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Abstract
The use of styrene maleic acid lipid particles (SMALPs) for the purification of membrane proteins (MPs)
is a rapidly developing technology. The amphiphilic copolymer of styrene and maleic acid (SMA) disrupts
biological membranes and can extract membrane proteins in nanodiscs of approximately 10 nm diameter.
These discs contain SMA, protein and membrane lipids. There is evidence that MPs in SMALPs retain their
native structures and functions, in some cases with enhanced thermal stability. In addition, the method is
compatible with biological buffers and a wide variety of biophysical and structural analysis techniques. The
use of SMALPs to solubilize and stabilize MPs offers a new approach in our attempts to understand, and
influence, the structure and function of MPs and biological membranes. In this review, we critically assess
progress with this method, address some of the associated technical challenges, and discuss opportunities
for exploiting SMA and SMALPs to expand our understanding of MP biology.

Introduction
Membrane proteins (MPs) are not only numerous, contrib-
uting 20–30 % of the proteome in all genomes [1], but they
also undertake complex processes mediating between cells
and their environment. As gate-keepers of the cell, they
act as channels, receive and transmit signals across
membranes, and import or export substrates including
metals, sugars and lipids. Many MPs are also enzymes (e.g.
cytochrome P450s, oxidases and reductases) [2]; some have
even specialized to combine the roles of transporter, ATPase
and enzyme in one polypeptide chain [3]. As well as these
individual functions, many MPs are also constituents of
large dynamic assemblies, choreographing cellular processes
including endocytosis [4], cell division [5,6] and migration.

Despite their abundance and importance, relatively
few integral MPs have been purified and characterized
functionally and structurally. Just 2.3 % of all depositions
in the protein data bank (PDB) are of MPs, which rightly
reflects the challenges in purifying MPs in sufficient quantity
and quality for detailed study. Indeed, MPs are often
represented as difficult to express and purify, and unstable
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once purified. Large protein assemblies are especially difficult
to isolate, particularly those that contain both membrane-
bound and soluble components.

Using detergents is currently the first choice of strategy
for MP purification [7,8]. Although head-and-tail detergents
(such as sodium dodecyl sulfate, octyl glucoside and others)
have enabled vital and pioneering discoveries to be made
throughout biochemistry, it is well-known that detergents
are not an ideal solvent for MPs [9–11]. Now, a new reagent
promises to provide benefits beyond those currently in
use: the amphipathic polymer styrene maleic acid (SMA).
This polymer can solubilize biological membranes, forming
styrene maleic acid lipid particles (SMALPs) containing
MPs. Bacterial, plant, fungal and mammalian proteins have
been successfully purified and studied using this polymer,
without the use of traditional detergents [12–18]. The success
of this method is shown by an increasing number of
publications describing a wide variety of architectures and
functions (Figure 1). These include membrane-anchored
and membrane-associated proteins, and membrane-spanning
proteins with transmembranes domains containing both
alpha helices and beta barrels.

In this review, we describe the properties of SMALPs, and
their successful use to-date in MP purification. We argue that
exposure to high concentrations of detergent, rather than
their intrinsic properties, are to blame for the challenging
behaviours of MPs. Furthermore, we propose that nanodisc
assemblies, with particular reference to SMALPs, provide a
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Figure 1 Growth of publications describing MPs purified using

styrene:maleic acid co-polymer

Using ratio of 2:1 or 3:1 SMA [12,13,15–24].

solution to many of these challenges. As a new technology,
the properties and applications of SMALPs are yet to be fully
characterized but even at this early stage, the opportunities
offered by SMALPs for MP research are exciting and likely
to be far-reaching.

Understanding SMALPs as a tool for
membrane research

What are SMALPs and how are they used?
The styrene maleic acid (SMA) copolymer is a well-
characterized industrial copolymer of styrene and maleic
anhydride, produced by free radical polymerization followed
by acid hydrolysis to the styrene maleic acid form (Figure 2a).
Different ratios of styrene and maleic anhydride produce
different polymers. In their simplest form, SMALPs are
stable, self-assembling, water-soluble particles consisting of
SMA and approximately 140 lipids (lipid-only SMALPs)
[25,26]. Adding SMA to a suspension of lipids at pH 6.5
or above leads to spontaneous and immediate clearing of
the suspension due to the formation of SMA/lipid particles
of ∼10 nm diameter. These particles can be detected using
light scattering techniques. Therefore, SMALP discs are not
dependent on proteins for their formation, but can also form
protein-free assemblies [25,26]. Hereafter, we principally
discuss the purification of MPs using the 2:1 co-polymer
of styrene and maleic acid. Other SMA co-polymers (e.g.
3:1 SMA, sometimes called lipodisq) exist and have been
successfully used for MP purification [17,20,23].

The key to this method is the ability of SMA to partition
into lipid bilayers. The SMA surrounds patches of lipid
that may or may not contain MPs, and removes them
into aqueous solution (Figure 2b). SMA is highly efficient
at solubilizing biological membranes of many kinds [27],
and stabilizing MPs in aqueous solutions [28,16]. Unlike
most detergents, SMA removes proteins from the membrane
along with a significant quantity of native lipids, arguably
with no direct interaction between the SMA and the MP
[14,25]. This promotes the retention of correct protein

folding and activity therefore making samples amenable
to functional and structural characterization [14,25]. MPs
overexpressed with affinity tags in heterologous systems can
be chromatographically purified as SMALPs and used in
standard biophysical and biochemical analyses [12].

Do we need SMALPs?
Several approaches have already contributed to improving
MP purification and stability. For example, amphipathic
polymers (amphipols/APs) first reported by Popot and co-
workers, entered the scientific literature in the mid-1990s [31].
In addition the work of Sligar and co-workers describes MPs
in self assembling lipid-containing nanodiscs using membrane
scaffold proteins (MSPs) to encircle the lipid discs [32].
These tools have been developed as a response not only
to frustrations encountered with purification and analysis of
MPs with detergents, but also out of a growing understanding
of the complexity of the lipid bilayer and its importance for
MP function. The existence and success of these methods
prompts a question: what additional benefits do SMALPs
offer?

The most mentioned, and perhaps the most important,
advantage of using SMALPs over other methods is that it
circumvents the use of traditional detergents which disturb
lipid–protein interactions, and instead allows MPs to retain
their native lipids. Both APs and MSPs are generally added
after a standard detergent-based purification. By contrast,
SMA solubilizes membranes by spontaneously assembling
SMALPs with minimal perturbation of the proteins. This
increases the chance of extracting proteins in their entirety,
including complexes that may be disrupted by detergents.

In contrast with MSPs, SMALPs do not require any
additional protein components in the nanodisc. This property
can be important for downstream applications (e.g. CD and
SANS), as scattering or UV absorption by SMA in the
SMALP is either minimal, or distinct from that of the MP,
allowing the signals to be easily deconvoluted or phased
out [28]. Unlike detergents, SMA does not form micelles,
and after purification is only present in solution as part
of the SMALPs. This further simplifies data collection and
processing.

A prosaic advantage of SMALPs over other systems
is simply the low cost of the styrene maleic anhydride
copolymer and the ease with which it can be converted
to styrene maleic acid. Only a small quantity is required to
solubilize and subsequently stabilize proteins. SMALPs are
stable, self-assembling particles, so buffers do not need to be
supplemented with excess SMA to maintain their stability.

Do SMALPs resemble true bilayers?
There are several compelling reasons for studying MPs within
a lipid environment. Above all, evolution has tuned these
proteins to be stable and functional in their native membrane.
Of course the limitation to studying their function and
structure in membranes is interference from numerous other
proteins, hence the need to purify proteins from the lipid
bilayer. Prior to functional analysis, purified MPs are often
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Figure 2 Schematic of SMALP formation using AcrB as an example

(a) The chemical structure of styrene maleic acid copolymer with a 2:1 ratio. SMA has a molecular weight of ∼7.5 kDa

SMALPs. At neutral/basic pH the SMA inserts into lipid bilayers (adapted from [40]: Lee, S.C., Knowles, T.J., Postis, V.L.,

Jamshad, M., Parslow, R.A., Lin, Y.P., Goldman, A., Sridhar, P., Overduin, M., Muench, S.P. and Dafforn, T.R. (2016) A method

for detergent-free isolation of membrane proteins in their local lipid environment. Nat. Protoc. 11, 1149–1162). (b) AcrB

(PDB 2gif [30]) is represented overexpressed embedded in membrane, when SMA is added to membrane it begins to

encapsulate the MP. (c) AcrB is excised from the membrane in the form of soluble particles containing SMA, lipid from the

bilayer and AcrB.

reconstituted into artificial bilayers, such as liposomes. As
a direct method for purifying MPs in bilayers, the use
of SMA bypasses this step in the protocol. However, as
the SMA purification method develops, it is important to
establish the extent to which the MPs within SMALPs
experience a native environment.

Most importantly, several studies have established that
MPs in SMALPs do retain lipids [16,28,33]. Using thin-
layer chromatography and phosphate assays, the number and
composition of these lipids has been established, and appears
to be protein-dependent. More studies will be needed to
confirm the dependence of the lipid content on the protein
and the membrane of origin.

A recent publication has addressed the thermodynamics
of SMALP formation, albeit on a model system using
suspensions of 3:1 styrene:maleic acid and POPC, a bilayer-
forming lipid [26]. This study found that SMA had a
preference for residing in SMALPs rather than free in
solution, or within the bilayer and there was a low free-energy
cost for the transfer of lipids from bilayer to SMALP. This
provided reassuring evidence the SMALPs not only act as
strong solubilizing agents but also, from a thermodynamic
perspective, represent a native-like environment for lipids.
Likewise, the phase transition temperature for lipid in
SMALPs is close to that observed for lipids in bilayers [25].

Two other important features of membranes are their
curvature and lateral pressure. Whether the bilayer segment
within SMALPs is sufficiently large for membrane curvature
to be apparent or important is not known. It may be

relevant only for proteins that induce extreme curvature of
membranes, such as the mitochondrial ATPase [34]. In this
case extreme curvature of the mitochondrial inner membrane
is seen over distances of 17 nm [35], which exceeds the
size of SMALPs formed from 2:1 or 3:1 SMA. Similarly,
the lateral pressure of the lipid bilayer is often cited as an
important aspect of MP structure and stability [36–38]. A
truly successful membrane mimetic would ideally be able
to recapitulate these features; it remains to be seen whether
SMALPs will offer these properties.

Current challenges of using SMALPs
The SMA purification method is sufficiently new that
applications, protocols and techniques are appearing all the
time. Nonetheless, there is much more to learn and some
limitations to the use of SMALPs are currently apparent:

Size limitations
Analysis of nanodiscs containing 2:1 SMA and lipids seem
to agree that the discs have a fixed diameter of ∼10 nm [25].
It has been calculated that this surface area could contain at
most 40 transmembrane helices (TMHs) [25]. Indeed this
seems to be the case, with a low-resolution structure of
AcrB recently having been published [15]. This showed that
the 36 TMHs of AcrB could be accommodated, but with
relatively little surrounding lipid [33] (Figure 3), suggesting
that the system may be better suited to smaller proteins
such as GPCRs (7 TMHs) [18], ABC transporters [13] (12
TMHs) and potassium channels [39] (8 TMHs). Given the
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defined size of the discs, there is justifiable concern that they
may restrict the conformational changes that some transport
proteins undergo during their transport cycle, rendering them
non-functional. Perhaps the inactivation would be reversible
upon the reinsertion of the protein to a more extensive bilayer,
though no such protocol has yet been developed. Conversely,
locking proteins in a fixed conformation can be a desirable
step in some analyses, or one that may improve the resolution
in structural techniques which rely on averaging the signal
over a large number of molecules (e.g. SAXS, SANS, EM). It
is likely that these considerations will apply on a case-by-case
basis for different proteins.

Buffer compatibility
The 2:1 SMA copolymer is aliphatic with both hydrophilic
and hydrophobic groups, and a pKa of 6.5. Purification
and experimental procedures are normally carried out above
pH 7.5 to ensure the solubility of the SMA [40]. Below
pH 6.5 the 2:1 SMA precipitates, leading to disassembly of the
SMALP and precipitation of the protein. This may present
a problem if downstream applications include assays that
require the MP to be at different pH.

Divalent cations, especially magnesium ions (Mg2 + ), affect
the solubility of the SMA copolymer, causing it to dissociate
from the lipid and destabilizing the particle. MPs that bind
nucleotides, especially ATPases, require Mg2 + as a co-factor,
limiting the use of SMALPs in some functional assays.
Fortunately, SMA can withstand moderate levels of Mg2 +

: SMALPs remain intact at concentrations below 5 mM
magnesium [40].

Lack of sidedness and need for reconstitution
Characterizing the function of membrane receptors like
GPCRs can be achieved with binding assays, which are
possible in SMALPs [18,41]. For channels and transporters
it relies on measuring changes in the concentration of the
substrate on either side of the protein, which generally
requires reconstitution of the protein into proteoliposomes or
another bilayer system. SMALPs are very stable particles, and
although it is well-known that the SMA can be precipitated
out of solution using divalent cations and pH changes, a
method for the controlled release of proteins from SMALPs
is yet to be developed. For full functional characterization
of some proteins it will be critical to establish methods for
reconstitution of MPs into bilayers from SMALPs.

Future potential for the use of SMALPs
Since the first MPs were purified in SMALPs [42,28], the field
has grown quickly (Figure 1) but it is a technique still in its
very early days. Although the concept of using amphipathic
polymers for protein solubilization is not new [31], use
of SMA co-polymers is a novel and relatively unexplored
approach. This means that there are many unanswered
questions about the nature and uses of SMA and SMALPs
for the solubilization and characterization of membrane and
membrane-associated proteins.

Exploring and improving styrene copolymers
One obvious approach to expanding the applications of
SMA would be to produce and assess a family of styrene
co-polymers with varying properties. Current publications
describe just two variants of SMA for protein purification,
those with 3:1 and 2:1 ratios of styrene:maleic acid [28,42].
Given that it is a copolymer there are many possible variations
in the ratio of S:MA in the polymerization mixture. Different
ratios of the constituents, or altering the different constituent
chemicals, could create polymers that allow the formation of
discs with different properties (i.e. solubility, size, charge).
Furthermore, functionalization of SMA polymers, perhaps
with purification tags or fluorescent moieties, could open up
new applications and approaches to purification.

It is also noteworthy that the polymerization of SMA is
random, giving rise to a heterogeneous mixture of polymers of
different lengths and compositions [43]. This seems shocking
to those accustomed to using detergents purified to >99 %,
with maltoside detergents even purified to differentiate
between their α- and β-isomers [44]. However, the synthesis
of detergents has developed very much over the last decades,
and it is reasonable to expect that this will also be possible for
amphipathic polymers. One place to start will be improving
the chemistry of the polymerization reaction to standardize
the composition of the polymers, for instance to ensure
controlled alternation between the styrene and maleic acid
components. Improved quality control is also a priority.
Since SMA copolymers have broad distributions of molecular
weights, it could also be instructive to discover whether all
lengths of the polymer insert into the lipid bilayer and extract
protein, or whether this property is restricted to a subset of
molecules within the mixture.

High-resolution structures of proteins within
SMALPs
The emergence of nanodisc-based methods for protein
purification has coincided fortuitously with technological
advances in EM [45]. Enhanced data recording has increased
the resolution that can be achieved by cryo-EM to rival that
of crystallographic methods [46,47]. With MP crystallization
remaining an unpredictable process [48,49], by-passing it
altogether while still producing highly detailed structures,
would be a huge step forward. The presence of lipid and
SMA may bring smaller proteins into a useful size-range for
EM (currently the lower size limit of proteins for accurate
structure determination is approximately 100 kDa). EM has
long been a useful tool for considering the structures of
large assemblies [50], so the combination of SMALPs and
high-resolution EM could also prove fruitful for examining
the structures of complexes consisting of both soluble and
membrane-bound proteins. Indeed, the structures of several
proteins in SMALPs have already been solved at moderate
resolution using EM [16,33].

A major unanswered question is whether it will be
possible to use X-ray crystallography to determine very high-
resolution structures of MP-SMALPs. It seems unlikely that

C©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 3 Demonstrates the use of negative stain electron microscopy (EM) reconstruction of SMALP AcrB (adapted from Postis et al.

[15])

(a) Single particle reconstruction shows side views of classes equivalent to viewing AcrB from the plan of the bilayer. (i–vi)

and base view vii. (b) Side view of AcrB from (a) i next to SMALP AcrB reconstruction showing crystal structure with excellent

fit. (c) Six different views of the SMALP AcrB from the reconstruction demonstrate three-fold symmetry. (i) and (iii) side

views (ii) cytoplasmic face (iv) periplasmic face, identifying three-fold symmetry. (v) Side and (vi) top view showing the

crystal structure fitted into the reconstruction. SMA/phospholipid envelope can be seen as extra density surrounding the

base of the structure.

proteins within SMALPs could form ordered 3D arrays due
to the lack of exposed protein to provide crystal contacts.
Whether it is possible to remove SMA in a controlled manner
to allow nucleation of crystal growth, without destabilizing
the protein is unknown, and requires investigation.

Lipidomics of MPs
Understanding the lipidomics of MP could transform our
understanding of membrane dynamics. It is increasingly
apparent that MPs form specific interactions with lipids,
and lipids may mediate MP interactions. Analysis of MPs
reconstituted into different lipid mixtures has shown the
general influence of lipid composition on their function [51–
54] and a few high-resolution structures exist showing lipids
in specific locations in the MPs [55]. Mass spectrometry is
also emerging as a robust method to analyse the lipids bound
to purified MPs [56–58].

There is much still to be learned about the details of these
protein:lipid interactions. For example, the interactions are
likely to be dynamic, and may vary through the lifetime
of the cell, or under different environmental conditions.
SMA could provide a method to extract MPs from cells
membrane together with their local lipids after varying
growth conditions, and identify differences in the lipid
composition. Moreover, questions about the existence of
lipid rafts continue to divide membrane biochemists, with

contradictory findings arguing for both their existence [59–
61] and non-existence [62]. By extracting small segments of
membranes, SMA may prove to be another method to test
these ideas.

One obstacle to understanding the details and implications
of membrane–protein interactions with their native lipids
is the prevalence of heterologous expression and over-
expression. The molecular biology revolution of the 1970s
opened up huge opportunities for protein biochemistry,
allowing overexpression and subsequent purification of many
proteins. However, heterologous overexpression has the
drawback of thrusting MPs into non-native environments
even before extraction from the membrane. Prokarya and
eukarya differ radically in their cellular substructures, protein
trafficking signals [63] and the lipid and sterol compositions
of their membranes [64]. Common expression systems such a
Escherichia coli lack any membrane sterols, whereas yeasts
produce ergosterol rather than the cholesterol found in
mammalian cells. Phospholipid types and distribution also
vary between organisms, cell types, specific membranes and
even membrane leaflets [65].

Biotechnology can attempt to address these deficiencies
by engineering laboratory strains of microorganisms able
to synthesize and traffic membrane constituents which they
naturally lack, for example yeast that produce cholesterol-
like sterols [66]. If we aspire to accurately identify the

C©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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annular lipids surrounding MPs, and perhaps also their
wider lipid context, SMALPs may be a useful tool. For
instance, antibody-based purification is a powerful way to
isolate specific proteins from cells and tissues [67] and
co-immunoprecipitation allows interacting proteins to be
identified without the need for large-scale purification.
Combined with SMA solubilization this offers exciting
opportunities to examine proteins purified from their native
membrane with minimal perturbation to their immediate
environment.

At present the possibility that lipids can exchange into
and out of SMALPs cannot be excluded, and indeed seems
likely from an energetic perspective [68]. Until we understand
it better, this possibility undermines the argument that
SMALPs can be used to examine the native lipid environment
of proteins. On the other hand, if this does prove to be
the case, it could be also an opportunity to determine
whether specific lipids exchange into discs containing certain
proteins. This is an indirect method of assessing the preferred
lipid environment of the protein, but it could nonetheless
provide useful information. By similar logic, lipids labelled by
fluorescence or radioactivity could be added in a controlled
way into SMALPs for particular studies.

Conclusions
Although our fundamental knowledge of the architecture
and activity of MP has increased in recent years, our
understanding of how the functions of individual MPs are
integrated into the wider context of the cell remains limited.
We believe that SMAs and SMALPs will play a vital role in this
expansion of knowledge by enabling us to stabilize difficult
target proteins, extract and characterize protein assemblies
and better understand the relationship between MPs and
membrane lipids. Bypassing detergents may speed up this
process, producing more reliable structural and functional
descriptions of MPs.

In describing the uses of SMA, the aim is not to promote it
as a generic fail-safe method for all circumstances and all
experiments, but to highlight its potential to expand our
methodological toolbox. The literature describing proteins
purified in SMALPs remains in its infancy, as does our
understanding of the mechanism of SMALP formation.
The possibilities for formulating and addressing important
questions seem almost endless, as alluded to in the previous
section. Therefore the future of MP purification, if not
exclusively disc-shaped seems certain to benefit from
nanodiscs, hopefully of many types, sizes and properties.
Perhaps more importantly, it seems that the complex interplay
between proteins and their associated lipids will dominate
membrane research in years to come and SMALPs give us a
window into that world.
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