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Advances in electron microscopes, detectors and data
processing algorithms have greatly facilitated the structural
determination of many challenging integral membrane proteins
that have been evasive to crystallization. These breakthroughs
facilitate the application and development of various
membrane protein solubilization approaches for structural
studies, including reconstitution into lipid nanoparticles. In this
review, we discuss various approaches for preparing
transmembrane proteins for structural determination with
single-particle electron cryo microscopy (cryoEM).
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Introduction

Structural characterization of integral membrane proteins
remains a major challenge, largely owing to difficulties in
extracting them from their native lipid environment while
maintaining structural and functional integrity. Structural
characterization has conventionally been achieved using
detergents, which are amphipathic molecules that keep
membrane proteins in solution by forming micelles
around the hydrophobic domains. However, detergent
micelles fall short of mimicking the complexity of the
native membrane environment. As such, discrepancies
between detergent micelles and the cell membrane
may destabilize or irreversibly inactivate detergent-
solubilized membrane proteins.
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In the wake of what has been coined the ‘resolution
revolution’, single-particle cryoEM enables high-resolution
structural determination of integral membrane proteins
without the need for crystallization. Such a capability facil-
itates the use of alternative, non-detergent solubilizing
mediums for structural studies. Amphipols, which are short
hydrophilic polymers that carry numerous hydrophobic
side chains, allow membrane proteins to stay in solution
in the absence of excess surfactant, due to their high affinity
for the transmembrane surface of integral membrane
proteins [1°°,2,3]. Soluble lipid-bilayer nanoparticle systems,
stabilized by either membrane scaffold proteins (MSPs) [4]
or saposin [5°°], facilitate protein—lipid interactions in a more
‘native’ environment and have thus become an increasingly
popular method to stabilize membrane proteins for single-
particle cryoEM studies. More recently, a nanodisc system
that utilizes styrene—maleic acid (SMA) copolymers to solu-
bilize membrane proteins directly from cell membranes
show potential as the next generation nanodiscs [6°°,7,8].

The progress of single-particle cryoEM is facilitating
rapid expansion and further optimization of all these
alternative membrane protein preparation approaches
for functional and structural studies of integral membrane
proteins. Here we discuss both well-established and novel
approaches for preparing membrane proteins for struc-
tural determination with single-particle cryoEM
(Figure 1), and consider future development of this
rapidly evolving field.

General considerations

Detergents are amphipathic molecules with defined
hydrophilic and hydrophobic domains. Currently, solubi-
lization of whole cells or isolated membranes with deter-
gent is the typical starting point for extracting and
purifying endogenous or expressed, recombinant mem-
brane proteins (Figure 1a). The choice of detergent in
each step of protein purification has significant effects on
the yield and quality of the protein. Originally developed
for sample optimization before crystallization, fluores-
cent-based  size-exclusion chromatography (FSEQ)
remains an efficient way to screen solubilization condi-
tions that provide the highest yield of homogeneous
protein [9]. Additional considerations are the inclusion
of additives during solubilization or later in the purifica-
tion protocol. For example, the soluble cholesterol mimic,
cholesteryl hemisuccinate (CHS), has been used in a
considerable number of high-resolution ion channel
structures. CHS seems to stabilize a broad range of
membrane proteins (irrespective of whether cholesterol

www.sciencedirect.com

Current Opinion in Structural Biology 2019, 58:259-268


mailto:David.Julis@ucsf.edu
mailto:Yifan.Cheng@ucsf.edu
http://www.sciencedirect.com/science/journal/0959440X/58
https://doi.org/10.1016/j.sbi.2019.07.002
https://doi.org/10.1016/j.sbi.2019.05.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbi.2019.05.022&domain=pdf
http://www.sciencedirect.com/science/journal/0959440X

260 Biophysical and computational methods

Figure 1

(3

Amphiphatic copolymers Emty discs

o N+

Affinity purification

@
O

HEK293 cells

Membrane protein in

% % % native nanodiscs

D(_atergent % Affinity purification
micelles

Detergent removal

SO 0g

. Oc°

.
e

e
e ©
L @ .
Membrane protein in Membracljpe protein
detergent micelles Biobeads in nanodiscs

Lipid-detergent
(d) micelles

I \ .
Biobeads OO r \
£

Detergent %
removal a
% Saposin %

% % Amphipols Detergent
removal

Membrane protein in
saposin lipid nanoparticles

Membrane protein in amphipols

Current Opinion in Structural Biology

Schematic overview of the typical approaches for solubilization and purification of membrane proteins for single-particle cryo-EM studies.

Here, we used TRPM4 as an example to illustrate various approaches of solubilizing and purifying membrane proteins for single-particle cryo-EM
structure determination. (a) The most common starting point is the extraction and solubilization of membrane proteins from cell membranes
typically using detergents. (b) The detergent-solubilized membrane protein can be exchanged into amphipols using biobeads to remove the
detergent. (c) The detergent-solubilized membrane protein can be reconstituted into MSP lipid nanodiscs by addition of detergent-solubilized
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is required for function), although one must also consider
the possibility that CHS locks the protein in a specific
conformation [10-12]. Addition of lipid extracts or syn-
thetic lipid—detergent mixtures can also facilitate mem-
brane protein purification and protein stability, as well as
the addition of cofactors and natural or pharmacologic
ligands. Moreover, structures of proteins purified in such
ways can reveal important lipid—protein interactions [13].

Negative-stain EM is an efficient method to evaluate
each step of a purification protocol and assess whether the
sample is progressively purified and is eventually homo-
geneous and monodisperse. Unfortunately, aggregation or
shearing during plunge freezing is not evident from
negative-stain EM and can only be revealed by screening
cryoEM grids. If there is suspicion that these problems
are due to the chosen detergent, one may attempt to lower
the detergent concentration or exchange the detergent-
solubilized membrane protein into a different detergent
or a detergent-free system [14].

Detergents

Detergents have limited solubility in water and exist in an
equilibrium between free detergent monomers, free
detergent micelles and micelles associated with the trans-
membrane domains of membrane proteins. To prevent
dissociation of detergent from the membrane protein
and thereby causing protein aggregation, the detergent
concentration must remain sufficiently greater than its
critical micelle concentration (CMC). However, excessive
detergent poses a challenge for single-particle cryoEM
because it influences the surface tension of water, thickness
of the vitrified ice, in which the particles are embedded and
the particle distribution on the EM grid during plunge-
freezing. Free detergent micelles in solution also
increase the background noise in cryoEM images [15].
Nevertheless, modern single-particle cryoEM technology
makes it generally feasible to determine high-resolution
structures of membrane proteins in detergents.
Typically, detergents with very small CMCs are more
favorablefor single-particle cryoEM analysis. Particularly,
n-Dodecyl-B-D-Maltopyranoside (DDM) and maltose-
neopentyl glycols (MNGs) with hydrophilic groups derived
from maltose [16] have been used extensively in single-
particle cryoEM of integral membrane proteins (Figure 2).
Other detergents successfully applied to mammalian mem-
brane proteins in single-particle cryoEM is the steroidal
saponin digitonin [17], which can be extracted from the
purple foxglove plant Digitalis purpurea (Figure 2). Because
of batch-to-batch variations of Digitonin, the glyco-
diosgenin (GDN) has started to appear in a number of
studies as a synthetic substitute for Digitonin [18°°,19,20]
(Figure 2).

Amphipols

Ambhipols are amphipathic polymers that have a hydro-
philic backbone decorated with multiple hydrophobic
groups. Similar to detergents, amphipols self-assemble
into well-defined particles that surround transmembrane
domains [1°%,2,3]. A main difference between amphipols
and detergents is that the affinity for the hydrophobic
transmembrane domain is higher for the former. Thus,
amphipols remain tightly associated with a membrane
protein even when their concentration is sufficiently low
such that there are no free amphipol molecules in solution
[1°°,2,3]. For single-particle cryoEM, this avoids the free
micelle problem associated with detergents and their
negative influence on the background and ice thickness.
In practice, membrane proteins are first solubilized with
detergent and then exchanged into amphipols following
affinity purification (Figure 1b). In some cases, the tight
association with amphipols also stabilizes the conforma-
tion of membrane proteins [21,22°°%,23°%,24]. The amphi-
pols A8-35 and PMAL-C8 are most commonly used for
single-particle cryoEM, although PMAL-C12 and -C16
are also commercially available (Figure 2). We hope that
their successful use will stimulate the development and
commercial production of additional amphipols having a
wider range of physical-chemical properties [25].

MSP nanodiscs

As the structure, function and stability of membrane
proteins are all modulated by the surrounding membrane,
it is beneficial to provide them with as native a lipid
bilayer environment as possible. In the past, this could be
accomplished with electron crystallography, in which
membrane proteins are reconstituted into lipid bilayers
as flat or tubular two-dimensional crystals [26-30]. For
single-particle cryoEM, the most obvious approach is to
use lipid nanodiscs (Figure 1c). Originally developed by
Sligar and colleagues, nanodiscs are discoidal lipid
bilayers stabilized by two encircling, amphipathic, helical
protein belts, the so-called membrane scaffold proteins
(MSPs) [4,31], which are constructed by one or several
serially connected domains of apolipoprotein Al [32].

Lipid nanodiscs have facilitated substantial progress in the
structural and functional characterization of membrane
proteins in the context of artificial lipid bilayers, resembling
a more native-like bilayer environment [33°]. Reconstitu-
tion of membrane proteins into nanodiscs is typically
accomplished by incubating the purified and detergent-
solubilized membrane protein with phospholipids and the
MSP, followed by detergent removal with biobeads and/or
dialysis and size exclusion chromatography (SEC).
The MSP is selected to form a nanodisc that will accom-
modate the membrane protein. However, the final size of

(Figure 1 Legend Continued) lipids, MSP and biobeads to remove the detergent. (d) Alternatively, the detergent-solubilized membrane protein
can be reconstituted into the Salipro system, adding detergent-solubilized lipids, saposin-A and biobeads. (e) Rather than breaking the cells and
extracting the membrane protein with detergent, addition of SMA copolymers will extract it as native nanodiscs forming SMALPs.
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Overview of popular detergents and amphipols used in single-particle cryoEM.
Figure includes the detergents n-Dodecyl-p-p-Maltopyranoside (DDM), Lauryl Maltose Neopentyl Glycol (LMNG), cholesteryl hemisuccinate (CHS),
Digitonin and glyco-diosgenin (GDN), the amphipols A8-35 and PMAL-C8 and the styrene-maleic acid copolymer SMA2000.

the nanodisc is also influenced by the lipid—protein ratio.
Single-particle image analysis may also be impeded if the
nanodisc is too large [1°°]. The reader is referred to recent
reviews on lipid nanodiscs in cryoEM [34,35].

Nanodiscs may also be helpful for stabilizing conforma-
tional states of a protein that are less well resolved, or even
unattainable, in detergent and amphipol-based prepara-
tions [10,36-38]. For instance, structures of the transient
receptor potential (T'RP) cation channel V1 (TRPV1) in a
complex with Dk'T’x spider toxin are better resolved in a
nanodisc environment (Figure 3a and b), which enhanced
the stability of a tripartite complex between the TRP
channel, DkTx and bilayer lipids [18°%,22°°]. Another
example is the TRPN1 channel (NompC) from Drosophila
whose soluble and transmembrane domains are signifi-
cantly better resolved in lipid nanodiscs compared to
detergent and amphipols (Figure 3¢ and d) [39].

Nevertheless, MSP nanodiscs have a number of draw-
backs. The conventional protocol for reconstituting

membrane proteins in nanodiscs with MSP starts from
the detergent-solubilized sample. As discussed in the
previous section, this initial solubilization may be harmful
for the stability of the protein, disrupt-specific conforma-
tional states and alter the activity. Also, it is almost
impossible to reconstitute membrane proteins solubilized
and purified in certain detergents, such as MNGs, which
have a very small CMC. Importantly, detergent solubili-
zation may strip away native cofactors, a potential prob-
lem that is not remedied by reconstitution into MSP
nanodiscs. Nanodisc reconstitution also adds additional
time to the sample preparation, which may be harmful for
time-sensitive targets. Another approach is to add MSP
and biobeads immediately after detergent solubilization
and before affinity purification [40]. This approach may
significantly shorten the exposure to detergent, but
requires a considerable amount of MSP for reconstitution.
On a practical level, finding the best lipid-to-MSP ratio is
an important optimization step that can be a costly
challenge, particularly for mammalian membrane pro-
teins with low expression levels. In our own experience

Current Opinion in Structural Biology 2019, 58:259-268
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TRPV 1 and NompC in amphipols and lipid nanodiscs.

(a) and (b) TRPV1 with DkTx reconstituted in amphipol (a) and nanodiscs (b). Each subunit in the tetramer is displayed in a different color. The
DkTx spider toxin is shown in red. Densities for the amphipol and nanodisc are shown in gray. (c) and (d) 2D class averages and 3D
reconstructions of NompC in amphipol (c) and nanodiscs (d). The resolution improvement in nanodiscs is obvious for the two proteins.

with TRP channels, a single type of MSP can pack the
protein into a range of different disc sizes. Using the
shortest MSP that can accommodate a target protein of a
given size may generate more homogeneous nanodisc-
protein particles, but with the potential risk that a too
tightly bounded MSP may constrain functionally
interesting conformational states.

Salipro

Another lipid nanoparticle option is the saposin-
lipoprotein (Salipro) system (Figure 1d). This approach
is similar to lipid nanodiscs but utilizes saposin A as the
scaffolding protein [5°°]. While detailed cellular functions
of saposin proteins are only partly understood, they serve
as modulators of lipid degrading enzymes, and lipid-
binding is inherent to their function [41-45]. The saposin
protein family is composed of four (A-D) small
(~10 kDa), amphipathic, a-helical glycoproteins. Crystal
structures of saposins A—D have revealed the dynamic
range of the four-helix, amphipathic bundle and shown
that it can form discoidal lipoprotein particles when
incubated with unilamellar liposomes [41,42,45]. By

exploiting these properties, Frauenfeld and colleagues
demonstrated that saposin A can function as a scaffold to
reconstitute a number of different membrane proteins
within a lipid environment [5°°,46].

Similar to MSPs, saposin A can be expressed and purified
readily from Escherichia coli [5°°). Similar to nanodiscs,
reconstitution requires optimization to find a suitable
protein-to-lipid ratio. However, with only a single protein
construct to choose from, the complexity of screening is
significantly reduced [5°%,46]. With its relatively small
size of ~10 kDa, saposin A is more adaptive towards
membrane proteins of different sizes and shapes
(Figure 4a). Thus, the Salipro system combines the
advantages of adapting to the size of the incorporated
membrane protein, similar to detergents and amphipols,
while including a lipid environment similar to nanodiscs
[47,48°]. A recent high-resolution cryoEM structure of the
mitochondrial calcium uniporter (MCU) was solved using
saposin A. Nanodiscs were initially tested, but proved to
be too large and flexible for the rather small transmem-
brane domain [49°]. The cryoEM density map shows a
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Figure 4
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Single-particle cryo-EM of POT and MCU in saposin-lipid particles.

(a) Cryo-EM map of the homotetrameric bacterial peptide transporter PeptTSo2 (gold) with four Saposin A molecules (blue) [5°7]. (b) and (c). Cryo-
EM map (b) and atomic model (c) of the homotetrameric MCU from Neosartorya fischeri stabilized by Saposin A shown as alternating purple and
pink densities [45]. There are six Saposin A molecules wrapping around MCU.

clear picture of how the diagonally packed helices of
saposin A facilitates the formation of a lipid nanoparticle
around MCU (Figure 4b and c).

The flip side of the adaptivity of saposin A is that, unlike
nanodiscs supported by MSPs, the saposin A nanoparticle
may provide a suitable environment for lipid—protein
interactions, but without recapitulating the mechanical
properties of a lipid bilayer. Furthermore, the 3D
structure of saposin A may restrain the overall shape
and conformation of the target protein.

Native nanodiscs

As noted in the previous section, reconstitution of mem-
brane proteins into either MSP nanodiscs or saposin A
nanoparticles requires solubilization and purification of
the membrane protein with detergents. The detergent
may have deleterious effects on the membrane protein,
eliminate its interactions with important cellular cofac-
tors, or affect its conformational state. Furthermore,
reconstitution of any type fails to restore the original
membrane environment. SMA co-polymers can directly
solubilize cellular membranes into nanosized lipid parti-
cles (termed SMALPs), thus obviating the need for
detergent solubilization. These nanodiscs, which are
encircled by an SMA copolymer belt rather than an
MSP protein, have been termed native nanodiscs,
because they carry native lipids from the membrane, in
which the target protein resides (Figure 1e). This means
that certain unique characteristics of the native mem-
brane, such as lipid composition and asymmetry of the
bilayer, may be preserved. Therefore, the native nanodisc
approach has great potential as a method of extracting

membrane proteins in their immediate native bilayer
environment [6°°,7].

T'he SMA copolymer has been used for many years in the
plastics and pharmaceutical industries and is cheap and
highly accessible. Unfortunately, while commercially
available SMA can readily extract membrane proteins,
their use has a number of limitations. The highly hetero-
geneous composition of the copolymers likely influence
sample homogeneity and extraction efficiency. Indeed, in
the case of SMAZ2000 (2:1 ratio of styrene and maleic
acid), our own experience shows that only a subset of the
added polymers end up in the lipid discs. Similarly,
Dominguez Pardo er a/. showed that while commercial
copolymers of all sizes form nanodiscs, the high molecular
weight copolymers are more stable [50]. Furthermore, the
negatively charged maleic acid makes the SMA copoly-
mers pH sensitive, with the risk of ‘dynamic’ crosslinking
(i.e. non-covalent) from interactions with divalent cations
and other positively charged cellular constituents. As
such, the majority of available SMA copolymers pose a
problem for enzymatic characterization of proteins that
depend on cations and, on a more practical level, affinity
purification that will be hindered by charge—charge
repulsion with cellulose-based column resins.

To-date, there are only a few single-particle cryoEM
structures of membrane proteins in native nanodiscs,
and all have been expressed in bacteria [48°51,52].
The first reported, high-resolution cryoEM structure of
a membrane protein in native nanodiscs is that of the
alternative complex III, which presumably captures the
native lipid—protein interactions (Figure 5) [48°]. This
structure, however, shows only a very thin layer of density

Current Opinion in Structural Biology 2019, 58:259-268

www.sciencedirect.com



Membrane mimetic systems in cryo-EM Autzen, Julius and Cheng 265

Figure 5
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The alternative complex Il in SMA native nanodiscs.

(a) Electron cryomicrograph and representative 2D classe averages. (b) Side and top views of the cryoEM map of the complex. The gray surface
indicates the boundary of the nanodisc. Scale bars, 50 A. (c) Resolved lipids near the transmembrane «-helices [43].

around the protein, suggesting that SMA encircles the
protein tightly, with few lipids included in the nanodisc.
If so, the system preserves the native lipid—protein inter-
actions, but does not necessarily mimic a bilayer
environment.

Clearly, more effort is needed to better understand and
exploit the native nanodisc system. For example, the
isolation conditions with SMA copolymers are too harsh
for mammalian targets, and the sample loss in the prepa-
ration process is too severe for membrane proteins with
limited expression. Currently, typical approaches for
using SMA co-polymers include high ionic strength buf-
fers, such as 500 mM NaCl or L-arginine and/or 12-24
hours of incubation with affinity resins [48°51]. Such
conditions may not be compatible with the typical fragil-
ity of membrane proteins, particularly of mammalian
origin. Fortunately, a number of novel strategies for
synthesizing SMA and similar amphipathic copolymers
are emerging. These new polymers challenge some of the
deficiencies of the polymers currently available and have
facilitated characterization of the biophysical properties
of this relatively novel system. A specifically interesting
approach is the alternating di-isobutylene maleic acid
(DIBMA) copolymer, which is aliphatic and can therefore
readily be quantified by UV absorbance, as opposed to the

aromatic SMA copolymers. Furthermore, because of
steric hindrance, the DIBMA copolymer is not prone
to dynamic crosslinking in the presence of divalent
cations and has high solubility [53]. In addition, the effect
on the lipid acyl-chain order is not as significant as for the
aromatic SMA copolymer. It was shown that the size of
the DIBMA nanodisc increases with increasing lipid acyl-
chain length and order, while it decreases with increasing
ionic strength [54]. The poly(styrene-co-maleimide)
(SMI) formed by modified SMA represents another,
newly developed polymer engineered to be polycationic,
hindering dynamic crosslinks with divalent cations [55].

Smith ¢ /. used reversible addition fragmentation chain
transfer (RAFT) to precisely control the SMA architec-
ture, creating more homogencous copolymers [56]. By
this approach, FSEC showed that polymers of different
compositions and lengths can produce different disc sizes
for the same membrane protein. One may speculate that
proteins of different transmembrane sizes might prefer
polymers of certain compositions and lengths. Therefore,
customizable copolymers may be a future strategy for
achieving well-behaved native nanodisc systems.

Common for the majority of new copolymers for native
nanodiscs is that their architecture is centered on the
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maleic acid footprint. Therefore, merely making minor
adjustments to a system might not be the best long-term
strategy. However, these initial polymers are helping us
to better understand the native nanodisc system and its
potential applications. Positively charged polymethacry-
lates have recently been shown to form nanodiscs, show-
casing novel designs beyond SMA systems [57]. Readers
are referred to extensive summaries on the types of
polymers and the applications of native nanodisc [6°°,58].

Perspectives

Single-particle cryo-EM eliminates the need for crystal-
lization in structural biology facilitating various
approaches for studying membrane proteins in lipid
bilayer environments. Although one may argue that it
is always beneficial to study membrane proteins in a
reconstituted lipid bilayer environment, in our own expe-
rience, reconstitution of certain membrane proteins may
be unsuccessful. Such examples can be found in proteins
solubilized and purified using detergents with very small
CMC s, such as MNGs, which are almost impossible to
remove using established protocols for nanodisc reconsti-
tution [24]. For the purpose of determining high-
resolution membrane protein structures, detergents or
amphipols are still valid approaches and should not be
ignored. Therefore, the choice of which system is most
appropriate depends on the individual proteins being
studied and what questions are being addressed. Never-
theless, we think that detergent-free isolation of mem-
brane proteins embedded in soluble lipid bilayer systems
will be the future framework for their isolation and
characterization in a more native context. We envision
that polymer screening can follow the same strategies as
currently implemented for detergents using FSEC [9].

In addition to the reconstitution approaches discussed
above, there are other methods, which although less
popular, are very important for answering-specific biolog-
ical questions. Reconstituting membrane proteins into
liposomes (proteoliposomes) is one example [59°]. This
approach potentially enables the analysis of ion channels
at non-zero membrane voltages, which so far cannot be
generated in any other lipid nanoparticle system,
reconstituted or native.
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