly folded state of the soluble part of the complex. Thus, lipid-
based membrane mimetics are in many cases better suited to performing structural studies of such
complexes in a more native-like environment. For membrane binding domains of soluble proteins, the
lipid composition can be adjusted appropriately to enable a stable and native interaction mode. Due to
their tunable size and the absence of detergent molecules, MSP nanodiscs are often used to monitor
lipid binding [127-129]. Furthermore, lipids with modified headgroups that contain a cysteine-
selective maleimide moiety can be used to produce membrane-anchored proteins, as demonstrated for
Ras proteins [130], and probe their membrane location. Incorporation of paramagnetic Gd**-labeled
lipids is an excellent tool for deriving distance information between a membrane-attached protein, or
selected parts of a MP, and the membrane surface [68, 121, 130]. MSP nanodiscs are the most suitable
membrane mimetic for studying complexes of soluble proteins with an integral MP by NMR. In
particular, MSP nanodiscs have been used to study complexes between G-proteins and GPCRs in a

native bilayer membrane environment [72, 131, 132].

4. Conclusions

In this review, we have aimed to provide a general overview of commonly used membrane mimetics,
with a focus on nanodisc systems and their use in the investigation of membrane proteins and their
complexes by solution-state NMR. Despite the fact that detergent micelles are the most commonly
used membrane mimetic, non-conventional membrane mimetics are often a better choice for probing
structural and functional features of inserted membrane proteins. The information presented herein
should enable an informed decision on what membrane mimetics might be suitable for a particular
system of interest. The overall aim is to select a membrane system that provides a functional and
native-like environment necessary for the extraction of structural and dynamical features and to be
able to study complexes with partner proteins. In addition, the homogeneity and overall size of the
final particles need to be optimized for high-resolution solution-state NMR and balanced with
functional aspects, which need to be characterized using accompanying biochemical or cell-based

assays.
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Tables

Table 1: Critical micelle concentration (cmc) and micellar molecular weights of detergents used
for NMR spectroscopy[133] and lipid solubilization for subsequent nanodisc assembly.

Detergent CMC" (mM) | Micellar Molecular Weight
Sodium cholate[55] 9-15 900-1,300
Sodium deoxycholate[134] 2-6 1,200-5,000
CTAB 1 62,000
LysoPC 0.007 92,000
CHAPS[135] 6 6,150
Octyl-f-D-glucopyranoside[136] 23-25 25,000
n-Dodecyl-f-D-Maltoside 0.15 50,000
(DDM)[137]
Digitonin[138] <0.5 70,000
Triton X-100[139] 0.2-0.9 80,000
Decyl-f-D-Maltoside (DM)[131] 1.6 33,000
LDAOQ[63] 1-2 17,000
Cymal-5 2.4-5 32,600
Cymal-6 0.56 32,000
Dodecyl-phosphocholine 1.5 19,000
(DPO)[14]
N-lauroylsarcosine[140] 14.6 600
SDS[141] 7-10 18,000

* CMC in water at 20-25 °C

Table 2. Phase transition temperatures for lipids used in membrane protein studies (derived from
the membrane protein data bank: http://www.lipidat.tcd.iec and Ref. [142]). Commonly used lipid
mixtures are DMPC/DMPG (Tw are 24 and 23 °C, respectively) and POPC/POPG (Ty, is -2 °C for

each). For these systems, handling is done at room temperature and over ice, respectively. Mixtures of
lipids with significantly different Tr, values consequently show two transition steps. Handling and

nanodisc assembly is then done at a temperature close to the T, of the major lipid component.

Lipid T (°C)
POPC -2°C
POPS 14°C
POPG -2°C
DPPC 41°C
DMPC 24°C
DMPG 23°C
DOPG -18°C
DPPC 41°C
DLPC 2°C
DOPC -17°C
DLPG -3°C
DMPS 35°C
DOPS -11°C
DOPA 4°C
DOPE -16°C
POPE 25°C
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Table 3: Pros and cons of various membrane mimetics in general and for their use in solution-

state NMR
Membrane mimetic PROs CONs
Detergent micelles e Small size e Denaturation of membrane

Large number of detergents

protein or partner protein

available e CMC needs to be
considered
Bicelles e Easy to prepare e Denaturing effect of
e Tunable size detergent component
Amphipols e Solubilization of e  Only one amphipol type is
membrane proteins commercially available
e Suitable for refolding of e Sometimes too harsh for
GPCRs maintaining complexes
MSP nanodiscs e Tunable size e Optimization of assembly

Lipid-only system
Any lipid can be
incorporated

Stable after assembly
Homogenous size

conditions can be time
consuming

Not suitable for large MP
oligomers

Dynamics of lipids affected
by protein ‘belt’

Polymer nanodiscs

Easy handling
Commercially available
Extraction of membrane
proteins from membrane is
possible without use of

Size not tunable in an easy
manner

Stability issues at low pH
and in presence of divalent
cations

detergents e Less homogenous as
e Stable compared to MSP
nanodiscs
Saposin nanodiscs e Size tunable by e Less stable than other

saposin:lipid ratio

Tight packing of Sap with
MP, small size

Open system that can adapt

nanodisc systems
Production of saposins
requires some experience
Low amount of lipids leads

to larger MPs and their to reduced NMR spectral
oligomers quality
Peptide nanodiscs e Size tunable by e Lower stability

peptide:lipid ratio
Suitable for MP oligomers

Size homogeneity lower
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Glossary

Amphipol: amphipathic polymer
ApoA-1: apolipoproteinA-1
Bicelles: bilayer micelles

bR: bacteriorhodopsin

CHAPS: 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

Cytbs: cytochrome bs

DHPC: 1,2-dihexanoyl-sn-glycero-3-phosphocholine
DIBMA: diisobuthylene/maleic acid

DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DPC: n-dodecylphosphocholine (also termed Fos-Choline-12)
GPCR: G-protein coupled receptor

LDAO: lauryldimethylamine-N-oxide

MP: membrane protein

MSP: membrane scaffold protein

OmpA: outer membrane protein A

OmpX: outer membrane protein X

RDC:s: residual dipolar couplings

r.m.s.d.: root mean square deviation

Salipro: saposin nanodisc

SapA: saposinA

SMA: styrene-maleimide copolymer

SMALP: styrene-maleimide lipid particle

SMA-QA: styrene-maleimide quaternary ammonium copolymer
TMH: transmembrane helix

TROSY: : transverse relaxation-optimized spectroscopy

33



