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Introduction

Influence of lipid bilayer properties on nanodisc
formation mediated by styrene/maleic acid
copolymersf

Rodrigo Cuevas Arenas, Johannes Klingler, Carolyn Vargas and Sandro Keller*

Copolymers of styrene and maleic acid (SMA) have gained great attention as alternatives to conventional
detergents, as they offer decisive advantages for studying membrane proteins and lipids in vitro. These
polymers self-insert into artificial and biological membranes and, at sufficiently high concentrations, solu-
bilise them into disc-shaped nanostructures containing a lipid bilayer core surrounded by a polymer belt.
We have used *!P nuclear magnetic resonance spectroscopy and dynamic light scattering to systemati-
cally study the solubilisation of vesicles composed of saturated or unsaturated phospholipids by an SMA
copolymer with a 3:1 styrene/maleic acid molar ratio at different temperatures. Solubilisation was
thermodynamically rationalised in terms of a three-stage model that treats various lipid/polymer aggregates
as pseudophases. The solubilising capacity of SMA(3 : 1) towards a saturated lipid is higher in the gel than in
the liquid—crystalline state of the membrane even though solubilisation is slower. Although the solubilisation
of mixed fluid membranes is non-selective, the presence of a non-bilayer phospholipid lowers the threshold
at which the membrane becomes saturated with SMA(3 : 1) but raises the polymer concentration required
for complete solubilisation. Both of these trends can be explained by considering the vesicle-to-nanodisc
transfer free energies of the lipid and the polymer. On the basis of the phase diagrams thus obtained, re-
association of polymer-solubilised lipids with vesicles is possible under mild conditions, which has impli-
cations for the reconstitution of proteins and lipids from nanodiscs into vesicular membranes. Finally, the
phase diagrams provide evidence for the absence of free SMA(3: 1) in vesicular lipid suspensions.

zwitterionic ~ phospholipid  1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) by an SMA copolymer having a styrene/

A recent development in the study of membrane proteins and
lipid bilayers is the use of amphiphilic copolymers composed
of styrene and maleic acid (SMA) units. SMA copolymers of
different lengths and styrene/maleic acid ratios are able to
directly solubilise phospholipids and membrane proteins from
artificial”® and natural bilayers®™ to form discoidal SMA/lipid
particles (SMALPs). These nanodiscs contain a lipid bilayer
core surrounded by a polymer belt>® and have diameters of
10-30 nm,>*® which renders them suitable for optical
spectroscopy,>*>°*? nuclear magnetic resonance (NMR)
spectroscopy, and other techniques requiring relatively
small particles with a unimodal size distribution such as
protein chromatography.®** "’

We have recently shown’ that solubilisation of large
unilamellar vesicles (LUVs) formed from the unsaturated
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maleic acid molar ratio of 3:1 (SMA(3: 1)) can be conceptualised
with the aid of a threestage equilibrium model. This
model, which originally was developed to explain the solubil-
isation of lipid bilayers by surfactants such as typical head-
and-tail detergents,'® treats the different supramolecular
aggregates formed during solubilisation as distinct pseudo-
phases dispersed in an aqueous solution.”"**° Accordingly, titra-
tion of a lipid (L) membrane with surfactant (S) initially results in
the accommodation of surfactant molecules in the bilayer (b),
thereby inducing increasingly positive curvature stress. At a critical
surfactant/lipid molar ratio denoted RYS" (¢f eqn (1) in ESIt),
the bilayer becomes saturated (SAT) with surfactant. Addition of
more surfactant initiates solubilisation, that is, extraction of
phospholipids from the membrane in the form of mixed lipid/
surfactant micelles (m). According to Gibbs’ phase rule, this leads
to surfactant-saturated bilayer vesicles coexisting with lipid-
saturated micelles until a second critical surfactant/lipid molar
ratio RY"°" (eqn (2)1) is reached, where solubilisation (SOL) is
complete. By determining the surfactant concentrations at
the onset and completion of solubilisation at several lipid

This journal is © The Royal Society of Chemistry 2016
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concentrations, it is possible to construct the corresponding
pseudophase diagram, with the coexistence range separating the
purely vesicular range from the purely micellar range. The slopes
of the phase boundaries yield RS and RP*°" and,
through some simple relationships (eqn (3)-(8)f), the Gibbs
free energies of lipid and surfactant transfer from vesicular
bilayers into micelles, AGP™™° and AGS~™°, respectively.
These values provide a quantitative, thermodynamic basis for
rationalising the surfactant’s detergency as reflected in its
solubilising power towards the lipid membrane system under
study.”820

It has been shown®' that membrane solubilisation by SMA
copolymers is faster (i) for short-chain phospholipids, (ii) at
elevated temperatures and, particularly, above the main phase
transition temperature (Ty,), and (iii) at higher ionic strengths.
However, it remains unclear if and to what extent the kinetics
of solubilisation reflects the solubilising power of SMA from a
thermodynamic perspective, that is, if faster solubilisation cor-
relates with lower RY*AT and RT*°" boundaries and less ender-
gonic or more exergonic values of AGL~™° and AGS~™°,
respectively. Here, we address this question by following the
SMA(3 : 1)-mediated solubilisation of LUVs composed of the
zwitterionic saturated phospholipid 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) both above and below its Ty, to
quantify the polymer’s solubilising capacity towards mem-
branes in the liquid-crystalline (i.e., fluid) and gel phases,
respectively. Importantly, thermodynamic efficiency was found
not to correlate with kinetic efficiency, as slow solubilisation of
gel-phase membranes requires less SMA(3: 1) than does faster
solubilisation of fluid-phase membranes. On the basis of the
phase diagrams thus obtained, we could demonstrate re-
association of polymer-solubilised lipid with vesicular bilayer
membranes both above and below T;,. Finally, we used mixed
LUVs composed of the singly unsaturated phospholipids POPC
and  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) to examine the influence of membrane composition on
the thermodynamics of solubilisation. While the biophysical
properties of the membrane such as lipid packing and phos-
pholipid order were found to play an important role in deter-
mining the solubilising capacity of SMA(3:1), different lipid
species residing in the same membrane were extracted non-
preferentially throughout all stages of solubilisation.

Results
Solubilisation of fluid-phase DMPC vesicles

We first examined the SMA(3 : 1)-driven solubilisation of unila-
mellar vesicles composed of the saturated phospholipid DMPC
at 30 °C, that is, 6 °C above its Ty,. For this purpose, we used
3P NMR spectroscopy>>* to quantify the amount of lipid
solubilised in SMALPs.” In the absence of polymer and at
SMA(3: 1) concentrations below the SAT boundary, the signal
arising from vesicular phospholipids was broadened beyond
detection (Fig. 1a). At SMA(3:1) concentrations greater than
SAT, an isotropic, Lorentzian-shaped peak appeared at
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—0.3 ppm, whose area increased linearly upon further addition
of polymer until plateauing at the SOL boundary, where all
lipid was solubilised into SMALPs (Fig. 1b). While the peak
area remained constant beyond SOL, there was a slight down-
field shift of the peak centre with increasing SMA(3 : 1) concen-
tration. Such a shift reflects a change in the average chemical
environment of the *'P nuclei, which we attribute to a rise in
the fraction of phospholipid molecules found close to the
nanodisc rim, that is, in the vicinity of the polymer. Plotting
the SMA(3:1) concentrations at SAT and SOL for different
DMPC concentrations yielded a phase diagram (Fig. 1c). From
the slopes of the phase boundaries, we derived saturating and
solubilising SMA(3 : 1)/DMPC molar ratios of RY*" = 0.078 +
0.008 and R$"S°" = 0.144 + 0.014, respectively. These values
translate into vesicle-to-SMALP transfer free energies of
AGY™™° = (0.15 + 0.05) k] mol™ and AGS~™° = —(1.36 + 0.45)
k] mol™" for DMPC and SMA(3: 1), respectively (Table S17).
Both the SAT and the SOL boundaries in the phase diagram
(Fig. 1c) revealed a negligible ordinate intercept, confirming
the absence of “free” SMA(3 : 1) in solution throughout the ves-
icular and coexistence ranges.’

We also tested for reversibility of the solubilisation process,
that is, whether lipids residing in preformed SMALPs are able
to interact with and become re-associated with lipid vesicles,
which might suggest a novel route for reconstituting SMALP-
solubilised lipids and proteins into artificial vesicles. Guided
by the phase diagram (Fig. 1c), we first solubilised 2.5 mM vesi-
cular DMPC by adding 0.4 mM SMA(3: 1) to form SMALPs. As
expected, these preformed SMALPs produced a sharp NMR
signal (Fig. 1d). Upon titration with increasing concentrations
of DMPC in the form of LUVs, the signal intensity decreased
as the SMA(3: 1) concentration dropped below the SOL bound-
ary and was broadened beyond detection when the SAT
threshold was reached (Fig. 1d). Thus, re-association of phos-
pholipids residing in SMALPs with vesicles can be triggered by
addition of excess lipid, implying that the formation of freely
diffusing nanodiscs is a dynamic and reversible process.

In the absence of SMA(3 : 1), dynamic light scattering (DLS)
yielded a monoexponential autocorrelation function for DMPC
LUVs (Fig. 2a), from which we derived a unimodal vesicle size
distribution with a z-average size and peak width of
(121 + 12) nm (Fig. 2b and c). Complete solubilisation with
SMA(3 : 1) gave rise to autocorrelation functions typical of small
particles undergoing rapid Brownian motion (Fig. 2a-c). Impor-
tantly, however, the size of the SMALPs considerably decreased
with increasing SMA(3:1) concentration. Irrespective of the
lipid concentration tested, the nanodiscs displayed a z-average
size and peak width of (29 + 13) nm at an SMA(3:1)/DMPC
ratio of 0.17, that is, slightly above R§“S°" but addition of
excess SMA(3 : 1) further reduced the particle size to (13 + 6) nm
at an SMA(3 : 1)/DMPC ratio of 0.5 (Fig. 2d). The latter value is
in good agreement with SMALP sizes reported for various com-
binations of phospholipids with excess SMA."*'"*' Our find-
ings demonstrate that the average size of SMALPs can be tuned
by controlling the polymer/lipid molar ratio. DLS also showed
that subsolubilising SMA(3:1) concentrations led to the
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Fig. 1 Solubilisation of fluid-phase DMPC vesicles by SMA(3 : 1) at 30 °C as monitored by **P NMR. (a) NMR spectra of 10 mM DMPC initially present
in the form of LUVs upon exposure to increasing concentrations of SMA(3:1). (b) Peak areas, A, at four DMPC concentrations as functions of
SMA(3:1) concentration. Experimental data (circles) derived from titrations such as that in (a) and linear fits (lines) according to eqgn (9)-(11).1
(c) Phase diagram of DMPC/SMA(3 : 1) at 30 °C. Pairs of c2°AT and cT*5°" (circles) obtained from breakpoints derived from local fits in (b) and global
fits (solid lines) according to eqn (9), (10), and (12)1 indicating the onset (SAT; red) and completion (SOL; blue) of solubilisation, respectively. Error
bars are 95% confidence intervals of local fits based on eqn (9)-(11).1 (d) NMR spectra of 2.5 mM DMPC and 0.4 mM SMA(3: 1) initially present in the
form of SMALPs upon addition of DMPC LUVs. Inset: Phase diagram of DMPC/SMA(3 : 1) at 30 °C indicating the SAT (red) and SOL (blue) boundaries
from (c) and the DMPC concentrations tested in the reconstitution assay (triangles).

formation of larger particles in suspension (Fig. 2b and c),
which have been speculated” to represent vesicle aggregates or
agglomerates cross-linked by polymer chains.

Solubilisation of gel-phase DMPC vesicles

Similarly, we followed the solubilisation of DMPC LUVs at
10 °C, that is, 14 °C below T,,. Challenging LUVs with increas-
ing SMA(3: 1) concentrations resulted in the appearance of a
sharp, isotropic *'P NMR peak (Fig. 3a). With saturating and
solubilising SMA(3 : 1)/DMPC molar ratios of RZ*" = 0.039 +
0.010 and RY"°" = 0.095 + 0.011, respectively (Fig. 3b and c),
the onset and completion of gel-phase DMPC solubilisation
were found to occur at even lower SMA(3 : 1) concentrations as
compared with fluid-phase DMPC (Fig. 1b and c). This
was reflected in vesicle-to-SMALP transfer free energies of
AGY™™° = (0.12 + 0.05) k] mol™ and AGE~™° = —(1.94 + 0.79)
k] mol™" at 10 °C. These values were, respectively, less ender-
gonic for the lipid and more exergonic for the polymer than

15018 | Nanoscale, 2016, 8, 15016-15026

the corresponding free energies at 30 °C (Table S1}). Thus,
although solubilisation of DMPC vesicles is slower at tempera-
tures below than above Tp,>' less polymer is required to
initiate and complete the extraction of DMPC molecules from
vesicles at 10 °C than at 30 °C. Re-association of SMALP-solu-
bilised lipids with vesicles was possible also below T,
(Fig. s1df).

A conspicuous difference between the experiments above
and those below Ty, was the shape of the *'P NMR peak.
Throughout the coexistence range at 10 °C, a single Lorent-
zian-shaped peak (Fig. 3a) was observed at —0.6 ppm, that is,
—0.3 ppm upfield of the corresponding peak at 30 °C (Fig. 1a).
At 10 °C, addition of SMA(3:1) beyond R§"S°" caused a
gradual reduction in the area of the original peak and a con-
comitant rise of a second Lorentzian-shaped peak at —0.3 ppm.
The position of the latter peak was comparable to that of the
single peak found at 30 °C, which changed only slightly in the
course of the titration with SMA(3:1). This suggests that, at

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Solubilisation of fluid-phase DMPC LUVs by SMA(3:1) at 30 °C as monitored by DLS. (a) Normalised autocorrelation functions, C(z), versus
delay time, 7, as determined for 4 mM DMPC LUVs (red) and after complete solubilisation with 2 mM SMA(3: 1) (black). Note that the low ordinate
intercept of the LUV autocorrelation function is due to excessive scattering resulting from the large number of vesicles initially present in the
sample. Virtually identical size distribution functions and z-average values were obtained from diluted LUV suspensions (data not shown). (b) Inten-
sity-weighted particle size distribution functions, f(d), versus hydrodynamic diameter, d, obtained upon exposure of 4 mM DMPC LUVs to increasing
concentrations of SMA(3: 1). (c) Total light scattering intensity at 90°, /, and z-average particle diameter, z, upon solubilisation of 4 mM DMPC LUVs
with SMA(3 : 1). Also indicated are the SAT and SOL boundaries (dashed lines) derived from *'P NMR experiments (Fig. 1). Vertical bars denote peak
widths as given by the corresponding PDI values. (d) z-Average particle diameters, z, at four DMPC concentrations as functions of the

SMA(3 : 1)/DMPC molar ratio, Rsmas.1)- Vertical bars denote peak widths as given by the corresponding PDI values.

10 °C, the two peaks at —0.6 ppm and —0.3 ppm represent gel-
phase and fluid-phase DMPC, respectively. Thus, by fitting a
double-Lorentzian function (eqn (13)) to the NMR spectra, we
found that the fraction of lipid tentatively assigned to the fluid
phase increased linearly with the concentration of SMA(3:1)
once solubilisation was complete (Fig. 3d). Another interesting
difference with respect to solubilisation experiments per-
formed at 30 °C was that the gel-phase nanodiscs existing at
REVSOV were already very small, with a z-average diameter of
(11 £ 4) nm, which decreased only marginally upon further

addition of SMA(3 : 1) (Fig. S1a and bt).

Solubilisation of mixed POPC/POPE vesicles

Finally, we probed the solubilising activity of SMA(3:1)
towards mixed membranes composed of POPC and POPE, the
latter of which does not form bilayers on its own. To this end,
we systematically increased the mole fraction of POPE in a

This journal is © The Royal Society of Chemistry 2016

POPC matrix from 0 mol mol™" (POPC/POPE(1 : 0)) to 0.75 mol
mol™" (POPC/POPE(1: 3)). As exemplified by a representative
3P NMR spectrum of a POPC/POPE(1:1) mixture (Fig. 4a),
solubilisation with SMA(3:1) led to the appearance of two
peaks centred at —0.16 ppm and 0.27 ppm corresponding to
the signals arising from POPC and POPE, respectively.””> The
contribution of each phospholipid was quantified with the aid
of a double-Lorentzian fit (eqn (13)f). For an equimolar lipid
composition, the peak areas of the signals arising from POPC
and POPE were identical across the entire range of SMA(3:1)
concentrations (Fig. 4b), demonstrating that the polymer
extracted both phospholipids non-preferentially from the vesi-
cular bilayer not only upon complete solubilisation in the pres-
ence of SMA(3:1)>'>?"?¢  but throughout all
solubilisation stages.

The phase diagram obtained for POPC/POPE(1 : 1) is charac-
terised by saturating and solubilising polymer/lipid ratios of

€excess
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SMA(3:1) concentration. Experimental data (circles) derived from titrations such as that in (a) and linear fits (lines) according to egn (9)—(11).1
(c) Phase diagram of DMPC/SMA(3 : 1) at 10 °C. Pairs of c2>"T and c**°" (circles) obtained from breakpoints of fits in (b) and global fits (solid lines)
according to eqn (9), (10), and (12)} indicating the onset (SAT; red) and completion (SOL; blue) of solubilisation, respectively. Error bars are 95%
confidence intervals of fits based on eqn (9)—(11).f (d) Peak areas, A, at 10 mM DMPC as functions of SMA(3:1) concentration. Experimental
data (black) obtained from numerical peak integration and fitted values derived from a double-Lorentzian fit according to eqn (13)f for the first,
upfield peak (orange), the second, downfield peak (purple), and the sum of both (green). Also indicated are the SAT and SOL boundaries (dashed

lines) obtained from (c).

RESAT = 0,057 + 0.009 and RZ¥SC" = 0.211 + 0.008, respectively
(Fig. 4c), yielding transfer free energies of AGP™™° = (0.34 +
0.04) k] mol™ and AGZ~™° = —(2.95 + 0.45) kJ mol™
(Table S17). In general, raising the fraction of POPE in the
bilayer in decreasing RY*" but increasing
RSOV values (Fig. 5a), indicating that the membrane became
saturated at lower SMA(3:1) contents but required more
polymer for complete solubilisation. As a consequence, the
disparate POPE dependencies of the two critical ratios resulted

in a broadening of the coexistence range (Fig. 5a). In terms of

resulted

Gibbs free-energy changes, this means that the transfer from
vesicles into SMALPs became increasingly unfavourable for the
lipid but even more favourable for the polymer, as reflected in
increasing magnitudes of both AGE™™° and AGS~™°, respect-
ively (Fig. 5b, Table S17). Mixed POPC/POPE SMALPs exhibited
a z-average diameter of (29 + 12) nm just beyond R§"*°" and

further decreased in size, approaching (12 + 5) nm in the pres-

15020 | Nanoscale, 2016, 8, 15016-15026

ence of excess SMA(3:1) (Fig. S2a-cf). Notwithstanding the
differences in the thermodynamics of solubilisation, these par-
ticle sizes were essentially identical for all POPC/POPE mix-
tures tested (Fig. S2ct) and were comparable to those
determined for fluid-phase DMPC SMALPs (Fig. 2).

Discussion

The ability to directly solubilise lipids and proteins from mem-
branes into discoidal nanoparticles while retaining a bilayer
architecture sets SMA copolymers apart not only from conven-
tional head-and-tail detergents but also from other disc-
forming amphiphiles such as bicelle-forming surfactant mix-
tures®” and protein-bounded nanodiscs.*® In the following, we
discuss the most salient conclusions derived from the above
experiments, namely, (i) the polymer-mediated solubilisation

This journal is © The Royal Society of Chemistry 2016
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Error bars are 95% confidence intervals of fits based on egn (9)—(11).1
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b,SAT and

SMA(3:1) at 30 °C. (a) Saturating and solubilising molar ratios, RS
RISOL respectively, as functions of the mole fraction of POPE, Xpope, in
the membrane. Data were derived from solubilisation experiments moni-
tored by *'P NMR spectroscopy such as those in Fig. 4. Error bars rep-
resent 95% confidence intervals of fits based on eqgn (9), (10), and (12).}
(b) Vesicle-to-SMALP transfer free energies, AGP~™° and AG2~™°, for
lipids and SMA(3: 1), respectively, derived from values in (a) with the aid
of eqn (3)-(8).1

of gel-phase bilayers, (ii) the influence of acyl-chain packing
on solubilisation, (iii) the re-association of lipids from nano-
discs with vesicular bilayers, (iv) the non-selectivity of mixed-
membrane solubilisation, (v) the absence of “free” polymer,
and (vi) discrepancies between the present thermodynamic
observations and previous structural studies® regarding the
polymer/lipid ratio in SMALPs.

Solubilisation of gel-phase membranes

Although polymer-induced vesicle dissolution proceeds more
slowly below than above Tj,,>! we found that, from a thermo-
dynamic viewpoint, solubilisation of gel-phase DMPC (Fig. 3b
and c) is more efficient than when the same lipid is present in
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its liquid-crystalline state (Fig. 1b and c). Moreover, the
SMALPs thus formed appear to contain a gel-phase bilayer
core near R§"S°" but experience acyl-chain melting as the con-
centration of SMA(3:1) is further increased (Fig. 3a and d).
Similar observations have previously been made with conven-
tional head-and-tail surfactants®*>> and have been ascribed
to the lower tolerance of tightly packed gel-phase membranes
against perturbations caused by surfactant insertion into the
lipid bilayer."® Addition of surfactant to gel-phase membranes
induces packing defects, and accumulation of high local sur-
factant concentrations in these defects induces strong positive
curvature, which leads to the fracture of the vesicular bilayer
at relatively low surfactant contents to give rise to gel-phase,
surfactant-depleted lamellar sheets or discs surrounded by a
surfactant-rich rim.'>**® Further addition of surfactant
causes both the overall size of these nanostructures and,
accordingly, the size of their gel-phase core to decrease until
there is no gel phase left in what can then be regarded as
fluid, surfactant-rich micelles.'®*’ It seems very plausible that
the superior solubilising power of SMA(3: 1) below T, is due
to a similar mechanism: the polymer’s phenyl groups can
self-insert into the gel-phase bilayer only by creating packing
defects, leading to the formation of gel-phase nanodiscs at
R2SAT and throughout the coexistence range. Once solubili-
sation is complete at R$“C", titration with more polymer
gradually raises the proportion of fluid-phase lipid in the
polymer-rich rim at the expense of gel-phase lipid in the
nanodisc centre.

Influence of acyl-chain packing

POPC is a bilayer-forming lipid naturally occurring in eukary-
otic cell and organelle membranes and is widely used for
in vitro studies of membranes and membrane-interacting com-
pounds.*® By contrast, POPE does not form bilayers on its
own; phospholipids with phosphoethanolamine headgroups
are abundant in prokaryotes, accounting, for instance, for up
to 70% of the lipids in the inner membrane and the inner
leaflet of the outer membrane of Escherichia coli,*” a Gram-
negative bacterium extensively used for heterologous protein
production.*® Lacking the three N-methyl groups present in
phosphocholine, the smaller phosphoethanolamine moiety
reduces the lateral pressure in the headgroup regions of POPE-
containing mixed lipid bilayers, which is compensated for by
increased pressure in the acyl-chain core.>*™*' Since these
changes in the lateral pressure profile have been shown’' to
correlate with slower polymer-induced membrane solubili-
sation, we tested the influence of increasing POPE contents on
the thermodynamics of SMALP formation. Although SMA(3:1)
was able to completely solubilise mixed LUVs containing up to
75 mol% POPE (Fig. 4), increasing the lateral pressure in the
bilayer core exerted a pronounced influence on the thermo-
dynamics of solubilisation, namely, a decrease in R2SAT and a
concomitant increase in RS (Fig. 5a) or, equivalently, an
increase in the positive value of AGP~™° and a concomitant
decrease in the negative value of AGS~™° (Fig. 5b). The oppos-

ing trends in RY*AT and R{"S°" can both be explained by con-
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sidering the effect of POPE on the lateral pressure profile of
the membrane. On the one hand, before solubilisation sets in,
accommodation of SMA(3 : 1) chains in a membrane having an
elevated POPE content may be hampered by high lateral
pressure in the bilayer core, so that the membrane becomes
saturated with polymer at lower SMA(3 : 1) concentrations than
would be the case with a pure POPC bilayer. On the other
hand, upon solubilisation, the SMA(3: 1) chains surrounding a
bilayer patch rich in POPE will experience increased lateral
pressure from the acyl-chain region, which might hamper the
insertion of the polymer’s phenyl pendant groups and require
more polymer molecules per unit length of SMALP edge to
hold the nanodisc together.

From this and the preceding sections, it is apparent that
both the physical state and the chemical composition of the
lipid bilayer to be solubilised exert a pronounced influence on
the vesicle-to-SMALP transfer free energies and, consequently,
on the slopes of the saturation and solubilisation boundaries
in the phase diagram. Nevertheless, in all cases investigated so
far, the extraction of phospholipids from vesicles to form
SMALPs incurs a much lower free-energy penalty than solubil-
isation by synthetic head-and-tail detergents and even by mild
detergents such as bile salts and their derivatives (Fig. 6).
Hence, these free-energy values reflect, from a thermodynamic
viewpoint of lipid transfer, the native-likeness of nanodiscs
formed upon solubilisation of membranes made from various
phospholipids by SMA(3: 1), which goes hand in hand with
their structure- and activity-preserving properties towards
membrane proteins.>® 3101542

2.5' O
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Fig. 6 Thermodynamic classification of surfactants based on the
bilayer-to-micelle transfer free energies of surfactants and lipids,
AGE™™® and AGP~™®, respectively.” Synthetic head-and-tail detergents
(open black circles) on the one hand and bile salts and their derivatives
(open blue squares), the lipopeptides P2A2 and surfactin (open purple
triangles), as well as SMA(3: 1) (full symbols) on the other hand are sep-
arated by a threshold (red dashed line) defined by AGP~™° = —0.65 x
AGE~™™°, Data for SMA(3: 1) solubilisation refer to DMPC at 10 °C or
30 °C (dark and light orange star, respectively) as well as POPC/POPE
(1:0)-POPC/POPE(L: 3) (dark to light green diamonds); all other data
are taken from ref. 7.
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Lipid re-association with vesicles

It has been shown® that SMALPs can deliver individual copies
of the homotetrameric K" channel KesA into planar bilayers
composed of E. coli polar lipid extract for electrophysiological
measurements. However, quantitative reconstitution of mem-
brane proteins and lipids from nanodiscs into other mem-
brane systems such as vesicles remains to be demonstrated.*?
With the aid of the respective phase diagrams (Fig. 1c and 3c),
we accomplished complete re-association of SMA(3 : 1)-solubil-
ised DMPC with vesicles at temperatures both above and
below T, as evidenced by a loss of the *'P NMR signal arising
from small, fast-tumbling particles (Fig. 1d and S1d,} respect-
ively). This observation could formally be explained by
polymer-mediated tethering or adsorption of SMALPs to vesi-
cles. In the light of the close agreement of these reconstitution
titrations with the phase diagrams obtained from solubil-
isation experiments (insets in Fig. 1d and S1dft), however, it
seems more likely that phospholipid molecules can indeed be
reincorporated from SMALPs into vesicular bilayer membranes
by addition of excess lipid in order to shift the equilibrium
back into the purely vesicular range of the phase diagram.
This, in turn, implies that high-yield reconstitution of nano-
disc-embedded membrane proteins might also become feas-
ible by simple addition of lipid vesicles to protein-containing
SMALPs, without requiring harsher procedures such as
polymer precipitation with divalent cations.*> Such a mild yet
quantitative reconstitution protocol would facilitate the scru-
tiny of membrane proteins with vectorial functions, such as
channels and transporters, in a membrane-mimetic system
with two distinct aqueous compartments.

Non-selective lipid solubilisation

From the two distinct *'P NMR signals obtained during the
solubilisation of mixed POPC/POPE LUVs (Fig. 4a), we conclude
that SMA(3: 1) solubilises these two lipids in a non-preferential
manner. This is in agreement with a number of studies
showing that various SMA copolymers, when present in excess,
extract lipids from native®'**® and mixed artificial** membranes
in a non-selective fashion. In contrast with these earlier reports,
the present results show that non-selectivity applies not only to
the final solubilisation product at polymer concentrations much
higher than RE"S°" but throughout all stages of a solubilisation
titration. This might be surprising in view of the stark influence
of lipid composition on both the kinetics** and the thermo-
dynamics (Fig. 5) of solubilisation. It therefore becomes appar-
ent that it is the bulk physical state of the bilayer membrane
rather than the properties of individual lipid constituents that
governs the solubilisation equilibrium without, however, biasing
the lipid composition of the solubilised bilayer.

Absence of free polymer

An important conclusion emerging from all pseudophase dia-
grams thus far established for various lipid/SMA(3 : 1) mixtures
(ref. 7 as well as Fig. 1c, 3¢, and 4c) is that SMA(3 : 1) does not
exist in a “free” form in the presence of lipid vesicles. That is,
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the polymer’s affinity for lipids appears to be so high that,
within the vesicular and coexistence ranges, it is always associ-
ated with lipids irrespective of the polymer/lipid ratio, albeit in
different morphologies, such as vesicular membranes or nano-
discs. Population of a significant pool of free SMA(3:1) in the
aqueous solution would manifest in a nonzero ordinate inter-
cept in the phase diagrams, as observed for detergents with
high critical micellar concentrations.>”***> Note, however, that
this does not formally rule out the existence of free polymer
chains at polymer/lipid ratios higher than R§"S°" or in protein-
containing samples, as it is conceivable that membrane pro-
teins retain lipid molecules in bilayer patches and, thus, render
them unavailable for interaction with the polymer.*® Then,
addition of “excess” polymer could, in principle, result in the
build-up of a pool of free polymer that coexists with polymer-
bounded, protein-containing nanodiscs. Moreover, in view of
the bivariate distribution of the length and the styrene/maleic
acid ratio of SMA copolymers,*? it is possible that there exists a
fraction of relatively short polymer chains rich in maleic acid
residues that are too hydrophilic to participate in the solubil-
isation of lipid membranes and the formation of SMALPs, irre-
spective of the polymer and lipid concentrations and the
resulting aggregate morphologies in the sample. Such a
polymer population would neither contribute to any of the
phenomena investigated here nor manifest in the present
approach based on phase diagrams but might possibly be
responsible for some of the adverse effects tentatively ascribed
to “free” polymer chains in membrane-protein studies.*’

Polymer/lipid ratio in SMALPs

Provided that there is no free polymer in solution, the poly-
mer/lipid ratio in SMALPs must be identical to the overall ratio
in the sample. This means that, with R§**°" = 0.144 in the
exemplary case of DMPC at 30 °C (Fig. 1c), the polymer/lipid
mass ratio in SMALPs is at least 0.85, corresponding to 46% of
the total nanodisc mass being due to SMA(3:1). For a more
typical molar ratio of 0.5 (e.g., Fig. 2d), the mass ratio and per-
centage are as high as 2.9 and 75%, respectively. Using the
approximation that the densities of polymer and lipid are
similar, we thus arrive at equally high volume fractions of
SMA(3: 1) in nanodiscs. This appears to be at odds with find-
ings of an earlier study,’ where the dimensions of the lipid
core and polymer belt of SMALPs formed from DMPC and the
more hydrophilic polymer SMA(2:1) were characterised by
small-angle neutron scattering (SANS). The disc dimensions
estimated in that study would result in a volume contribution
of the polymer belt of no more than 25%.

In trying to reconcile these seemingly contradictory results,
we have to be aware of two major simplifications inherent to
the structural model used for analysing and interpreting the
SANS data.® On the one hand, this model assumes SMALPs to
consist of a pure lipid core bounded by a strictly separated,
pure polymer belt. Obviously, this is, at best, a zeroth-order
approximation, since the same® and other studies” report spec-
troscopic evidence indicating intercalation of the polymer’s
phenyl groups into the acyl-chain region of the lipid bilayer
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core, thus reducing the “effective” volume of the polymer
ascribed to the belt. On the other hand, a considerable
amount of the polymer resides in the lipid bilayer or at the
lipid/water interface of the SMALP core, as evidenced by the
finite RS>*T values found here and previously.” For example,
with RY*T = 0.078 for DMPC at 30 °C (Fig. 1c), the polymer/
lipid mass ratio in the vesicular membrane at the onset of
solubilisation and, thus, in the bilayer core of the SMALPs
then formed amounts to 0.46, meaning that SMA(3:1)
accounts for 32% of the total mass in the SMALP core. Conver-
sely, the belt need not consist exclusively of polymer but might
accommodate a substantial fraction of lipid. Both of the above
factors, that is, the blurry boundary between the core and belt
regions of SMALPs as well as the finite mutual solubilities of
the lipid and the polymer, are not accounted for in the simple
geometric model,® calling for a more detailed structural
scrutiny of SMALPs.

Conclusions

Styrene/maleic acid copolymers exhibit decisive advantages
over conventional detergents by combining a strong solubil-
ising capacity with a discoidal nanoparticle morphology har-
bouring a native-like lipid bilayer. Herein, we have shown that

- the kinetics of vesicle dissolution is a poor indicator of
the three-stage solubilisation equilibrium, as gel-phase mem-
branes are more susceptible than fluid-phase membranes to
SMALP formation;

- the addition of more polymer than minimally required
for complete solubilisation results in gradual size reduction of
the SMALPs above Ty, and seems to gradually abolish the gel
phase below Tyy;

- the bulk physical properties of the bilayer affect the
vesicle-to-SMALP transfer free energies of both the lipid and
the polymer and, hence, the saturating and solubilising poly-
mer/lipid ratios defining the degree of detergency or solubil-
ising power;

 polymer-solubilised lipids re-associate with vesicular
bilayer membranes upon addition of excess lipid so as to shift
the equilibrium back into the vesicular range of the phase
diagram;

» polymer-mediated lipid solubilisation is non-preferential
throughout the range of polymer/lipid ratios across which
SMALP formation proceeds;

- there is no detectable population of free “solubilisation-
competent” polymer chains in vesicular suspensions contain-
ing phospholipids and styrene/maleic acid copolymers, irre-
spective of temperature or lipid composition.

Experimental

Materials

DMPC, POPC, and POPE were obtained from Lipoid (Ludwigs-
hafen, Germany). SMA(3: 1) copolymer solution (trade name
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Xiran SL25010 S25) was kindly provided by Polyscope (Geleen,
Netherlands). Chloroform was purchased from Fisher Scienti-
fic UK (Leics, UK), D,O from Deutero (Kastellaun, Germany),
85% H3PO, in D,O from Sigma-Aldrich (Steinheim, Germany),
NaCl from VWR (Darmstadt, Germany), and tris(hydroxy-
methyl)aminomethane (Tris) from Carl Roth (Karlsruhe,
Germany). All chemicals were obtained in the highest available

purity.
Vesicle preparation

LUVs composed of either DMPC or POPC were prepared by
suspension of dry lipid powder in Tris buffer (50 mM Tris,
200 mM NaCl, pH 7.4) to a final lipid concentration of 40 mM
followed by 35-fold extrusion at 30 °C through two stacked
100 nm polycarbonate filters with a block-heated Mini-Extru-
der (Avanti, Alabama, USA). Mixed LUVs composed of POPC
and POPE were prepared by suspending dry lipid powders in
chloroform at 40 mM lipid concentration and mixing at 3:1,
1:1, or 1:3 POPC/POPE molar ratios. Mixed lipid solutions
were dried in a rotary evaporator at 60 °C and 20 kPa for 2 h
and incubated in a desiccator at room temperature and 5 Pa
for 16 h to remove traces of chloroform. Dry lipid films were
suspended in Tris buffer at a final concentration of 40 mM
total lipid and extruded as described above.

Preparation of SMA(3 : 1) stock solution

The random copolymer used in this study had a styrene/maleic
acid molar ratio of 3:1, a mass-average molar mass of M,, =
10 kg mol™", and a number-average molar mass of M,, = 4 kg
mol ™. To prepare SMA(3: 1) stock solutions, 3 mL of a Xiran
SL25010 S25 solution was dialysed against Tris buffer using a
5 mL QuixSep dialyser (Membrane Filtration Products, Seguin,
USA) and a Spectra/Por 3 dialysis membrane (Spectrum Labora-
tories, Rancho Dominguez, USA) with a molar-mass cutoff of
3.5 kg mol ™. Dialysis was performed for 24 h under gentle stir-
ring with membrane and buffer exchange after 16 h. Dialysed
SMA(3: 1) was filtered through a 0.22 pm poly(vinylidene fluor-
ide) (PVDF) filter (Carl Roth, Karlsruhe, Germany), and the final
SMA(3 : 1) concentration was determined by refractometry on an
Abbemat 500 (Anton Paar, Graz, Austria) using a molar refrac-
tive index increment of dn/dc = 1.1178 M~ ".” Note that the same
refractive index value was derived using a series of SMA(3:1)
solutions prepared from polymer powder obtained through
hydrolysis of a commercial styrene/maleic anhydride product
from the same supplier (Xiran SZ25010). Molar concentrations
were calculated from mass concentrations on the basis of the
above number-average molar mass. Samples were aliquoted,
stored at —20 °C, and thawed prior to use.

*'p NMR spectroscopy

For solubilisation experiments, 40 mM lipid in the form of
LUVs and 17.5 mM SMA(3:1) in Tris buffer were used to
prepare samples containing 2.5, 5.0, 7.5, or 10.0 mM lipid and
0-7 mM SMA(3: 1). For reconstitution experiments, a mixture
containing 2.5 mM DMPC and 0.28-0.40 mM SMA(3 : 1) in the
form of SMALPs was incubated with 1.9-7.5 mM DMPC in the
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form of LUVs. All samples contained 10% D,O for locking and
were incubated for at least 16 h at 10 °C or 30 °C before
measurements were performed at 10 °C or 30 °C on an Avance
400 spectrometer (Bruker Biospin, Rheinstetten, Germany)
operating at a *'P resonance frequency of 162 MHz. We used a
5 mm broadband inverse probe to acquire 256 scans with an
inverse-gated 'H decoupling sequence, an acquisition time of
1.6 s, a sweep width of 9746 Hz, and a relaxation delay of 6 s.
Data were multiplied by an exponential function with a line-
broadening factor of 1.0 Hz before Fourier transformation.
Chemical shifts were referenced to 85% H;PO, in D,O as exter-
nal standard at 0 ppm. Total peak areas were calculated by
numerical integration in TopSpin 3.2, while peak positions
and individual peak areas in lipid mixtures were obtained by
fitting the corresponding data to a Lorentzian-shaped curve
(eqn (13)1) by nonlinear least-squares analysis.”” Dependen-
cies of *'P NMR peak areas on SMA(3 : 1)/lipid ratios were ana-
lysed in terms of a three-stage model (eqn (9)-(12)f) by
nonlinear least-squares analysis."”

Dynamic light scattering

DLS measurements were performed on a Zetasizer Nano S90
(Malvern Instruments, Worcestershire, UK) equipped with a
633 nm He-Ne laser and a photodetector mounted at an angle
of 90°. Samples containing lipid and SMA(3 : 1) were incubated
for 16 h at 30 °C or 10 °C for DMPC experiments above or
below T,,, respectively, or at 30 °C for POPC/POPE mixtures.
Measurements were carried out in a 45 pL quartz glass cuvette
with a 3 mm x 3 mm cross-section (Hellma Analytics, Miill-
heim, Germany) at 30 °C or 10 °C. Each sample was measured
twice, once with the attenuator position automatically opti-
mised for determination of size distributions and a second
time with maximum open attenuator position to ensure com-
parability of total scattering intensities. Data analysis was
performed by fitting the experimentally determined autocorre-
lation function with a non-negatively constrained least-squares
function®® to obtain the intensity-weighted particle size distri-
bution and by cumulant analysis*® to yield the z-average par-
ticle size and the width of the size distribution as derived from
the associated polydispersity index (PDI). Assuming Gaussian
distributions of both the decay rate and the particle size, the
standard deviation of the z-average particle size is ¢ = \/PDIz.”°
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