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Abstract
Cryoelectron microscopy (cryo-EM) in association with a single particle analysis method (SPA) is now a promising tool to
determine the structures of proteins and their macromolecular complexes. The development of direct electron detection cameras
and image processing technologies has allowed the structures of many important proteins to be solved at near-atomic resolution
or, in some cases, at atomic resolution, by overcoming difficulties in crystallization or low yield of protein production. In the case
of membrane-integrated proteins, the proteins were traditionally solubilized and stabilized with various kind of detergents.
However, the density of detergent micelles diminished the contrast of membrane proteins in cryo-EM studies andmade it difficult
to obtain high-resolution structures. To improve the resolution of membrane protein structures in cryo-EM studies, major
improvements have been made both in sample preparation techniques and in hardware and software developments. The focus
of our review is on improvements which have been made in the various techniques for sample preparation for cryo-EM studies,
with a specific interest placed on techniques for mimicking the lipid environment of membrane proteins.
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Introduction

Cells and various organelles contain biological membranes
that shape them and support various biological activities.
Proteins integrated in membranes play important roles, such
as transmembrane trafficking, cell sensing and signaling, gas
exchange, and energy synthesis. In the genome of all

organisms, almost 20–30% of genes encode membrane pro-
teins (Krogh et al. 2001; Wallin and Heijne 1998), and
chemicals and natural compounds that control the function
of membrane proteins are actively being searched for as new
drug candidates. Indeed, 50–60% of drugs on the market tar-
get membrane proteins, such as G protein-coupled receptors
and ion channels (Drews 2000; Overington et al. 2006;
Terstappen and Reggiani 2001).

Structural information on membrane proteins is indis-
pensable for understanding biological mechanisms and
designing active drugs starting from their lead com-
pounds. However, the highly hydrophobic nature of
transmembrane domains causes intolerable difficulties in
the sample preparation steps. Indeed, determination of
the three-dimensional (3-D) structure of membrane pro-
teins was previously considered a waste of both time and
effort and cost-consuming. As such progress made on
membrane proteins using this technique has been much
delayed, in contrast to that of water-soluble proteins.

In recent years, a new generation of direct electron
detection cameras for electron microscopy (McMullan
et al. 2014) and image processing software implemented
with the Bayesian approach (Kimanius et al. 2016;
Scheres 2012) have been developed in parallel. Due to
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these novel developments, as well as the establishment of
big data handling techniques, the resolution of cryo-
electron microscopy (cryo-EM) with single particle anal-
ysis (SPA) methods has been drastically improved. Cryo-
EM with SPA does not require crystallization, which has
long been a bottleneck for structural determination of
membrane proteins. Cryo-EM obtains a 3-D structure
by information processing technology from photographic
particle images of proteins that have been quickly frozen
and embedded in amorphous ice.

Over the past 5 years, the structures of important mem-
brane protein complexes, which are difficult to crystallize,
have been determined by the cryo-EM technique. Starting
from high-resolution analyses of transient receptor poten-
tial (TRP) channels (Liao et al. 2013; Paulsen et al. 2015)
and γ-secretase (Bai et al. 2015; Lu et al. 2014), struc-
tures of various membrane proteins have been revealed by
cryo-EM studies. These include other subtypes of TRP
channels (Jin et al. 2017; Li et al. 2017; Paulsen et al.
2015; Shen et al. 2016; Zubcevic et al. 2016), voltage-
gated channels (Guo et al. 2016; Shen et al. 2017;
Whicher and MacKinnon 2016; Wu et al. 2016), and
ATP-binding cassette (ABC) transporters (Fitzpatrick
et al. 2017; Johnson and Chen 2017; Kim et al. 2015;
Liu et al. 2017; Oldham et al. 2016; Qian et al. 2017;
Taylor et al. 2017; Zhang and Chen 2016). Now, even
the structures of G-protein-coupled receptors are becom-
ing the target of cryo-EM (or a cryo-EM equipped with
the Volta phase plate) (Liang et al. 2017; Zhang et al.
2017). Readers will find an increasing number of exam-
ples in previously published excellent reviews (Baker
et al. 2017; Mazhab-Jafari and Rubinstein 2016;
Milenkovic et al. 2017; Yang et al. 2017; Zalk and
Marks 2017; Zhu and Gouaux 2017). Most of these struc-
tures are solved at near-atomic resolution (3–4 Å), and in
some cases, the electron densities of small ligands, asso-
ciated lipids, water molecules, or metal ions were success-
fully defined, thereby providing useful information for the
pharmacological design of new drugs and understanding
of their mechanisms.

To improve the resolution of membrane protein struc-
tures in cryo-EM, sample preparation techniques have
been (and have to be further) improved (Figs. 1, 2),
although the main focus is on the development of hard-
ware and software. In addition to the various applica-
tions of oftentimes solubilizing detergents, a number of
modern preparation technologies, such as amphipols and
nanodiscs, are necessary for visualization of the trans-
membrane helices of membrane proteins which were
originally located in the lipid bilayer. Here we review
the sample preparation techniques for visualizing trans-
membrane structures that are currently used for the re-
cently strongly improved cryo-EM method.

Sample preparation for cryo-EM: overview

Membrane proteins such as ion channels, transporters,
pumps, and cell surface receptors play essential roles
in regulating cell activity, such as transmembrane sub-
stance trafficking, sensing and signaling, gas exchange,
and energy synthesis. These proteins have at least one,
and frequently more than six, membrane-spanning heli-
ces with extracellular and intracellular domains. For
structural analysis, the membrane proteins are usually
extracted from the membrane using detergents. The iso-
lated proteins are generally unstable and denature easily.
At concentrations lower than the critical micelle concen-
tration (CMC), detergent is dissolved as a monomer (or
an ion) at which no micelles are detected in the solu-
tion. Above the CMC all additional detergent molecules
form micelles and exhibit the properties of a colloidal
solution. To minimize denaturation, solubilized proteins
should be handled in aqueous solutions containing de-
tergent at a concentration above the CMC.

After solubilization, the target proteins are subjected
to purification procedures to improve their concentration

Fig. 1 Electron microscopy (EM) for structural biology. a Sample prep-
aration for negative staining EM (left) and cryoelectron microscopy
(cryo-EM) (right). In this figure, membrane proteins (green) are associat-
ed with membrane lipids (red). b EM images of the hepatitis B small
surface antigen: negative staining transmission EM image (left) and
cryo-EM image (right). Bar: 100 nm
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and purity. They are enriched by a combination of dif-
ferent purification procedures, including affinity chroma-
tography, ion exchange chromatography, and size exclu-
sion chromatography (SEC). SEC also reveals the con-
dition of the protein, with additional peaks appearing if
there is significant denaturation or aggregation. In the
case of membrane proteins, the peaks obtained by
SEC frequently become ambiguous due to the presence
of the detergent in the buffer. Fluorescence-detection
SEC (FSEC) is frequently used to identify the absor-
bance of proteins from various contaminants. In FSEC,
the target protein is usually expressed as a fusion pro-
tein with a fluorescence tag, such as green fluorescent
protein (Kawate and Gouaux 2006). The condition of
the protein, especially the formation of the proper
multimeric structure or the degree of aggregation, can
be also monitored by negative staining transmission
EM. The protein is adsorbed to the carbon film of an
EM grid and surrounded by a high-scattering salt, which
gives a negative contrast in the microscopy image
(Bremer et al. 1992) (Fig. 1a, left). The atmospheric
scanning EM (Nishiyama et al. 2010) in combination
with metal staining is also useful in a direct observation
of protein aggregation in buffer. It is recommended to
carry out SEC immediately before the sample is

adsorbed to the EM grid to ensure that it is homoge-
neous (Mio et al. 2007).

To prepare samples in vitrified ice, a solution contain-
ing target proteins is applied to an EM grid coated with a
perforated carbon film (holey grid), and excess liquid is
blotted away using a filter paper. At this stage, the re-
sidual protein suspension spans the large numbers of
small holes in the perforated carbon film. To avoid dif-
fraction from the ice crystal, the sample should be rap-
idly frozen using liquid ethane slush at liquid nitrogen
temperature (Fig. 1a, right). The proteins embedded in
vitrified ice (thickness of ice <500 nm) are in a close-
to-native state (Adrian et al. 1984; Taylor and Glaeser
1976). As the density of the protein (~ 1.36 g/ml) is
slightly higher than that of the vitrified ice, the particle
images appear dark in a lighter background.

The vitrified ice functions as a Bsupporting film^ for
the target proteins, which require neither fixation nor
staining. However, the contrast of particles in ice is
very low and, in most cases, large-scale, image-
alignment classification and averaging is required to ob-
tain a clearer view of the particles. The cryo-embedded
samples are transferred to the cryo-EM using a cryo-
transfer instrument and observed at liquid nitrogen or
liquid helium temperature.

Fig. 2 Structures of various artificial membranes. Solubilization of
membrane proteins with detergents forms micelle structure.
Hydrophobic acyl chains interact with the transmembrane surface of
membrane proteins. Amphipathic polymer amphipoles are substituted
with detergents to form a stable complex in solution. Bicelles are
generated by mixing two components. Phospholipids with a long chain
form interact with the protein and form a bilayer, and detergents with a

short chain fill the rim of the disc. In the nanodisc, twomembrane scaffold
proteins assemble around detergent-solubilized membrane proteins with
lipids to form disc shaped particles. Styrene–maleic acid (SMA) copoly-
mers are polymer-based particles which cover the acyl chains of the lipid
bilayer. Membrane proteins assemble into liposomes to form
proteoliposomes
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Solubilization and stabilization of membrane
proteins by detergents

In the native state, membrane proteins are embedded in the
lipid bilayer with their hydrophobic transmembrane domains
submerged at the fatty acid layer. Various detergents have
been conventionally used to solubilize these proteins from
the membrane and to allow their stable handling in the solu-
tion environment (Moraes et al. 2014; Privé 2007; Seddon
et al. 2004). The standard detergents are divided into two
groups, ionic and nonionic detergents. Ionic detergents have
dissociative groups in their molecules, which may be cationic,
anionic, or amphoteric. A representative anionic detergent so-
dium dodecyl sulfate (SDS) has a high ability to solubilize
membrane. However, SDS is not suitable to purify membrane
proteins because it strongly binds to proteins and causes se-
vere protein deformation. On the other hand, nonionic deter-
gents like Triton X-100, amphoteric detergents like CHAPS,
anionic bile salt surfactants such as sodium cholate and sodi-
um deoxycholate are known to be non-denaturing detergents.

Cholate-type ionic detergents contain a steroid skeleton,
and hydrophilic groups are dispersed in the molecule. For
example, cholate has a carboxyl group at its terminal, with
three phenolic hydroxyl groups in the steroid skeleton.
Deoxycholate, which has two hydroxyl groups, has weaker
hydrophilicity than cholate and shows a stronger detergent
action. The size of the deoxycholate micelle is small and it is
easy to remove these micelles by dialysis.

Nonionic alkyl maltosides are most commonly used for
the solubilization and purification of membrane proteins
(Rosevear et al. 1980). The alkyl maltosides, such as n-
Decyl-β-D-maltopyranoside (DM) and n-dodecyl-β-D-
maltopyranoside (DDM), contain hydrophilic maltose
and a hydrophobic alkyl chain. Desired variations in the
alkyl chain modify the detergent properties, which also
affects their CMC and their solubility. For example, the
CMC of DM is 1.8 mM (Alpes et al. 1988) while that of
DDM is 0.17 mM (VanAken et al. 1986).

As the preference of detergents for each membrane protein
differs from one protein to another, the correct selection of the
most suitable detergent for the target protein is vital. This
approach should be based on an understanding of the physical
and chemical properties of target membrane proteins.
However, while in some cases researchers may find a pre-
ferred combination of membrane proteins and detergents,
there is no unified rule, and in most cases we have to rely on
empirical screening (Arachea et al. 2012; Privé 2007) (Fig. 3).
In some cases, a detergent used for solubilization is substituted
with different types of detergents during purification or a mix-
ture of detergents may be used. It should be taken into account
that the detergents remove proteins from their natural lipid
environment, resulting in loss of all native interactions with
lipids and with other membrane proteins. Furthermore, the

detergent micelle is a spherical vesicle in which the hydrocar-
bon chain faces inward and the hydrophilic polar head group
faces outward; as such it is topologically different from the
lipid bilayer of cells and organelles (Bordag and Keller 2010;
Zhou and Cross 2013).

When the detergent forms micelles, it is in equilibrium
between monomers and micelles. As both the CMC and the
micelle size are intrinsic properties of the detergent, it is im-
portant to use this information in the rational selection of a
detergent for a particular protein system. If inappropriate de-
tergents are selected, the membrane proteins may show func-
tional abnormality or physical aggregation. We observed that
too high a concentration of solubilizing detergents can cause
the dissociation of subunits from a certain kind of ion channels
(Mio et al. 2010). In order to solve these problems, much
effort has been taken to develop new detergents.

Using cryo-EM and strict optimization of the detergents,
many high-resolution structures of membrane proteins have
been successfully obtained. However, in general, detergents
used to prevent the denaturation and aggregation of proteins
diminish the contrast of proteins in cryo-EM images
(Schmidt-Krey and Rubinstein 2011). The recently reported
GraDeR method provides a way to remove free detergent
micelles from the specimen using a glycerol density gradient
and amphiphilic detergent, such as lauryl maltose-neopentyl
glycol (Hauer et al. 2015). In the GraDeR methods, the con-
centration of detergent in the sample can be moderately
lowered, which can contribute to an improved resolution in
the cryo-EM structure determination (Oshima et al. 2016).

Various approaches have been taken to overcome the dis-
advantage of detergents. Detergents used to solubilize mem-
brane proteins can be substituted with more stable polymers,
such as amphipols. Detergent-solubilized membrane proteins
can be reconstituted into lipid nanoparticles, such as lipo-
somes and bicelles. In recent years, nanodisc technology has
also frequently been used, such that membrane proteins and
surrounding lipid bilayer are bundled with scaffold proteins or
various types of polymers to generate small uniformly sized,
disk-shaped particles (Fig. 2).

Amphipols

Since detergents lower the contrast of proteins in cryo-EM
images, novel approaches have been proposed to replace the
detergents surrounding the transmembrane helices, using spe-
cifically designed stable polymers (Althoff et al. 2011;
Cvetkov et al. 2011). Amphipols are defined as Bamphipathic
polymers that are able to keep individual membrane proteins
soluble in the form of small complexes^ (Popot et al. 2011).
Among the variously synthesized polymers, amphipol A8-35
has been most intensively studied and is now broadly used
(Tribet et al. 1996). Amphipol A8-35 has a structure in which
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octylamine and isopropylamine are randomly arranged in an
extensively hydrated polyacrylate skeleton (Tribet et al.
1996). The high solubility of amphipols is generated by the
carboxylate group of the side chain. Amphipols have many
hydrophobic side chains that bind to the hydrophobic surface
of the membrane proteins. The multiple association between
the amphipols and membrane proteins strengthens their bind-
ing and stabilizes the membrane proteins in native structure in
the solution without the use of a detergent. The replacement of
detergents with amphipols enables the cryo-EM specimen to
exclude detergent micelles and monomers, and it restricts
overall conformational flexibility. A capsaicin receptor,
TRPV1, was the first protein to undergo high-resolution anal-
ysis using amphipol A8-35 (Liao et al. 2013). In that study,
strongly bound lipid molecules were separately identified in
the structures (Liao et al. 2013). Replacing digitonin with
amphipol A8-35 was found to greatly improve the resolution
of γ-secretase in cryo-EM studies (Bai et al. 2015; Lu et al.
2014). In subsequent studies, amphipols enabled high-

resolution analysis of other intramembrane structures, such
as polycystic kidney disease 2 (PKD2) (Wilkes et al. 2017)
and V-type ATPase (Mazhab-Jafari et al. 2016).

Reconstituting membrane proteins into lipid
bilayers

Membrane proteins extracted with detergents and/or treat-
ed with amphipols show high solubility and stability, but
they still exist in an environment different from the actual
lipid environment in which the membrane proteins nor-
mally function. Many studies have demonstrated that an
interaction between membrane proteins and the surround-
ing lipid is critical for the protein’s function (Phillips et al.
2009; Saliba et al. 2015; Zhou and Cross 2013). Indeed,
membrane structure and lipid composition modulate the
structure, function, and stability of the membrane pro-
teins. One of the approaches used to overcome this

Fig. 3 Cryo-EM of the Burkholderia pseudomallei N-type ATPase rotor
ring. a–d The two-dimensional class averages the B. pseudomallei c-ring
complex, showing a clear correlation between the density of the detergent
[n-dodecyl-N,N-dimethylamine-N-oxide (LDAO) 0.88 g/ml; n-dodecyl-

β-D-maltopyranoside (DDM) 1.19 g/ml; C12E8 1.04 g/ml] or amphipol
(1.3–1.9 g/ml) and the resolution achieved. e, f. Top and side views,
respectively, of the rotor ring in LDAO with subunits fitted.
Reproduced from Schulz et al. (2017) with permission
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problem involves the reconstitution of purified proteins
into an artificial lipid membrane. In this context, the re-
constitution of membrane proteins into liposomes is the
most commonly applied technique for the functional anal-
ysis of membrane proteins (Hinkle et al. 1972; Kagawa
and Racker 1971). Liposomes were first described by
Brangham and Home (1964). Using negative staining
EM, these authors found spherulites composed of concen-
tric lamellae in the lecithin dispersions. Subsequent lipo-
some preparation techniques included vortexing, sonica-
tion, freeze-thaw, and detergent removal. For example, the
detergent reconstitution strategy for proteoliposome pro-
ceeds in four stages: (1) preparation of large, homoge-
neous, and unilamellar liposomes; (2) addition of deter-
gent to the preformed liposomes, through all the range of
the solubilization process; (3) addition of solubilized pro-
tein at each well-defined step of the solubilization pro-
cess; (4) detergent removal and characterization of the
reconsti tuted products (Rigaud and Lévy 2003).
Membrane proteins incorporated into liposomes are con-
sidered to be in a near-native state, and structures of trans-
membrane helices most likely reflect those in the original
cell or organelles membranes.

Although analysis is not necessarily easy due to the differ-
ent diameters and curvatures of the proteoliposomes, Wang
and Sigworth succeeded in describing the structure of the
voltage-activated BK potassium channel embedded in lipo-
somes by subtracting the electron density of lipid vesicles
from that of proteoliposomes (Wang and Sigworth 2009).
More recently, an improved structure of the BK channel
(Jensen et al. 2016) and a structure of serotonin 5-HT3 recep-
tor in small lipid vesicles have been reported (Kudryashev
et al. 2016). The liposome was further used for gaining an
understanding of the mechanisms of bacteriophage tails in-
volved in the penetration of the inner host cell membrane
(Xu et al. 2016).

Proteoliposomes can be further integrated into black mem-
branes. This is an immobilized Bin vitro bilayer^ system and
can be used for the functional analysis of channels and trans-
porters (Montal and Mueller 1972; Murray et al. 2009).
Integration of the proteoliposome into the supported bilayer
is a frequently used method for imaging membrane proteins
using atomic force microscopy (Richter et al. 2003).

By strictly controlling the phospholipid and detergent ratio,
disc-shaped particles with diameters of several hundred ang-
stroms and thicknesses of ~ 40 Å, referred to as bicelles, can
be generated. Because protein molecules are gently aligned in
bicelles, and it is possible to determine how each bond be-
tween neighboring atoms is oriented with respect to the rest of
the molecule, bicelles are a useful tool for analyzing mem-
brane proteins in the nuclear magnetic resonance (NMR) spec-
troscopy (Dürr et al. 2012; Tjandra and Bax 1997;
Warschawski et al. 2011).

Membrane protein assembly into nanodiscs

The function of membrane proteins often depends on direct
interaction with lipids (Phillips et al. 2009; Saliba et al. 2015;
Zhou and Cross 2013). In recent years, the most commonly
used lipid bilayer environment is the nanodisc technology
(Denisov and Sligar 2016, 2017). The nanodisc uses a mem-
brane scaffold protein (MSP) (Bayburt et al. 2002) with various
lengths and characteristics. Nanodiscs are originally construct-
ed on the basis of the structure of apolipoprotein A-1 (Apo-A1)
(Brouillette et al. 1984). Two MSPs form either a parallel or
antiparallel belt around the hydrophobic region of the lipid
bilayer incorporating the membrane protein inside. MSPs have
amphipathic helixes and surround the lipid in a disc shape to
build a stable particle in aqueous solution. Various MSPs have
been developed, mainly in Stephen Sligar’s laboratory at the
University of Illinois (Bayburt et al. 2002; Bayburt and Sligar
2003), such that nanodiscs with a diameter from 6 to 17 nm are
able to be constructed (Grinkova et al. 2010; Hagn et al. 2013;
Wang et al. 2015). The number of lipids incorporated into one
nanodisc depends on the selected MSP and lipid combination.
The MSP1D1, which typically generates a disk size of 9.6 nm,
incorporates 65 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholines (POPC) or 90 1, 2-dipalmitoyl-sn-glycero-3-
phosphatidylcholines (DPPC), while MSP1E1D1 has a diam-
eter of 10.5 nm and incorporates 85 POPCs or 115 DPPCs per
nanodisc (Ritchie et al. 2009).

Nanodisc technology, yielding relatively high protein stabil-
ity, has beenwidely applied to functional and structural analysis
of membrane proteins (Denisov and Sligar 2017). Introduction
of an affinity tag into the MSP by genetic engineering is useful
for the purification and functional analysis of generated
nanodiscs. By combining this with another tag system intro-
duced into the target membrane proteins, one can easily con-
centrate the target nanodiscs containing the desired membrane
proteins from the large amount of empty nanodiscs.

As with other double-layer systems, it is possible to select
and tune the lipid components of nanodiscs, which makes it
possible to analyze the interaction between the membrane
proteins and surrounding lipids. Nanodiscs can be also used
to analyze oligomer state or interaction with other membrane
proteins (Boldog et al. 2006; Shih et al. 2005). Nanodiscs can
be handled like soluble molecules and are effectively used for
both solution NMR (Hagn and Wagner 2015; Zhang et al.
2016) and solid state NMR (Li et al. 2006; Opella and
Marassi 2017) in addition to EM studies.

Indeed, cryo-EM may be the technique where the ad-
vantages of nanodiscs are most effectively utilized for
structural analysis. Membrane proteins reconstituted into
nanodiscs have a stable intramembrane structure, and de-
tergents are removed during purification. The nanodisc
can be analyzed as a soluble Bsingle particle^. Many
structures of membrane proteins have been solved in
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the lipid bilayer by cryo-EM using nanodisc systems,
inc luding bac te r ia l r ibosomes–SecYE complex
(Frauenfeld et al. 2011), ribosome–YidC complex
(Kedrov et al. 2016), the muscle isoform of the
ryanodine receptor (RyR1) (Efremov et al. 2015), a more
recently high-resolution study of Tc toxin from
Photorhabdus luminescens (Gatsogiannis et al. 2016),
and the transient receptor potential cation channel sub-
family V member 1 (TRPV1) (Gao et al. 2016) and
polycystin-2 (PKD2) (Shen et al. 2016). Particularly in
the case of TRPV1, the resolution of TRPV1 in complex
with double-knot toxin (DkTx) and resiniferatoxin (RTX)
was 2.9 Å in nanodisc-embedded form (Gao et al. 2016),
which represented a drastic improvement from the 3.8-Å
resolution obtained from the amphipol-substituted speci-
men (Liao et al. 2013). Evident improvement of the qual-
ity was observed in side-chain densities within trans-
membrane regions or connecting loops that face lipids,
and further improvement was observed even in the cyto-
plasmic domains (Gao et al. 2016). In the structure, in-
teractions among tightly bound lipids, amino acid side
chains from the TRPV1 and from the DkTx were clearly
demonstrated (Fig. 4).

Members of the saposin protein family have membrane-
binding and lipid-transport properties and also can be used
to generate lipid–protein nanoparticles. Using the saposin–li-
poprotein (Salipro) nanoparticle system, the structure of bac-
terial peptide transporter PeptTSo2 was reconstructed by SPA
with cryo-EM at a resolution of 6.5 Å (Frauenfeld et al. 2016).

Discoidal particles using styrene-maleic acid
copolymer

Recently, a styrene–maleic acid copolymer (SMA) was devel-
oped which directly solubilizes biological membranes and

automatically generates discoidal particles with a diameter of
about 10 nm (Tonge and Tighe 2001). Several research groups
have reported usage of this type of nanodisc, referred to as
SMA–lipid particles (SMALP) (Knowles et al. 2009),
Lipodisq particles (Orwick et al. 2012), or native Nanodiscs
(Dörr et al. 2014). SMA is a copolymer of styrene and maleic
acid/anhydride. In this technique, the styrene maleic anhy-
dride polymer is first generated by radical polymerization of
maleic anhydride and styrene. In the second step, a hydration
reaction of the styrene maleic anhydride generates the SMA
copolymer. A styrene-to-maleic acid ratio of 2:1 to 3:1 is com-
monly used to construct SMA-based nanodiscs. In this new
type of polymer-bound nanodiscs, the bilayer structure of the
incorporated lipid molecule is conserved (Jamshad et al. 2015;
Orwick et al. 2012).

A unique feature of the SMA copolymer is that without
requiring detergent, it can solubilize the cell membrane spon-
taneously. Therefore, starting materials are not limited to the
purified proteins, but can be the fractionized membrane from
the cell lysate or intact cells whether they are mammalian cells
or of microorganisms.

Since it is possible to conduct direct extraction of mem-
brane proteins from cells without the use of detergents (Long
et al. 2013), the obtained nanodiscs preserve the original lipid
environment. Until now, there are only a few applications of
SMA co-polymer for the structural analysis of membrane pro-
teins, but it has been used in various biochemical and biophys-
ical analysis (Dörr et al. 2016; Lee et al. 2016).

Concluding remarks

The progress of cryo-EM in recent years has been remarkable,
and the reported structures feature atomic resolution or near-
atomic resolution even for small proteins in the vicinity of
100 kDa. For soluble proteins, a structure of the 93-kDa

Fig. 4 Structure of tripartite double-knot toxin (DkTx)– transient receptor
potential cation channel subfamily V member 1 (TRPV1)–lipid complex
reconstituted in a nanodisc. In the reconstructed three-dimensional struc-
ture (a, left) and its enlarged view (b, right), interactions among tightly
bound lipids, amino acid side chains from the TRPV1 and from the DkTx
are clearly demonstrated. One DkTx molecule (top, colored purple)

interacting with two adjacent TRPV1 subunits (gray) and associated
lipids (blue spheres with red and orange colored phosphate head groups).
The 2.9-Å resolution of the TRPV1 complex in this study (nanodisc
embedded form) was much improved from the 3.8-Å resolution obtained
from the amphipol-substituted specimen (Liao et al. 2013). Reproduced
from Gao et al. (2016) with permission
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isocitrate dehydrogenase 1 (IDH1) was analyzed at 3.8-Å res-
olution (Merk et al. 2016) and the 64-kDa protein hemoglobin
was analyzed at 3.2-Å resolution by contrast-enhanced cryo-
EM using a Volta phase plate (Khoshouei et al. 2017). The
structure of the 464-kDa proteinβ-galactosidase was obtained
at 2.2-Å resolution as D2 symmetry (Bartesaghi et al. 2015).
The structural analysis of membrane proteins is increasingly
becoming an interesting and challenging area of research.
Cryo-EM is undoubtedly becoming a powerful technique of
choice. For example, at least six structures of cellular sensor
TRP isoforms, namely, TRPV1, TRPV2, TRPA1, PKD2,
transient receptor potential mucolipin 1 (TRPML1), and no
mechanoreceptor potential C (NOMPC), have been deter-
mined by cryo-EM at near-atomic resolution (Jin et al. 2017;
Li et al. 2017; Liao et al. 2013; Paulsen et al. 2015; Wilkes
et al. 2017; Zubcevic et al. 2016). The development of novel
strategies for sample preparation will undoubtedly contribute
to further improvements in resolution in cryo-EM-based 3-D
structure determination.
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