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crystallogenesis occurs. The two bR structures were nearly identical: the bR-SMALP was determined to be a
resolution of 2.0 Å and the detergent-purified bR resolved to be 2.2 Å. The present paper showed that high-
resolution structural determination is possible for MPs purified using the SMALP methodology.

High-resolution Cryo-EM structures
Despite success using the LCP method, most MPs have remained elusive to crystallography. To date, only the
LCP method has been reported as a successful means for crystallising an SMA-purified protein. The advent of
the cryo-EM revolution, however, has provided a new path to high-quality, high-resolution structures of MPs
[25]. Cryo-EM offers structural biologists a way to visualise MPs in several different orientations by suspending
particles in vitreous ice prior to imaging. Recent advances in instrumentation have resulted in a sharp increase
in the number of high-resolution MP structures deposited into the Protein Data Bank (PDB).

Figure 1. A schematic representation of the preparation of SMALP MP using SMA.

When SMA is added to the MP preparation, it inserts into the lipid bilayer forming an SMALP. The SMALP contains MP, the

lipid bilayer surrounded SMA polymer. The SMALPs containing the MP of interest can be purified by affinity chromatography.

Thus, the MP can be purified within their local lipid environment, which maintains structural integrity and stability.
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Following an early 23 Å structure of the Escherichia coli multidrug transporter AcrB in SMALPs [9], Parmar
et al. [14] recently published the first subnanometre resolution structure of a protein SMALP. The
AcrB-SMALPs cryo-EM map is displayed in Figure 3A,B. This map is consistent with high-resolution crystal
structures and other EM-derived maps for AcrB [26,27]. These studies demonstrated the suitability of the
SMALP method for structural analysis of MPs. It is interesting to note that when preparing cryo-EM grids, the
authors found it essential to blot the grids with ash-free filter paper low in metal ion content; its use proved
critical to avoid destabilising the AcrB-SMALPs, which are sensitive to divalent cations.
Very recently, Sun et al. [28] showed that protein SMALPs could be visualised at high resolution using

cryo-EM when they published a 3.4 Å resolution structure of a protein SMALP (Figure 3C,D). Alternative
complex III (ACIII) was isolated as a functional supercomplex with an aa3-type cytochrome c oxidase (cyt aa3)
using 3:1 SMA. Collectively, this represents a total mass of 464 kDa and 48-TM spanning α-helices, the largest
SMA-purified protein complex reported to date. The final map of this complex revealed 11 lipid molecules
adjacent to the protein and PTMs that were previously indiscernible when traditional detergent purification
methods were employed. This work highlights a significant advantage of SMA purification, which is the ability
to gather information about the native protein complex, including endogenous lipids and associated binding
partners — both soluble and membrane-bound — without the need for cross-linking [28–30].

Hydrogen–deuterium exchange-mass spectrometry
Another method of interrogating protein structure and dynamics is hydrogen–deuterium exchange-mass spec-
trometry (HDX-MS), an approach historically challenging for analysing hydrophobic MPs. HDX-MS, which
measures the exchange rate of deuterium in place of the amine hydrogens along the polypeptide backbone, pro-
vides valuable insights into higher-order protein folding of solvent-accessible portions of the molecule. This is
accomplished by incubating the protein of interest in deuterated buffer for set time intervals before quenching
the reaction in low pH buffer and immediately freezing the sample to prevent loss of deuterium atoms (referred
to as ‘back-exchange’). Despite several advantages to applying HDX-MS to stable, monodisperse SMALPs as
opposed to MPs indiscriminately surrounded by detergent micelles, it has remained a challenge, as exposure to
quench buffer causes the sample to immediately and irreversibly aggregate due to the pH sensitivity of SMA.
To overcome the hurdle, Reading et al. [31] have outlined a protocol for HDX evaluation that is suitable for
use with SMALPs. They prevented total protein aggregation during the quench step by including 0.1% DDM to
the buffer and avoided sample incompatibility issues with ESI–MS by filtering the sample through a pre-chilled
0.22 mm spin filtration device following trypsin digestion to remove lipid molecules. This overcomes the afore-
mentioned technical issue to provide another sample characterisation method that is compatible with protein
SMALPs.

Figure 2. Growth of publications describing MPs purified using SMALP technology and its associated derivatives from

2009 to 2018 (year-to-date).

The graph shows the total number of publications by the end of each year. Data were assembled by searching for (SMALP or

DIBMA or styrene–maleic acid) and (MP).
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Exploiting SMALPs for lipidomics work
Retention of local lipids is arguably the most unique aspect of SMALPs, when compared with other membrane
mimetic systems. Lipids have been detected in SMALPs in several studies and lipid preferences for many pro-
teins have been characterised for the first time using SMALPs [32,33]. A study of Rhodobacter sphaeroides pro-
teins solubilised by SMA showed that they retained significant numbers of lipids [34]. However, they also
related the solubilisation efficiency of R. sphaeroides MPs to their local lipid environment. This finding supports
a similar observation that some membrane regions display resistance to solubilisation by SMA [35]. This high-
lights the fact that to use SMA to probe the lipidomics of MPs, we first need to develop a detailed understand-
ing of the ability of SMA to solubilise proteins from different membrane types and regions. Similarly, the
tendency of protein SMALPs to retain, lose, gain or exchange lipids must be better understood or we risk mis-
interpreting data on lipid preferences of proteins [36–39] Nonetheless, it is clear that SMALPs provide a tool to
address questions about the lipid preferences of MPs, which otherwise lack practical approaches.

Mass spectrometry of membrane proteins
As a more general application, MS is a powerful technique for the detection of both proteins and lipids.
Obtaining intact masses of MPs and their complexes is challenging, as their hydrophobic regions are difficult
to isolate and ionise [40]. However, some methods have been reported for MS using MP–detergent complexes
[41,42], that may be adaptable to SMALPs [31]. Significantly, such studies are also beginning to probe the

Figure 3. Cryo-EM structures of two proteins in SMALPs.

(A) AcrB-SMALP from E. coli [14]. Representative 2D classes for the AcrB single-particle cryo-EM dataset side views of

AcrB-SMALP and high angle views shown on the top and bottom row, respectively. The corresponding particle number in each

class is shown on the bottom left. The white scale bar represents 100 Å. (B) The AcrB- SMALP 8.8 Å single-particle

reconstruction coloured by local resolution and shown as a surface (left) and slice through (right). (C) Two representative 2D

class average images of the ACIII in a supercomplex with an aa3-type cytochrome c oxidase (cyt aa3) from Flavobacterium

johnsonia, in an SMALP nanodisc [28]. (D) Side (left) and top (right) views of the ACIII–cyt aa3 supercomplex cryo-EM map. The

transparent surface indicates the boundary of the nanodisc. Scale bars, 50 Å.
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