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A B S T R A C T

Over the past decade, Styrene Maleic Acid alternating copolymers (SMA) have gained interest as an alternative
to detergent solubilization for the isolation of integral membrane proteins. The formation of SMA lipid particles
(SMALPs) presents a novel opportunity to isolate the proximal membrane environment, encompassing and
throughout membrane proteins in vitro. Neither the organization or structure of SMAs in an aqueous buffer nor
the mechanism by which SMA transforms the membrane bilayer into a SMALP is known. This study investigates
the shape and size of diverse SMA polymer complexes/aggregates in solution at various pH, ionic strength, SMA
concentration and temperature, analyzed by small angle X-ray scattering. It is clear that SMAs of differing
physicochemical properties (styrene to maleic acid ratio, length of copolymer fragments and functionalization)
display highly variable sizes/shapes in solution over a range of environmental conditions. The SMA supramo-
lecular aggregates exhibit similar prolate ellipsoidal geometry of varying size, dependent on the degree of hy-
drophobicity of the SMA copolymer. At elevated temperature, particles composed of SMAs enriched in styrene
increase in both radius of gyration and maximum particle diameter. Interestingly, we observe a correlation
between the SMALP dimensions and that of native membranes. Future work will investigate if there may be a
complimentary relationship between SMA aggregate dimensions and bilayer thickness (and/or protein trans-
membrane domain thickness), similar to what has been observed for tandem facial amphiphiles.

1. Introduction

An estimated 20–30% of all genes across known genomes encode for
membrane bound proteins [1]. These proteins perform many critical
functions including the transmembrane trafficking of electrons, pro-
tons, ions and molecules, photonic energy conversion and signal
transduction to name a few. Approximately one third of all known
eukaryotic proteins are integrated into membranes, and are the target
for approximately 40% of drugs on the market today [2]. Despite the
ubiquitous nature of these proteins and their importance in medicine,
there exists a severe shortage of structural information for membrane
proteins as compared to soluble proteins. As of June 2018, less than
3.5% of the over 140,000 proteins that comprise the Protein Data Bank,
exist on or within a membrane [3]. This disparity stems from the dif-
ficulties encountered in the isolation of membrane proteins from their

native lipid environments. During the canonical method of membrane
solubilization via surfactant-lipid exchange, detergents have been
shown to replace membrane lipids peripheral and interior to membrane
bound proteins [4]. Obstacles in the crystallization of membrane pro-
teins, for example, may be due to partial denaturation of the protein
during solubilization with detergent [5,6]. Detergents in their mono-
meric form bind to relatively small, contained hydrophobic regions in a
saturable manner, however detergent micelles can cause proteins to
unfold [7]. Detergents have also been shown to replace lipids that re-
side in specific lipid binding pockets, interior to membrane protein
oligomeric complexes [4]. These lipids have been theorized to be cri-
tical to the topology, positioning of helices, assembly and oligomer-
ization of these protein complexes. Further, native lipids have been
posited to be involved in the stabilization of cofactors and may mediate
electron and/or proton transfer, via alteration of the dielectric constant
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between metal containing cofactors such as heme pairs [4]. Supporting
these theories, the delipidation of the Na+, K+ -ATPase and cyto-
chrome b6f complexes, has resulted in monomerization and loss of
enzyme activity [4,8–12].

Surfactant-lipid exchange via detergent solubilization has remained
the canonical method for membrane protein isolation for the last
70 years. This process results in the solvation of hydrophobic surfaces of
membrane proteins with detergents to produce water soluble protein-
detergent complexes [13]. Many detergents have been synthesized and
utilized to this end, and membrane proteins have proven to be more or
less sensitive to the denaturing effects of detergent solubilization. Alkyl
ionic detergents such as sodium dodecyl sulfate, for example, are almost
always denaturing [14]. With any type of detergent solubilization, the
membrane undergoes various states of disintegration, driven by de-
tergent concentration. Solubilization of some membrane proteins can
occur at ratios as low as 1:10 detergent to membrane lipid, leaving the
bilayer membrane mostly intact. At approximate ratios of 2:1, solubi-
lization of the membrane occurs, resulting in mixed lipid-detergent and
detergent-lipid-protein micelles. And at ratios around 10:1 detergent to
lipid, complete delipidation occurs, resulting in protein-detergent mi-
celles, though exact ratios are dependent on the molecular properties of
the detergent and the supramolecular aggregate formation of lipid-de-
tergent micelles [14].

As our knowledge concerning the complexity of natural membrane
systems grows, the implications they pose to the overall functionality
and folding of the proteins embedded within them becomes increas-
ingly apparent [15]. For this reason, there has been a movement in the
field to refer to these proteins as “proteo-lipid complexes” underlining
the criticality of these systems to be studied as a whole. In an attempt to
simulate this environment, the advent of lipid nanodiscs emerged in
2003. This approach involves the detergent solubilization of membrane
proteins, and subsequent insertion into nanodiscs of membrane mi-
metics bound by membrane scaffolding proteins, referred to as MSPs
[16]. This technique, while an exciting innovation in the field, failed to
eliminate the detrimental effects of detergent solubilization on mem-
brane proteins, as well as the MSPs themselves presenting issues
downstream for in vitro protein analysis [15]. At present, a powerful
new tool has been added to the membrane biochemistry toolbox; SMA
alternating copolymers. The isolation of membrane proteins within
SMALPs, offers a novel opportunity to study membrane proteins while
retaining their native lipid environment around and throughout these
complexes.

This burgeoning SMALP field has produced promising results with
this new technique over the past decade, leading to the synthesis of
various SMA copolymers. Similar to detergents, these SMAs are am-
phiphilic copolymers, consisting of moieties of hydrophobic styrene and
hydrophilic maleic acid. The physicochemical properties of these
polymers have been varied in styrene:maleic acid ratio (S:MA) and
length of polymer fragments, reported as a weight averaged molecular
weight (MW) or number averaged molecular weight (MN). For the
purposes of this study, MW will be used to refer to copolymer length.
Depicted in Fig. 1 are four SMAs that have been chosen to be the focus
of this work. These SMAs come from two different manufacturers, Cray
Valley (CV) and Polyscope (PS) and have been shown to be among the
most effective in the formation of SMALPs.

Membrane proteins encompassed within these SMALPs have been
reported to have many favorable characteristics compared to their de-
tergent micelle predecessors. Numerous investigations have demon-
strated enhanced stability and more native like biophysical character-
istics of target proteins in vitro [2,12,17–23]. Increased thermal stability
of SMALPs has also been reported, approaching 100 °C before dena-
turation [2,20,24]. Smaller MW SMAs in the range of 7–10 kDa and
S:MA ratios of 2:1 or 3:1 have been proposed to be most efficient for
membrane protein solubilization, forming more stable SMALPs [24,25].
However larger MW SMAs in the range of 80–120 kDa have been sug-
gested as optimum for the extraction of larger protein oligomers [18].

Initial observations suggest there may be a minimum concentration of
SMA in solution marking the point at which intercalation occurs and
SMALPs are spontaneously formed [18,25,26]. Further, it has been
shown that SMA is more efficient in protein extraction in more fluid
membranes, meaning shorter acyl chain lengths (thinner membranes),
decreased lateral packing pressures and at elevated temperature
[27,28]. Interestingly, it has been reported that the affinity of SMA for
lipid is so high, that under most experimental conditions following the
formation of SMALPs, there remains no free SMA in solution over a
wide range of polymer:lipid ratios [28]. As with any technique, SMA
also displays some inherent drawbacks. Mainly, the vast majority of
these amphiphilic polymers tested are insoluble at neutral to acidic pH
[18,25]. At elevated pH, SMAs display a sensitivity to divalent cations,
attributed to the stabilization of the deprotonated maleic acid func-
tionality, causing self-aggregation of the polymer [20,24,29]. Another
commonly reported feature of these copolymers is the need for high
ionic strength, in the range of 100–500mM monovalent ions
[15,17,27,29].

In light of these new capabilities offered to the membrane com-
munity by the production of native nanodiscs, questions persist re-
garding the underlying mechanism behind the formation of SMALPs.
Reported here is the characterization of a selected set of SMA copoly-
mers by small angle X-ray scattering (SAXS), observed over varied
sample conditions. In contrast to X-ray crystallography, SAXS is a
technique that lacks atomic resolution. However, SAXS produces highly
precise dimensional information regarding size and shape under bio-
logically relevant solution conditions. In solution scattering experi-
ments, it is the requirement for rotational averaging of the molecules
that leads to limitations regarding internal atomistic structure de-
termination, rather than the resolution of the technique [30]. De-
termining the behavior, transition points and overall dimensions of
these SMA supramolecular aggregates, is central to building a con-
ceptual model to explain more complex systems.

2. Materials and methods

2.1. Styrene maleic acid copolymers

SMA copolymers were obtained from Cray Valley (a Total com-
pany), Paris, France and Polyscope, Geleen, The Netherlands. The SMAs
were in solution upon arrival, and wt% of the polymers (listed on
Certificates of Analyses from the manufacturers) were confirmed
gravimetrically in the laboratory following lyophilization. All SMAs in
this study were then diluted into sample buffer to a final concentration
of 1.7% (w/v), unless otherwise specified (as in Fig. 2B). Sample buffer
consisted of 50mM Tris-Cl at various pH and KCl concentration, spe-
cific for each experiment.

2.2. Small angle X-ray scattering

The SAXS experiments were performed on a Rigaku BioSAXS-2000
system with a rotating anode, producing Cu Kα X-ray radiation at
1.54 Å.

SAXS data were averaged and reduced using Rigaku SAXSlab data
collection and processing software, and was loaded directly into
PRIMUS for initial inspection and interfacing with size determination
software [31]. Rg and DMAX were calculated using the inverse Fourier
transform method executed in GNOM [32].

3. Results

To obtain reliable results regarding radius of gyration (Rg) and
maximum particle diameter (DMAX) from small angle scattering data,
particles must be monodisperse. Following data averaging and buffer
subtraction, scattering curves from solutions containing the four SMA
copolymers depicted in Fig. 1, were generated and plotted as intensity
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of the scattered X-rays; (I(Q)) against the scattering angle (Q) in a
double logarithmic scale (Fig. 2). A decrease in intensity at lower
scattering angle, presenting a maximum at larger Q, marks the presence
of a structure factor (S(Q)) inherent in the system, suggesting inter-
particle correlation, also referred to as interparticle interference [33].
This S(Q) is caused by columbic repulsion between particles and can be
seen to increase with increasing pH as the maleic acid groups become
deprotonated (Fig. 2a). At pH=9.53, this interparticle interference is
alleviated by decreasing the concentration of SMA in solution, accom-
panied by an overall decrease in scattering signal (Fig. 2b). High con-
centrations of particles are known to produce interferent scattering
signals. This occurs as the space between individual particles comes
within range of the intraparticle distances [33].The interparticle in-
terference can be eliminated by shielding the repulsive forces between
carboxylate groups via the addition of monovalent ions (Fig. 2c). This
addition of monovalent ions decreases the stability of the supramole-
cular aggregates overall, as interparticle repulsive forces are critical to
the stability of colloids in solution. It is therefore imperative for SAXS
experiments that interparticle repulsive forces be minimized, without
causing sample aggregation. The severity of both of these effects can be
observed upon an initial assessment of the scattering profile and op-
timal sample conditions can be determined. The presence of inter-
particle interference was seen across all SMA samples tested, exhibiting
the same response as the representative samples depicted in Fig. 2.

Guinier analysis (Eq. (1)) was performed to obtain Rg of the SMA
copolymers. The Guinier region exists at low Q values and is therefore
most sensitive to the largest distances in the particle.

= −Ln I Q Ln I R Q( ( )) ( ) ( /3)g0
2 2 (1)

In this analysis, Rg can be directly calculated from the slope of the
linear regression obtained from Ln(I(Q)) versus Q2 and the expression
m=Rg

2/3. This relationship only holds true for regions where
QRg < 1.3 [30,34,35]. The presence of interparticle interference drives
this approximation to report artificially low Rg values. Therefore, this
approximation is only viable for curves that present maximum intensity
at low Q, i.e. samples that do not exhibit a structure factor. Fig. 3 shows
a representative Guinier plot from PS-30010, where the structure factor
is fully mitigated by supplying sufficient ionic strength at 125mM KCl.

From the initial scattering curves and Guinier analysis, significant
interparticle interference was confirmed to be sufficiently alleviated at
high ionic strength (Fig. 2C). Therefore, the following experiments were
performed at 125mM KCl to determine size dimensions of the SMA
supramolecular aggregates. Indirect Fourier transformation of the en-
tire scattering profile was performed to obtain the distance distribution
(P(R)) at variable pH (Fig. 4) [30,32,36]. This P(R) function results in a
histogram representation of all possible atom pair distances within the
particle, and can provide further indications regarding interparticle
interference or aggregation [33]. The DMAX is depicted as the point at

which this curve terminates at the x-axis. The arrival at Y=0 should
occur in a smooth and concave fashion, as an abrupt approach will lead
to an underestimation of DMAX, suggestive of interparticle interference
[30]. Conversely, a P(R) distribution that extends asymptotically along
the X-axis, leads to an overestimation of DMAX and alludes to the pre-
sence of sample aggregation, or unfolded particles [30,37]. Further, the
overall shape of the curve obtained by the P(R) distribution is indicative
of the geometry of the supramolecular structures [38]. The SMAs tested
in this study exhibit P(R) curves that are slightly asymmetrical with
tailing at high R, which is representative of prolate ellipsoidal (egg
shaped) particles (Fig. 4) [39]. The shoulders on the P(R) curve seen at
low R in Fig. 4A and D depict the presence of smaller assemblies. In-
terestingly, this population of smaller particles occurs at different ends
of the pH range tested for different SMA copolymers. This population of
smaller particles is present at pH=8.56 for CV-1000 (Fig. 4A) and at
pH=10.0 for PS-30010 (Fig. 4D).

The four SMA copolymers were then analyzed at 30, 40, 50 and
60 °C to probe for transitions in supramolecular aggregate structure.
Both size parameters, Rg and DMAX are shown graphically in Fig. 5.
Across all conditions, CV-1440 forms larger particles than the other
three polymers tested, which show similar dimensions over all condi-
tions.

At sample conditions found to be optimum for SAXS analysis of
these four copolymers (pH=9.53 and 125mM KCl), an additional set
of 5 SMA formulations were successfully analyzed. The values for Rg

and DMAX are shown for these SMA copolymers in Table 1. These
samples show a considerable size range, with DMAX values spanning
37–89 Å under the selected testing conditions. Interestingly, both CV-
2000 and CV-2625 formed particles within the same size range as CV-
1440 (Fig. 5, Table 1).

The asymmetric shape of the distance distribution curves in Fig. 4,
coupled with the tailing seen at high R, suggest a similar overall geo-
metry of the SMA supramolecular aggregates; a prolate ellipsoid (also
referred to as prolate spheroid). At 25 °C (Fig. 4), the DMAX remains
relatively constant and reproduceable, with the exception of CV-1440 at
pH 8.56 (Fig. 4). This increase in Rg and DMAX for CV-1440 at pH 8.56,
may be caused by the butoxyethanol chain coming unburied from the
core as the surface of the particle becomes less electronegative. Ele-
vated temperature imparts significant changes to particle sizes. At
30 °C, smaller particles across all SMAs emerge, depicted as a shoulder
at low R on the P(R) distribution curve. This population of smaller
particles persists across all higher temperatures tested (Fig. 6). It has
been suggested in the field that elevated temperature may be required
for membrane protein isolation, owing to the fluidity of the membrane
allowing for the intercalation of SMA copolymers [28]. However, the
presence of these smaller supramolecular aggregates at elevated tem-
perature may be required for SMA insertion into natural membranes,
facilitating membrane protein isolation. This would explain why some
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SMAs are more effective at ambient temperature than others.

4. Conclusions and discussion

This study displays the utility of SAXS for the size determination of
SMA copolymer supramolecular aggregates, given that interparticle
repulsive forces can be sufficiently eliminated. This information can be
used in conjunction with electrophoretic mobility data to obtain zeta
potential of the SMA copolymer aggregates, in an attempt to better
understand the way in which these assemblies will interact with
membranes to facilitate protein extraction. It should be understood that
the structure of these supramolecular aggregates is expected to change
when mixed with native lipids. However, the extent to which SMA
copolymers interact with free lipids or membrane systems, may be

dependent to some degree on the nature of the supramolecular ag-
gregate assemblies.

The requirement for high ionic strength to facilitate membrane
protein solubilization via SMA copolymers has been previously reported
in the field [15,17,27,29]. The results presented here suggest significant
interparticle repulsion forces at low ionic strength. The shielding effect
provided by adequate amounts of monovalent ions, allow for true
monodispersity of supramolecular aggregates in solution. This inter-
particle interference, caused by coulombic repulsive forces, suggests
these SMA supramolecular aggregates exist in a formation where the
hydrophilic maleic acid groups protrude from the particle and interact
with the solvent. This is a logical hypothesis, that aligns with previous
knowledge concerning micellular formation and coil to globular tran-
sition of polymers free in solution and is therefore not surprising.
However, these experiments present the first evidence in support of this
reasoning, confirming the occurrence of interparticle interference be-
tween SMA copolymer supramolecular aggregates over varying sample
conditions. It is reasonable to infer that this state may be critical to
allow for SMA interaction with membrane systems. Additionally, this
information lends optimism that amphiphilic copolymers may behave
similarly to detergents in solution with regard to critical transition
concentrations, temperatures, ionic strength and counter ion pre-
ference, however further investigation is required to ascertain these
criteria. Indeed, these properties of detergents in solution have been
shown over the last 7 decades to be pertinent to the action of membrane
protein solubilization, and the empirical results shown here suggest that
this wealth of knowledge may be applicable to describing this new
system of SMA copolymers. Further, with this roadmap of detergent
properties as a guide, the prevalence of SAXS systems today allow this
field a means for the rapid characterization of SMA copolymers over
these ranges of environmental conditions, in a high throughput manner.

It has recently been reported that the topology of SMA copolymers,
specifically the presence of a polystyrene enriched domain due to the
RAFT synthesis technique, is advantageous to membrane protein solu-
bilization [17]. Of the four SMA formulations chosen to be the focus of
this work (Fig. 1), we see a similar topological effect regarding the
formation of SMA supramolecular aggregates. CV-1440 has one sig-
nificant difference in structure compared to the other copolymers
analyzed; the presence of a butoxyethanol ester group. Across all con-
ditions tested in this work, CV-1440 showed consistently larger Rg and
DMAX for the aggregates, as well as a smaller window of stability with
regard to pH and temperature. This makes sense, as this SMA contains
more hydrophobic groups to be buried in the core of the supramole-
cular aggregate, resulting in larger, less stable particles [40]. Where CV-
1000, PS-25010 and PS-30010 yield comparable Rg and DMAX over the
pH ranges tested, CV-1440 exhibits larger sizes at low pH, presumably
due to the butoxyethanol functional group becoming less buried from
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the core around pH=8.5 (Figs. 4B and 5B).
With the exception of CV-1000, all SMAs show an increase in DMAX

at 60 °C, with PS-25010 and PS-30010 showing increases in DMAX at
50 °C as well. CV-1000 shows no apparent change in geometry across all

temperatures (Fig. 6A), owing to this formulation having an even 1:1
styrene:maleic acid ratio and the smallest fragments (MW=5.00 kDa,
Fig. 1A). All other SMA copolymers are enriched in styrene compared to
maleic acid and show a more pronounced change in supramolecular
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structure with increasing temperature. These results are in line with
previously published findings that report hydrophobic interactions to
be most critical in stabilizing the globular or collapsed supramolecular
state of SMA in solution, as compared to intramolecular hydrogen
bonding [41,42]. Further, it has also been reported in the literature that
this collapsed supramolecular structure is required for insertion into
membranes to facilitate membrane protein extraction [43]. However,
due to the random nature by which most SMA copolymers are syn-
thesized, whether this collapsed conformation is driven by multiple
hydrophobic domains or a single styrne enriched region remains to be
elucidated [43]. Synthesis of these polymers in a more controlled
manner, such as RAFT polymerization as previously discussed, may
lend insight into this question of overall copolymer topology. SMA
obtained from Polyscope show an increase in particle size occurring at
lower temperatures than those obtained from Cray Valley (Fig. 6). This
change in response to rising temperature may be caused by differences
in copolymer structure with regard to regions of styrene enrichment,
which could arise from variable synthesis methods. Another interesting
observation is that in all cases except PS-30010, the Rg tracks relative to
the DMAX over variable pH and temperature (Fig. 5). Supramolecular
aggregates of PS-30010 show a decrease in Rg correlating to an increase
in DMAX at 9.53≤ pH≤ 10.0 and temperatures between 40 °C and
60 °C. This effect is more subtle over variable pH, where an abrupt spike

can be seen over varying temperature (Fig. 5). Taken together, these
data suggest that the topology of the SMA copolymer changes the hy-
drophobic core, which in turn determines the size of the supramolecular
aggregate, and the size of this structure over various sample conditions.

At present, there is no clear consensus in the field regarding which
physicochemical properties (e.g. S:MA, MW) of SMA copolymers are
optimal for membrane protein extraction. The results presented here
demonstrate that the dimensions of various SMA supramolecular ag-
gregates vary greatly under diverse sample conditions. Therefore, the
relative effectiveness of SMA formulations for this purpose may corre-
late with the size of these supramolecular aggregates free in solution, as
it relates to the thickness of the membrane. This hypothesis requires
further testing, however it is not without precedent in the literature. A
recent study by Das et al. published in 2018, reports on the rational
engineering of a new class of detergents for membrane protein extrac-
tion, termed tandem facial amphiphiles. This study concludes that the
most effective tandem face maltoside detergents contained lipophilic
groups approximately 31 Å in length, a size equal to the hydrophobic
thickness of the target membrane in this study [44]. Discerning the
underlying mechanism of SMALP formation will not only allow for the
optimization of this process via copolymer design, but may also lead to
specificity of protein targeting in complex natural membranes.

5. Data statement

The raw data required to reproduce these findings are available to
download from this link. The processed data required to reproduce
these findings are available to download from this link.
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