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Abstract

Over the past decade, the structural biology of membrane proteins (MPs) has taken a new turn
thanks to epoch-making technical progress in single-particle electron cryo-microscopy (cryo-
EM) as well as to improvements in sample preparation. The present analysis provides an over-
view of the extent and modes of usage of the various types of surfactants for cryo-EM studies.
Digitonin, dodecylmaltoside, protein-based nanodiscs, lauryl maltoside-neopentyl glycol,
glyco-diosgenin, and amphipols (APols) are the most popular surfactants at the vitrification
step. Surfactant exchange is frequently used between MP purification and grid preparation,
requiring extensive optimization each time the study of a new MP is undertaken. The variety
of both the surfactants and experimental approaches used over the past few years bears wit-
ness to the need to continue developing innovative surfactants and optimizing conditions for
sample preparation. The possibilities offered by novel APols for EM applications are
discussed.
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Introduction

Membrane proteins (MPs) fulfill essential biological functions in the cell and are important
biomedical targets. Obtaining MP high-resolution structures can contribute tremendously to
the development of novel therapies. However, structural studies of MPs are notoriously
more challenging than those of soluble proteins. Many difficulties affect all steps of sample
preparation from protein expression to structural determination. Extraction from the native
lipid environment with and stabilization against surfactants are particularly critical steps,
whose optimization is time-consuming. Over the years, many strategies and tools have been
developed to overcome each type of difficulty.

The first MPs for which atomic models could be built were proteins that are naturally abun-
dant (Deisenhofer et al., 1985; Henderson et al., 1990; Weiss et al., 1990). However, the low
natural abundance of most MPs necessitated the development of recombinant expression
strategies in either microbial host cells, such as Escherichia coli or Saccharomyces cerevisiae
(Hays et al., 2010; Zoonens and Miroux, 2010; Dilworth et al., 2018), or other expression
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systems better suited to the production of mammalian MPs, such
as baculovirus-infected insect cells or human embryo kidney cells
(Bill et al., 2011; Andréll and Tate, 2013; Contreras-Gomez et al.,
2014). These host cells have proven very efficient for producing
MPs in amounts amenable to structural investigations.

Once they are expressed in suitable quantities, MPs need to be
extracted from the membrane and purified in their native state.
Unfortunately, their stability in aqueous solutions is often prob-
lematic. Perturbation of the protein structure by inadequate sur-
factants can generate misleading data (Cross et al., 2011; Chipot
et al., 2018), which is a major concern in this field. Detergents
are historically the first surfactants used for MP solubilization
and purification. Detergents disrupt the membrane and adsorb
onto the hydrophobic transmembrane surface of MPs, keeping
them water-soluble (see e.g. Garavito and Ferguson-Miller,
2001; Otzen, 2015; Sadaf et al, 2015; Orwick-Rydmark et al.,
2016; Popot, 2018). However, detergents tend to interfere with
molecular interactions in MP transmembrane domains, leading
to inactivation (for a recent discussion of causes and remedies,
see Chapter 2 in Popot, 2018). The extent of this problem varies
both from one detergent and from one MP to another. Quite nat-
urally, the first high-resolution structures of MPs ever obtained
were those of abundant and detergent-resistant bacterial MPs.
Access to the structures of generally more fragile and less abun-
dant eukaryotic MPs has been made possible by progress in pro-
duction methods, technical advances in structural approaches,
and the development and increasingly frequent usage of novel,
less destabilizing surfactants. Detergents and other emerging
tools used to prepare MP samples for structural determination
by single-particle electron cryo-microscopy (SP cryo-EM) have
been described in Mio and Sato (2018) and Autzen et al. (2019).

In the present review, we have carried out a quantitative anal-
ysis, for all cryo-EM structures of MPs deposited as of January 1,
2021, of the use of detergents, amphipathic polymers such as
amphipols (APols) and styrene-maleic acid (SMA) copolymers,
protein-based nanodiscs (NDs), and other emerging compounds.
The analysis is based on the list of MP structures available
on Stephen White’s database (https:/blanco.biomol.uci.edu/
mpstruc/), which is designed to be as inclusive as possible. This
list contains all unique MP structures, coordinate files, and almost
all published reports of MP structures accumulated in the protein
data bank (PDB) since 1985. The goal of the present analysis is to
give an overview of the evolution of approaches in this rapidly
moving field and, more specifically, of current trends in the
implementation of conventional and novel surfactants. Recently,
a similar analysis has been performed (Choy et al, 2021),
which includes structures obtained by X-ray crystallography and
NMR but bears on a more restricted corpus of cryo-EM data
(see below).

The cryo-EM resolution revolution and its impact on MP
structural biology

Approaches giving access to the three-dimensional (3D) structure
of biological macromolecules include X-ray crystallography, solu-
tion and solid-state NMR spectroscopy, electron crystallography
and SP cryo-EM. The distribution of the unique MP structures
published during each of the past 35 years, sorted out according
to the structural approach used, is shown in Fig. 1a. Over three
decades, X-ray crystallography was the dominant technique in
MP structural biology. As a result, more than two-thirds of the
total number of currently available unique MP structures have
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Fig. 1. Distribution of unique MP structures solved by each structural approach
between 1985 and January 1, 2021. (@) Number of unique MP structures deposited
each year using each approach. (b) Distribution of the 1195 unique structures
extracted from Stephen White’s database (https://blanco.biomol.uci.edu/mpstruc/)
according to the approach used to solve them. The figures were prepared using
the January 8, 2021, update of MP structures from this database. Some MP structures
published in 2020 may therefore not be included.

been solved using this approach (Fig. 1b). X-ray crystallography
can reveal atomic details of MP structure at a very high resolution.
Its major bottleneck remains the production of well-ordered 3D
crystals. This is particularly challenging for MPs due to the pres-
ence of detergent, instability, and/or intrinsic conformational het-
erogeneity (Tate, 2010). Significant progress has been achieved by
resorting to strategies such as the binding of antibody fragments
or nanobodies, MP stabilization through engineered mutations,
the use of lipidic cubic phases, and/or novel techniques for col-
lecting diffraction data, such as the use of micrometric synchro-
tron X-ray beams and X-ray free-electron lasers (for reviews,
see e.g. Martin-Garcia ef al., 2016; Ishchenko et al., 2017). Over
the past decade, however, the most spectacular breakthroughs
have been achieved in cryo-EM (Nogales and Scheres, 2015; De
Zorzi et al., 2016; Vinothkumar and Henderson, 2016; Cheng,
2018; Nwanochie and Uversky, 2019).

Cryo-EM encompasses a variety of techniques for determining
the structures of frozen-hydrated samples, which are based on the
analysis of (i) images of single particles of purified biomolecules;
(ii) images and diffraction patterns of crystalline arrays; and
(iil) images of whole cells or cell sections (tomography). In elec-
tron cryo-tomography, although important biological insights can
be gained from images of biomolecules within their native envi-
ronment, the resolution is generally much lower than that
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achieved with the two other cryo-EM techniques, i.e. electron crystal-
lography and SP analysis, from which structural data at near-atomic
resolution can be obtained. Electron crystallography is typically
applied to planar or tubular two-dimensional (2D) crystals
(Abeyrathne et al., 2012; Kiihlbrandt, 2013). A more recent tech-
nique, referred to as microcrystal electron diffraction (MicroED),
has been developed for the analysis of 3D microcrystals (Nannenga
and Gonen, 2019; Nguyen and Gonen, 2020); for the moment, how-
ever, microED has not yet yielded any de novo MP structure.

Electron crystallography applied to 2D crystals has a long and
prestigious history, as it was the approach that enabled building
the first medium-resolution structural model ever obtained of a
MP, that of the archaebacterial bacteriorhodopsin (at 7 A resolu-
tion in the membrane plane (Henderson and Unwin, 1975)), and,
later, yielded the first data (at 3.5 A in-plane) leading to an atomic
model of the protein’s transmembrane region (Henderson et al.,
1990). Before 2013, deposited cryo-EM coordinates of MPs were
all from 2D crystal electron crystallography. In 2013 were pub-
lished the first near-atomic-resolution MP structures determined
by SP cryo-EM (Cao et al., 2013; Liao et al., 2013). Since that date,
the number of unique MP structures established by this approach
has increased explosively (Fig. 1a). Decisive advances, particularly
as regards data collection and correction, as well as software devel-
opment for model building, have revolutionized the field (Cheng,
2015; Alnabati and Kihara, 2019). A combined approach of SP
analysis applied to helical arrays (McCullough et al, 2015;
Lopez-Redondo et al, 2018) or 2D crystals (Righetto et al,
2019) has been reported. As a rule, however, SP analysis in
cryo-EM refers to images of solubilized, unstained, isolated MPs
embedded in a thin layer of vitreous ice, which are classified
and averaged for 3D reconstruction.

Because it bypasses crystallization, which is the limiting step in
X-ray and electron crystallography, SP cryo-EM has turned into a
highly efficient approach to the structural analysis of MPs, to the
point that three-quarters of the MP structures determined in 2020
have been obtained in this way (Fig. 1a). However, whereas both
crystallography and NMR can solve the structures of small MPs, a
size limit (currently ~100 kDa; see Nygaard et al., 2020) exists in
SP cryo-EM because, if a MP is too small, aligning particle images
becomes difficult (Henderson, 1995). Given that the technique is
evolving rapidly, one can expect to reach in a near future a size
limit close to ~40kDa, as for soluble proteins (Zubcevic et al.,
2016). Alternatively, the size of small MPs can be artificially
increased by binding either a natural (Frauenfeld et al., 2011) or
an artificial ligand (Wu et al., 2012), provided that the assembly
is well-defined and rigid. This strategy has been widely employed
for determining the cryo-EM structures of G protein-coupled
receptors (GPCRs) in complex with either their natural G protein
or arrestin ligands (Liang et al., 2017; Draper-Joyce et al., 2018;
Zhao et al., 2019¢; Huang et al., 2020a), an antibody fragment
(Fab) and/or a nanobody (Zhao et al, 2019a; Tsutsumi et al.,
2020), or a combination of these ligands (Gao et al, 2019;
Nguyen et al., 2019; Tsai et al, 2019; Yin et al, 2019a; Ma
et al., 2020; Qiao et al., 2020). More recently, another class of chi-
meric binders, called megabodies, consisting of a nanobody
grafted onto a larger scaffold protein via two short peptide linkers,
has been engineered to overcome size limitations while improving
the particle orientation in ice (Uchanski et al., 2021).

Structural studies of eukaryotic MPs have strongly benefited
from progresses in SP cryo-EM, to the point that currently
~76% of the unique MP structures solved by this technique are
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Fig. 2. Distribution of unique MP structures according to biological origin. (a) Unique
MP structures were classified into five groups (archaea, bacteria, eukaryotes, viruses,
and unclassified). The latter group comprises four crystallographic structures of de
novo designed MPs. (b) Repartition of mammalian versus other eukaryotic MP struc-
tures solved by either SP cryo-EM or X-ray crystallography over the past 6 years.

those of eukaryotic MPs, versus ~35% of those solved by X-ray
crystallography (Fig. 2a). Among eukaryotic cryo-EM MP struc-
tures, mammalian proteins represent ~68%, an evolution that also
reflects recent progresses in expression strategies (Fig. 2b).
Challenging protein complexes whose structural determination was
not technically possible 10 years ago are now accessible. The distribu-
tion of structures obtained by cryo-EM is overwhelmingly in favor of
integral MPs with a-helical (89%) rather than S-barrel transmem-
brane domains (~9%), whereas monotopic MPs represent ~2%.
The main subgroups of a-helical MPs are channels, ATP-binding
cassette (ABC) transporters, electron transport chain supercom-
plexes, GPCRs, and ATPases (Fig. 3a), secretion complexes constitut-
ing the main subgroup of -barrel MPs (Fig. 3b).

The resolutions achieved using SP cryo-EM keep improving
from year to year. In 2018, the structure with the highest resolution
was that of a voltage-gated sodium channel, obtained at 2.8 A res-
olution when bound to the gating modifier toxin Dcla (PDB acces-
sion code: 6A90) and at 2.6 A resolution in the presence of the pore
blocker tetrodotoxin (PDB accession code: 6A95) (Shen et al.,
2018). In 2019, a resolution of 2.37 A was achieved for the structure
of tetrameric Photosystem I (PDB accession code: 6K61) (Zheng
et al,, 2019). Finally, in 2020, the threshold of 2 A resolution was
crossed with the structure of the sheep connexin-46 solved at 1.9
A (PDB accession code: 7JKC) (Flores et al., 2020) and that of a
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Fig. 3. Family distribution of unique MP structures solved by SP cryo-EM. The groups
of (a) a-helical and (b) S-barrel MPs gather 281 and 30 unique MP structures, respec-
tively. ‘Others’, in the a-helical MP group, refers to cryo-EM structures of MPs belong-
ing to the membrane-spanning 4-domain (MS4) family, antiporters, cellulose
synthases, sterol-sensing domain (SDD) proteins, Type VIl secretion systems, intra-
membrane proteases, adventitious MPs (a-helical pore-forming toxins), host-defense
proteins, decarboxylases, novel receptors (STRA6 retinol-uptake receptor in complex
with calmodulin), transhydrogenases, adenylyl cyclases, chain length determinant
proteins, and glycoproteins. ‘Other transporters’ gather one cryo-EM structure of
drug/metabolite transporter, two structures of H*/Cl™ or F~ exchange transporters,
two structures of transporters belonging to the major facilitator superfamily (MFS),
three structures of multi-drug efflux transporters and, finally, fourteen structures of
MPs belonging to the solute carrier (SLC) transporter superfamily.

homopentameric 3 y-aminobutyric acid type-A receptor solved at
1.7 A (PDB accession code: 7A5 V) (Nakane et al., 2020).

Despite this dramatic progress in improving the resolution of
SP cryo-EM data, one should keep in mind that many of the
atomic models reported in the PDB have benefited from docking
high-resolution structures derived from X-ray crystallography,
NMR spectroscopy, or other cryo-EM studies as initial templates
into cryo-EM maps. Structures of soluble extramembrane
domains or homologous proteins from different species are
often used. Rigid or flexible fitting methods are commonly
applied for the validation and interpretation of cryo-EM struc-
tures (compared to rigid fitting methods, flexible ones allow con-
formational changes that improve fitting the model into the
experimental map). Many atomic models derived from cryo-EM
result therefore from a mix between these different approaches
rather than being fully ab initio structures. The higher the resolu-
tion achieved, of course, the safer is the resulting model, which is
a strong incentive for improving the quality of experimental data.
Which biochemical approaches are being developed to this end is
the main subject of this review.
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Selection of reports

Despite technical advances, substantial barriers still stand in the
way of many cryo-EM projects. Obtaining cryo-EM grids of suf-
ficient quality for high-resolution structural analysis is not a triv-
ial task. There is no unique answer to the question, ‘Which
detergent or detergent substitute is the most appropriate for MP
structural determination by SP cryo-EM? In any study, the
final choice of the surfactant(s) in which the structure will be
determined depends not only on the target MP, but also on the
relative amount of efforts invested optimizing one or another
set of experimental conditions. A surfactant that appeared inferior
in a first study can thus provide superior results in another. For
instance, it was initially observed that the human y-secretase
yielded a higher-resolution cryo-EM structure in APol A8-35
than in digitonin (Lu et al, 2014), whereas, a few years later,
using a version of y-secretase fused with T4 lysozyme, two
other structures were obtained in digitonin at a higher resolution
than that initially achieved in A8-35 (Yang et al, 2019; Zhou
et al., 2019). Beyond some obvious limitations, such as the fact
that current membrane scaffold protein (MSP)-based NDs
(Denisov and Sligar, 2017; Sligar and Denisov, 2020) cannot
accommodate MPs with very large transmembrane domains
and thus are not appropriate for studying large supercomplexes
(see below), trial-and-error is still the only way to proceed. Yet,
examining the set of all MP structures determined to-date by
SP cryo-EM reveals some interesting trends that can help selecting
the most promising tools.

Analyzing unique MP structures provides an overview of the
types of structures solved and their biological origin. Based on
this dataset, an analysis of the surfactants used for solubilization
and structure determination of MPs (whatever the structural
approach used) has been recently published (Choy et al, 2021).
However, the structure of a given MP has often been published
more than once, generating several PDB files for the same protein.
In the present study, we chose to include all of these data, hereaf-
ter called ‘published reports’. This raises the number of experi-
mental situations from 1195 unique structures to 2212
published reports (Fig. 4). As regards cryo-EM alone (including
both SP and electron crystallography), this number increases
from 328 unique structures (187 in Choy et al. (2021)) to 616
reports, thus providing a more exhaustive view of the extent to
which each type of surfactant is used. Most of the structures
have been obtained by SP cryo-EM analysis (316 unique MP
structures, 587 reports). The number of a-helical MPs almost
doubles, with 536 reports versus 281 unique structures (six reports
missing from S. White’s database have been included in the list
(Wang and Sigworth, 2009; Glavier et al., 2020; Hua et al,
2020; McDowell et al, 2020; Yao et al, 2020; Zhang et al.,
2020)). Here again, the most representative subgroups include
channels, ABC transporters, electron transport chain supercom-
plexes, ATPases, and GPCRs. The latter comprise 67 structures
overall for only 18 unique ones. The resolution of the vast major-
ity of structures reported lies between 2 and 5 A (554 over 593
files, i.e. >90%), with a median around 3.4-3.5 A. Knowing that
the resolution of cryo-EM maps is usually not uniform due to
protein flexibility and dynamics, which tend to degrade the reso-
lution at the periphery of the protein as compared to its core, the
resolution value is usually given on an indicative basis. Somewhat
arbitrarily, a threshold of 5 A resolution (sufficient to fit a-helices
into EM maps) was chosen for a structure to be included in our
analysis, the aim being to obtain as broad an overview as possible
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Most cryo-EM MP structures have been solved by SP analysis applied to images of
isolated MPs embedded in vitreous ice, one and two structures having been obtained
by SP analysis applied to 2D crystals and helical assemblies, respectively. The list of
reports analyzed comes from Stephen White’s database, manually completed with 60
SP cryo-EM structures for which a PDB and/or EMDB accession number was available
(see below). Two cryo-EM structures of MPs reconstituted into liposomes have been
included. In addition, examination of each of the 587 studies revealed that some
cryo-EM structures were missing. They have been manually integrated into the list
of reports as follows: (a) in four studies, an additional cryo-EM structure of a distinct
MP or MP complex was identified and added to the list of reports, (b) in 50 studies, a
3D reconstruction of a MP has been obtained in two different surfactants, yielding
two distinct refined structures, generating two sets of experimental conditions that
have been included in our analysis as ‘duplicates’, and (c) in two studies, the
cryo-EM structure of a MP has been obtained in three different surfactants, yielding
‘triplicates’. These additional experimental conditions were gathered in three groups:
‘Duplicates 1”: distinct cryo-EM structures were obtained in two (or three) different
surfactants, whereas the detergent used for the purification was unchanged;
‘Duplicates 22 both the purification and vitrification surfactants differed;
‘Duplicates 3”: the vitrification surfactant was the same but the purification was per-
formed in two distinct detergents.

of the diversity of surfactants that can be used to achieve
near-atomic resolution, while leaving aside those that have not
yet proven up to this task. In certain studies, SP cryo-EM analysis
of a given MP was performed in two or three distinct environ-
ments, leading to the refinement of several models deposited in
the PDB. This is a very interesting situation, whose lessons will
be discussed below. To obtain the widest possible view of all
usable environments, such ‘duplicate’ structures have been
included when appropriate (i.e. whenever several distinct struc-
tures have been deposited in the PDB and/or the electron micros-
copy data bank (EMDB)), increasing the number of experimental
situations that have yielded 2-5 A resolution structures from 554
to 604 (Fig. 4).

An overview of surfactant usage at the vitrification step

Among SP cryo-EM structures obtained at a resolution of 5 A or
better (hereafter noted <5 A), the six surfactants most frequently
used for vitrification are, in order of decreasing frequency of use,
(1) digitonin, (2) detergents with a single maltose-based polar
moiety and a single alkyl chain (mostly n-dodecyl-a- (or -)
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p-maltoside (DDM), occasionally undecyl- or decyl-maltoside
(respectively UDM and DM)), (3) MSP-based NDs, (4) detergents
belonging to the maltoside-neopentyl glycol (MNG) family,
which feature two maltose-based polar heads and two alkyl
chains, (5) glyco-diosgenin (GDN), and (6) classical APols
(mainly A8-35 and PMAL-C8) (Figs 5-7).

Digitonin, the most popular surfactant, was used for ~18% of
MP structures determined at resolutions <5 A (Fig. 7a). This nat-
ural detergent is a pentasaccharide derivative of steroidal aglycon
digitogenin, produced by the purple foxglove (Digitalis purpurea)
(Fig. 5). Commercial digitonin is in fact a mixture consisting of
about five glycosides, the main components of this mixture
being digitonin and digalonin, a saponin of similar structure, in
which the 2-hydroxy digitogenin is missing (Fukunaga et al.,
1988). Commercial preparations of digitonin cannot be used
directly, because even the best preparations contain 30-50% w/w
of material that cannot be dispersed evenly in water, and the effects
of unpurified digitonin are unpredictable. Therefore, purification of
commercial digitonin by recrystallization is recommended (Kun
et al., 1979). Whereas digitonin presents quite a few drawbacks,
such as batch-to-batch variations, formation of large micelles,
crystallization at low temperature and ill-defined critical micellar
concentration (CMC <0.5 mM), it is widely used in cryo-EM due
to its mildness. GDN is a recent synthetic detergent (Chae et al,
2012), whose chemical structure mimics that of digitonin (Fig. 5).
Due to its homogeneity, the CMC of GDN, which is very low
(~18uM), is better defined than that of digitonin (Chae et al,
2012). SP cryo-EM structures of GDN-solubilized MPs appeared
for the first time in 2017. Three years later, its use is reported
more often than that of digitonin (in 41 structures versus 33 for
digitonin) (Fig. 7b).

The second most widely used surfactants in cryo-EM are mal-
toside detergents such as DDM, UDM and DM, with a clear pref-
erence for DDM (86 structures out of 103). DDM (Fig. 5) was
developed in the mid 70s to early ‘80s (Rosevear et al., 1980)
and has been widely used in X-ray crystallography (Dilworth
et al., 2018; Choy et al., 2021). The polar head of DDM, UDM
and DM is provided by a disaccharide (maltose), whereas the
hydrophobic parts are 12-, 11-, and 10-carbon n-alkyl chains,
respectively. The CMC value of DDM is low (~0.17 mM for
B-DDM) and it forms well-defined micelles; UDM and DM
have higher CMC values (0.59 and 1.8 mM, respectively) (Bhairi
and Mohan, 2007; Stetsenko and Guskov, 2017; and see Table 2
in Abeyrathne et al. (2012)).

MNG detergents were synthesized and initially used mainly
for GPCR crystallization (Chae et al, 2010). These molecules
carry two alkyl chains and two hydrophilic groups derived from
maltose, linked via a central quaternary carbon atom (Fig. 5).
Because of the presence of two long alkyl chains, MNGs have
very low CMCs (e.g. ~10uM for LMNG, which is by far the
most widely used MNG, with 73 structures out of 75). While
MNGs appear only at the fourth position of the most frequently
used surfactants, with an overall frequency of ~12% (Fig. 7a),
they represent one of the surfactant classes most frequently
used in 2020 (Fig. 7b), partly due to their use for solving GPCR
structures.

The third and sixth most often used surfactant classes are,
respectively, protein-based NDs and amphipathic polymers called
APols, both developed in the ‘90s. These two detergent substitutes
are structurally very different, but both aim at solving the problem
of detergent-induced MP instability by eliminating the detergent
altogether.
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Fig. 5. Some of the amphipathic environments used for MP stabilization.

Chemical structures of detergents: digitonin, glyco-diosgenin

(GDN),

n-dodecyl-B-o-maltoside (DDM) and Lauryl Maltoside-Neopentyl Glycol (LMNG); APols: A8-35, PMAL-C8, SMA, and CyclAPols Cg-Co-50 and Cg-C,-50; hydrosoluble

cholesterol analog: cholesteryl hemisuccinate (CHS).

APols constitute a family of short and flexible amphipathic
polymers specially developed for MP biochemistry (Tribet et al,
1996; Popot et al, 2011; Zoonens and Popot, 2014; Popot,
2018) (Fig. 5). For a long time, when X-ray crystallography was
the predominant technique in MP structural biology, APols
were considered relatively unattractive. This was due to the mis-
taken view that the use of polydisperse molecules would hinder
crystallization. This point is not necessarily relevant, given that
most of the molecules comprising the surfactant belt are disor-
dered anyway (for discussions, see Charvolin et al. (2014), and
Chapter 11 in Popot, 2018). Indeed, a recent study has shown
that a mix of DDM and A8-35 (the latter used as a stabilizing
agent) allows one to solve the X-ray structure of herpes simplex
virus glycoprotein B at a higher resolution than can be achieved
with DDM alone (Cooper et al., 2018; Cooper and Heldwein,
2020). More to the point is the fact that early APols carried
charged polar moieties, which tend to hamper 3D crystallization,
whereas non-ionic APols (NAPols) (Bazzacco et al., 2012) have
only recently become commercially available. The use of APols
has been reported in >100 EM studies (those published from
1998 until late 2017 are reviewed in Chapter 12 of Popot,
2018). In the present analysis, only the cryo-EM structures of
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APol-complexed MPs included in Stephen White’s database
with resolutions <5 A have been taken into consideration. Out
of 60 cryo-EM MP structures determined using APols, 34 were
obtained in A8-35 (Tribet et al, 1996) (Fig. 5) and 19 in
PMAL-C8 (Nagy et al., 2001) (Fig. 5). A8-35 first left its mark
in SP cryo-EM with the low-resolution structure (at ~19 A) of a
mammalian MP supercomplex, that of the bovine mitochondrial
respirasome (Althoff et al, 2011). It also led to the first
near-atomic resolution structures (at 3.8 and 3.27 A) of a MP
ever solved by SP cryo-EM, those of the transient receptor poten-
tial cation channel V1 (TRPV1) (Cao et al, 2013; Liao et al.,
2013). To date, the use of NAPols has been reported in only
one cryo-EM structure, that of the outer mitochondrial mem-
brane translocase (TOM) core complex (PDB accession code:
5080); however, due to indistinguishable 3D maps of the com-
plex in DDM and NAPols, the two datasets have been merged
into a single map refined to 6.8 A (Bausewein et al., 2017) and
therefore have not been included among the reports analyzed in
this review.

The co-polymerization of styrene and maleic acid yields APol
variants known as SMA co-polymers (Fig. 5). SMAs form with
lipids and MPs the so-called SMALPs. Their interest derives
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Fig. 6. Membrane protein structures established in protein-based nanodiscs.
(a) Molecular model of an MSP-based ND (side view). The two MSPs are shown in
red and blue, the 160 associated lipids in orange and grey. From Shih et al. (2005).
(b) Molecular model of a saposin-based ND (top view). The saposin A dimer is in pur-
ple, the 26 associated lipid molecules in reddish brown. From Li et al. (2016). (c)
Family distribution of MPs whose structures have been solved after reconstitution
in protein-based NDs. ‘Other transporters’ comprise cryo-EM structures of three
multi-drug efflux transporters, three amino acid secondary transporters, three
major facilitator superfamily (MFS) transporters, and three transporters distributed
among the three superfamilies of drug/metabolite transporters (DMT), CorA ion
transporters and solute carrier (SLC) transporters. (d) Distribution of MSPs and lipids
used to reconstitute MPs in protein-based NDs. The MSP called zapl is derived from
Zebra fish apo-lipoprotein A-1; MSP2X was constructed by linking two MSP1E3D1
chains with a two-amino acid linker; csMSP1E3D1 is a circularized version of
MSP1E3D1. In three studies, the MSP used has not been clearly mentioned (‘unspec-
ified’). When the lipids were a mix of natural and synthetic lipids, they are noted as
‘natural and synthetic lipids’; when their nature has not been clearly mentioned, as
‘natural or synthetic lipids’.

mainly from their ability to extract MPs from membranes without
resorting to detergents (Knowles et al., 2009; Stroud et al., 2018).
As of January 1, 2021, only four MP structures had been solved at
high resolution using SMAs (Qiu et al., 2018; Sun et al., 2018;
Tascon et al., 2020; Yoder and Gouaux, 2020), probably due to
a set of limitations that have already been discussed elsewhere
(Autzen et al., 2019). For instance, the isolation conditions with
SMAs (typically, high ionic strength buffers such as 500 mM
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Fig. 7. Surfactants used at the vitrification step. (a) Distribution of all surfactants in
which MP structures have been solved by SP cryo-EM to a resolution <5A (604
reports overall, taking all duplicates into account). (b) Number of near-atomic reso-
lution MP structures reported each year since 2013 according to the type of surfac-
tant used at the vitrification step. ‘Others’ gather two cryo-EM structures obtained
in Brij-35 and ten other structures obtained in one of the following surfactants:
Tween 20, Igepal CA-630 (NP40), lauryldimethylamine oxide, MNA-C12, PCC-a-M,
sodium cholate, Facade-EM (FA-3), octyl glucoside, sodium deoxycholate, and lipo-
somes. Sixteen of the cryo-EM structures gathered in Stephen White’s database are
either MP fragments, toxins, or peripheral MPs vitrified in the absence of detergent.

NaCl or r-arginine) and/or the purification conditions (12-24 h
of incubation with affinity resins) tend to be too harsh for fragile
MPs of mammalian origin.

CyclAPols, a novel generation of APols that carry cyclic, satu-
rated hydrocarbon chains instead of alkyl ones (Fig. 5), have also
proven able to directly extract MPs without resorting to detergents
while stabilizing target MPs to the same extent as classical APols
(Marconnet et al., 2020). With these molecules, the usual protocol
of detergent/APol exchange is therefore no longer mandatory.
CyclAPols have been recently validated for high-resolution struc-
ture determination by SP cryo-EM (Higgins et al., submitted for
publication).

Finally, protein-based NDs are nanometric-sized objects of
discoidal shape formed by lipid bilayer patches stabilized by
two encircling amphipathic helical proteins derived from apolipo-
protein Al, called MSPs (Fig. 6a; for recent reviews, see Denisov
and Sligar, 2017; Denisov et al., 2019; Sligar and Denisov, 2020).
The total number of MP structures established in MSP-based NDs
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at resolutions <5 A is 100. Seven additional structures have been
reported using a related system, called Salipro, where another pro-
tein, saposin A, replaces MSPs (Fig. 6b) (Frauenfeld et al., 2016).
Furthermore, three other structures have been obtained with a
system called peptidiscs, based on reconstituting the detergent-
solubilized MP into short amphipathic bi-helical peptides derived
from the apolipoprotein Al in the absence of additional lipids
(Carlson et al., 2018). The main groups of MPs whose structures
have been solved after reconstitution in protein-based NDs are
channels, ABC transporters, ATPases, Cys-loop receptors and
members of the TMEM16 family (Fig. 6¢). At variance with
other amphipathic environments, which depend on securing sur-
factants from commercial sources, protein-based NDs can be pro-
duced in the laboratory. MSPs, which can be expressed in E. coli,
have been engineered to form NDs of various diameters compat-
ible with the incorporation of MPs of different transmembrane
domain sizes. MSP2N2, MSP1E3D1 and MSP1D1 form NDs
with diameters comprised between ~10 and ~17 nm (Denisov
et al., 2004; Grinkova et al, 2010) and are the most frequently
used MSPs, with 37, 24 and 22 cryo-EM structures, respectively
(Fig. 6d). Up to now, the largest transmembrane domains embed-
ded in MSP-based NDs are those of the yeast vacuolar ATPase V,,
proton channel (Roh et al., 2018, 2020) and of the human calcium
homeostasis modulator 5 (CALHMS5) (Liu et al., 2020), which
comprise 48 and 44 transmembrane a-helices, respectively.
Despite a lower number of transmembrane a-helices, the diame-
ter of CALHMS5 is wider than that of ATPase V,, due to the pres-
ence of a large 60 A diameter pore at the center. In this study,
circularized NDs in which the N and C termini of MSPs are cova-
lently linked were used, whereas conventional MSP1E3D1 yielded
NDs of sufficient size to accommodate the transmembrane
domain ATPase V,. Circularized NDs were engineered to be
more homogeneous and stable than standard NDs (Nasr et al,
2017; Nasr and Wagner, 2018). Circularized MSPs can form
NDs of larger diameter (50 nm, and up to 80 nm) as compared
to standard MSPs, but these wider NDs have yet to yield high-
resolution cryo-EM structures.

Regarding the lipid components, lipid extracts from natural
sources (soybean, brain, E. coli, yeast and thylakoids) are found
in almost half of the MP structures established in protein-based
NDs (46 cases), whereas pure or mixed synthetic phospholipids
are found in 44 cases (Fig. 6d). The most frequently used NDs
are those resulting from a combination of MSP2N2 and natural
lipids.

In 2019 and 2020, MSP-based NDs have been the most widely
used system in SP cryo-EM (Fig. 7b) because the important role of
lipid/MP interactions is being paid increasing attention to. This
justifies the choice of NDs, which, at the cost of a lengthy optimi-
zation process required to obtain high-quality samples, allows one
to solve MP structures in an artificial lipid bilayer more similar to
the native membrane than any of the other surfactants used in SP
cryoEM, barring liposomes. In the past, analyses of MPs embed-
ded into liposomes were essentially performed by subtomography
cryo-EM, yielding medium- to low-resolution structural data.
More recently, imaging liposome-embedded MPs using SP
cryo-EM has been developed based on the method of random
spherically constrained SP reconstruction. This approach relies
on fitting and subtracting a model of the membrane contribution
to each image and reconstituting the MP particles alone (Wang
and Sigworth, 2010; Tonggu and Wang, 2020). It has yielded
cryo-EM  structures of the large conductance voltage- and
calcium-activated potassium (BK) channels first at 17A (Wang

https://doi.org/10.1017/50033583521000044 Published online by Cambridge University Press

Christel Le Bon et al.

—
Y]
=

= +CHS
a -CHS
,, 100
=
S 80 o -
e =
s 60 -
@
4§40 Ll ~
Z 20 g - T
0 =
*?5’0"0"‘\@\" foofsQfo, (?Qt‘b 9@;;\\
\.\é‘ \babe@e @ S A @g\g\}v i, s".‘_ s )
0\:@- 0@0 @Qé)o“ ob
&F Q,;i“d_&‘? N v~ <
& g
& 2z

v..
(b)

APC super family; 1
Transferases; 1
TMEM16 family proteins; 1

ATPases; 2
ABC transporters, 2
Host-defense proteins; 3 \?\

[+Barrel MPs; 1
SEC, translocase
& insertase proteins; 1

Others transporters; 4

Cys-loop

receptor family; 5
GPCRs; 39

Channels; 25

Fig. 8. Addition of cholesteryl hemisuccinate (CHS) to MP samples. (a) Purification
surfactants used in combination with CHS. (B) Distribution of MP structures solved
in the presence of CHS among protein classes. ‘Others’ are as described in the legend
to Figure 7.

and Sigworth, 2009), and then at 3.5A (Tonggu and Wang,
2018). Recently, another method of cryo-EM data processing
was developed to determine high-resolution structures of MPs
reconstituted into liposomes, as exemplified by the 3.9 A structure
of the multidrug-resistant transporter AcrB (Yao et al, 2020).
These approaches have the unique potential of making it possible
to examine the structure of MPs under conditions where they
experience a gradient of solutes or a transmembrane electric
field. One should nevertheless bear in mind that none of these
systems, be they liposomes, MSP-based NDs, SMALPs or MP/
APol/lipid complexes, provides MPs with an environment identi-
cal to that of the native membrane, if only because, in the latter,
the two monolayers have different compositions (for a discussion,
see Chapter 3 in Popot, 2018).

A practice worth mentioning is the addition, to surfactant-
solubilized MPs, of cholesteryl hemisuccinate (CHS; Fig. 5), a
water-soluble cholesterol analog that improves the stability of
many purified MPs (Weiss and Grisshammer, 2002; Magnani
et al, 2008; Thompson et al, 2011). According to published
reports, 207 MPs out of 604 have been solubilized in the presence
of CHS, and in 90 cases, CHS was kept along with the purification
surfactants, which are preferentially maltoside-derived detergents
and MNGs (Fig. 8a). In total, 71% of the MP structures solved in
the presence of CHS, many of which are GPCRs and channels
(Fig. 8b), have been obtained with these two detergents. With
respect to the total number of MP structures solved in these
two surfactant classes, the use of CHS represents 37% of the cases.


https://doi.org/10.1017/S0033583521000044

Quarterly Reviews of Biophysics

(a) Surfactants used

43
33
5 43 518

for solubilization

m— Maltosides

MNGs

Digitonin

Mixed detergents

GDN

POE-glycols

m— CHAPS

m— Triton X-100

= Amphipathic polymers
CYMAL
oG

— Maltosides or MNGs
Amine oxides

e Others
No detergent

62

(b)  Surfactants used for solubilization

Maltosides MNGs

Surfactants used
for vitrification

Digitonin

4 6 = Maltosides
MNGs
Digitonin
GDN

CYMAL-7

Amphipathic polymers
MSP-based NDs
Saposin-based NDs
Peptidiscs

Mixed detergents

Others

Same as for solubilization

52

I |

Fig. 9. Surfactant exchange between MP purification and sample deposit onto
cryo-EM grids. (a) Detergents used for MP solubilization and the initial steps of puri-
fication. In three cases (labeled ‘Maltoside or MNGs’), the detergent used for solubi-
lization has not been clearly specified. (b) Surfactants used for vitrification,
depending on which detergent was used for solubilization, namely either maltoside
detergents (mainly DDM), MNGs (mainly LMNG), or digitonin. In Panel A, the analysis
includes duplicates provided that the surfactants used for solubilization were differ-
ent (i.e. including duplicates 2 and 3), whereas in panel (b) all duplicates leading to
<5 A structures have been included. References to studies using the combinations of
surfactants shown in panel (b) are given in the Supplementary Information in the leg-
end to Table S1.

For the sake of exhaustiveness, the present analysis has consid-
ered all SP cryo-EM structures solved to resolutions <5 A. One
may argue that a threshold of 4 A is more appropriate for building
high-resolution models (Cheng, 2015). However, this would have
reduced the number of experimental conditions to be analyzed
from 604 to 487. We have checked that lowering the threshold
from 5 to 4 A has no impact on the general conclusions, i.e. the
six most frequently used surfactants remain the same, their rank-
ing changing as follows: MSP-based NDs now come first, with
18% of the structures, closely followed by maltoside detergents
and digitonin, with almost 18 and 17%, respectively, then
MNGs and GDN, each with 12%, and APols with ~9%. One
clear lesson is that, as of now, no surfactant has emerged as the
universal best environment for high-resolution SP cryo-EM.
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Fig. 10. Surfactants used for solubilization and the initial steps of purification,
depending on which surfactant was used for vitrification (either digitonin, GDN,
MSP-based NDs, APols, maltoside detergents, or MNGs). All duplicates are included.
In one case, the detergent used for vitrification has not been clearly specified and
could be either maltosides or MNGs.

Surfactant exchange before sample application to the grid

The surfactant used for protein purification is very often
exchanged before the sample is applied onto the grids (Fig. 9;
for references, see Table S1 in the Supplementary Information).
Most often, extraction from the membrane and the first steps of
purification are performed using one surfactant (hereafter
referred to as the ‘purification surfactant’), whereas the last
steps are used to exchange it for that in which the sample will
be vitrified (‘vitrification surfactant’). Maltoside detergents are
most frequently used for purification (~44%), followed by
MNGs (~23%) and digitonin (~11%) (Fig. 9a). However, in
~68% of cases, MPs purified in maltoside detergents (essentially
DDM) were subsequently transferred to a different amphipathic
environment, most often MSP-based NDs, APols, digitonin, or
GDN, before applying the sample to the grids (Fig. 9b). In nine
cases, the maltoside detergent used for purification was
exchanged for another maltoside detergent. Exchange of MNGs
is also very common (~59% of cases), most often for digitonin,
GDN or APols. Digitonin is less often exchanged. Out of 67 struc-
tures of MPs purified in digitonin (taking into account dupli-
cates), 52 were obtained without resorting to surfactant
exchange (Fig. 9b). Figure 10 summarizes, for each of the six
types of surfactants most commonly used at the vitrification
step, which medium the proteins were initially purified in.
Slightly more than half of MPs whose structure was solved in dig-
itonin were purified in other detergents, mainly maltoside-based
detergents and MNGs. The frequent transfer to digitonin of
MPs extracted with another detergent is not unexpected, given
that digitonin is both less solubilizing and less destabilizing
than most detergents. A large fraction of those MPs whose struc-
ture was solved in GDN were initially purified in maltoside deter-
gents or in MNGs (Fig. 10).

When MSP-based NDs or APols are used for vitrification, sur-
factant exchange is most often obligatory, given that neither of
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these surfactants is effective for direct solubilization. In the case of
APols, one can expect that the number of structures solved with-
out surfactant exchange will increase should the use of SMAs and
other APols suitable for direct MP extraction, like CyclAPols,
develop in the future. Currently, near two-thirds and half of the
MPs whose structures were established in MSP-based NDs or in
APols, respectively, were purified in maltoside detergents
(Fig. 10).

MNGs are also often chosen as final surfactants. Almost three-
quarters of the MP structures established in MNGs were obtained
without detergent exchange. In 16% of the cases, the MP was first
extracted using a maltoside-based detergent. In four cases, the
MNG used for purification was exchanged before vitrification
for another MNG.

DDM is, by far, the detergent that is the most often used for
MP extraction and purification (Fig. 9a). As such, it is, most likely,
the first detergent tested in initial imaging attempts. It is therefore
noteworthy that DDM is, nevertheless, replaced with another sur-
factant in more than two-thirds (~68%) of the studies we exam-
ined (Fig. 9b). Conversely, DDM and the other maltoside
detergents are seldom used to replace the detergent used for puri-
fication (Fig. 10). There are likely two main reasons for moving or
keeping away from DDM for imaging: (i) the desire to transfer the
protein to less perturbing and/or more native-like an environ-
ment, and (ii) the higher quality of images obtained with other
surfactants. These two issues, of course, are not independent of
each other.

Overall, the analysis summarized in Figs 9 and 10 indicates
that it is more the exception than the rule that the surfactant
used for extraction and purification be the one kept for preparing
cryo-EM specimens, as it is exchanged in 60% of the cases.
Table S1 of the Supplementary Information provides references
to those studies in which the protein was initially obtained in
one of the three types of surfactants most commonly used for
purification, maltosides, MNGs and digitonin, sorted out accord-
ing to what the medium used for vitrification was.

In any original study of a new MP, optimization of the purifi-
cation and vitrification conditions is likely to stop once the quality
of images appears sufficient for obtaining near-atomic resolution.
In subsequent studies, however, when a better structural preserva-
tion and/or resolution is desired, or a different conformational
state is explored, the search for improved conditions is broadened
and may well lead to favoring another surfactant than that used in
the first study. Because surfactants that have given good results in
the past are tested first, there is initially a bias in their favor, which
does not necessarily reflect an actual superiority, and the use of
novel molecules tends to lag behind. A notable exception to this
pattern is GDN, which, certainly by virtue of its similarity to dig-
itonin and the advantages it presents over it, seems to have been
adopted with remarkable rapidity.

Effect of surfactants on image quality

Many parameters affect the resolution of cryo-EM structures,
including the number of particles used for the 3D reconstruction,
grid preparation, imaging conditions, etc. A straightforward rela-
tionship between the surfactants used and image quality is there-
fore difficult to establish. However, a few cryo-EM studies have
reported duplicate (or, in two cases, triplicate) structures of the
same MP in two (or three) distinct amphipathic environments.
One can expect that, in each of these studies, where the starting
material is the same, all efforts have been made to optimize
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image quality and that, as a consequence, differences of resolution
from one surfactant to the next can be more likely related to the
surfactant itself than to any other factor.

Whereas high-CMC detergents are known to degrade the qual-
ity of images due to (i) their tendency to destabilize MPs (cf.
Chapter 2 in Popot, 2018) and (ii) the presence of abundant
micelles in the background, which lowers the contrast, resorting
to low-CMC detergents tends to improve the resolution. These
detergents, such as LMNG, exhibit an extremely slow off-rate,
which has been used to develop a gradient-based detergent
removal (GraDeR) approach enabling an extensive elimination
of free detergent micelles and detergent monomers to further
improve image quality (Hauer et al., 2015). Empty NDs and
APol excess can also be removed from the samples, before vitrifi-
cation, by size exclusion chromatography.

Because it is not known beforehand which amphipathic envi-
ronment will yield the best data, using in parallel two or more vit-
rification surfactants, which, a few years ago, was an anecdotal
practice, is becoming increasingly frequent. Table 1 shows a com-
parison of the resolutions achieved for a given MP or MP com-
plex, in a given study, in the presence of various amphipathic
environments (the best resolution achieved in a given study is
noted in red, the surfactant used indicated on the top line, whereas
other data obtained in the same study using an alternative surfac-
tant — reported in the left column - are noted in black). It reveals
a clear tendency in favor of MSP-based NDs (12 of the best struc-
tures), followed by GDN (6), maltoside-based detergents, MNGs
and APols (5 each). An additional benefit of such comparative
approaches is that two structures solved at similar resolution in
distinct environments may reveal different conformations,
which could provide a glimpse into the conformational landscape
of the protein. A case in point is mouse TMEM16A, whose struc-
tures in LMNG and NDs show what seems to be two distinct
closed conformations, featuring either one or two bound Ca**
ions per monomer (Dang et al, 2017). There are other such
examples in the literature, such as, for instance, the cryo-EM
structures of the full-length rabbit TRPV2 channel obtained in
APols versus MSP-based NDs (Zubcevic et al., 2019). This sug-
gests that different amphipathic environments exert different con-
straints on the transmembrane domain of a given MP, leading to
the stabilization of different conformational states. Molecular
dynamics data show that APols may slow down MP dynamics
(Perlmutter et al., 2014). On the one hand, this probably contrib-
utes to stabilizing MPs as compared to conventional detergents
(Picard et al., 2006; Pocanschi et al., 2013); on the other, it may
favor low-energy conformational states. This can be seen as an
advantage to reduce the conformational heterogeneity of samples,
like nanobodies and/or Fabs do. Compared to APols, NDs may
restrict transmembrane domain conformational states to a lesser
extent. Nevertheless, a tight wrapping of MPs by MSPs has
been reported (for examples, see Arkhipova et al., 2020; Roh
et al., 2020), which may potentially give rise to conformational
constraints. The presence of lipids in MP/ND or MP/polymer
complexes may increase the dynamics of the system, allowing
MPs to adopt a range of conformations, which can be relevant
to the protein’s function.

In other studies, on the contrary, no significant differences
were observed, as is the case of the 3.8 A resolution structures
of the innexin-6 gap junction proteins in an undocked hemichan-
nel observed in either NDs or MNG (Burendei et al., 2020), or of
the 2.9 A resolution structures of the human potassium-chloride
cotransporter (KCC1) in NDs versus GDN (Liu et al., 2019b).
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Table 1. A comparison of resolutions achieved for a given MP or MP complex vitrified in various amphipathic environments

Surfactants giving the highest resolution (A)

Surfactants used for Amphipathic
vitrification Digitonin Maltosides MSP-based NDs MNGs polymers GDN Others®
Digitonin 3.2; 3.8% (Tao and 4 (Sui et al., 2018) 3.2; 3.5 (Feng et al., 4.2; 4.3 (Yin et al., 4.24; 4.3 (Singh
MacKinnon, 2019) 2019) 2019a, 2019b) et al., 2018)
3; 3.9 (Bloch et al., 3.3; 3.5 (Yan et al.,
2020) 2019)
2.6; 2.9 (Zhao et al.,
2019a, 20195,
2019c, 2019d)
Maltosides 4 (Sui et al., 2018) 3.3;3.9° (Gopalasingam 3.1; 3.4 (Reddy et al., 3.2; 4 (Parey et al., 6.8 (Bausewein 3.1 (Johnson

et al., 2019)
3.3; 3.9 (Niu et al.,
2020)

2019)

2019)

et al., 2017)
3.1 (Johnson et al.,
2020)

et al., 2020)

MSP-based NDs 3.2; 3.5 (Alvadia

et al., 2019)

3.7 (3.6); 3.8 (3.6)8
(Kalienkova et al., 2019)

3.6; 3.8¢ (Srivastava
et al., 2018)

3.5; 3.93 (Kishikawa
et al., 2020)

3.5; 8.25 (Guan et al.,
2020)

3.67; 4.92 (Wang et al.,
2020b)

3.8; 3.8 (Dang et al.,
2017; Burendei et al.,
2020)

4.1; 6.6 (Jin et al., 2020)

3.7 (Yoo et al.,
2018)

2.9; 3.8 (Zubcevic
et al., 2019)

3.4; 3.4 (Maeda
et al., 2020)

3.96; 7.77 (Walter
et al., 2019)

2.9; 2.9 (Liu et al.,
2019b)

3; 3.39 (Deng et al.,
2020)

Saposin-based NDs

3.8; 5 (Nguyen et al.,
2018)

3.34; 4.7 (Gharpure
et al., 2019)

MNGs 3.1; 3.5 (Jojoa-Cruz 4.06; 4.65 (Zhou 4.1; 4.2 (Benton
et al., 2018) et al., 2017) et al., 2018)
3.8; 3.8" (Zhou et al., 4; 4.1 (Kuhlen
2017; Burendei et al., et al., 2020)
2020) 3.6; 3.6 (Vinayagam
3.4; 4 (Maeda et al., et al., 2020)
2020) 3.4; 4 (Maeda et al.,
2020)
Amphipathic 6.8 (Bausewein et al., 3; 4 (Shen et al., 2016) 3.58; 6.25 (Alam et al., 3.63; 4.2° (Wang 2.83; 6.04 (Ruan 3.1 (Johnson
polymers 2017) 3.7 (Yoo et al., 2018) 2018) et al., 2019) et al., 2020a) et al., 2020)
3.4; 3.5 (Zubcevic et al., 3.6; 4.2 (McGoldrick 2.6; 3.3 (Zhao et al., 2.17; 3 (Owji et al.,
2018) et al., 2018) 2020) 2020)
3.1 (Johnson et al., 3.15; 3.16(Sauer et al., 3.6; 3.6 (Vinayagam
2020) 2020) et al., 2020)
3.4; 3.4 (Maeda et al.,
2020)
GDN 3.06; 4.1 (Tucker and 4; 4 (7.9) (Koehl et al.,
Park, 2019) 2019)
3.45; 3.53 (McGoldrick
et al., 2019)
2.9; 2.9 (Liu et al.,
2019b)
3.1; 3.7 (Gao et al.,
(Continued)
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Table 1. (Continued.)

Surfactants giving the highest resolution (A)

Surfactants used for Amphipathic
vitrification Digitonin Maltosides MSP-based NDs MNGs polymers GDN Others®

2020q)

3; 3.6 (Qian et al., 2020)
3.4; 3.6 (Diederichs

et al., 2020)

CHAPS 3.6;4.2 (Gong et al.,
2019)
Triton-X100 3.1 (Johnson et al., 3.1 (Johnson et al.,
2020) 2020)
Total 2 5 12 5 5 6 1

Only the resolutions (in A) of MP cryo-EM structures published in the same study and for which PDB or EMDB accession codes are available are reported. These reports are referred to in the text and figures as ‘duplicates’. The columns list the
surfactants whose use led to the best resolution for the MP considered (in a given study), printed in red, the lines the alternative surfactants used in the same study, the resolution achieved being indicated in black. In four studies, the analysis
resulted in indistinguishable 3D reconstructions regardless of the environment and the data were pooled to yield a single structure, in which cases the resolution is printed in green. These four studies and those which resorted to two or more
surfactants belonging to the same surfactant family have not been included in the total number of best-resolution structures achieved with each surfactant family (last line).

Note that for duplicate structures obtained using the same surfactant family, the difference of resolution could be attributed to the following reasons: *detergent exchange in one case and not in the other, the best resolution being obtained when the
sample was purified and kept in digitonin rather than purified in MNG and transferred to digitonin; Ptwo versions of the target MP (wild-type versus mutant); “the vitrification detergent was either DDM or DM, the latter giving the best resolution; dthe
lipid compositions of NDs differed; ®two pH values (6.2 and 7.5) were used, the best resolution being obtained at the highest pH; ‘the vitrification surfactant was either A8-35 or PMAL-C8, the latter giving the best resolution.

In some cases, the same resolution was achieved in two distinct amphipathic environments: éthe structures of the apo and halo forms of TMEM16 were obtained at different resolutions, namely 3.7 and 3.8 A for the calcium-free structure in DDM and
MSP-based NDs, respectively, and 3.6 A for the calcium-bound one regardless to the environment; "the detergent sample was prepared using the GraDeR approach (Hauer et al., 2015); ithe same resolution (3.8A) was reported for the innexin-6
hemichannel in LMNG and NDs; however, the resolution in LMNG can be improved to 3.4 A by reducing the anisotropy of the reconstruction thanks to the addition in the refinement process of particles from a dataset in which a Fab fragment
was bound to the target MP; ithe structures of two conformational states of the metabotropic glutamate receptor (a GPCR) were solved to the same resolution (4 A), namely the active conformation in GDN and the inactive (apo) form in
MSP-based NDs; that of the apo form in GDN could be solved to only 7.9A resolution; note that a large population of the receptor in its apo form was observed to be dissociated from its dimeric state into monomeric forms, suggesting
detergent-induced destabilization; “Others’ in the last column correspond to MNA-C12 (influenza virus hemagglutinin) and Triton-X100 (MS-ring of bacterial flagellum).
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In one case, three cryo-EM structures of the same MP, the
autophagy-related 9 protein, were resolved in three different envi-
ronments, namely MSP-based NDs, APols, and LMNG. Whereas
no significant differences were observed between NDs and APols,
both surfactants leading to 3.4 A structures with an r.m.s.d. over
all Co atoms of 0.68 A, the use of LMNG resulted in a lesser res-
olution (Maeda et al., 2020). In four cases, the absence of differ-
ences between distinct amphipathic environments led to merging
different datasets to build a single cryo-EM structure (whose res-
olution is noted in green in Table 1).

Opver the years, groups that initially used a particular surfactant
to study a given MP or MP complex may move to another one. A
case in point is that of mitochondrial respiratory supercomplexes,
historically solubilized and purified in digitonin. Different types
of supercomplexes have been identified, the biggest one being
the respirasome, which results from the association of complexes
LILIV,, comprising altogether 80 subunits and featuring 132
transmembrane helices. The digitonin/protein ratio used during
solubilization considerably affects the types and relative amounts
of supercomplexes (Pérez-Pérez et al., 2016), pointing to a disso-
ciating effect. The first 3D reconstruction ever achieved of a whole
mammalian respirasome, which predated the ‘resolution revolu-
tion’ in SP cryo-EM, was obtained by stabilizing the supercomplex
in APol A8-35 after extracting it with digitonin. Whereas the res-
olution of the map was limited to ~19 A, it made it possible to
position the three respiratory complexes with respect to each
other within the supramolecular assembly (Althoff et al.,, 2011).
Five years later, thanks to progress in cryo-EM technology, four
structures of respirasomes from three different organisms were
obtained at subnanometer resolution and published nearly simul-
taneously (Gu et al,, 2016; Letts et al., 2016; Sousa et al., 2016; Wu
et al., 2016). In one study, it was reported that 42% of the particles
had lost complex IV when purified in digitonin, whereas the par-
ticles extracted with a DDM analog, PCC-a-M (Hovers et al.,
2011), and transferred to A8-35 were homogeneous and stable
(Sousa et al., 2016). In another study, where digitonin was used
both for purification and vitrification, two 3D reconstructions
of the ovine respirasome in ‘tight’ and ‘loose’ forms were
obtained at resolutions of 5.8 and 6.7 A, respectively (Letts
et al., 2016). Over storage, the ratio of the tight to loose respira-
somes changed in favor of the loose form, whose population
doubled after overnight incubation at 4 °C before grid prepara-
tions. In the same study, the authors also presented the
cryo-EM structure of supercomplex 1,111, in digitonin at 7.8 A.
More recently, the same authors reported that transferring the
digitonin-solubilized supercomplex I,III, to APol A8-35 pre-
served all expected enzymatic activities and significantly
improved the supercomplex stability over time, leading to
cryo-EM structures solved, in four distinct states, at resolutions
ranging from 4.6 to 3.8 A (Letts et al, 2019). Nevertheless,
replacing digitonin with APol is most likely not the only reason
explaining the improvement of resolution, as other parameters
such as the number of particles, grid preparation, and imaging
conditions may have affected the final resolution of the 3D
reconstruction. In addition, one should keep in mind that,
despite their lesser dissociating character as compared to deter-
gents, too high an excess of APols can also result in breaking up
large MP complexes into subfragments (Popot et al, 2011;
Sverzhinsky et al., 2014). This process can be limited by (i) fine-
tuning the APol concentration following a rather simple method
(for a detailed protocol, see Le Bon et al., 2018), (ii) using less
dissociating APols such as NAPols, and (iii) adding lipids.
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Vitrification

The usual approach to vitrification is as follows: the carbon film of
a cryo-EM grid is rendered hydrophilic by plasma treatment, the
sample is deposited on the grid and incubated in a chamber under
controlled humidity and temperature, excess liquid is removed
(blotted) by touching the surface of the grid with a filter paper,
and the resulting thin supported liquid film is flash-frozen by
immersion into a cryogen (typically liquid ethane) (Dobro
et al., 2010; Sgro and Costa, 2018). Blotting is considered one
of the critical steps for achieving reproducible ice quality and
thickness (Armstrong et al, 2020). Processes that avoid the
hard-to-standardize contact with a filter paper are thus being
developed. These include self-blotting grids (nano-wire support
grids absorbing the excess liquid due to an increased adsorption
surface (Razinkov et al., 2016)), removal of excess liquid by apply-
ing a pressure gradient (‘Preassis’; Zhao et al., 2019b), microflui-
dic isolation and controlled deposition of the protein of interest
(Schmidli et al., 2019), or automated deposition of minimal sam-
ple volumes, either directly (‘Spotiton’ inkjet dispenser (Arnold
et al, 2017); ‘Vitrojet' pin-printing (Ravelli et al, 2020)) or
through microfluidic-based (Feng et al, 2017) or ultrasound-
based (Ashtiani et al, 2018) spraying. To our knowledge, no
new structure has so far been solved using any of the latter pro-
totypes, despite promising preliminary results. Commercial vitri-
fication devices based on blotting (sold by FEI, Leica, and Gatan)
remain overwhelmingly dominant (~95% of the studies).
Including home-made devices, more than 97% of the sample
preparation is performed with a paper-based blotting step (the
missing 3% reflecting a lack of information rather than blotting
alternatives). This might be attributable to a lack of visibility/
availability of newly developed prototypes, or to still ongoing
proof-of-concept studies. A point to keep in mind is that, at the
blotting stage, most of the surfactant adsorbed at the air/water
interface will be removed. The rate of reformation of a surfactant
monolayer will depend on the nature and concentration of the
surfactant, which may affect such factors as thinning of the film
and MP adsorption at the interface.

Can surfactants be used as vitrification helpers?

The preparation of high-quality cryo-EM grids depends on being
able to preserve the target macromolecule in a vitreous thin film,
with the particles exhibiting an even distribution and, ideally,
adopting random orientations within the ice layer. The key to
achieving high resolution is a careful optimization of cryo-
specimen preparation (Sgro and Costa, 2018). For MP samples,
the presence of surfactant represents a critical factor. Several
types of difficulties have been identified, including uneven disper-
sion of MPs throughout the ice film (aggregation at the edge of
the holes in carbon films, particularly if the ice film is too thin,
and/or preferential orientations) and lowering of the contrast
due to the presence of detergent micelles in the background.
The latter problem has encouraged the use of APols, NDs or
low-CMC detergents to minimize the presence of free surfactant.
MP dispersion within the ice film constitutes the most difficult
parameter to control (Drulyte et al, 2018). Commercial
cryo-EM grids are metal mesh grids, typically copper, with a sup-
port film of amorphous carbon layered over the top, which can be
either continuous or perforated. Amorphous carbon support films
remain the preferred cryo-EM support material because it is rel-
atively inexpensive. However, it is prone to bending and
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Table 2. Studies in which the addition of secondary surfactants to solubilized MP samples has been carried out before vitrification

Fluorinated surfactants

Hydrogenated detergents

Amphipathic polymers

Additive: Fos-choline-8

(0.5-3mM)

Main surfactant

Octyl-maltoside
(0.01-0.5%)

Fos-choline 8
(1.5 mM) or
octyl
maltoside
(0.7 mM)

CHAPS/ Brij-35 Digitonin DDM
CHAPSO (0.02%) (0.1%) (0.06
(0.05-0.2%) mM)

n-Octyl-B-p-glucopyranoside
(0.05 or 0.1%)

Fos-choline-8

A8-35 PMAL-C8
(0.0005%) (0.1-
0.2%)

Total

MSP-based NDs (Falzone et al., 2019;
Khelashvili et al.,
2019; Zubcevic et al.,
2019; Fan et al., 2020;
Wang and Boudker,
2020; Yin et al., 2020;
Huang et al., 2020b)

(Gatsogiannis et al.,
2016; Willegems and
Efremov, 2018; Kater
et al., 2019; Reddy

et al., 2019; Qian et al.,
2020; Ruan et al.,
2020b)

(Pleiner et al.,
2020)

(Sun and
MacKinnon,
2020)

(Koehl
et al.,
2019)

16

MNGs (Wasilko et al., 2020)

(Deme et al., 2020)

(Lauber et al.,
2018)

(Yu et al., 2019) (Kampjut and
Sazanov, 2019;
Kampjut and
Sazanov, 2020;
Maeda et al.,
2020; Pinke

et al., 2020)

Digitonin (Guo and MacKinnon,
2017; Liu et al., 2017;
Zhang et al., 2017;
Johnson Chen, 2018;
Zhang et al., 2018b;
Liu et al., 2019a;
Wang et al., 2020a)

Amphipols (Wang et al., 2019)

(Letts (Maldonado (Owji
etal., et al., 2020) etal.,
2019) 2020)

(Owiji
et al.,
2020)

GDN (Itskanov and Park,
2019; Tucker and
Park, 2019)

(Koehl et al., 2019; Kim et al.,
2020b)

Maltosides (Tucker and Park,

2019; Niu et al., 2020)

(Coleman et al., 2020)

Saposin-based NDs (Gharpure et al.,
2019; Rahman et al.,
2020; Kim et al.,

2020a)

POE-glycols (Basak et al., 2019)

n-Octyl-B-p-glucopyranoside

(Benton et al., 2020)

No surfactant®

(Linsky et al., 2020;
Piton et al., 2020)

(Gao et al., 2020b)

Total 24

10

1

5 5 1 1 1

1

1 1

51

?No surfactant has been used for the purification of SARS-CoV-2S ectodomain (residues16-1206) (Linsky et al., 2020), the mycobacterial EspB heptamer, which appears as an external membrane protein (Piton et al., 2020), and the visual G
protein-effector complex, a peripherally attached complex to the rod photoreceptor outer segment membranes (Gao et al., 2020b).
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deformation as a result of exposure to the electron beam (Brilot
et al., 2012), entailing afterwards a correction of beam-induced
movements. All-gold cryo-EM grids, which have been shown to
significantly reduce specimen motion during illumination with
the electron beam (Russo and Passmore, 2014), are now more fre-
quently tested. Chemical modification of gold-coated grids with a
thiol bearing a PEG group has been developed as a mean to
reduce the aggregation of soluble proteins on the support and
at the edges of the holes (Meyerson et al., 2014), an approach
that has also been shown to improve the distribution and orien-
tations of MPs (Blaza et al., 2018). Another approach is the chem-
ical modification of the MP itself by reacting its surface-exposed
lysines with an appropriately functionalized low-molecular-mass
PEG (Wu et al, 2019; Wu et al., 2020). Obtaining thicker films
can alleviate the orientation problem and it seems that APols
can help (Flotenmeyer et al, 2007). An additional risk, which
affects both MPs and soluble proteins, is protein adsorption at
the air/water interface, which generally results in partial or com-
plete denaturation (Noble et al., 2018). Immobilizing proteins on
a graphene-coated surface is a way to prevent this adsorption, as
shown with soluble proteins (D’Imprima et al., 2019). Binding of
megabodies has also been reported to randomize the particle dis-
tribution in ice for MPs that normally exhibit preferential orien-
tations (Uchanski et al., 2021).

Surfactant molecules adsorb at the air/water interface, which
has two interesting consequences: on the one hand, this reduces
the surface tension of the buffer and likely influences the thinning
kinetics; on the other, it creates a barrier that limits protein
adsorption and denaturation at the interface (Glaeser et al.,
2016; Glaeser and Han, 2017). The first effect adds to the com-
plexity of grid preparation because the rate at which the film
drains, its thickness at the time of vitrification and, as a result,
the even or uneven distribution and orientation of MPs can be
difficult to control. It is, however, a factor that can be harnessed
to improve particle distribution (cf. Flotenmeyer et al., 2007).

It has been reported that the addition of small amounts of
surfactants to a sample of soluble proteins can improve particle
distribution and/or orientation within the ice film, which facili-
tates collecting the various views required for 3D reconstruction.
This improvement has been observed for instance with deter-
gents such as CHAPSO (Chen et al., 2019) as well as with
APol A8-35 (Chowdhury et al., 2015; Zhang et al., 2018a).
Table 2 lists the cases where a secondary surfactant has been
added to solubilized MP samples in order to improve the quality
of the samples. NDs and MNGs are the two systems in which the
addition of extra surfactants has been most often resorted to
(Table 2).

Fluorinated surfactants have proven particularly useful for this
task because (i) they mix poorly with hydrogenated alkyl chains
of detergent molecules and (ii) they are strongly attracted to the
air/water interface, where they oppose the adsorption of hydroge-
nated molecules (cf. Chapter 3 in ref. Popot (2018)). Fluorinated
Fos-choline 8, with a CMC of 2.5 mM, is most frequently used, fol-
lowed by fluorinated octylmaltoside (CMC=0.7mM). MP
cryo-EM structures have also been obtained using as additives
hydrogenated detergents, such as Fos-choline 8, DDM, digitonin,
CHAPS/CHAPSO, Brij-35, or octylglucoside (Table 2). An
interesting observation is that A8-35 can also facilitate sample
vitrification for ND-trapped MPs (Koehl et al., 2019). As with
small surfactants, the addition of A8-35 seems to oppose the
adsorption of MP/ND complexes at the air/water interface, most
likely due to its forming an interfacial film (cf. Giusti et al., 2012).
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Preferential orientation has been reported in the case of the
ryanodine receptor RyR1 trapped in A8-35 (Baker et al., 2015).
Random orientation of the particles was achieved following
addition to the sample of a low concentration of octylglucoside
(one-tenth of the CMC). The mechanism underlying this effect
is not clear (for a discussion, see Chapter 12 in Popot, 2018).
Combining two or more surfactants can thus have favorable
effects, although it complicates optimizing grid preparation.

Using functionalized APols for immobilizing MP complexes
or labelling transmembrane domains

One of the advantages of APols derives from the fact that grafting
a small percentage of a tag or label onto the polymer does not
affect its solution properties, while functionalizing it for specific
purposes. Thereby, transferring a MP from detergents to a func-
tionalized APol results in functionalizing the MP of interest with-
out the need for any chemical nor genetic modification (Della Pia
et al., 2014a). This can be achieved either by exchanging deter-
gents for labelled APols (Le Bon et al, 2018) or, given that
APols are miscible (Zoonens et al, 2007; Della Pia et al,
2014b), by adding a functionalized APol to a MP directly extracted
using the newly developed CyclAPols (Marconnet et al., 2020).
Many applications of such a mild labeling can be contemplated.
On the one hand, chemically functionalized carbon films carrying
biotin, nickel-charged nitrilotriacetic acid (Ni>*-NTA), DNA, and
so on have been described (Llaguno et al., 2014). Functionalized
APols carrying biotin moieties (Charvolin et al., 2009), hexahisti-
dine (Hise)-tags (Giusti et al., 2015), or a single strand of DNA
(Le Bon et al., 2014) could be used to immobilize MPs on the cor-
responding films, so as to provide an even distribution and pre-
vent protein contact with the air/water interface. In addition,
functionalized APols can be used to label the transmembrane
domain of some challenging MP complexes for which only
medium- to low-resolution structures are currently available.
The principle of this approach has been validated using
negative-stain EM (Perry et al., 2019). It relies on trapping the tar-
get MP with an APol carrying biotin moieties (BAPol) (Charvolin
et al, 2009) and localizing the BAPol-coated transmembrane
regions using monovalent streptavidin. This labelling strategy
could presumably help in the initial steps of a cryo-EM study,
even though it should be kept in mind that streptavidin mono-
mers, while bound to the surface of the APol layer, will not
occupy identical positions from one particle to the next. This
approach could be extended to other functionalized APols. For
instance, APols carrying Hiss-tags (Giusti et al., 2015) can bind
Ni**-functionalized gold nanoparticles or quantum dots, whereas
those carrying an oligonucleotide (Le Bon et al., 2014) could be
used to create or bind to origami motifs (Martin et al., 2016).

Conclusion

The present analysis provides an overview of how surfactants are
being used in the field of SP cryo-EM MP studies. One remark-
able observation is that, even when a mild detergent such as
DDM, LMNG, digitonin, or GDN is used for MP extraction
and purification, microscopists often find it advantageous to
exchange it for another surfactant such as a milder detergent,
NDs or APols in order to improve the quality of the reconstruc-
tions and/or to catch distinct conformational states. One can
expect that, in the future, developing still better surfactants will
be one of the major avenues to improving cryo-EM data. Two
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major directions will likely be explored in parallel: (i) improving
surfactants that can extract MPs directly while also providing
excellent images, so that no surfactant exchange would be neces-
sary, and (ii) improving the final surfactant used to maintain MPs
in solution during grid preparation, irrespective of whether it is
also used for the initial solubilization and purification steps.
Further progress will likely also depend on a better control of
the factors that govern the thickness of the ice film and the distri-
bution and orientation of MP/surfactant complexes within it.
Here as well, a better understanding of the behavior of surfactants
and liquid films at the blotting step will probably prove critical.
Finally, the use of functionalized surfactants offers intriguing
perspectives.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0033583521000044.
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