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Keywords: Styrene-maleic acid (SMA) copolymers can extract membrane proteins from native membranes along with lipids
Styrene-maleic acid copolymer as nanodiscs. Preparation with SMA is fast, cost-effective, and captures the native protein-lipid interactions. On
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potential of SMA nanodisc samples to yield high-resolution structure information of membrane proteins.

1. Structural studies of the membrane proteins

Membrane proteins play pivotal roles in energy transduction, the
immune response, metabolite/drug transport and signal transduction.
Structural studies of such proteins generally require isolating them from
the native membrane with detergents before characterization with
biophysical techniques. NMR, X-ray crystallography and cryo-EM are
especially useful due to their capacity to deliver high-resolution struc-
tural information. Particularly, single-particle cryo-EM has received
increasing attention because it lifts the prerequisite of difficult crys-
tallization of membrane protein and is suitable for a wide range of
protein complexes from 60 kDa up to 2.3 MDa (Murata and Wolf, 2018).
Furthermore, cryo-EM uses only a small quantity of protein, making it
possible to study membrane proteins that can be obtained only at low
yields. Together with developed pipelines of data collection and ana-
lysis, cryo-EM is now able to solve membrane protein structure at a
rapid pace (Cheng, 2018). During the first quarter of 2018, nearly 40%
of the membrane protein structures deposited were solved by cryo-EM
(Cheng, 2018).

Despite this remarkable achievement, high-resolution cryo-EM in-
trinsically relies on stable and homogeneous biochemical preparations,
which usually requires laborious screening before the expensive large-
scale data collection. One key parameter to be optimized is the mem-
brane-mimetic environment that is utilized, including detergents, bi-
celles, membrane scaffold protein (MSP) nanodiscs, amphipols, and

styrene-maleic acid (SMA) copolymers. In contrast to micelle-forming
detergents, SMA is believed to wrap around the membrane protein
along with its surrounding lipids, forming disc-shaped structures often
referred as SMA lipid particles (SMALPs) or SMA nanodiscs (Dorr et al.,
2016). Unlike MSP and amphipols which require the use of detergents
during membrane solubilization, SMA has been shown to effectively
extract both prokaryotic (Dorr et al., 2014; Knowles et al., 2009; Paulin
et al., 2014; Prabudiansyah et al., 2015; Reading et al., 2017;
Swainsbury et al., 2014, 2018; Swainsbury et al., 2017) and eukaryotic
(Gulati et al., 2014; Jamshad et al., 2015, 2011; Long et al., 2013;
Rehan et al., 2017; Skaar et al., 2015; Smirnova et al., 2016) membrane
proteins from native membrane, and sometimes confer superior protein
stability compared to traditional detergents (Jamshad et al., 2015;
Rehan et al., 2017; Swainsbury et al., 2014).

Quite recently, Parmar et al. (2018) and Sun et al. (2018) have
reported independently cryo-EM studies with SMALPs which have
clearly demonstrated the usefulness of SMA in cryo-EM studies. In this
review, we will briefly go through the structural findings enabled by the
happy marriage between SMA and electron microscopy, hoping to
convince the reader that SMA is an excellent addition to the arsenal for
structural studies of membrane proteins.

2. Negative-staining EM of membrane proteins in SMA nanodiscs

Negative-staining EM is a powerful and straight-forward technique
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Fig. 1. Negative-staining EM of membrane proteins in SMA nanodiscs. A, Negative-staining EM micrograph and schematic of bacterial reaction center conjugated
with 5nm gold nanoparticles at its 10x histidine tag in SMA nanodiscs (Swainsbury et al., 2014). Notice, there are also unlabeled reaction centers in the micrograph.
This panel has been modified with permission from Wiley. B, Negative-staining EM micrograph of the dimeric bc; complex in SMA nanodiscs (Swainsbury et al.,
2018). This panel has been modified with permission from Elsevier. C. 2D class average and individual particles of AcrB in SMA nanodiscs (Postis et al., 2015).

Copyright Postis et. al, licensed under CC-BY.

to visualize biological samples. In 2009, negative-staining EM char-
acterization of palmitoyl transferase PagP in DMPC-containing SMALPs
reveals that the protein SMA assembly is dispersed as disc-shaped
particles with an average diameter of about 10 nm, leading to the idea
that SMA wraps around the membrane protein along with the sur-
rounding lipids (Knowles et al., 2009). Later negative-staining EM
studies have confirmed the discoidal nature of SMA-solubilized mem-
brane protein particles (Craig et al., 2016; Dorr et al., 2014; Paulin
et al., 2014; Swainsbury et al., 2014; Tanaka et al., 2015). Notably,
Swainsbury et al. (2014) conjugated the His-tagged bacterial reaction
center in SMA nanodiscs with 5nm Ni-nitrilotriacetic acid (NTA)
functionalized gold nanoparticles, which are distinctive in the negative-
staining EM micrographs and serve as a ruler to gauge the size of SMA
nanodiscs (Fig. 1A). Though SMA nanodisc samples commonly appear

as top views in negative-staining EM, they can also be viewed in other
orientations. One such example is the dimeric cyt bc; in SMA nanodiscs,
where particles corresponding to different views can be picked
(Fig. 1B). Intriguingly, in the case of multidrug transporter AcrB, the
dominant view of its SMA nanodiscs is the side view (Fig. 1C), from
which the transmembrane domain and the periplasmic domain are
clearly distinguishable. However, negative-staining EM is inherently
limited to a resolution of about 20 A and doesn’t hold promise to obtain
finer structural details such as secondary structure and side chain po-
sition.

3. Cryo-EM studies of multidrug transporter AcrB

AcrB is a bacterial multidrug efflux transporter that utilizes the
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transmembrane proton electrochemical gradient to pump substances,
including drug molecules, out of the bacterium. The transporter is a
homotrimer with an overall molecular weight of 342kDa. From pre-
vious X-ray crystallography structures, it is known to adopt a jellyfish-
shaped architecture with a three-fold symmetry axis perpendicular to
the membrane (Murakami et al., 2002). As is shown in Fig. 1C, the
characteristic shape of AcrB can be resolved at the single-particle level
using negative-staining EM.

AcrB with a C-terminal 8xHis tag is over-expressed in the C43(DE3)
E. coli strain and extracted from the membrane with 2:1 SMA copo-
lymer. A 3 pL-drop of purified AcrB in SMA nanodiscs (1 mg/mL) is
applied onto a glow-discharged gold grid and blotted with ash-free filter
paper using the Vitrobot Mark IV before freezing in liquid ethane. Cryo-
EM Data are collected at the Astbury Biostructure facility on a G2 Titan
Krios equipped with a Falcon III direct electron detector.

The 3D reconstruction of AcrB shows a transmembrane domain and
a protruding dome-like structure, where it is expected to interact with
the outer membrane channel TolC. The enlargement of the transmem-
brane domain compared with the crystal structure is consistent with
SMA copolymer/ lipids surrounding the protein trimer. From the local
resolution analysis (Fig. 2A), it is clear that the periplasmic domain is
better resolved at around 7-8 A. At this resolution, de novo model-
building is not possible but flexible fitting of existing structure can be
used to obtain the molecular interpretation of the EM density map.
Fitting of the crystal structure of AcrB into the density map shows no
significant difference (Fig. 2B). The periplasmic domain follows the
cryo-EM density closely while part of the transmembrane helices is not
accounted for by the density (Fig. 2C). It has been reasoned that the
SMA copolymer may interact with the protein transmembrane helices
and increase their mobility (Parmar et al., 2018).

During the peer reviewing of this manuscript, another cryo-EM
study of AcrB in 2:1 SMA nanodiscs was published with a much-im-
proved resolution of 3.2A (Qiu et al., 2018). At this resolution, the
interpretability of the density map is extended to the level of individual
residual, which is evident from the “pitches” of the transmembrane
helices (Fig. 3A). Remarkably, there is a bilayer patch of 24 native lipid
molecules trapped in the center of the AcrB trimer (Fig. 3B), which is
lost in crystal structures after detergent solubilization. The bilayer
patch is suggested to supports and harmonizes peristaltic motions
through AcrB trimers during its transport cycle. Additionally, there are
also a few annular lipids identified in this structure (Fig. 3B).

A |7

116

Chemistry and Physics of Lipids 221 (2019) 114-119

4. Cryo-EM studies of alternative complex III: cyt c oxidase
supercomplex

Alternative complex III (ACIII) is a quinol: cyt ¢ oxidoreductase
found in some bacteria. Based on sequence analysis and biochemical
studies, the proposed working model is drastically different from its
functional counterpart-bc; complex (Refojo et al., 2010a). Additionally,
ACIII from Rhodothermus marinus has been reported to associate with
cyt c oxidase and form a functional supercomplex (Refojo et al., 2010b).

To elucidate the molecular mechanism of the ACIII and the con-
figuration of the supercomplex, Sun et al. carry out a cryo-EM study
with protein samples prepared in SMA nanodiscs (Sun et al., 2018).
Both the ACIII and the cyt c oxidase are natively expressed without any
genetic modification. After the solubilization with 3:1 SMA copolymer,
functional supercomplex is purified taking advantage of the innate af-
finity of cyt ¢ oxidase towards Ni-NTA resin. A 3 uL-drop of sample (3
mg/ml) is applied to gold-coated holey carbon grids and blotted with a
FEI Vitrobot before freezing in a 1:1 (v:v) liquid ethane/propane mix-
ture. Cryo-EM data are then collected in the New York Structural
Biology Center with a FEI Titan Krios electron microscope equipped
with a Gatan K2 Summit camera.

The 3D reconstruction of the supercomplex has a global resolution
of 3.6A and is readily segmented into the two component protein
complexes (Fig. 4A). Local resolution analysis reveals that the ACIII
component of the supercomplex is better resolved than the cyt ¢ oxidase
component. However, unlike the AcrB structure, there is no difference
in resolution between the periplasmic domain and the transmembrane
domain of ACIII (Fig. 4B). Because all the secondary structure elements
are recognizable at this resolution, different subunits of the ACIII are
identified and modelled de novo, including all the metal cofactors in-
volved in electron transfer (Fig. 5). This structure of ACIII in SMA is
consistent with the proposed enzymatic mechanism for its quinol: cyt ¢
activity and rules out the Q-cycle mechanism for ACIIL. The structure
obtained in SMA nanodiscs shares the same protein architecture as the
structure of the R. marinus ACIII obtained in detergent (n-Dodecyl B-D-
maltoside) from a concurrent, independent study (Sousa et al., 2018).

Eleven phospholipid molecules are resolved in the structure, in
addition to two covalent lipids predicted from lipobox sequence motifs
present in both the ActB and ActE subunits (Fig. 6). Only the portion of
the cyt ¢ oxidase component of the supercomplex that is near the in-
terface of ACIII is well resolved, but a complete model of supercomplex

Fig. 2. Cryo-EM of the bacterial multidrug exporter AcrB in SMA
nanodiscs. A, 3D reconstruction of the AcrB with its surface co-
lored by local resolution in angstrom. B, Overall fitting of the
crystal structure of AcrB in the cryo-EM density map. Arrows and
symbols indicate the positions which correspond to section views
in panel C. C, Section views of the fitting of the crystal structure of
AcrB in the cryo-EM density map. All three panels have been
modified from (Parmar et al., 2018). Copyright Parmar et. al., li-
censed under CC-BY.
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Fig. 3. More recent cryo-EM studies on AcrB in SMA nanodiscs. A, 3D reconstruction of the AcrB. Each protomer of the AcrB trimer are colored differently. Also
shown is a smoothed transparent surface of the SMA nanodisc at a lower density value. B, Cartoon representation of the AcrB structure with superimposed EM density
of lipids (yellow) in both the central cavity and the annular sites. Both panels are prepared with vind (Humphrey et al., 1996) using density map and coordinates from

entry EMDB-7074 of the Electron Microscopy Data Bank.

Fig. 4. Cryo-EM of the alternative complex III: cyt ¢ oxidase supercomplex in
SMA nanodiscs. A, 3D reconstruction of the supercomplex. The ACIII is colored
in blue while the cyt ¢ oxidase is colored in yellow. Also shown is a smoothed
transparent surface of the SMA nanodisc at a lower density value. This panel
has been reproduced with permission from Springer Nature. B, 3D reconstruc-
tion of the supercomplex colored by local resolution in angstrom.

can be assembled from the cryoEM data by using the existing X-ray
structure of related cyt ¢ oxidases. Only subunit III of cyt ¢ oxidase
interacts with ACIII, forming a wedge-like space between the mem-
brane domains of ACIII and complex IV (Sun et al., 2018). In sharp
contrast, the cyt bcc (complex III) and cyt aas (complex IV) from My-
cobacterium smegmatis are held together by both lipid-mediated inter-
actions and extensive protein-protein interactions, resulting in a per-
manent electron transfer pathway from complex III to complex IV
(Gong et al., 2018). Nevertheless, the configuration of ACIIL: cyt ¢

oxidase supercomplex is compatible with an efficient electron-chan-
neling mechanism involving the tethered water-soluble cyt ¢ from ActA
as the electron carrier.

5. Discussion and conclusion

The most commonly used SMA polymers are industrial low-mole-
cular-weight random copolymers (from Cray Valley and Polyscope)
with an overall molar ratio of 2:1 or 3:1 between styrene and maleic
acid moieties. These polymers are cost-effective and can extract mem-
brane proteins from native membrane along with lipids as nanodiscs,
which can generally stabilize the maintain the function of membrane
proteins.

Just as other membrane-mimetic environments, the SMA copolymer
has its own limitations. SMA is not a universal solution for the extrac-
tion and characterization of all membrane proteins. The efficiency of
protein extraction from the native membrane varies and needs to be
optimized. Also, SMA may inhibit the function of some membrane en-
zymes as demonstrated with 3:1 SMA and cytochrome ¢ oxidase from
Saccharomyces cerevisiae (Smirnova et al., 2016). It is important to
perform functional assays SMA copolymers with any new protein prior
to the cryo-EM studies. At this point, commercially available 2:1 and
3:1 SMA products are random copolymers with heterogeneity in
polymer length and monomer sequence distribution, which might lead
to a batch-to-batch variation in their membrane solubilizing properties.
In addition, the SMA copolymer is only soluble at pH above 7 and

B

cytosol

Fig. 5. Structure of the alternative complex III. A, 3D reconstruction of the ACIII colored by subunit. In addition to the six known subunits (ActA to ActF) from the
ACIII operon, two small transmembrane peptides ActX and ActY are observed. B, Cartoon representation of the de novo structure of the ACIII colored by subunit.
ActX and ActY are not included. Both panels have been modified with permission from Springer Nature.
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Fig. 6. Lipids resolved in the cryo-EM ACIII structure. Four lipid molecules are
resolved at the cytoplasmic interface between ActC and ActF. Besides, two lipid
molecules clustered near the triacylated cysteine from ActB, right above the

proposed menaquinone entry pathway. This figure has been reproduced with
permission from Springer Nature.

cannot tolerate the presence of divalent cations at mM concentrations
(Dorr et al., 2016). In response to these issues, SMA copolymers have
been synthesized through RAFT polymerization resulting better-defined
composition (Craig et al., 2016; Smith et al., 2017), and various deri-
vatives have been reported which offer improved compatibility with
buffer pH and divalent cations (Fiori et al., 2017; Ravula et al., 2018,
2017). These advances have expanded the range of conditions where
SMA can be applied to yield nanodiscs.

As is demonstrated by the three recent cryo-EM studies summarized
here, SMA nanodisc samples are compatible with cryo-EM and these
preparations can yield high-resolution structural information. This ap-
proach is well-suited to study the lipid-protein interactions under
physiological conditions since native lipids are co-extracted with the
proteins. Although both of the structural studies discussed here are on
prokaryotic membrane proteins, SMA nanodiscs containing eukaryotic
proteins should be equally amenable to cryo-EM studies. We are con-
fident that more cryo-EM membrane protein structures will be solved in
the SMA copolymer nanodiscs.
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