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in near-native environments. New and improved systems are constantly emerging, novel studies push
the perceived limits of a given carrier system, and specific carrier systems consolidate and entrench
themselves as the system of choice for particular classes of target membrane protein systems. This re-
view covers the most frequently used carrier systems for such studies and emphasises similarities and
differences between these systems as well as current trends and future directions for the field. Particular

ﬁgx{g;‘;ie protein interest is devoted to the biophysical properties and membrane mimicking ability of each system and the

Carrier system manner in which this may impact an embedded membrane protein and an eventual structural or
Nanodisc functional study.

Micelle © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

Amphiphilic polymers (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Structural and biophysical characterisation of membrane pro-
teins (MPs) remains a major challenge in biology. Under native
conditions, MPs reside in complex biological membranes, but many
experimental techniques require that MPs are isolated and purified
under solution conditions in presence of much simpler agents. This
implies that MPs must be handled in non-native environments
provided by secondary entities, here termed carrier systems, which
adds a layer of complexity to sample handling. In any experiment,
the ultimate goal will be that an MP retains its native biochemical
activity and structural stability. Given that MPs interact with their
carrier systems, the activity and stability depend on the system as a
whole, and consequently, MP experimentalists must often be ex-
perts in both MP chemistry and the carrier systems used for sta-
bilising MPs in solution.

As for soluble proteins, different MPs will generally not behave
identically under equal conditions. One MP may be stable and
active in a given detergent micelle, whereas another MP will
aggregate immediately when adding the same detergent to the
native cell membrane. This protein dependent behaviour, and the
so far unpredictable nature of the intricate relationship between an
MP and a carrier system, is a major bottleneck in studies of MPs and
makes the field highly empirical in practice. As a consequence,
several different carrier systems have been developed to circum-
vent this problem and to facilitate a wide range of experiments.

Fig. 1 provides a general overview of common classes of carrier
systems that are used for handling MPs in solution. In our pre-
sentation, we will use the term nanodisc for discoidal lipid particles
wrapped in amphiphilic molecules. However, we have chosen to
make an exception for binary detergent-lipid particles that are
historically named bicelles and not detergent nanodiscs. We note
that elsewhere, the term “native nanodisc” is used to refer to
nanodisc- or bicelle-like particles formed directly with lipids from
biological membranes [1,2]. In the context of this review, liposomes
serve a reference for evaluating the membrane-environment of an
MP (See section 5.2), and together with polymersomes [3], it re-
mains the only system for studying membrane curvature and
electrochemical potential [4]. However, because of their large size
and relatively broad size-distribution, together with an often low
abundance of MP compared to lipid, proteoliposomes are generally
not the system of choice in structural studies, albeit with the
exception that they are widely used in solid-state nuclear magnetic
resonance (NMR) [5]. Thus, in this review, we will focus on smaller,
soluble carrier systems formed with conventional, small molecule
detergents, amphiphilic polymers (APols)/copolymers, and mem-
brane scaffold protein (MSP) based nanodiscs (NDs) that are rep-
resentatives for three rather distinct classes of carrier systems. We
will focus on how various properties differ between these classes,
but also on the “grey zones” in which their properties overlap; at
the end of the day, all MP carrier systems share the most important
property that they are amphiphilic molecules, i.e. surfactants. To

avoid confusion with the literature, we use the term APol
throughout for polymers that are based on the original template
design proposed by the group of J.L. Popot [6] and the term
copolymer for more recently developed polymers with two
chemically diverse, repeating units in their backbone (Details in
Section 3). For a comprehensive review of the field, we highly
recommend J.L. Popot's book, which in detail describes historic
developments and compares the advantages of different carrier
systems, with focus on APols [7]. Our goal of this review is that the
reader will be able to appreciate the properties of different carrier
systems and thereby be successful in selecting the right carrier
system for a given application and be able to handle it for recon-
stituting MPs. Finally, we provide our perspective for future de-
velopments that will facilitate novel MP research.

2. Detergent micelles

The word surfactant is a contraction of the words surface active
agent. A surfactant is characterised by being a substance that lowers
the surface tension of the medium in which it is dissolved, and/or
the interfacial tension between the medium and other phases. In
turn a detergent is defined as a surfactant with cleaning properties
in solution [9]. While this implies that detergents are only a subset
of the broader category of surfactants, it defines a clear distinction
between detergents and other commonly encountered surfactants
in MP research labs, namely lipids. The terms detergent and sur-
factant are often used interchangeably by biochemists and bio-
physicists to describe small amphiphilic micelle-forming
molecules, whereas the term lipid is commonly used to describe
molecules forming bilayer structures with a hydrophobic interior
sandwiched between the hydrophilic headgroup region [10]. The
self-assembly of detergents into micelles displays a high degree of
cooperativity and occurs in a narrow concentration range [10—12]
(Fig. 2A). For micelle forming agents, this is referred to as the critical
micelle concentration (CMC), whereas for other surfactants, it is
preferentially termed the critical aggregation concentration (CAC),
indicating that the formed structures are not necessarily micelles.

Membrane solubilisation by surfactants is a ratio dependent
process and commonly described by a three-stage model, involving
first saturation and thereafter complete solubilisation [ 14] (Fig. 2B).
The critical ratio for membrane saturation, Rsat, signifies the actual
onset of solubilisation, whereas the critical ratio for solubilisation,
Rso1, signifies where all species are found in another environment
than the original lipid bilayer membrane. In general, surfactants
may be classified according to their surfactant and lipid vesicle-to-
micelle free energies, which are calculated from Rsa: and Rsq [8].
This classification effectively describes the main thermodynamics
involved in membrane solubilisation by structurally diverse sur-
factants, which fall into two major groups divided by some ener-
getic threshold: i.e. head-tail type detergents and facial/sterol-
based type detergents (Fig. 3). Due to their cone shaped molecu-
lar geometry, determined by the packing parameter [15], classic
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Fig. 1. Static, commonly perceived representations of carrier systems for extracting, solubilising, handling, and studying membrane proteins. This review focuses on the properties,

advantages and drawbacks, and recent developments for the systems in the top row.
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Fig. 2. Defining principles in membrane solubilisation and membrane protein stabilisation. A: Self-assembly of detergent micelles. B: Membrane solubilisation phase diagram.
Below the saturation threshold, the lipid bilayer structure is retained. Saturation of the bilayer marks the beginning of solubilisation, entering a co-existence regime with lipid
bilayers and mixed micelles present. Above the solubilisation threshold, all lipids are found in mixed micelles. Typically, biological membranes are solubilised around or above Rs;.
This principle holds for many other surfactants, and Rso and Rs,c depend on both surfactant properties and membrane composition [8]. C: Membrane protein activity and/or stability
over time. Case I represents a membrane protein solubilised in a perfectly stabilising surfactant. Cases Il and IIl are more common, where surfactants destabilise MP in a time-
dependent manner. Several factors may influence loss of stability and/or activity, including surfactant concentration/ratio, surfactant type, temperature, disassociation of co-
factors/lipids, etc. Finally, case IV represents MPs that do not tolerate removal from their native environment (with current technologies).

head-tail detergents have a modest preference for residing in mi-
celles over bilayers, whereas lipids with roughly cylindrical ge-
ometry strongly prefer to reside in bilayers. Solubilisation therefore
occurs at relatively high detergent-to-lipid ratios. On the other
hand, facial/sterol-based detergents provide a more favorable
environment for lipids, resulting in effective solubilsation at lower
detergent-to-lipid ratios. Altogether, these observations reflect that
facial/sterol-based detergents are less compatible with insertion in
lipid bilayers and that they generally support disc-like structures

that accommodate lipids better than globular micelles formed by
most head-tail detergents [8]. The strength of the ability to solu-
bilise membranes is termed detergency, which is an important
property for any kind of surfactant beyond detergents [7,8]. Typi-
cally, solubilisation of MPs from biological membranes is done
around or above Rso and with different surfactants to optimise
yields. Here, it is obviously important to consider the kinetics of
destabilisation/inactivation of the MP [16] (Fig. 2C), which depends
on a large set of parameters, including detergency. In post-
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Fig. 3. Examples of and classification of small molecule detergents with hydrophobic regions having light grey background and hydrophilic regions having light green background.
The CMC values are those reported from commercial sources and in pure water (www.sigmaaldrich.com and www.anatrace.com), except for GDN which is from Ref. [13]. We note
that the CMC of ionic detergents depends on ionic strength. As an example, the CMC of SDS decreases to around 1 mM in presence of 100 mM NaCl.

solubilisation steps, the detergent concentration is typically
reduced to around or slightly above CMC to ensure on one hand
that micelles exist, and on the other hand to minimize the presence
of excess micelles.

Head-tail detergents contain hydrophilic head-groups and hy-
drophobic tail-groups (Fig. 3). A further subdivision is typically
done to distinguish detergents based on the charge of their head-
group. Non-ionic detergents, such as n-dodecyl-g-D-maltoside
(DDM), are considered mild and are commonly used for stabilising
MPs and even MP complexes [17—19]. Ironically, for membrane
solubilisation, DDM is classified as a strong detergent (high deter-
gency) [20]. Ionic detergents are often referred to as harsh as they
in most cases deactivate MPs [17,18]. The quintessential detergent
(sodium) dodecyl sulfate (SDS) will even unfold soluble proteins
[21], and tellingly, SDS-unfolded soluble proteins can refold in DDM
or other nonionic detergents [22]. As such, the label as a mild
detergent is merely given to DDM based on empiric observations
that it better preserves MP structure and function compared to
other detergents. Zwitterionic detergents, exemplified by e.g.
dodecyl phosphocholine (DPC) and lauryldimethylaminoxid
(LDAO) (Fig. 3), are typically better at solubilising biological mem-
branes (high detergency) than nonionic detergents, and at the same
time less deactivating to MPs than ionic detergents [17,18]. In
practice, detergent screens are often applied to identify the optimal
detergent in terms of high solubilisation efficiency and homoge-
nous MP preparations (See e.g. Refs. [23—26]).

Maltose-neopentyl glucols (MNGs) is an interesting subclass of
head-tail detergents [27]. Lauryl-MNG (LMNG) is basically two

DDM molecules linked at a tertiary carbon in their tail-groups.
Notably, the CMC of LMNG is an order of magnitude lower than
for DDM, and MD simulations have shown that LMNG is more
densely packed on MPs [28]. These properties explain the stabili-
sation of inherent MP dynamics [29 as well as] thermostabilisation
of MPs in LMNG micelles [27,30], and that LMNG-stabilised MPs
may be purified in detergent-free buffers [31]. Glyco-diosgenin
(GDN) is likewise part of an interesting subclass with steroid-
based tail-groups and maltoside-head groups [13]. GDN is a syn-
thetic analogue of digitonin and both are used increasingly in
structural studies of MPs, especially of eukaryotic origin [32].

Facial/sterol-based detergents form a distinct class, often
referred to as facial amphiphiles (FA) [33,34]. As illustrated for three
examples, a central, hydrophobic sterol-moiety is decorated on one
side with polar groups (Fig. 3). Due to the facial character, these
detergents are not expected to form standard micelles. Indeed,
cholate, as an example, likely forms either dimers or small as-
semblies of dimers [35], and the detergent:MP ratio was only 37:1
for FA-1 compared to 219:1 for undecyl-3-D-maltoside (UDM)
bound to the MP MsbA [33].

Certain types of detergents are compatible with the formation of
discoidal lipid particles, called bicelles [36—39]. With their discoi-
dal patch of lipid bilayer, bicelles bridge detergent micelles and
liposomes. Bicelles spontaneously form when mixing certain long-
chain lipids with detergents or short-chain phosphatidylcholines
(PCs), such as 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC), under the right conditions [40]. The mixture of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and DHPC has
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been the most popular choice for bicelle formation [38]. DMPC
lipids form a central bilayer stabilised on the rim by DHPC that
effectively functions as a detergent [41]. Facial detergents, in
particular 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-
1-propanesulfonate (CHAPSO), and more complex versions derived
from cholate have also been proven well-suited for generation of
stable bicelles [37,42]. The size of a bicelle is tuned by the ratio, q, of
lipid:detergent. Importantly, only above a certain value of q, lipids
and detergents are segregated spatially into an actual bicelle
structure, whereas at low q, the system behaves rather as mixed
micelles [43]. Bicelle formation is analogous to the formation of a
range of other systems, including peptide-based nanodiscs and
APol/copolymer-based nanodiscs (See Section 3).

The number of available detergents far exceeds what we are able
to cover within the scope of this review. We note that detergents
with extreme properties exist, especially fluorinated detergents
that indeed form micelles in solution, but have extremely low
detergency [7,8,44,45]. Furthermore, lipopeptides and peptergents
have detergent-like characteristics (Fig. 1). Lipopeptides are alkyl-
modified peptides that form micellar structures in solution and
can be used to stabilise MPs with a cylindrical packing of the alkyl-
tails towards the MP, making a structural interface resembling that
of lipid tails in a bilayer [46,47]. a-helical lipopeptides are pre-
dominant [46—48] and only a single study has reported on §-strand
lipopeptides for MP stabilisation [49]. Lipopeptides have not been
used for direct solubilisation of MPs, seemingly because synthesis is
expensive [47]. Detergent-like peptides, or peptergents, consist of
repeating copies of hydrophobic amino acids and a terminal hy-
drophilic amino acid [50]. For peptergents, there are mixed reports
regarding their ability to directly solubilise MPs, but they tend to
improve the thermostability of MPs over detergents [50,51].

2.1. General advantages and drawbacks

Recent meta-data reviews highlight the importance of detergent
micelles that remain the dominantly used carrier system in MP
structural biology [32,52]. This reflects the versatility of detergent
micelles, especially those that are able to effectively solubilise cell
membranes to extract MPs, and not least that a wealth of different
detergent types are commercially available in a high purity. De-
tergents are small molecules, and they will decorate the hydro-
phobic surface of an MP in a quite adaptable fashion; the detergent-
to-MP ratio depends on the size of the MP [53]. In other words,
many detergents are straight-forward to use.

In purification of MPs, protocols often utilise detergent con-
centrations well above the CMC to fully ensure that micelles are
formed. One, if not the, main disadvantage of detergents is the
presence of excess micelles that will compete for binding hydro-
phobic or amphiphilic molecules. This phenomenon has been
termed the “hydrophobic sink” effect [44,54], and it will eventually
lead to stripping of functionally relevant lipids or protein-partners
from the MP of interest. The rate by which this happens naturally
depends on the properties of the used detergent.

The micelle structure is another disadvantage, at least for head-
tail detergents. The packing of hydrophobic tail-groups in a micelle
does not resemble the packing of hydrophobic tails in the lipid
bilayer of a cell membrane. Consequently, micelles do not exert a
membrane-like lateral pressure on incorporated MPs, which might
be important for e.g. mechano-sensitive channels [55]. The poten-
tially destabilising effect of micelles may be alleviated by addition
of exogenous lipids during MP purification. Recently, a group of
researchers developed a high-throughput screen to identify such
MP stabilising lipids [56]. A common stabiliser is the cholesterol
analogue cholesterol hemisuccinate (CHS) (Fig. 3), which has been
included in a substantial amount of MP preparations leading to
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high-resolution structures [32,52]. The beneficial effect of CHS has
both been attributed to direct stabilising MP interactions and/or a
more general remodelling of the overall micelle shape [57].

It is commonly observed that MPs possess low stability, espe-
cially thermostability, in detergent micelles formed by conven-
tional detergents. In the specific case of alkyl PC detergents, (-
barrel MPs are typically quite stable, whereas a-helical MPs are
typically more dynamic in micelles than in their native cell mem-
brane environment [58]. These properties of DPC stabilised MPs are
of major concern in detergent screeing efforts, as clearly, MP ac-
tivity is not correlated to maximum solubilisation and MP homo-
geneity. Increased structural dynamics can lead to unfolding events
that promote aggregation, and this phenomenon reflects the dy-
namic properties of micelles, as indicated by temperature depen-
dent CMCs and solubilsation efficiencies [59].

2.2. Recent developments

In a series of developments following the successes of LMNG
[27], the lab of Pil Seok Chae and colleagues have synthesised and
characterised branched detergents [60—65]. More specifically,
these studies have aimed to investigate the effects of asymmetry in
MNG detergents [60], head-group variation in monosaccharaide-
cored glycoside detergents [61], variation of pendant chains of
glucose-neopentyl glycol detergents [62], position of ether-linkages
in tetra-glucoside detergents [63], pendant chain polarity in con-
formationally flexible maltoside-based detergents [64], and fold-
able maltoside detergents [65]. Notably, all of these studies have
used equal or very similar experimental pipelines, i.e. the same MPs
for characterisation, using the same techniques, which provides a
solid basis for comparison of the different detergents. In all cases,
the novel detergents were analysed for the solublisation and sta-
bilisation of MPs compared to the gold standard DDM and either
LMNG or n-octyl-8-D-glucoside (OG), and it was found that all
design strategies could lead to improved MP stabilisation. As
exemplified throughout for the melibiose transporter MelB, sol-
ubilisation efficiency was generally compromised compared to
DDM at 0 °C. However, for many of the novel detergents, solubili-
sation efficiency was equal or better than DDM at 45 °C, whereas at
55 °C, where DDM solubilisation was almost none, a few novel
detergents were still able to extract moderate amounts of MP. The
most pronounced improvement in stability of the two GPCRs AR
and MOR was observed in the conformationally flexible detergent
M-GTM-012, where antagonist binding was effectively unaltered
over the course of three to five days with incubation at room
temperature [64]. M-GTM-012, and other highly similar detergents
in that study, have relatively low CMCs and small aggregate sizes,
which support the explanation that improved stability of MPs is a
result of a high hydrophobic density in the proteomicelle [28,62].
Altogether, these novel design strategies were aimed at pin-
pointing the key parameters to optimise in future synthesis stra-
tegies of MP stabilising detergents. However, as pointed out,
different detergents performed better for different MPs, suggesting
that there is no “one solution fits all”. For a comprehensive over-
view of the above and other novel detergents, we refer to a recent
review [66].

In another recent development, a library of oligoglycerol de-
tergents (OGD) with modular structures was developed for fine-
tuning the properties towards different MP applications [67].
Regarding activity and stability, MP dependent effects were
observed, but in native MS, the OGDs were in general found to have
superior performance over DDM, due to being readily removed
from proteomicelles by collisional activation, and in case of basic
linkers (e.g. triazole) having the ability to reduce protein charge.
Elsewhere, catalytically cleavable detergents (CatCD) that facilitate
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complete detergent exchange were designed on a template
resembling the structure of DDM [68]. A single CatCD (CatCD-1)
was found to solubilise MsbA from E. coli membranes with com-
parable yields to LMNG and UDM. CatCD-1 solubilised MsbA was
then diluted into a range of different detergents and treated with a
catalyst that tracelessly removed CatCD-1. Finally, diglucoside (DG)
detergents were shown to solubilise both model and biological
membranes and form discoidal lipid particles [2]. Notably, the
hemifluorinated FgODG showed appealing properties, with a
comparatively stable lipid bilayer compared to copolymer nano-
discs and bicelles. A likely explanation is that the flourinated carbon
chains better segregate from the hydrocarbon lipid tails in the
discoidal structure compared to hydrogenated alternatives. Other
fluorinated detergents are emerging as viable alternatives to DDM
for extraction and improved stabilisation of MPs, including FLACS,
which is commercially available [69].

3. Amphiphilic polymers

In this section, we will focus mainly on the field of APols and
copolymers, which is seeing tremendous development towards the
isolation of MPs with native cell membrane lipids associated. Fig. 4
provides an overview of common polymers along with recent de-
velopments. While we will not go into details with all of these
polymers, the figure serves to provide an idea of the extent of which
the field is progressing in terms of chemical diversity. For more
detailed descriptions of diverse polymers, we refer to reviews
elsewhere [1,70—72]. Although all of the presented polymers here
are amphiphilic, we will follow the consensus of the literature and
use the term APol for only polymers based on the poly-acrylate
template [6], while we will use the general term copolymers for
amphiphilic polymers with two repeating units in their backbone,
such as styrene-maleic acid (SMA) and diisobutylene maleic acid
(DIBMA). Altogether, we will use the common term polymer for all
amphiphilic polymers presented here, noting that this category
does not include peptides and proteins that in principle are also
polymers.

With successful developments in novel detergents towards
densely packed hydrophobic cores and/or dampening of structural
dynamics that leads to irreversible aggregation, the hydrophobic
sink effect of excess micelles remains the major challenge to
overcome [44]. APols were designed on the idea to replace de-
tergents with a compound having such high affinity for MP hy-
drophobic surfaces that it could remain bound irrespective of free
compounds in solution along with a rather dynamic nature
allowing the adjustment to MP of different sizes [6,54]. Since the
first APols, e.g. A8-35, a wealth of other polymers have followed; of
special interest are the SMA and DIBMA copolymers that are pro-
duced easily on industrial scale (Fig. 4) [73,74]. In the common view
of these systems, the original APols are generally visualised to bind
directly to MP surfaces, whereas others are typically depicted to
form nanodisc-like particles with a central, discoidal lipid bilayer.
However, as for detergents, lipids can probably be stabilised in any
of these polymer-based systems [54]. Rather, the main difference in
performance is the ability of some polymers to solubilise lipid
membranes directly into nanodisc-like particles, which is the case
for e.g. SMA and DIBMA, but not for e.g. A8-35. In essence, these
polymers behave as facial detergents that form bicelles [8], but with
the advantage of being compatible with a wider range of lipids and
forming discoidal particles directly from cell membranes [75].
Other carrier systems share these characteristics. Amphiphilic
peptides, such as the 18 amino acid 18A can solubilise membranes
and form rather heterogenous nanodisc-like particles, termed
peptide nanodiscs [76,77]. The duplicated versions of 18A, termed
beltides [78] or NSP, [79] (reversed sequence), may also form
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nanodisc-like particles or bind directly to the surface of an MP
(peptidisc).

SMA is a copolymer synthesised from styrene and maleic an-
hydride followed by hydrolysis [75]. The copolymer has wide ap-
plications in industry and science [80], but its applicability for
stabilising MPs was first explored a decade ago [73]. SMA and other
related copolymers, such as DIBMA, styrene-maleimide (SMI), and
zwitter-ionic SMA (zSMA) are capable of directly solubilising lipid
bilayers, both synthetic and native, producing discoidal lipid par-
ticles (SMALP, DIBMALP, SMILP, and zSMALP respectively)
[74,80,81]. Thus, MPs can be extracted from biological membranes
together with their native environment without the aid of other
detergents [73,75], and the resulting lipoprotein particles have
consequently been called native nanodiscs [82]. The use of SMALP
and derivatives for MP handling has been reviewed elsewhere (see
e.g. Refs. [72,75,83—85]).

The most common SMA copolymers are termed SMA(3:1) or
SMA(2:1) given their ratio of styrene to maleic acid groups [75]. The
average molecular weight of SMA copolymers used in studies of
MPs has ranged from 7.5 kDa to 10 kDa [75], while the more
recently explored DIBMA is larger and has an average molecular
weight of 37 kDa [74]. SMALPs have been widely studied by elec-
tron microscopy (EM) and have been found to have an average
diameter of 13 nm [86], whereas DIBMALPs are accordingly larger
at approximately 18 nm [74]. For zZSMA, the average diameter of
zSMALPs was shown to be proportional to the molecular weight of
the polymer, albeit also with drastically increasing size poly-
dispersity [87]. A detailed structural description of SMALPs
(SMA(2:1)) was pursued by small-angle neutron scattering (SANS),
but the proposed discoidal core-shell model did not fit the data well
[88]. In a more recent report, SMILPS formed with varying lipid
ratios were analysed by small-angle X-ray scattering (SAXS) [81]:
decent fits were obtained using a rather complex model including
both a polydisperse bicelle model and a polydisperse ellipsoidal
model. Finally, SMALPs (SMA(3:1) formed with different lipids
DMPC and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC)) were analysed in detail by SAXS, with the best fits ob-
tained from a model describing nanodisc-like particles with addi-
tional polymers inserted in the central bilayer [89]. As such, the
structure of copolymer-based nanodiscs resemble the characteris-
tics of bicelles and peptide nanodiscs that are rather polydisperse
[76,78]. Finally, the size of copolymer-based nanodiscs, as well as
peptide nanodiscs, can be controlled by the ratio of lipid to sur-
factant (q), analogously to the formation of bicelles. Large, so-called
macrodiscs with diameters around 50 nm can form at least with
synthetic, well-defined lipid composition, typically based on DMPC
[90—92]. As expected, the longer SMA(3:1) formed macrodiscs at a
high q (q =49.1), whereas the shorter SMA(2:1) formed macrodiscs
at relatively lower q (q = 27.7), and it was further noted that
macrodisc formation was a very slow process [92]. For comparison,
the typical molar ratio is roughly q = 2 for SMA(2:1) to efficiently
solubilise cell membranes over 2 h [93], while detailed structural
studies revealed that also for SMA(3:1), q = 2 was required for
complete solubilisation of DMPC liposomes into small nanodisc-
like particles [89].

3.1. General advantages and drawbacks

SMA and later a wide range of other polymers are heralded for the
“detergent-free” purification of MPs directly from cell membranes
into stable discoidal lipid particles. This phrasing is somewhat
delusive, given that these polymers behave like detergents from a
biophysical point of view [8]. Rather, the advantage over traditional
detergents comes from the elimination of the “hydrophobic sink”:
after solubilisation of cell membranes, chromatographic purification
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functional groups will be randomly distributed along the polymer.

steps may be carried out in polymer-free buffer. Furthermore,
polymer-based nanodiscs have comparatively high colloidal stability,
tolerating in some cases up to around 60 °C [94], whereas bicelle
morphology is sensitive to environmental effects, including tem-
perature, hydration level, and ionic strength [36,95,96].

The synthesis of polymers presents advantages as well as
drawbacks. On one hand, synthesis is rather simple and easily
scaled up to large quantities [75,97]. On the other hand, free-radical
polymerisation reactions are somewhat random by nature, result-
ing in polydisperse products. Reversible addition-fragmentation
chain transfer (RAFT) synthesis is a more controlled variation of
standard free radical polymerisation, which accordingly yields
more homogenous products with low molar mass dispersity and
more consistent “runs” of monomers [97,98] (Fig. 4). Finally, func-
tionalisation of polymers is often achieved by grafting of chemical
groups. In case of adding multiple reactive groups, pendant chains
may be grafted randomly along the backbone, as is typically the
case for e.g. poly-acrylate templates. Altogether, batch variation

may arise, and note should be taken that polymers obtained from
different sources may differ in their ability to solubilise membranes
[99,100].

While RAFT synthesis yields relatively homogenous copolymers,
it has to be noted that polymer length is a crucial parameter. For
SMA, it has been shown that short/low MW species are much more
efficient for solubilising membranes than long species [101].
Conversely, lipid particles formed with the short species are highly
dynamic and do not even contain a discoidal lipid bilayer. Seem-
ingly, there is a trade-off between the need for short SMA to sol-
ubilise membranes and long SMA to stabilise discoidal lipid
particles. Perhaps, the actual mix of short and long species is the
explanation for the successful generation of SMALPs that resemble
nanodiscs: small species solubilise membranes and are gradually
exchanged by longer species providing stability. Furthermore, short
species are likely the first to disassociate from lipid particles and get
separated during chromatographic purification [101]. Similar ef-
fects were observed for the DIBMA polymer, albeit that below some
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critical polymer length, solubilisation was not achieved [102].

In general, polymer-based nanodiscs are quite dynamic particles
that exchange both lipids and polymer components [103]. This
enables further applications such as the formation of liposomes
[75] and could potentially be extended to the formation of sup-
ported lipid bilayers (SLBs), as is the case for bicelles and 18A
peptide nanodiscs [104,105]. Notably, these peptide nanodiscs
appeared to have limited stability for MP purification, as visualised
by fast growth in particle size and eventual aggregation upon
exposure to room temperature during or after size-exclusion
chromatrography (SEC) purification in absence of excess peptide
[76]. However, this could be exploited in peptide nanodisc medi-
ated formation of SLBs, as peptides were efficiently removed from
the solid support, resulting in lipid bilayers with high surface
coverage and oriented MPs [105]. Formation of SLBs opens up an
entire new venue of experimental techniques, including atomic
force microscopy and X-ray and neutron reflectrometry. The length
and hydrophobicity, among other properties, of polymers influence
key parameters such as solubilisation efficiency, particle stability
and homogeneity, and lipid exchange dynamics [86,87,94,106,107].
In MP solubilisation, co-extracted lipids in polymer nanodiscs are
native and may be functionally relevant, but intuitively, polymers
that are efficient solubilisers will likely not form particles con-
taining more than tightly bound annular lipids surrounding the MP.

So far, the SMA(2:1) is the most widely used copolymer for
forming so-called “native nanodiscs”. This copolymer has some
important limitations, including a low tolerance to divalent ions,
insolubility at acidic pH, and strong UV absorption, and it performs
best at room temperature or above [93]. Some of these limitations
are overcome by other copolymers, such as DIBMA [74] or by
different functionalisation of the SMAnh polymer, e.g. the case for
the cationic SMI [81] and zwitter-ionic zSMA [87]. Interestingly,
despite sharing the maleic acid units as a building block, divalent
metal ions were found to impair membrane solubilisation by SMA
[93], but to accelerate membrane solubilisation by DIBMA [106].

3.2. Recent developments

The development of new polymers takes place at high pace. A
major reason for this is the commercial availability of e.g. the SMA
precursor styrene maleic anhydride (SMAnh, for example
SMA2000) that can be functionalised using different small chem-
icals to produce polymers with different properties. As such, vari-
ations in pendant chains constitute the major design strategy being
pursued, which has led to the development of polymer libraries,
such as the SMA-derivative library [107] and the native cell mem-
brane nanoparticles (NCMN) library [84,108,109]. Rather confusing,
it has been proposed that a NCMN has different properties from a
SMALP [84], although SMALPs formed from cell membranes are
indeed a subset of the NCMN library. The same goes for e.g. SMILPs
that are also obtained from the common SMAnh precursor [81].
Altogether, the polymer field resembles that of conventional de-
tergents, where it is well acknowledged that there is no “one so-
lution fits all”. Rather, polymers encompassing different properties
are continuously developed to serve specific purposes, which en-
ables polymer screens, much as we know it from detergent screens.
Concomitant with this development are the detailed studies of
polymer biophysical properties, as reviewed recently [72]. These
are of high importance for establishing generalised and specific
protocols that will facilitate the general use of polymers in MP
research. Noteworthy, two SMA preparations of the MP AcrB
resulted in cryo-EM structures with markedly different character-
istics [84]: first, a 8.8 A resolution structure with no visible lipids
[110], and more recently a 3.2 A resolution structure with more
than 30 lipids visible [ 108]. Despite the possibility of batch variation

Biochimie xxx (XXxx) Xxx

in the utilised SMA polymer, the only main difference in their
protocols appeared to be the inclusion of a SEC purification step
after affinity chromatography for the 8.8 A structure [110], whereas
the 3.2 A structure was obtained from a grid prepared directly after
the affinity chromatography step [108]. This could suggest that
SMA, much like conventional detergents, form dynamic entities
capable of e.g. stripping lipids during extended purification steps.

The group of Sandro Keller and colleagues has established an
experimental pipeline for thoroughly characterising the biophysical
properties of polymers and polymer lipid particles. As illustrated by
their recent work on glyco-DIBMA, polymer-based nanodiscs were
systematically characterised by a battery of methods, always in
relation to the polymer:lipid ratio, which dictates the phase dia-
gram of the system according to the critical ratios Rsa and Rso) [94].
Polymer-based nanodiscs were studied in terms of average diam-
eter and polydispersity (dynamic light scattering and SEC),
corroborated by elecron-miscroscopy (EM) to confirm nanodisc
formation. Two additional biophysical measurements provided
additional insight to the properties of these systems, that is dif-
ferential scanning calorimetry (DSC) probing the thermotropic
phase transition of DMPC-lipids and time-resolved Forster reso-
nance energy transfer (FRET) probing lipid exchange dynamics.
Later, we will compare such measurements between different
carrier systems (Section 5.1 and Fig. 7), which are telling for the
lipid bilayer integrity in common carrier systems. In the specific
case of glyco-DIBMA, this polymer was developed to improve the
performance of aliphatic copolymers, such as DIBMA, in terms of
membrane solubilisation at physiological conditions, and to reduce
charge density to improve tolerance to divalent cations and acidic
pH. Compared to DIBMA, glyco-DIBMA indeed showed improved
membrane solubilisation, and furthermore, it formed nanodisc-like
lipid particles with a narrower size distribution.

In another recent development, novel cycloalkane modified APols
(CyclApol) were shown to efficiently extract MPs into stable particles
[111]. Like A8-35, CyclAPols are poly-acrylate based, and functional-
isation with cycloalkanes instead of aliphatic chains was the key
driver for the improved properties. The CyclAPol showed similar
extraction efficiency for the MP bacteriorhodopsin (BR) in DMPC-
fused purple membranes as compared to SMA(3:1), but BR showed
much higher thermal and temporal stability in the CyclAPol extracted
form. More recent work has suggested that CyclAPols can extract MPs
at much lower concentrations than other types of polymers [112].

Until now, we have only considered polymers obtained from
chemical synthesis. Recently, naturally extracted oligosaccharides,
inulin, functionalised with hydrophobic pendant chains (Fig. 4)
were reported as the first non-ionic polymers to solubilise mem-
branes efficiently and form nanodiscs [113]. Being nonionic, the
inulin-based polymer tolerated a wide range of pH and concen-
trations of divalent metal ions. Furthermore, the membrane sol-
ubilisation efficiency proved better than synthetic SMA-derivatives
and was on par with the gold standard detergent, DDM. The degree
of substituion, i.e. the extent of functionalisation with hydrophobic
groups, was critical to balance in order to achieve efficient mem-
brane solubilisation and at the same time keep the polymer soluble
in aqueous solution. Thus, this study provided insights to guide
future developments in nonionic polymers. However, we note that
further experiments are required to establish the ability of inulin-
based polymers to isolate and stabilise functional MPs.

Ultimately, the polymer-based toolbox is rapidly expanding, and
based on recent developments highlighting beneficial side groups,
synthesis-strategies, etc., even more and specialised polymers are
expected to be devised in the near future. Thus, much like for
chemically diverse conventional detergents, we can expect to see
the availability of commercial polymer-screens that will improve
the success rate and facilitate MP specific extraction.
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4. MSP nanodiscs

So far, we have considered dynamic surfactants that self-
assemble into well-ordered, albeit rather polydisperse, com-
plexes. A key attribute of those systems is that they are adaptable,
meaning that they can accommodate MPs of different sizes and that
the diameter of nanodiscs/bicelles depend on the lipid:surfactant
ratio. With long surfactants, at least the latter characteristic dis-
appears. Instead, the diameter of discoidal lipid particles becomes
dictated by the length of the surfactant. This is the case for MSP
nanodiscs as well as DNA-encircled lipid bilayers (DEBs)/DNA-
corralled nanodiscs (DCNDs) (Fig. 1). In this section, we will focus
on MSP nanodiscs that are ultimately well-studied, whereas DEBs
will be mainly discussed in terms of recent developments. Finally,
we also introduce the saposin-lipoprotein nanoparticle system
(Salipro), which shares some characteristics with MSP nanodiscs,
including that saposin, like MSPs, is a protein.

Apo-Al is the major constituent in high-density lipoproteins in
the human reverse cholesterol transport system [114,115] and has
been shown to form discoidal particles with lipids in solution
[116,117]. MSP nanodiscs are discoidal particles made with
amphiphilic MSPs that are derivatives of Apo-Al to comprise only
its lipid-binding helical-repeat domain [118]. The MSP nanodisc
field has produced an overwhelming number of structural and
functional studies, as reviewed several times by Stephen Sligar's
group (see e.g. Refs. [119—121] and others [122]). Furthermore,
recent analyses of an MP database revealed a steady increase in
cryo-EM structures of MPs stabilised in nanodiscs [32,52].

The most utilised MSP for generation of nanodiscs has been the
so-called MSP1D1 (overview of common MSPs is provided in Fig. 5).
MSP1D1 was directly derived from human Apo-A1 by truncation of
the 110 amino acid N-terminal domain as well as 11 extra residues
from the first helix shown not to be involved in lipid binding [123].
MSP1D1-based nanodiscs have a slightly elliptical cross-section of
roughly 10 nm in diameter [124]. Another popular MSP was
generated from insertion of three extra helices inside MSP1D1,
yielding the construct MSP1E3D1, which lead to nanodiscs of
roughly 13 nm in diameter [123]. Truncated MSP1D1 constructs
form smaller nanodiscs, for instance MSP1D1AH5, which yields
nanodiscs of roughly 9 nm in diameter that are just small enough to
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be compatible with solution state NMR (sNMR) [125]. Because of
this, MSP1D1AH5 nanodiscs facilitated the first high-resolution
structure of a nanodisc as determined in a recent NMR-based
study [126]. This structure showed that each nanodisc contained
two MSPs oriented as anti-parallel belts, laying orthogonal to the
bilayer normal, and surrounding a central lipid bilayes. Further-
more, the two copies of the MSPs were stabilised by specific ionic
interactions between side chains [126]. In terms of size, the crea-
tion of very short and very long MSP constructs have revealed
limitations and provided indirect insight to stability and/or flexi-
bility of the nanodisc system as a lipid carrier system. MSP trun-
cations, MSP1D1AH4H5H6 and MSP1D1AH4H5 yield nanodiscs
with only 10 to 20 DMPC lipids inside that are unstable and tend to
form larger particles than expected as well as increasing in size over
time [125]. MSP repeats, such as MSP2N2, form large, but relatively
polydisperse nanodiscs [127], suggesting a high flexibility towards
the number of lipids loaded. Notably, MSP2N2 is the most widely
used MSP for cryo-EM studies [52], and it turns out that MP
incorporation aids to forming rather homogenous particles as
opposed to such large nanodiscs containing only lipids inside.

MSPs are typically expressed in high yield in E. coli with reported
levels of about 250 mg per liter bacterial culture [118] and relatively
straight forward purification procedures are well established [128].
The crystal structure of a truncated Apo-A1 shows that MSP alone
likely folds on itself or in dimers in solution to shield hydrophobic
regions [129]. In our experience, the yield of MSP varies between
different constructs. The short MSP1D1AHS5 yields roughly 50 mg
per liter culture (shake flask and TB medium), whereas MSP1D1
and MSP1E3D1 yield in the range of 100 mg—150 mg per liter
culture.

Compared to other soluble, small carrier systems, the MSP
nanodisc is unique in not being an equilibrium particle. DSC ex-
periments on MSP-DMPC nanodiscs yielded a broad transition due
to uneven packing of lipids inside, but after being heated to high
temperature, the transition became sharp and reminiscent to that
of pure DMPC bilayers, suggesting that the nanodisc structure
disintegrated and formed larger, lipid-rich particles [130]. As such,
MSP nanodisc assembly, occurring when the detergent component
is removed from a mix of lipids, MSP and detergent, is a kinetically
trapped out-of-equilibrium process that does not reach a global
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energy minimum [131]. Accordingly, MSP nanodiscs are stable
particles with no exchange of the MSP with neither the solution nor
other nanodiscs. While kinetically trapped, MSP nanodisc forma-
tion is thermodynamically reversible and controllable via the
removal and reintroduction of detergent [132].

The nanodisc circumference is proportional to the length of the
MSP [123,127]. Thus, by tuning the length of the MSP, the space
available in the nanodisc can be controlled for incorporation of MPs
in a controlled oligomeric state [133]. Another consequence is that
nanodiscs have a maximum loading capacity for lipids [123]. This
effect was studied systematically for MSP1D1 nanodiscs, finding an
optimal POPC:MSP stoichiometry of approximately 70:1 [131].
Starting from a stoichiometry well below this resulted in lipid-poor
and more elliptical nanodiscs, whereas starting well above it
resulted in the formation of nanodiscs alongside larger undefined
particles. Thus, the lipid:MSP stoichiometry is often optimised to
ensure that nanodisc are made at this maximum capacity
[118,123,127]. The type of detergent used for nanodisc reconstitu-
tion is critical. Facial detergents, especially cholate, facilitate the
formation of homogenous nanodiscs with maximal lipid loading,
whereas other common detergents, such as DDM, yields lipid-poor
nanodiscs [131]. To insert an MP into nanodiscs, a detergent solu-
bilised MP is added to the initial mix of MSP and detergent solu-
bilised lipids. As such, detergent compatibility is two-fold in that it
has to stabilise the MP and be compatible with proper nanodisc
formation. We have introduced the notions of storage detergent for
the former, and reconstitution detergent for the latter [131].
Notably, a mixture of DDM and cholate as reconstitution detergents
results in nanodisc formation with high efficiency, which mimics
the reconstitution of a DDM stabilised MP into nanodiscs formed
from cholate solubilised lipids [131,134].

In a more rare approach, MPs can be inserted into nanodiscs
directly from detergent solubilised cell membranes [135—139] or
whole cells [140]. Furthermore, a single study has showcased the
ability to form nanodiscs from MSP and triblock-polymers, which
had comparatively higher long-term stability to phospholipid
nanodiscs without compromising MP activity [85,141]. Finally,
other amphiphilic proteins can be used for nanodisc formation, e.g.
a-synuclein which has been shown to form nanodiscs with
improved properties for reconstituting negatively charged lipids
compared to MSP nanodiscs [142].

4.1. General advantages and drawbacks

Unlike the dynamic systems presented so far, MSP nanodiscs are
restricted in size by the encircling protein belt. Thus, they are
controllable in size and highly homogenous compared to other
carrier systems. The kinetically trapped structure of the nanodiscs
is highly stable and tolerates a wide range of experimental condi-
tions, making them applicable to most biochemical, biophysical,
and structural techniques [119—121]. The well-defined stoichiom-
etry and size of nanodiscs allow control of e.g. MP oligomeric state
[128,133] and the well-defined bilayer patch can serve as interac-
tion surface for intra/extracellular lipid-binding MP domains, pe-
ripheral MPs, or MP interaction partners.

In cryo-EM, in silico purification refers to high quality particle
reconstruction from a heterogeneous sample, either in terms of
composition [139] or conformation [144], suggesting that particle
homogeneity is not a prerequisite for this method per se. Yet, for
lipid containing systems, the well-defined, single-particle nature of
the MSP nanodisc has been heralded as a major advantage [145].
Other structural methods are more sensitive to homogeneity, as
indicated for solution state NMR by the improved resolution of MP
spectra obtained in circularised nanodiscs compared to standard
nanodiscs [133,146]. Furthermore, SAXS and SANS techniques are
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notoriously sensitive to size and shape polydispersity, and here,
carrier systems with well-defined stoichiometry and shape are
critical for increasing structural resolution and improving model
robustness, as exemplified for the detailed analysis of bacterio-
rhodopsin (BR) and proteorhodopsin inside nanodiscs [147,148].
Altogether, MSP nanodiscs are compatible with most biophysical
and structural techniques.

The main problem for MSP nanodiscs is the rather limited un-
derstanding of the biophysics of the assembly process. Several
components, i.e. the MSP, the MP, lipids, and detergents must be
carefully optimised in terms of properties and ratios to form these
small particles. Although systematic studies on the assembly of MP-
free nanodiscs exist [131], functional MP reconstitution can in most
cases not be directly extrapolated due to the extra hydrophobic
interface introduced by the addition of an MP. Furthermore, the MP
storage detergent should be taken into account in the reconstitu-
tion. Hitherto, insertion of MPs into MSP nanodiscs remains a trial-
and-error process that requires careful optimisation of conditions
and with a rather high sample consumption. Efforts have been
made to alleviate this, for instance by utilising microfluidics to form
nanodiscs at different conditions and in small volumes to facilitate
screening of conditions [149]. Still, nanodiscs are formed by
detergent-mediated assembly, which ultimately requires expertise
in handling an MP in detergent prior to attempting nanodisc
reconstitution. Thus, obtaining homogenous samples of MPs in
MSP nanodiscs represent a relatively difficult task compared to
dynamic systems that self-assemble into defined aggregates.

4.2. Recent developments

The stability and homogeneity of MSP nanodiscs was improved
by the introduction of circularised MSPs (cMSP) [133]. Circularisa-
tion refers to covalent linkage of the MSP's N- and C-termini (Fig. 5),
which can be achieved by a number of methods, including sortase-
mediated ligation [133,143,150], split-intein mediated ligation
[146], and SpyCatcher mediated ligation [151]. In addition, we
developed circularised supercharged MSPs (csMSPs) with
solubility-increasing mutations, forming csMSP nanodiscs (csND)
[143] (Fig. 5). These mutations were devised to prevent nanodisc
aggregation in Dy0-based buffers used for SANS experiments.
Similar improvements were recently described for nanodiscs with
high content of negatively charged lipids [152]. The improvement
in homogeneity for circularised nanodiscs ranging up to 11 nm in
diameter has been observed by electron microscopy [133,146].
However, for MSP1E3D1-based nanodiscs, we observed no signif-
icant improvement in homogeneity from circularisation using SAXS
[143], which reflects that nanodisc flexibility increases with size
and that non-circularised supercharged nanodiscs are already ho-
mogenous. A notable benefit of circularisation is that long, circu-
larised MSPs form fairly homogenous nanodiscs even without MPs
loaded inside, which range from 50 nm to 100 nm in diameter and
are compatible with studying e.g. viral entry on a membrane sur-
face [133,153] and fusion pore formation with liposomes [151].

Both circularisation and supercharging of the MSPs have sta-
bilising effects on the nanodisc structure [143] (Fig. 5). However, we
observed that cholate-assisted assembly of nanodiscs with
sMSP1D1AH5 and sMSP1D1 and POPC lipids resulted in multiple
peaks in the SEC purification [134]. This was to some degree cir-
cumvented by circularisation, but ultimately, the best conditions
were achieved by reconstituting with a mixture of cholate and
DDM, which presumably alleviated charge repulsions between the
sMSPs and the anionic cholate. Of note, however, assembly with
DMPC lipids instead of POPC posed no problems for the sMSP1D1
using the standard-cholate assisted formation [154], suggesting
lipid-dependent effects. In line with this, we note that MSP
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nanodiscs formed with DOPC tend to be unstable and form larger
lipid-MSP species over time [155]. Altogether, these effects provide
another view on why MSP nanodisc formation is considered tech-
nically challenging: there are several parameters to optimise for all
components, including detergent type, MSP length, lipid-type, and
detergent:lipid:MP:MSP ratios. We note that despite possessing
additional negative charges, our csNDs are compatible with incor-
poration of negatively charged phospholipids, as demonstrated in
studies of Tissue Factor and its interaction with blood coagulation
factors [156].

Finally, it was recently shown that MSPs can stabilise MPs in
solution without incorporating lipids [157]. In this study, detergent
was exchanged for MSP, which yielded homogenous preparations
of two different MPs, OprM and MexB, suitable for negative stain
EM and cryo-EM, respectively. In our own studies, we have
observed that even csMSP can stabilise the Mg?* channel CorA
directly without exogenous lipids added [158]. While the presence
of lipids is desired in many applications, this direct stabilisation
resembles that obtained with e.g. APols and amphipathic peptides,
which in turn are widely popular systems for handling MPs.

4.2.1. DNA-based nanodiscs

Alongside the development of large, circularised MSP nanodiscs,
DNA scaffolds are emerging as an alternative tool [159—161]. In one
approach, a 147 nucleotide (nt) oligonucleotide was circularised
and hybridised to seven 21 nt alkylated oligonucleotides to produce
a so-called double-stranded DNA minicircle (dsMC) that formed
DEBs at an optimised lipid ratio of 450 DMPC per dsMC using
detergent assisted assembly and corresponding to a nanodisc
diameter of roughly 16 nm [159]. Further biophysical investigations
and studies on MP incorporation and activity inside DEBs are
warranted to fully establish the potential of this system. In another
approach, the goal was to form nanodiscs larger than the apparent
size limitation around 50 nm for MSP based circularised nanodiscs
[160]. Using DNA origami design, DNA barrels with 60 nm or 90 nm
in outer diameter were created to form DCNDs. Rather than binding
directly to lipids, the DNA barrels were decorated with 11 nm MSP
nanodiscs through binding of single-stranded DNA handles present
on both the MSP nanodiscs and the DNA barrel. Upon addition of
excess detergent solubilised lipids and subsequent dialysis, the
DCNDs constituted a single, large lipid bilayer with a diameter of
~40 nm or ~70 nm. Such large diameter nanodiscs allowed the
formation and visualisation of large MP complexes and clusters
inside a lipid bilayer as well as visualisation of poliovirus in-
teractions with a partner protein mediated by the lipid bilayer.
Further elaborate DNA origami designs were devised to build
various DNA-tethered nanodiscs (DNDs) as well as building spatial
arrangements of DNDs [162]. This proof of concept highlights the
precise programmable nature of DNA nanostructures, which could
facilitate future studies on MPs residing in different lipids bilayers
spatially arranged with e.g. a well-defined distance apart.

4.2.2. Salipro

Finally, we note that MP reconstitution in Salipro is typically
achieved by similar protocols to MSP nanodiscs [163]. Salipro par-
ticles are formed with saposin-like proteins [164], commonly sap-
osin A (SapA), which contains three disulfide bridges that stabilise
its overall helix-turn-helix structure [165]. Free in solution and at
neutral pH, SapA is a soluble and compact protein with a hydro-
phobic core, but at pH 4.8, the protein is only soluble in the pres-
ence of lipids, likely because it partially unfolds and expose
hydrophobic residues [165,166]. SapA can form soluble salipro
particles down to sizes of about 3.2 nm in diameter when mixed
with liposomes [165]. For the typical detergent-assisted reconsti-
tution of salipro particles, increasing the lipid:SapA ratio leads to
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larger, but also somewhat polydisperse particles [166]. The stabil-
ity, size, and stoichiometry of Salipro are pH-dependent, producing
small but stable assemblies at pH 4.8, but larger and more unstable
assemblies at neutral pH [167]. Salipro can adapt in size to the
incorporated MP, using the MP and a layer or two of lipids around as
scaffold to make a compact assembly [163,168]. As such, the particle
characteristics of salipro are reminiscent of both APols/polymers
(dynamic and adaptable) and MSP nanodiscs (require detergents in
formulation). Interestingly, a method for extraction of MPs from
crude cell membranes into salipro, DirectMX, was recently pub-
lished and shown feasible for two human MPs: a solute carrier
family (SLC) 1 transporter and an undisclosed GPCR [169]. The key
to successful reconstitution was membrane solubilisation with the
mild detergent digitonin (See section 2), albeit at a relatively high
molar ratio. After adding SapA to the solubilised membranes, af-
finity chromatography and SEC were carried out in detergent-free
buffer, rendering stable salipro particles that tolerated freeze-
thawing. As such, at least for MPs that tolerate digitonin solubili-
sation from cell membranes, DirectMX provides superior proper-
ties as compared to wusing detergent-buffers throughout
purification.

5. Functional reconstitution of membrane proteins

Here, we will change our focus from the individual properties of
the carrier systems themselves to a comparison of the practical
aspects of functional MP reconstitution along with a discussion of
the resulting MP environments.

5.1. Sample preparation cases

In Fig. 6, we reconcile the different paths to obtaining functional
reconstitution of MPs in the three main groups of carrier systems
presented. Initially MPs reside in complex, biological membranes,
and for the purpose of simplicity, we here consider the extraction of
an affinity-tagged MP (Fig. 6, purple tag).

A MP solubilisation

Initially, biological membranes are solubilised in excess deter-
gent or surfactant with detergent properties, such as polymers. At
this stage, to ensure complete solubilisation, the detergent con-
centration must be above CMC and, more importantly, exceed the
critical solubilisation ratio, Rsej (Fig. 2B), which depends on mem-
brane lipid composition and detergent type [14,107,170]. Accord-
ingly, it is critical to first estimate the actual concentration of lipids
to solubilise. In practice, the detergent:membrane ratio is varied
and solubilisation efficiency is empirically determined. Typical
detergent screens vary only the detergent/membrane weight-ratio,
but the problem is multi-dimensional and equally critical factors in
this step are temperature and time: the presence of excess sur-
factant can act as a “hydrophobic sink”, which has the potential to
gradually strip functionally relevant co-factors such as specific
lipids from MPs or dissolve functionally relevant MP complexes
[44]. As such, solubilisation should ideally be evaluated both on
yield in terms of amount and specific activity where possible [16].
Stabilising additives may be added during MP solubilisation. In the
case of detergent mediated solubilisation, these could be exoge-
nous lipids, especially cholesterol-derivatives, or certain low CMC
detergents [16,57]. Polymer mediated solubilisation is typically
done without any external agents and rely on endogenous lipids for
MP stabilisation.

B Detergent micelles
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Fig. 6. Overview of membrane protein extraction into small, soluble carrier systems. Due to redundant sample preparation between different systems, examples are shown for
specific cases only. A) A cell membrane is solubilised by addition of detergent or polymer above the critical solubilisation ratio. B) Classic detergent-solubilisation and purification of
the target MP in presence of excess micelles. This step also encompass the general strategy of exchanging a detergent with high detergency for an alternative system with low
detergency, including facial amphiphiles/detergents, the peptidisc, APols, and peptergents. C) Incorporation of detergent-purified MP into nanodiscs with synthetic lipids. This
strategy is utilised for a number of systems, including bicelles, peptide nanodiscs, and DNA-based nanodiscs. D) Direct formulation of MSP nanodiscs from detergent-solubilised
biological membranes. This approach can be used for the Salipro system as well. E) Direct extraction with polymer, e.g. SMA. The main difference from detergents (B) is that

subsequent purification is done in polymer-free buffer.

Here, we consider the purification of an MP initially solubilised
in detergent micelles. For most common conventional detergents,
chromatographic purification is done in buffer containing deter-
gent above CMC, suggesting that excess micelles are present. As
such, the hydrophobic sink effect persists during purification, albeit
to a lesser extent than in the initial conditions used for solubilisa-
tion. Depending on the detergency of the utilised detergent, tightly
bound lipids or co-factors may remain associated to the MP in the
purified sample. It is also possible to exchange detergent before or
during chromatographic purification, which is desired e.g. when
using expensive detergents or peptides/APols that can not solubi-
lise membranes. When exchanging detergents on-column, one
should allow sufficient time for complete exchange, which will
depend mainly on the CMC of the detergent themselves. From our
studies with deuterated detergents for SANS, we had to apply slow
flow-rates in SEC ( < 0.3 ml/min) at 4 °C to observe complete ex-
change of DDM for deuterated DDM [171], corresponding to
roughly 35 min for at MP eluting at 11 ml on a Superdex 200 col-
umn. Accordingly, slow flow-rates or extensive washes of several
column volumes should be applied in affinity chromatography to

ensure complete exchange. After purification, the MP is amenable
to a wide range of experiments, but typically with the caveat of
relatively low MP stability in detergent micelles.

C Reconstitution from micelles

Exemplified with MSP nanodiscs, MPs purified in detergent
micelles may be reconstituted into lipid carrier systems with well-
defined composition. This allows the detailed study of specific lipid
compositions on MP structure and function. In the case of
kinetically-trapped systems such as MSP nanodiscs and DNA-based
nanodiscs, it sets the highest experimental requirements in terms
of optimisation, but the reward is well-defined and stable samples
for further experiments.

D Reconstitution from mixed micelles
In an alternative approach to Step C, MPs can be inserted more

directly into lipid carrier systems, bypassing purification in deter-
gent micelles (Step B) and maintaining a larger proportion of



N.T. Johansen, EG. Tidemand, M.C. Pedersen et al.

%,

P, - B
o “%f

Biochimie xxx (xXxx) xXx

»

Monomer exchange

Lipid exchange
~ minutes to hours

C

=/
S

Solubilisation
~ hours

Lipid exchange
~ seconds to minutes
Random direction + lipid flip-flop

> €
Collisional exchange / hydrocarbon continuum

Lipid exchange
~ seconds to minutes

Membrane asymmetry g

Tightly bound lipids g

Affinity purification
~ minutes to hours

Fig. 7. Lipid exchange dynamics. A: Monomer exchange mechanism as illustrated for MSP nanodiscs [116,154]. B: Collisional exchange with a hydrocarbon continuum mechanism as
illustrated for SMALPs [173]. C: Dynamic considerations during solubilisation of biological membranes and subsequent purification as illustrated for polymers. The time scales of

different steps and events are indicated.

natively associated lipids and co-factors. The literature contains
only a few examples of this approach, which probably reflects
several experimental hurdles. First, a large excess of MSP would be
required to obtain equal amounts of isolated MP compared to Step
C. Second, sample preparation is more demanding due to the
complex composition of the biological membrane. Finally, the
initial detergent solubilisation step (Step A) is still required, and to
our knowledge, the vast majority of MPs that have been stabilised
in MSP nanodiscs have also been successfully stabilised in deter-
gent micelles. In other words, if the MP of interest does not tolerate
detergents at any stage, it is also unlikely to insert in MSP nanodiscs
with this approach.

E Direct extraction to APol lipid particles

Here, we depict polymer solubilisation of biological membranes
as an alternative path to detergent solubilisation. However, the
commonly presented idea of extracting membrane patches,
including MPs, in a “cookie/pastry-cutter” fashion into stable well-
defined nanodiscs [55,83,172] must be revised: like detergents,
APol solubilisation results in a highly heterogeneous mixture of
dynamically exchanging particles. In this regard, biophysical mea-
surements of lipid exchange rates are for the actual integrity of the
embedded lipid bilayer and the nature of the bilayer-wrapping
molecules. Only the MSP nanodisc system displays predominantly
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monomer exchange, i.e. where lipid exchange occurs from a single
lipid jumping into the solution and thereafter into another neigh-
bouring disc [116,154] (Fig. 7A). Polymer-based nanodiscs and
peptide nanodiscs display concentration dependent lipid exchange
rates on time scales of seconds to minutes [94,106,173—175], sug-
gesting collisional events where particles temporarily fuse and
form a hydrophobic continuum allowing redistribution of lipids,
similarly to mixed micelles of detergents and lipids (See Ref. [173]
and references therein) (Fig. 7B). Furthermore, rapid polymer ex-
change between nanodiscs has been directly measured as well
[176]. Thus, during solubilisation, which is typically carried out at
low lipid:polymer ratios and on the timescale of hours, the system
is likely to reach equilibrium in terms of random lipid distribution
(Fig. 7C). Recently, it has been proposed an advantage of polymers
that they can preserve membrane leaflet asymmetry [55,97].
However, even in the thought experiment that the lipids within a
single polymer nanodisc remain asymmetrically distributed, colli-
sional events are still of random orientation, resulting in loss of
asymmetry at equilibrium (Fig. 7C). Thus, the same principles apply
as for detergents that solubilisation should be carefully executed,
considering molar ratios, temperature, and time. The main differ-
ence is that membrane solubilising polymers appear to generally
have negligible CACs when bound to lipid particles, referred to
distinctively as nanodisc CAC, although it depends on polymer
length and hydrophobic/hydrophilic balance in composition [177].
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As such, the “hydrophobic sink” effect is limited in post-
solubilisation chromatographic purification.

5.2. What is a membrane-like environment?

Common to the different paths for reconstitution of MP in car-
rier systems is the extraction from the native environment of a
complex biological membrane. While small carrier systems enable
experiments, their local environment may be stress-inducing and
compromise the well-being (i.e. functionality) of an isolated MP. In
this regard, the native-likeness of carrier systems is usually dis-
cussed in the context of experiments [55,94,178—180]. Later, we
discuss typical experimental measures for probing the well-being
of isolated MPs with specific examples, but first we consider the
frequent yet blurry discussion of what a membrane-like environ-
ment is.

5.2.1. Pure lipid membranes

Due to their pure composition of lipid species, liposomes and/or
SLBs are often described as the most native-like membrane systems
[179], and consequently lipid bilayer properties in small, soluble
lipid carrier systems are typically benchmarked against these sys-
tems [36]. Indeed, pure lipid bilayers possess some key properties
of biological membranes, that is a relevant lateral pressure profile,
and for liposomes also curvature stress and membrane potential
gradients. However, they lack the large lipid variation of biological
cell membranes. Furthermore, cell membranes are asymmetric in
terms of different lipid composition in the inner and outer leaflets
[181]; a feature which is generally not present in pure lipid bilayer
systems and that by all means is not expected to be preserved
during solubilisation into small carrier systems. Some protocols and
insight are available for generation of asymmetric liposomes
[182,183], but it has to our knowledge not been investigated for
small, soluble carrier systems. Finally, the cytoskeleton of eukary-
otic cells interacts with and regulates membranes and MPs [181],
which would be difficult to mimick even in artificial cells [184]. As
such, a first realisation is that MP carrier systems will never be fully
native-like on all parameters: we can only aim to support MPs in
their presumably native state as evaluated by preservation of their
native activity.

5.2.2. Small discoidal membrane patches

Arguments have been raised that MSP nanodiscs, in which the
small piece of membrane experience packing stress from the sur-
rounding MSP [116,154,185—187], may be more native-like than
pure lipid systems, as they better mimic the environment in a
densely packed biological membrane [130,188]. Indeed, it can be
estimated that MPs in biological membranes are on average sepa-
rated by a layer of only four lipids [7]. Asymmetric lipid composi-
tion has been mentioned as a future possibility using large DNA
corralled nanodiscs, potentially with incorporated lipid flippases to
maintain the asymmetry [153].

5.2.3. Detergency

In a thermodynamic classification, surfactants that favor lipid
insertion in their micelles are the most efficient solubilisers and
generally support bicelle/nanodisc-like structures [8]: the favorable
lipid insertion could be interpreted as a membrane-like environ-
ment. In general, the concept of detergency presents a good way of
thinking about MP carrier systems, yet many studies use the
phrasing “detergent-free” [84,189,190] to distinguish alternative
systems from conventional detergents, although the solubilisation
of membranes by e.g. polymers resemble the action of (facial) de-
tergents from a biophysical point of view [8]. Furthermore, com-
mon polymers form supramolecular assemblies in solution,
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resembling micelles [191]. In this regards, some polymers could be
equally well described as polymeric detergents. For any solubilising
agent, there will be a trade-off between solubilisation efficiency
(high surfactant/membrane ratio) and retention of biological lipids
(low surfactant/membrane ratio). Thus, while the co-extracted
lipids in polymer nanodiscs are native and may be functionally
relevant, it is unlikely that such efficient solubilisers will result in
particles containing more than tightly bound lipids surrounding
the MP [174,176]. Indeed, we demand two inversely proportional
properties of our carrier systems: the ability to extract MPs from
their native environment (possibly alongside accompanying lipids
from this environment), and the ability to stabilise these MPs in
solution over experimentally relevant timescales for subsequent
studies afterwards. The former requires high detergency, which
implies competition with the native MP interactions with e.g. the
membrane lipids or other proteins and destabilise the MP in
question [7,71]. In the common view of different carrier systems
(Fig. 1), some systems are typically depicted with a central lipid
bilayer patch. However, polymers, amphiphilic peptides, and even
MSPs, can directly stabilise MPs in solution, i.e. in rather lipid-poor
particles [54,79,157]. The inability of some of these systems to
solubilise membranes testifies to their low detergency and thereby
mild environments for MPs compared to conventional detergents.
Detergency is a universal property for surfactants and should be
considered for any carrier system, including those that are typically
viewed as a non-interacting, stable belt around a lipid bilayer patch.
In this context, MSPs are generally viewed as being almost inert
towards membranes, but under specific circumstances, partial
solubilisation has been observed [192].

5.3. What is the membrane protein's environment

Reviews on MP structure databases show that detergents,
especially DDM and DDM in combination with CHS, remain among
the most popular systems for handling MPs [32,52]. This is despite
the well-acknowledged fact that DDM micelles do not resemble the
lipid bilayer environment of the cell membrane. Perhaps, in many
cases, the micelle environment is membrane-like enough, as also
indicated by the sometimes successful approach of refolding MPs
into non-bilayer systems [193]. A recent example highlights that
detergents are not the pure evil they are often depicted to be. The
yeast proton pump Pmal was solubilised in DDM + CHS and
exchanged into LMNG + CHS for cryo-EM, which revealed a central
lipid bilayer patch of 57 well-ordered lipid inside the hexameric
structure [194]. No lipids were added in the sample preparation,
suggesting that these lipids were natively associated to Pma1 in the
cell membrane. Unfortunately, the study did not detail the ratio of
DDM to membrane in the solubilisation step, but clearly, the au-
thors reached a condition in which DDM did not break neither
native protein/protein nor protein/lipid contacts. Exchanging to
LMNG (low CMC, Fig. 3) in purification steps likely further reduced
the “hydrophobic sink” effects, rendering the central bilayer intact
in the final sample. Thus, the statement “be cautious with crystal
structures of membrane proteins or complexes prepared in de-
tergents” [195] should perhaps be generalised to “be cautious with
sample preparation of MPs”. Analogously to the example above for
detergent solubilised Pmal, preservation of tightly bound lipids is
likely, in many cases, enough for preserving MP stability, activity,
functional regulation etc. once isolated from cell membranes, as is
the case for also the peptidisc [79,196] and Salipro [163,169].

In classic protein science, stability relates to the free energy of
folding. However, for MPs, the stability is unsurprisingly influenced
by the nature of the carrier system as well, and the term “stability”
is commonly used in a broad and qualitative sense for evaluating
how well an MP tolerate different experimental conditions, for
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example exposure to elevated temperature. Improved MP stability
(compared to a detergent micelle reference) is a common trait for
carrier systems developed as alternatives to classic detergents:
improved MP stability has been the key driver for this develop-
ment. In line of this, the literature is full of examples of improved
MP stability in detergent-alternatives compared to MP stability in
detergent micelles. Here, we will not go into these specific exam-
ples, but rather comment on how MP stability can be conceived.

5.3.1. Activity

Arguably, the best measure of stability is that the activity and
regulation of an MP is intact. Intact activity indicates that an MP
remains in its native fold, is not degraded, damaged, or inhibited by
the utilised surfactant. However, it remains difficult to measure
actual native activity, as it requires a reference of the activity in
native sources, i.e. biological membranes. For many MPs, including
many channels, it is entirely impossible, because small soluble
carrier systems are non-compartmentalised. A further complica-
tion is that activity and functional regulation can be inversely
related, as seen for the plant Ht-pump AHA2 that is misregulated
and hyperactivated in presence of detergent [197]. Purification
history must also be considered. The A2A adenosine receptor
retained full activity in DDM/CHAPS/CHS micelles when CHS was
included in all purification steps [198]: purified in DDM alone, the
receptor had low activity, and reconstitution into the mix of DDM/
CHAPS/CHS did not regain full activity, despite the fact that the
receptor appeared to retain its native fold in all tested micelles.

The bacterial ABC transporter MsbA is a well-studied MP that
serves an interesting basis for comparing the impact of different
carrier system on its structure and activity: it is an active trans-
porter that utilises ATP hydrolysis and undergoes large structural
rearrangements in the transport cycle [199,200]. Several structures
of MsbA, in absence or presence of regulatory ligands, have been
solved to near-atomic resolution in different carrier systems,
ranging from maltoside detergents, facial amphiphiles (detergents),
MSP nanodiscs, to peptidiscs (see ref. [200]) as well as more
recently in Salipro [201]. From these, it was concluded that lipid
environments were favorable compared to detergent micelles, as
potentially artificial widely-open states were observed in the latter
[200,202]. The abundance of activity data on MsbA further exceeds
that of structural studies, and several studies have reported activity
in different carrier systems. Comparing the activity of detergent
purified (E. coli, Ec or S. typhimurium, St) MsbA reported in such
comparative studies, there is a big variation in activity, at 37 °C
ranging from 0.003 pmol/min/mg to 14.6 pmol/min/mg with a
median of 0.8 umol/min/mg (Fig. 8A, see figure legend for refer-
ences). It was suggested that long-term solubilisation with DDM
(12 h), but not short-term (1 h), effectively removed the natural
substrate, lipid A, from a binding pocket of MsbA, which had a large
impact on the transporter's activity [203]. As such, the large vari-
ation in activity might partially reflect variations in protocols,
including solubilisation time, detergent:membrane ratio in sol-
ubilisation, and detergent concentration in purification. Fig. 8B
compares the absolute activity of MsbA in different carrier systems
as well as this activity normalised to a detergent purified reference.
While we note that the activity, as well as the relative change, is in
some cases temperature dependent [178], this analysis still yields
some key observations. First, the absolute activity does not corre-
late with the relative change, which in part reflects the large vari-
ation in reference activities discussed above. Second, in general, the
lipid environment of MSP nanodiscs, Salipro, and liposomes in-
duces high relative activity. Indeed, although endogenous lipids
were carefully removed in purification, reconstitution in salipro
and MSP nanodiscs resulted in 10—27 fold activity compared to the
lipid free reference in APol A8-35 [155]. Third, MsbA directly
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extracted from bacterial membranes or from E. coli lipid liposomes
with certain zZSMA polymers showed modest relative activity
compared to the other lipid carrier systems, and notably, SMA
extracted samples showed no activity due to Mg?*-induced pre-
cipitation (low Mg?* concentrations required for ATP hydrolysis).
For MSP nanodiscs, MsbA activity depends on the size of the
nanodisc [204,205], which might reflect the different bilayer
properties in nanodiscs of different size, more specifically that
lipids close to the MSP are less tightly packed than those in the
center of the nanodisc [154,185—187]. Altogether, the presence of
lipids is important for MsbA activity, but secondary effects,
including MP-surfactant interactions and lipid packing, might have
an influence as well.

5.3.2. Thermostability

Most often, MP stability is evaluated based on resistance to-
wards heat-induced unfolding/aggregation, also termed thermo-
stability. In its simplest form, samples are heated at set time and
temperature, centrifuged, and analysed by gel electrophoresis to
visualise the relative amount of soluble MP, providing a rather
qualitative measure of stability. Differential scanning fluorimetry
(DSF) is of particular interest due to quantitative evaluation of the
melting temperature (Ty) and low sample consumption, which e.g.
allows high-throughput detergent screening [213]. Increased
thermostability is desired in the sense that it can be extrapolated to
low temperatures and will result in long-term stability. In lipid
carrier systems, EcMsbA had Tpys in the range 52.2—60.8 °C
compared to 40.9 °C in lipid-free APol A8-35 [155]. Elsewhere, the
Ty was reported for EcMsbA in micelles of DDM (46.3 °C) and
LMNG (50.4 °C) [68], and for StMsbA in micelles of UDM (53 °C),
LMNG (58.6 °C), and FA-3 (63.3 °C) [210]. Clearly, increased ther-
mostability is generally not equal to increased activity for MsbA.
Rather, increased thermostability can arise from stabilisation of
particular protein states, which is a main strategy in many struc-
tural studies to achieve high resolution. As an example, the melting
temperature of MsbA increased by almost 20 °C inside Salipro
particles upon binding of non-hydrolysable ATP-vS that stabilised a
compact state of the protein [201]. Thus, depending on the exper-
imental question, high thermostability is not necessarily desired,
but in cases of aggregation prone MPs, it may be required.

5.3.3. MP carrier system interactions and structural dynamics

Both activity and thermostability are related to underlying
structural dynamics of MPs. NMR is the main method for direct
observations of structural dynamics with atomic resolution, and
the method has been widely used to compare MPs in different
carriers [214,215]. In one example, OmpX was measured in DPC
micelles, DHPC/DMPC bicelles and in DMPC nanodiscs, and it was
found that the inherent flexibility of OmpX was compromised in
the detergent micelles compared to the other systems [216]. A
generalised view of detergent mediated pertubation of MP struc-
tural dynamics is presented in Ref. [58]. Other NMR studies have
pointed out differences in membrane protein structural dynamics
between detergent micelles and MSP nanodiscs [217,218], and also
APols [217]. In all cases, major differences were observed between
the different systems. For BR, the core structure was intact in all
tested carrier systems, but the surfactant-exposed surface of the
protein showed carrier-dependent behaviour, including specific
interactions of loops with the polar regions of surfactants; notably,
the APol A8-35 preserved the presumably native conformational
dynamics of an important loop in BR, but the stability of BR was
much higher in DMPC-NDs [217]. Again, such studies show that the
carrier system should be carefully optimised, and that different
system might favor distinct conformations. This argument is
repeated from time to time and emerging near-resolution
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Fig. 8. MsbA ATPase activity in different membrane-like environments. A: Maximum ATP hydrolysis rate in detergent micelles. B: Maximum ATP hydrolysis rate in alternative
carrier systems together with the fold change compared to internal detergent micelle references for each respective study. The dashed line indicates a fold change of 1. Samples that
were added the natural substrate Lipid A are indicated. EcPol = E. coli polar lipids, SoyPol = Soy bean polar lipids. Data were taken from
Refs. [34,87,141,155,178,196,199,201,203—212]. Data are for both EcMsbA and StMsbA, which show similar activity in detergent [206]. For data in Ref. [155], MsbA in APol A8-35 was
used as reference as there was no measurement in detergent micelles reported.

structures of MPs in different carrier systems highlight this as well complexes and likely render slow off rates. Furthermore, recent

[55,84,195,200]. molecular dynamics simulations suggest that not only the CMC, but
also the denser packing of LMNG micelles explain its stabilising
5.3.4. Carrier system dynamics and homogeneity behaviour on MPs over DDM micelles [28], which agrees with
Regarding carrier system dynamics, DDM and LMGN serve as a conclusions from sFudies of conformationally flexible detergents
great case for comparison, given that LMNG corresponds to two  [64] and asymmetric detergents [62]. )
DDM molecules linked at a tertiary carbon. LMNG is consistently Also for llplq carriers, the packing and dy{lamlc.s of the SL!I‘faC—
reported to improve MP thermostability [27] and to dampen tant plays an 1mport.a_nt role for_homogenelty. Blce_lles typically
structural dynamics compared to DDM [29]. The CMC of LMNG (~ form at spec1ﬁ.c.cond1t10ns, esta.bllshed by ﬁ.rst scanning tempefa—
10 uM) is one order of magnitude lower than DDM (~ 0.17 mM), tures, composition, and hydration to establish pseudo-phase dia-

which, as discussed in Ref. [30], translates roughly into off rates of ~ 8rams [36].In this regards, nonionic facial detergents with low CMC
similar relative magnitude. Like-wise, glycosylated sterols, such as Showe{i' improved temperat.ure.and concentration ranges for bicelle
FA-3 (Facade-EM) and GDN [13], with low CMCs provide improved formation compared to tvhe ionic CHAPS with rather high CMC [37].
MP stability. Analogies can be drawn towards APols and peptides. It has been shown that increasing the length of the polymer/pep-

Once bound to MPs, several molecular contacts aid in stabilising the tide leads to more stable polymer/peptide-based nanodiscs
Equilibrium systems: Trapped systems:
Size controlled by size of membrane protein inside and/or lipid:surfactant ratio +.Size controlled by size of surfactant
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Fig. 9. An overview of membrane protein environment and particle dynamics between different carrier systems. See the main text for details.
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[78,101]. We can further consider MSP1D1 as a decamer of the 18A
peptide: MSP1D1 nanodiscs have roughly the same diameter as
18A-based nanodiscs at optimised ratios, but MSP nanodiscs
possess high colloidal stability, whereas 18A-based nanodiscs are
dynamic and relatively polydisperse [76,78].

5.4. Classification of carrier systems

In Fig. 9, we attempt to rank the different MP carrier systems ac-
cording to two biophysical properties: particle dynamics and the MP's
local environment. As discussed section 5.2, whether or not a system
has membrane-like properties is a rather philosophical discussion,
and thus we only consider i) whether or not a given carrier system has
the characteristics of an actual lipid bilayer, ii) is more likely to only
contain lipids closely associated to the embedded MP (annular lipids),
oriii) if no (or few very tightly bound) lipids are present. On the other
axis of Fig. 9, particle dynamics is a rather broad descriptor. Surfactant
geometry, hydrophobic/hydrophilic balance, number of hydrophobic
groups per surfactant, CMC, surfactant:lipid ratio, and many other
biophysical properties influence particle stability and exchange dy-
namics. In the case of direct MP stabilisation (i.e. with no/few lipids),
our proposed ranking is based on the length of the surfactant, and for
detergents also on CMC. In the case of lipid containing carrier systems,
we have attempted to depict the ratio-dependent characteristics of
bicelles, peptide nanodiscs, and polymer nanodiscs. These span the
entire range of membrane environments, from mixed micelle-like
structures at low lipid:surfactant ratios to large (~50 nm in diam-
eter) nanodisc-like structures at high lipid:surfactant ratios. Once
again, the length of the surfactant is important for the dynamics of the
particles, thus ranking polymer nanodiscs generally less dynamic
than peptide nanodiscs, which in turn are less dynamic and envi-
ronmentally sensitive than bicelles. Furthermore, the balance of free
surfactant to lipid-complexed surfactant changes along with the
lipid:surfactant ratio, which alters the dynamic exchange of e.g. lipids
between particles. Finally, above some threshold of surfactant length,
kinetically trapped systems form. A key difference in characteristics
between equilibrium systems and kinetically trapped systems is the
manner in which the size of the particles is determined. Equilibrium
systems are dynamic in nature and can adapt to MPs of different sizes,
whereas for kinetically trapped systems, the long surfactant forms a
well-defined outer rim that controls and constrains the maximum
size of the particles. With our current biophysical understanding,
Salipro particles traverse this threshold. On one hand, SapA is
somewhat competent at extracting lipids from membranes and can
adapt to MPs of different sizes, but on the other hand, Salipro particles
are typically formed by detergent-assisted assembly, and the result-
ing particles possess annular lipids around MPs and have high long-
term stability [155].

6. Conclusion

Previously, high-resolution structures were mainly obtained
from MPs tolerating significant delipidation and specific detergent
micelles favoring crystal formation. The resolution revolution in
cryo-EM [219] now allows MP structure determination in dynamic
carrier systems with complex composition, resulting in signifi-
cantly increased numbers of solved MP structures and with focus
on their interactions with the surrounding carrier system
[55,84,195,220,221]. This increase in MP structures reveals key
observations on sample preparation [32,52]: DDM, LMNG, MSP
nanodiscs, digitonin, and GDN were by far the most successful
systems in recent years, followed by polymers. Notably, MSP
nanodiscs were the most widely used system in recent years for
cryo-EM [32,52], highlighting the increased attention on MP-lipid
interactions [55].
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Despite having well-acknowledged destabilising and inactivat-
ing effects on some MPs, DDM is the gold standard detergent for
membrane solubilisation. Thermodynamically, DDM can be classi-
fied as a “strong” detergent [222], but membrane solubilisation has
comparatively slow kinetics to other types of detergent [14]. In
practice, DDM solubilises membranes with relatively high effi-
ciency at manageable time scales, it is relatively cheap to obtain
from commercial sources, and it often preserves MP-lipid in-
teractions better than other common detergents [223]. The CMC of
DDM (0.17 mM) is relatively low, but not too low to efficiently ex-
change for other, more stabilising surfactants, including MSP
nanodiscs. Furthermore, other surfactants, e.g. low-CMC de-
tergents, can readily be added during solubilisation with DDM to
improve MP integrity [224] and stability [ 13]. Here, it is noteworthy
to mention CHS, which is often included with either DDM or LMNG
[32,52]. Ultimately, more focus should be directed towards the
most critical step in MP sample preparation, that is the solubilisa-
tion step in which an MP is extracted from its native environment.
Many parameters are crucial in this step, including surfactant
concentration, surfactant:lipid ratio, temperature, ionic strength,
pH, and not at least time. Many biologists will approach solubili-
sation of MPs according to standardised protocols, i.e. 1 % DDM at
4 °C for 1 h, followed by purification at slight excess CMC of DDM.
Clearly, this ignores many aspects of the underlying biophysics.

MSP nanodiscs were first reported in 2002 [118], whereas SMA
was first reported in 2009 [73]. Perhaps this gap in development
reflects the lower number of cryo-EM structures solved in polymer-
based nanodiscs. The direct extraction into discoidal lipid particles
for cryo-EM offered by certain polymers is a highly desired feature.
While initial development was limited to abundant bacterial MP
targets [83], there are ongoing developments towards e.g. GPCR
stabilisation in SMALPs [172,225]. It will be interesting to follow the
field in coming years, and especially to see whether polymers
emerge as capable of stabilising MPs that have hirtherto avoided
stabilisation in other systems. Comparative studies on MP activity
as well as direct structural dynamics measured by NMR between
polymer-based nanodiscs and other lipid carrier systems will prove
valuable for evaluating further pros and cons of this system. Finally,
the high level of control in constructing DNA-based membrane
scaffolds of different sizes and shapes holds a great potential for
future studies of MP interactions. For these, further detailed bio-
physical investigations are required as well as further comparative
studies on the stability and activity of reconstituted MPs to other
lipid carrier systems. Indeed, the fundamental biophysical under-
standing of carrier systems is important in modern integrative
structural biology approaches that harness the power of combining
a wide array of experimental techniques that each require
application-specific carrier systems [226,227].

6.1. Unexplored opportunities

From developments in polymers, cycloalkyl and aromatic side
chains have been identified to improve membrane solubilisation
compared to linear alkyl-chains [111]. It would be interesting to see
whether this trend is general and could be translated to other
carrier systems, including MSP and DNA scaffolds.

Surprisingly, only few studies have reported direct extraction
from cell membranes into MSP nanodiscs since it was first sug-
gested almost a decade ago [135]. Assembly into nanodiscs from
GDN (or digitonin) solubilised membranes seems like an obvious
strategy to pursue given that a similar protocol has been applied for
Salipro [169]. The bottleneck might be the relatively high con-
sumption of MSP combined with expensive MSP from commercial
sources. Indeed, in general, many carrier systems, ranging from
structurally complex detergents, homogeneous polymers, to MSP
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and Salipro proteins suffer from high costs and limited commercial
availability to fulfill their potential.

Regulatory lipid-binding domains, often unstructured N- and/or
C-termini, are frequent in MPs [26,228], and many receptors,
including GPCRs, contain large, flexible regulatory termini or loops
and that serve as binding hubs [229]. Besides lipid-MP interactions,
two recent cryo-EM structures have also highlighted the impor-
tance of a membrane surface extending far from the MP to support
functional interactions of auxiliary proteins and lipids as well
[230,231]. With our current knowledge, large MSP nanodiscs seems
the most obvious choice of carrier system for these such MPs, but it
remains interesting to see whether e.g. polymers can extract and
sustain a bulk lipid bilayer outside tightly bound annular lipids for
supporting such more diffuse interactions.

Finally, more complex solutions could be proposed towards
overcoming the seemingly inverse relationship between deter-
gency and membrane-environment [7], with the goal of achieving
highly efficient solubilisation and ending up in a stable (kinetically
trapped) membrane-like environment. Ultimately, this would
require the development of molecular switches that upon some
stimulation change their properties. As an example, 18A peptides
were functionalised with chemical groups enabling native chemical
ligation to form peptide concatamers once lipid solubilisation had
been achieved [77]. This process resembled a conversion from 18A
peptide discs into MSP nanodiscs, albeit that concatamers of
varying length were assembled. Likewise, detergents or polymers
could be designed with UV/heat/redox reactive groups, facilitating
either crosslinking and/or a reduction in detergency once bound to
lipids.

6.2. Final remarks

The toolbox for extracting, handling, and studying MPs is
growing at a remarkable pace. Future MP research will certainly
benefit from these developments, but to fully realise the potential
of novel carrier systems, a thorough understanding of their bio-
physical properties and impact on MP functionality is of utmost
importance.
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