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Amphiphilic polymers are increasingly applied in the detergent-free isolation and functional studies of mem-
brane proteins. However, the carboxylate group present in the structure of many popular variants, such as
styrene-maleic acid (SMA) copolymers, brings limitations in terms of polymer sensitivity to precipitation at
acidic pH or in the presence of divalent metal cations. Herein, we addressed this problem by replacing
carboxylate with the more acidic sulfonate groups. To this end, we synthesized a library of amphiphilic poly
[styrene-co-(sodium 4-styrene sulfonate)] copolymers (termed SSS), differing in their molecular weight and
overall polarity. Using model cell membranes (Jurkat), we identified two copolymer compositions (SSS-L30 and
SSS-L36) that solubilized membranes to an extent similar to SMA. Interestingly, the density gradient
ultracentrifugation/SDS-PAGE/Western blotting analysis of cell lysates revealed a distribution of studied
membrane proteins in the gradient fractions that was different than for SMA-solubilized membranes. Impor-
tantly, unlike SMA, the SSS copolymers remained soluble at low pH and in the presence of Mg?" ions. Addi-
tionally, the solubilization of DMPC liposomes by the lead materials was studied by turbidimetry, DLS, SEC, and
high-resolution NMR, revealing, for SSS-L36, the formation of stable particles (nanodiscs), facilitated by the
direct hydrophobic interaction of the copolymer phenyls with lipid acyl chains.

1. Introduction

Membrane proteins are critical components of biological systems and
represent a significant group of targets for pharmacological intervention
[1]. However, structural and functional studies on these proteins present
a significant challenge due to their destabilization outside their native
lipid bilayer environment [2-4]. Detergents have traditionally been
employed to isolate membrane proteins; however, this method removes
the protein from its surrounding lipids, potentially affecting its struc-
ture, dynamics and function [5]. Recently, a detergent-free solubiliza-
tion approach for membrane proteins was introduced that employs low-
molecular weight (MW) styrene-maleic acid (SMA) copolymers [6]. The
use of SMA copolymers results in the formation of nanodisc-shaped
particles that contain membrane proteins embedded in a native-like
lipid environment [3,6,7]. The use of SMA and other amphiphilic (co)
polymers has facilitated the successful reconstitution, isolation, and
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characterization of various proteins [8-17], and the technology has
found uses in related applications such as antibacterial vaccination [18]
or bacterial toxin neutralization [19].

Nevertheless, the SMA copolymers are associated with some limita-
tions hindering their use in certain applications. For instance, the most
widely applied SMA variants are produced through free-radical poly-
merization [20], leading to their high dispersity (in terms of MW)
[21,22], which may negatively influence the membrane solubilization
efficiency and the obtained nanodisc homogeneity [21,23]. Another
significant limitation of SMA stems from the presence of carboxylate in
its structure since the acid-base behavior of this group severely limits
SMA solubility at acidic pH [22]. In addition, the carboxylate groups
easily bind with divalent cations such as Ca®and Mg?*, which makes
the copolymer susceptible to precipitation under conditions necessary
for the solubilization and function of certain proteins [22,24,25]. To
address these limitations, different strategies were employed, including
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Scheme 1. Two-step synthesis of SSS copolymers.

synthesizing better-defined SMA copolymers [21,26-29], and deriva-
tizing the original SMA structure [30-40]. Furthermore, numerous other
amphiphilic copolymers for membrane protein isolation have been
introduced in recent years, including diisobutylene/maleic acid co-
polymers (DIBMA) and their derivatives [39,41-45], butyl methacrylate
copolymers with methacroylcholine chloride (PMA) [46] or methacrylic
acid (BMAA) [47], alkylamine-modified poly(acrylic acid) (APAA) [48],
acrylic acid copolymers with styrene (AASTY) [23,49] or substituted
styrenes (R-SAA) [38], modified inulin [13,50,51], methylstilbene/
maleic acid copolymers (STMA) [52], cycloalkylamine- or arylamine-
modified poly(acrylic acid) (CyclAPol, ArylAPol) [53,54], and
hydrophobe-containing polypeptoids [55]. In addition, amphiphilic,
non-polymeric, low-MW macromolecules have been recently also
applied [56,57].

Even though SMA derivatives and new types of amphiphilic (co)
polymers successfully addressed some of the shortcomings of the orig-
inal SMA, the search for new polymeric materials usable in cell mem-
brane solubilization still continues. This is motivated by various
remaining challenges, such as the hydrolytic lability of some SMA de-
rivatives [40], undesired polymer interactions with the solubilized
membranes and proteins [37,58-62], the need for nanodiscs of
controlled size and narrow size distribution [63], and also by the general
desire to better understand the process of nanodisc formation [3,38].
Expanding the toolkit of polymers suitable for the disintegration of
biological membranes and biochemical studies on native membrane
proteins is expected to eventually allow a broader array of targets to be
tackled under a range of different conditions. The availability of a va-
riety of nanodisc-forming polymers would enable approaches to over-
come other limitations such as the effects of polymers on the lamellar
phase behavior of encased lipids and the reconstitution of a mixture of
lipids and creating membrane domains.

Various parameters influence the (co)polymer performance in
membrane solubilization assays. These mainly include MW, MW distri-
bution (dispersity), polymer microstructure/topology, and balanced
amphiphilicity [17,28,47,61,64]. With rare exceptions [31,47], a great
majority of (co)polymers shown as effective in cell membrane solubili-
zation are of low MW (i.e., several thousands). The underlying reason is
currently unclear, with the potential mismatch between the typical
nanodisc dimensions and high-MW polymer length suggested as a
possible explanation [22]. Recently, we have proposed that a low MW
may enable water-solubility of more hydrophobic (co)polymers [47],
allowing the material to strike the right balance between hydrophilic
and hydrophobic units, which is a prerequisite for the successful mem-
brane solubilization [23,47]. The notion that in high-dispersity co-
polymers, such as the standard SMA, some polymeric fractions are
considerably more efficient in membrane solubilization and nanodisc
stabilization inevitably highlights the importance of controlling the
copolymer dispersity (MW distribution) [23,26,61]. Indeed, the signif-
icance of this parameter is becoming increasingly realized, with
controlled polymerization methods applied in multiple recent studies to
assume MW control [21,23,28,38,43,47,61]. Finally, it was found that
the distribution of hydrophobic/hydrophilic monomeric units within
the copolymer chain is also a significant factor, with excessive “block-
iness” being detrimental to the application [21,26].

When designing a new (co)polymeric system for membrane

solubilization, most of the aforementioned factors can be addressed by
using an appropriate polymerization or post-polymerization modifica-
tion method. Nevertheless, it is practically impossible to a priori predict
the copolymer composition (the ratio of hydrophobic and hydrophilic
units) affording the best performance in solubilization assays. For this
reason, recent studies have often opted for synthesizing a broader library
of materials with incremental variations in the key parameters that is
then screened using model membranes or liposomes [21,38,47,54]. In
principle, two approaches can be used to obtain the targeted set of
amphiphilic copolymers: direct copolymerization of selected monomers
(or monomeric unit precursors) [47] or post-polymerization modifica-
tion (polymer analogous reaction) of a suitable polymeric precursor
[54]. While the first option appears straightforward, it can be compli-
cated by various factors, such as unfavorable copolymerization param-
eters leading to compositional drift or the necessity to optimize
polymerization conditions for polymerization mixtures of widely
different compositions [61]. In addition, it may not be always easy to
retain the pre-determined MW and dispersity for each targeted copol-
ymer composition, which complicates evaluating the impact these pa-
rameters have on membrane solubilization. On the other hand, the post-
polymerization modification approach allows for using well-defined
starting polymeric materials as precursors to which substituents modu-
lating the overall copolymer polarity are introduced. This enables
creating copolymer libraries where important parameters such as
polymeric backbone MW and dispersity are fixed, facilitating the
structure-property-performance correlation and thus streamlining the
identification of lead materials. A possible disadvantage of the post-
modification approach may be the comparatively narrower range of
achievable copolymeric compositions since bulky or charged sub-
stituents may not allow for a high degree of modification due to steric
factors or Coulombic repulsion, respectively. Nevertheless, depending
on the system, high degrees of modification may not be necessary to
achieve the amphiphilic materials used in cell membrane solubilization.

In this study, we attempted at circumventing some of the limitations
of the contemporary polymer designs used in cell membrane solubili-
zation. Firstly, we desired to replace the typically used carboxylic groups
with sulfonate groups. Carboxylate-based (co)polymers, such as SMA,
are weak polyelectrolytes for which the backbone hydrophobicity easily
prevails when the charge is lost upon carboxylate protonation at lower
pH values, leading to aggregation and macroscopic precipitation [65].
On the other hand, sulfonate-based (co)polymers tend to behave as
strong polyelectrolytes, with their sulfonate groups staying dissociated
in a wide pH range, which potentially removes the (co)polymer sensi-
tivity to lower pH [22]. Secondly, we focused on preparing well-defined
copolymers, which enables the evaluation of the polymer MW impact on
the membrane solubilization process. To this end, we employed a post-
polymerization modification strategy to create a small library of well-
defined amphiphilic poly[styrene-co-(sodium 4-styrene sulfonate)] co-
polymers (termed SSS) differing in their MW and composition charac-
terized by their degree of sulfonation (DS). Employing a biologically
relevant cell model (human T cell line Jurkat), we screened the library
for copolymers suitable for cell membrane solubilization, and we further
studied the lead materials in the solubilization of DMPC liposomes using
DLS, SEC, high-resolution NMR and turbidity measurements. NMR data
revealed the direct hydrophobic interactions between the copolymer
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Fig. 1. MW distributions of the parent polystyrenes used in the subsequent
sulfonation step to prepare SSS copolymers (distributions correspond to the
polymers shown in Table S1).

Table 1

Partial sulfonation of polystyrene to prepare the library of SSS copolymers.*
Copolymer" M,, (parent H,S0,4/styrene Time DS

polystyrene) units (h) (%)°

SSS-L26 3800 0.5 3 26
SSS-L30 3 800 1 3 30
SSS-L36 3 800 1 7 36
SSS-H24 12 600 0.5 3 24
SSS-H27 12 600 1 3 27
SSS-H35 12 600 1 7 35
SSS-H38 12 600 2 24 38

2 Standard reaction conditions: Ac;0/H2SO,4 = 2, AcoO/DCE = 1:1 (v/v),
solvent: DCE/CHCl3, 50 °C.

b Coding reflects the MW of the parent polystyrene (L — low, H — high) and the
DS value.

¢ Determined by elemental analysis.

aromatic groups and acyl chains of lipids. The SEC and DLS data, along
with NMR results, confirm the formation of stable polymer-lipid parti-
cles (nanodiscs).

2. Results and discussion

2.1. Synthesis of SSS copolymers

SSS copolymers were synthesized using a straightforward two-step
protocol depicted in Scheme 1. First, two parent polystyrenes were
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synthesized via atom transfer radical polymerization (ATRP) using
methyl 2-bromopropionate (MBP) as an initiator, CuBr as a catalyst,
1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA) as a ligand, and
toluene as a solvent at 90 °C. The results of these polymerizations are
collected in Table S1. An SEC analysis of the prepared polystyrenes
showed that they had very low dispersity (B = 1.12) and markedly
different M, of 3 800 and 12 600 (Fig. 1). Gravimetry was used for
determining the monomer conversion for the high-MW polystyrene,
while for the low-MW polystyrene, the conversion was calculated from
the 'H NMR spectrum of the crude polymerization mixture (see
Figure S1) as losses upon polymer precipitation made the gravimetric
analysis inaccurate. Figure S2 provides a representative 'H NMR spec-
trum of isolated polystyrene.

In a second step, we sulfonated the synthesized polystyrenes (in the
para-position of phenyl rings) to different DS through a mild sulfonation
method using acetyl sulfate, generated in situ by the reaction of sulfuric
acid with an excess of acetic anhydride, in the mixture of chloroform and
1,2-dichloroethane (DCE) [66]. This approach is advantageous as it
helps avoiding polymer degradation and sulfone formation that could
lead to crosslinking reactions [67]. DS of the starting polymer was
modulated by changing the HySO4/styrene unit ratio and/or the reac-
tion time. The obtained copolymers were subsequently neutralized with
aqueous NaOH, dialyzed, and isolated by freeze drying. A typical 'H
NMR spectrum of the final SSS copolymer is provided in Figure S3. The
synthesized SSS copolymers were assigned codes corresponding to the
MW of the parent polystyrene, i.e. “L” for the low-MW and “H” for the
high-MW polystyrene (entries 1 and 2, Table S1, respectively), and to
the DS value (in %) as determined by elemental analysis.

As can be seen from the sulfonation results displayed in Table 1, the
parent polystyrenes can be readily sulfonated to the DS of approximately
25 % under the mildest conditions employed (H2SO4/styrene = 0.5, 3 h),
with the achieved DS increasing only moderately when the HoSO4/sty-
rene ratio is increased to 1 and the reaction time is prolonged, ultimately
reaching approximately 35 % for both low-MW and high-MW poly-
styrenes. In one case (SSS-H38), we tried to apply more forcing condi-
tions by increasing the HySOg4/styrene ratio to 2 and substantially
prolonging the reaction time to 24 h. However, the DS was increased
only marginally to 38 %. These observations indicate that the sulfonate
groups already present on the polymeric backbone progressively hinder
the introduction of additional sulfonate groups, which appears to be
typical for polystyrene sulfonations [68]. Whatever is the reason for
such behavior, we assume that this repulsion effectively directs the
sulfonating agent to the less-sulfonated regions of the polymeric chain
during the sulfonation reaction, maintaining the uniform distribution of
sulfonate groups along the polystyrene chain. All the SSS copolymers
were soluble under the conditions used in the cell membrane solubili-
zation assays (0.02 M Tris-HCl buffer of pH 8.2, containing 0.1 M NaCl),
only the lowest-DS samples (SSS-L26 and SSS-H24) had to be briefly
heated to 90 °C to achieve stable, clear solutions. This behavior suggests
that the used sulfonation conditions afford copolymers of well-balanced
amphiphilicity (an appropriate ratio of styrene and styrene sulfonate

Fig. 2. SDS PAGE/Western blot analysis of Jurkat T-
cell membranes solubilized by the SSS copolymers.
The cell membranes were treated with the lysis buffer
containing 1% of a copolymer, and the insoluble
material was removed by centrifugation. Three
typical membrane proteins (CD5, LCK, LAT) were
detected by immunostaining in the sediments and
supernatants of the copolymer-treated membrane
samples. Only the relevant parts of the blots are
shown, corresponding to the area around the MW of
the respective proteins (55 kDa for LCK, 45 kDa for
LAT and 65 kDa for CD5). Sed - sediment, sup —
supernatant.
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units), i.e., soluble in an aqueous buffer but still sufficiently
hydrophobic.

2.2. Biochemical studies

2.2.1. Copolymer library screening using cell membranes

As in our previous study [47], we screened the synthesized SSS co-
polymers with respect to their ability to solubilize a biologically relevant
model, cell membranes isolated from human T-cell line Jurkat. For this
purpose, we dissolved all the copolymers in the previously specified
buffer to achieve 1% (w/V) concentration. First, we briefly examined the
effect of the copolymers on whole cells. Visual inspection revealed that
all the copolymers lysed Jurkat T cells after 30 min exposure. We also
note that all the SSS copolymers rapidly lysed human erythrocytes,
showing a markedly different behavior when compared to the BMAA
copolymers, screened in our previous study, that were completely
inactive in this respect [47]. This observation indicates that the
comparatively more rigid phenyl groups, present in the structure of both
SSS and SMA, are more effective in attacking the cholesterol-rich
erythrocyte membranes as compared to butyls in BMAA [69]. Subse-
quently, we proceeded to test the solubilization of isolated Jurkat T-cell
membranes as a cleaner system with limited interference with cyto-
plasmic and nuclear biopolymers. As shown in Fig. 2, only the SSS-L30
and SSS-L36 copolymers solubilized cell membrane proteins in an extent
comparable to SMA, as determined by an SDS-PAGE/Western blotting
analysis of the supernatant vs. sediment, detecting three typical mem-
brane proteins (CD5, LCK, LAT). The ineffectiveness of the H-series co-
polymers points to a similar behavior as observed for SMA and most
other copolymers used in this application where the low-MW variants
show substantially higher solubilization power [70]. Furthermore, the
negative result obtained for SSS-L26 highlights the importance of well-
balanced amphiphilicity where subtle changes to the ratio of hydrophilic
and hydrophobic groups can have a pronounced impact on copolymer
performance [71].

Biological membranes are known to be spatially heterogeneous.
Various micro/nano domains differing in their protein and lipid
composition may also differ in their sensitivity to detergent- or
copolymer-mediated disintegration. The best-known type of such
microdomains are the so-called membrane rafts, enriched in cholesterol,
lipids with saturated fatty acids, and lipid-modified membrane proteins
[72]. Our previous study demonstrated that the SMA copolymer (used
here as a comparative standard) disintegrates most of the Jurkat cell
membrane into small nanodiscs [73] while membrane raft proteins are
mostly present in larger SMA-resistant membrane fragments (SRMs).
The raft-derived SRMs can be isolated by density gradient ultracentri-
fugation of the disintegrated membranes. Therefore, we subjected the
membrane lysates obtained by using the SSS-L30 and SSS-L36 co-
polymers (together with SMA as a positive control) to this treatment,
and then examined by SDS PAGE, followed by Western blotting, the
distribution of four membrane markers (CD59, LCK, LAT, CD5) differing
in their affinity to lipid raft microdomains (Fig. 3).

For the SMA-solubilized sample, the presence of membrane raft
markers LCK (a palmitoylated and myristoylated protein tyrosine ki-
nase) and CD59 (a GPI-anchored glycoprotein) indicated that the top

European Polymer Journal 198 (2023) 112412

Fig. 3. Distribution of Jurkat cell membrane proteins
in the density gradient ultracentrifugation. Jurkat cell
membranes were solubilized by the copolymers, the
lysates were fractionated by density gradient ultra-
centrifugation, and the indicated proteins in the
fractions were detected by Western blotting. The
fractions are numbered from the top of the gradient.
Only the relevant parts of the blots are shown, cor-
responding to the area around the MW of the
respective proteins (55 kDa for LCK, 45 kDa for LAT,
65 kDa for CD5, and 20 kDa for CD59).

Table 2
Turbidimetric study of the resistance of the selected SSS copolymers to the
presence of divalent metal ions and to acidic pH.™

Copolymer Aso0

pH Ca%* (10 Ca%" (100 Mg (10 Mg?* (100
4 mM) mM) mM) mM)
$SS-L30 0 0.08 >3 0.09 0.12
S$SS-L.36 0 0.26 >3 0 >3
SMA >3 0.04 >3 >3 >3

(control)

2 The experiments with Ca®* and Mg?* were conducted at the standard buffer
solution pH of 8.2.

(buoyant) gradient fractions contained copolymer-resistant membrane
fragments (CRMs). The bottom fractions of the gradient then included
the transmembrane protein CD5 (a non-raft marker), presumably solu-
bilized within small membrane nanodiscs, and another potential mem-
brane raft protein, the palmitoylated transmembrane adaptor protein
LAT (Fig. 3). These results are consistent with our previous study [73]. A
somewhat different pattern was observed in gradient fractions of
membranes solubilized by the SSS copolymers. Interestingly, the dis-
tribution of the LAT and CD5 membrane proteins was similar to that of
LCK. This indicates that these proteins reside in larger and buoyant
membrane fragments. Nevertheless, it is currently unclear what is their
relationship to membrane rafts, if any. Furthermore, it should be noted
that the CRMs are probably similar to the previously described

Fig. 4. Turbidimetric analysis to follow DMPC liposomes solubilization using
SSS-L30 and SSS-L36 copolymers at SSS:DMPC ratio of 1:1 (w/w). The O.D. was
measured for samples under shaking at two different temperatures, 25 °C (A)
and 37 °C (B). The labels L30 and L36 indicate DMPC liposomes solubilized by
SSS-L30 and SSS-L36, respectively.
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detergent-resistant membrane fragments (DRMs), the relationship of
which to native membrane rafts has been a subject of ongoing literature
debate [72].

2.2.2. Resistance of SSS copolymers to low pH and divalent metal ions

One of the expected advantages of the SSS copolymers is their strong
electrolyte character, potentially mitigating the major drawback of SMA
and similar copolymers that lies in their sensitivity to acidic environ-
ment. As documented by the turbidimetric data shown in Table 2, both
SSS-L30 and SSS-L36 remained soluble at pH 4 while SMA, used as a
control, precipitated under these conditions. Furthermore, we evaluated
the sensitivity of the SSS copolymers to biologically relevant concen-
trations of Ca®" or Mg?" ions. While the behavior toward Ca®" ions was
found to be comparable to that of SMA, the SSS copolymers did not
precipitate in the presence of 10 mM Mg>" ions, with the SSS-L30
copolymer tolerating even 100 mM Mg>*. Collectively, these results
suggest that the use of SSS copolymers may be advantageous in the
scenarios where low pH or the presence of divalent cations is required
for the stability or function of the isolated membrane protein or where
the divalent ions play an important role in bioassays [22,24].

2.2.3. Solubilization of DMPC liposomes by SSS copolymers

To obtain additional insights into the lipid bilayer solubilization by
SSS copolymers, we applied the two lead materials identified in the
Jurkat membrane solubilization assay, SSS-L30 and SSS-L36, in the
solubilization of DMPC liposomes. As can be seen from the turbidimetry
measurements shown in Fig. 4, SSS-L36 was considerably more effective
in solubilizing DMPC liposomes than SSS-L30 that led to only a small
decrease in turbidity. Considering the membrane solubilization data
presented above, these results highlight the possible mismatch between
the outcomes obtained with different models (i.e., crude cell membranes
vs. artificial liposomes) used for assessing the solubilization perfor-
mance of various (co)polymer types [21]. We also note that the efficacy
of DMPC solubilization by polymers at 25 °C and 37 °C was not signif-
icantly different (Fig. 4A, B). The DLS profile of the 1:1 w/w SSS-L36:
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Fig. 5. Characterization of SSS-L36:DMPC (1:1 w/w)
particles. (A, B) SEC chromatograms recorded at 214
and 254 nm. The two major elution peaks are labelled
P1, P2; * indicates an uncharacterized peak, likely to
be from assemblies larger in size than that of P1 and
P2. (C) DLS profile of P1 from SEC. (D) 1D 'H NMR
spectrum of P1 from SEC. For clarity, the aromatic
peaks which are at the noise level are expanded. The
major peaks corresponding to polymer, lipids and
buffer are labelled with assignments.

DMPC sample showed particles with 6 + 2 nm hydrodynamic radius
(Figure S4). However, in the DLS spectra of the 1:1 w/w SSS-L30:DMPC
(1 mg/mL) sample, a range of different size particles were observed
(Figure S4).

The SSS-L36:DMPC sample was further characterized by SEC and 'H
NMR. Two major SEC elution peaks (P1 and P2) were detected at 214/
254 nm (Fig. 5A, B). The size of the formed particles was studied by DLS.
The DLS profile of the SSS-L36:DMPC sample showed particles with a
5.6 + 1 nm hydrodynamic radius (Fig. 5C and S4). Although both peaks
showed similar DLS profiles, the DLS profile of P1 only showed the best
autocorrelation plot (Figure S4). The 'H NMR spectra of the SSS-L36:
DMPC sample showed peaks corresponding to DMPC lipids in the
aliphatic region (0.5 to 5.4 ppm) and polymer-specific peaks in the ar-
omatic region (6.55 — 7.95 ppm) (Fig. 5D and S5). The early elution of
the polymer-DMPC complex in SEC (8 — 13 mL), and the presence of
peaks from both the polymer and lipids in the 'HNMR spectrum, suggest
good stability of the SSS-L36-DMPC complex on the SEC column. To
probe the intermolecular interactions between the polymer and lipid, a
2D 'H/'H NOESY NMR experiment was carried out (Fig. 6). Both 1D 'H
and 2D NOESY spectra (and the projections) exhibit a combination of
narrow and broad spectral lines from the polymer-lipid particles. Nar-
row lines are observed for the acyl chains of lipid molecules (0.5 to 5.4
ppm) and low intensity broad lines are observed for the aromatic pro-
tons (line-width = ~150 Hz) from polymer molecules (6 to 8 ppm)
(Fig. 5D and 6). Overall, the observation of motionally-averaged
isotropic chemical shifts indicates the small size of polymer-lipid parti-
cles that undergo fast-tumbling on the NMR time scale, which is in good
agreement with the DLS data. The broad aromatic peaks observed from
polymer molecules suggest a slow motion for the phenyl groups, which
is likely due to their strong interaction with the hydrophobic acyl chains
of lipids (Fig. 5D and 6). This is further supported by the 2D 'H/'H
NOESY spectrum that showed cross-peaks between polymer aromatic
ring protons and protons from the acyl chains/methyl groups and the
quaternary ammonium or choline methyl groups (yCH3) from DMPC
lipids (Fig. 6). This observation of intermolecular cross-peaks also
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Fig. 6. High-resolution two-dimensional 'H/'H NOESY NMR spectrum mapping of SSS-L.36-DMPC interactions. The cross-peaks corresponding to polymer-lipid
intermolecular interactions are labelled. F1 and F2 are the indirect and direct frequency dimensions, respectively. The cross-peaks not labelled are from intra-

molecular NOE interactions.

confirms the formation of stable polymer-DMPC particles in which the
polymer molecules constitute the belt surrounding the DMPC lipid
bilayer [74,75]. The observed cross-peaks between protons from DMPC
acyl chains and polymer aliphatic protons (0.6 to 1.6 ppm) and polymer
aromatic protons (6 to 8 ppm) are not symmetric in S/N with respect to
the diagonal of the 2D *H/*H NOESY spectrum. This is mainly due to the
fast spin-spin relaxation (i.e., short T5) of aromatic protons as indicated
by the broad and low S/N peaks from aromatic protons. This is also the
reason for the absence of the cross-peaks above the diagonal corre-
sponding to the interaction between choline methyl group protons of
DMPC and polymer aromatic protons.

In this study, we did not specifically probe the shape of the formed
polymer-lipid particles. Nevertheless, the good size homogeneity of the
particles shown by the SEC/DLS measurements, together with the direct
observation of the polymer-lipid interaction by NMR, support the
assumption that homogeneous polymer nanodiscs are formed upon the
DMPC solubilization by SSS copolymers. Indeed, this process may be
facilitated by the high uniformity of SSS copolymers, in terms of
composition and MW, provided by the used synthetic protocol.

3. Conclusions

In conclusion, a small library of well-defined amphiphilic SSS co-
polymers, differing in their MW and composition, was synthesized by a
two-step procedure combining ATRP and sulfonation under mild con-
ditions. We used a biologically relevant model of Jurkat T-cell mem-
branes to screen the library, identifying two SSS copolymers (SSS-L30

and SSS-L36) that solubilized the membranes to a similar extent as the
standard SMA copolymer. However, the analysis of the membrane ly-
sates by density gradient ultracentrifugation followed by SDS PAGE/
Western blotting indicated that the distribution of the LAT and CD5
membrane proteins in the gradient fractions was different from that
obtained when SMA was used for membrane solubilization. This in-
dicates that the SSS copolymers probably produce comparatively larger
membrane fragments, the nature, heterogeneity and composition of
which should be the subject of future studies, possibly identifying novel
types of membrane micro/nanodomains compositionally and function-
ally different from membrane rafts. Importantly, in contrast to SMA, the
sulfonate group-based SSS copolymers remained soluble at low pH and
in the presence of Mg?" ions, highlighting the importance of the charged
group structure. Finally, we confirmed that one of the lead copolymers
identified in the membrane solubilization assay (SSS-L36) efficiently
dissolved DMPC liposomes to form stable polymer-lipid particles
(probably nanodiscs) as revealed by SEC, DLS, and NMR experiments.
We expect these nanodiscs to be useful for the reconstitution and high-
resolution structural studies of membrane proteins.

In summary, this study establishes well-defined sulfonated poly-
styrenes as a new class of copolymers applicable to the solubilization of
cell membranes and isolation of membrane proteins, expanding thus the
current polymeric toolbox. We note that due to the commercial avail-
ability of extremely well-defined (B = 1.05) polystyrenes in a wide
range of MWs (SEC standards), close-to-monodisperse SSS copolymers
should be easily accessible, possibly serving in future studies as a unique
model for studying the impact of polymer MW on the process of
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nanodisc formation.
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