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ABSTRACT: Amphipathic copolymers such as poly(styrene-maleic
acid) (SMA) are promising tools for the facile extraction of membrane
proteins (MPs) into native nanodiscs. Here, we designed and
synthesized a library of well-defined alternating copolymers of SMA
analogues in order to elucidate polymer properties that are important for
MP solubilization and stability. MP extraction efficiency was determined
using KcsA from E. coli membranes, and general solubilization efficiency
was investigated via turbidimetry experiments on membranes of E. coli,
yeast mitochondria, and synthetic lipids. Remarkably, halogenation of
SMA copolymers dramatically improved solubilization efficiency in all systems, while substituents on the copolymer backbone
improved resistance to Ca2+. Relevant polymer properties were found to include hydrophobic balance, size and positioning of
substituents, rigidity, and electronic effects. The library thus contributes to the rational design of copolymers for the study of MPs.

■ INTRODUCTION

Membrane proteins (MPs) have a prominent biological and
pharmacological importance. Nevertheless, their structures
remain highly underrepresented as compared to those of
water-soluble proteins,1,2 mainly because MPs tend to
destabilize when taken out of their native lipid environment.
The use of styrene-maleic acid (SMA) copolymers, as first
described in 2009,3 has given a substantial impetus to the field
of MP research, as these amphipathic polymers can solubilize
MPs together with an annulus of native lipids, forming so-
called native nanodiscs.4−7 This preservation of the endoge-
nous lipidic environment confers high stability to the MPs and
allows for the study of (native) lipid−protein and protein−
protein interactions.7−11 The MPs in the nanodiscs further-
more are amenable to functional and structural studies with an
array of biophysical techniques,12 including mass spectrome-
try,13 mass photometry,14 NMR spectroscopy,15,16 and cryo-
electron microscopy.5,17,18

The efficiency of membrane solubilization by SMA
copolymers is determined by many factors, including environ-
mental conditions such as ionic strength and pH,19,20

physicochemical properties of the target membrane,21−23 and
properties of SMA, such as length and chemical composi-
tion.20,24−26 Copolymers with relatively short chains24,27 and
with a ratio of styrene-to-maleic acid of ∼2:1 and ∼3:120,28
generally are efficient at solubilization, while either more
hydrophobic (∼4:1) or more hydrophilic (∼1:1) copolymers
are not.20,25,26

Unfortunately, SMA copolymers that are efficient solubil-
izers (i.e., with a ∼ 2:1 or 3:1 styrene-to-maleic acid ratio) tend

to be very heterogeneous in size27,29 and composition20,24 with
a highly irregular distribution of comonomers along the
copolymer backbone.24 This is because during copolymeriza-
tion styrene and maleic anhydride prefer to form alternating
(1:1) copolymers and because the polymers are synthesized in
a free-radical copolymerization reaction, which is a random
process.29−31 To facilitate studies on MP solubilization by
SMA, much work has been performed on preparing
copolymers with more uniform size dispersity and/or with
well-defined comonomer sequence distributions.24,27,32−35

Furthermore, by introducing various substitutions,36−38 differ-
ent types of copolymers have been developed to overcome
some of the limitations of SMA, e.g., enabling use in a different
pH range or in the presence of divalent cations.39−43 However,
these copolymers are not always effective solubilizers, and
ultimately, a clearer understanding that allows for a more
comprehensive predictive and rational design has remained
elusive.
Here, we present a library of well-defined, alternating (1:1)

amphipathic copolymers with systematic substitutions to allow
elucidation of polymer parameters that are important for
biologically relevant properties, such as solubilization efficiency
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and divalent cation resistance. The new library expands the
toolkit available for the isolation and characterization of MPs.

■ MATERIALS AND METHODS
Chemicals and Reagents. The commercially available SMAnh

(∼2:1) with the product name XiranSZ30010 was a kind gift from
Polyscope Polymers (Geleen, Netherlands). Phospholipids were
obtained from Avanti Polar Lipids (Alabaster, United States), namely,
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmito-
yl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glyc-
ero-3-phosphocholine (DSPC). 4-Iodostyrene was purchased from
Apollo Scientific (Stockport, United Kingdom). All other chemicals
were sourced from Sigma-Aldrich (Darmstadt, Germany). Deminer-
alized water that has run through a Milli-Q water purification system
is simply referred to as water. Styrene and acrylic acid were freshly
distilled before use.
SMAnh/SAA Synthesis: Reversible−Addition−Fragmenta-

tion Transfer (RAFT)-Mediated Copolymerizations. The general
procedure for RAFT copolymerizations was adapted from the
literature.24,33−35,44−46 For the RAFT polymerization reaction, a
round-bottom flask was charged with the hydrophilic monomer, either
maleic anhydride or acrylic acid (5 mmol, 1 equiv), RAFT agent, 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT; 2
or 4 mol % equiv), and free-radical initiator, azobis(isobutyronitrile)
(AIBN; [RAFT]/[initiator] 1:0.2 equiv). The hydrophobic monomer,
styrene, or an analogue thereof (5 mmol, 1 equiv) was diluted in
dioxane (anhydrous, [1.42 M]) and passed through a column of
aluminum oxide (basic) to remove the inhibitor (i.e., 4-tert-
butylcatechol) from the commercial monomer products. All chemicals
were brought together, along with a Teflon coated magnetic stirring
bar. The flask was connected to a Schlenk line, and to remove all
oxygen from the solution, the mixture was put through freeze−
pump−thaw cycles (4×) and then kept in an inert atmosphere of
nitrogen. The reaction mixture was stirred and heated (80 °C)
overnight. The yellow-colored solution was then cooled before being
added dropwise to diethyl ether to precipitate out the product. In
some cases, precipitation was not possible in ether in which case
either water or n-hexane was used. The suspension was then filtered
under vacuum over a glass frit and washed several times with the
appropriate solvent. The vacuum was left on for ∼15 min to dry the
solids. Finally, the solid material was dried in an oven (∼40 °C) until
the mass stabilized. This yielded the copolymers as (bright) yellow
powders.
SMA-PEA Synthesis. The following synthesis was modified from

literature procedures.16,39,42 The maleic anhydride starting material,
SMAnh (1:1 copolymer) (0.65 g, ∼3.32 mmol MAnh, 1 equiv), was
loaded in a round-bottom flask together with a Teflon coated stirring
bar and dissolved in DMF (dry, 5 mL). Phenethylamine (0.51 mL, 4
mmol, ∼1.2 equiv) was added to the bright yellow solution, followed
by triethylamine (1.12 mL, 8 mmol, 2.4 equiv). The flask was flushed
with nitrogen gas. The reaction mixture was continuously stirred and
heated (∼60 °C) for 3 days. The resulting dark red solution was
added dropwise to diethyl ether (∼250 mL) under stirring. The
formed precipitate was filtered under vacuum with a glass frit, and the
solids were washed first with acetone (3×, ∼30 mL) and then with
diethyl ether (3×, ∼30 mL). The material was left to dry on the filter
under vacuum for ∼15 min, followed by air drying for several days,
yielding the amide product (SMA-PEA) as a cream colored solid (0.9
g, 86% yield).
Gel Permeation Chromatography (GPC). Polymers were

dissolved in THF at a concentration of 1 mg/mL, and the solution
was filtered using a pore diameter of 0.45 μm. Then, 20 μL of the
polymer solution was injected onto a Shimadzu gel permeation
chromatography (GPC) system, using THF as the eluent and an
isocratic flow with a flow rate of 1 mL/min for a total run time of 14
min. The oven temperature was set to 30 °C. Dual detection was
done with a RI detector and a PDA detector with a wavelength range
of 200−400 nm, looking specifically at 254 and 211 nm with a
bandwidth of 4 nm. A calibration curve consisting of 13 polystyrene

standards in the range of 266−300 000 Da was used to determine
copolymer size and dispersity.

SMAnh Hydrolysis. The maleic anhydride (R/X-SMAnh)
copolymers were suspended in an aqueous alkaline solution of
NaOH (0.6 M) at a concentration of 10% (w/v). The reaction
mixtures were heated (∼42 °C) in a water bath with mild shaking
overnight. When the solids had dissolved to make a bright yellow
solution, the mixtures were left on a roller (42 rpm) overnight at
ambient temperature. The hydrolyzed products were isolated by the
addition of HCl (3 M) to precipitate out the maleic acid copolymers,
which were pelleted down by centrifugation at 3000g for 10 min, and
the supernatant was discarded. The pellets were washed by the
addition of HCl (1 M) and resuspended thoroughly, after which they
were pelleted down again. The washing steps were repeated in
succession with 0.1 M HCl and finally 0.01 M HCl. After the final
washing step, the pellets were dried in an oven (∼50 °C).

Preparation of Polymer Stock Solutions. The free acid
copolymers were suspended in NaOH (0.4 M, aq) at a concentration
of 10% (w/v). The mixture was left on the roller at 42 rpm overnight
to allow the complete dissolution of the solids. Once dissolved, the
pH of the solutions was carefully titrated with NaOH/HCl to obtain
pH 8 ± 0.5. The solutions were then diluted with water to a
concentration of 5% (w/w), and finally, the stocks were diluted
further with buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl) to a final
concentration of 1% (w/w).

Fourier-Transform Infrared (FT-IR) Spectroscopy. To charac-
terize the copolymers and assess ring-opening from the anhydrides
(CO anhydride stretching 1775 cm−1) to the acids (CO acid
stretching 1705 cm−1),47 they were analyzed using Fourier-transform
infrared (FT-IR) spectroscopy. Data were obtained using a
PerkinElmer Spectrum One FT-IR spectrometer with an UATR
accessory; ATR correction was not performed. Analysis was
performed on solid samples. The spectra were recorded in the
range of 650−4000 cm−1 with a resolution of 1 cm−1 and taken as an
average of 4 scans.

Ultraviolet−Visible (UV−vis) Spectroscopy. Ultraviolet−visi-
ble (UV−vis) spectra were obtained for diluted copolymer solutions
(final concentration 0.025% (w/v)) in a total volume of 1 mL of
water. A calibration curve using DDMAT was prepared using a
concentration range of 0−0.003% (w/v) in water. Measurements were
performed using quartz cuvettes (10 mm path length) equilibrated at
21 °C using a Peltier system. Scans were recorded in the wavelength
range of 200−500 nm with a slit width of 0.5 nm and a speed of 100
nm/min with data points measured every 0.1 nm. Measurements were
performed using a PerkinElmer Lambda 18 Spectrophotometer.

Nuclear Magnetic Resonance (NMR) Spectroscopy. The
copolymers (anhydrides and acids) were characterized by nuclear
magnetic resonance (NMR) spectroscopy. To this end, solid polymer
samples (20−60 mg) were dissolved in 0.5 mL of deuterated solvent
(DMSO-d6).

1H and 13C NMR spectra were recorded at 298 K using
a Bruker Avance Neo (600 MHz) spectrometer equipped with a
cryogenic probe. Chemical shifts are reported with respect to residual
solvent peaks. Data was processed using MestReNova software
(Mestrelab Research S.L.).

Preparation of Multilamellar Vesicles (MLVs). For the
preparation of multilamellar vesicles (MLVs), the phospholipids
were first dried from a chloroform stock under a stream of nitrogen
gas in a heated (∼45 °C) water bath. To remove traces of organic
solvent, the films were further placed in a desiccator under a high
vacuum for at least 1 h. The thin lipid films were then hydrated in
buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl) at a lipid
concentration of 20 mM. The hydration process was performed
above the lipid phase transition temperature in a water bath with
gentle shaking for ∼1 h. Afterward, the MLVs stock suspensions were
subjected to 10 freeze−thaw cycles and finally stored in the freezer
(−20 °C). The phosphate concentration was determined using a
Rouser assay.48

Dynamic Light Scattering (DLS). Nanoparticle sizes and
distributions were analyzed using dynamic light scattering (DLS)
with a Malvern Zetasizer Nano-ZS machine equipped with a red laser
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(633 nm) detecting backscattering at an angle of 173°. All
measurements were performed at 25 °C with an equilibration time
of 60 s before the experiment. Data are the average from 7
measurements, consisting of at least 10 subruns of 10 s each. The
analysis model applied was general purpose (normal resolution) with
the assumption of spherical particles. All samples were diluted in
buffer consisting of 50 mM Tris-HCl, pH 8, 150 mM NaCl (viscosity
0.96066 cP, RI 1.332), and the material was approximated as
polystyrene latex (RI 1.59, abs 0.01). Nanodisc samples contained ∼2
mM phospholipid (DMPC) and ∼0.4% (w/v) polymer and were
allowed to reach equilibrium by incubation at 30 °C for 1 h with
shaking at 650 rpm, followed by incubation in the fridge (4 °C) for at
least 1 day. Polymer only samples had a concentration of ∼0.4% (w/
v) polymer and were allowed to equilibrate by the same treatment as
performed on the nanodiscs.
KcsA Containing Membranes from E. coli. Biological

membranes with overexpressed KcsA protein were obtained from
E. coli, as previously described.7,49 Briefly, E. coli strain BL21(λDE3)
cells were transformed via a heat shock protocol with a plasmid for
KcsA containing N-terminal His-tag from pT7-KcsA.50,51 Protein
expression was induced with IPTG, and the bacteria were cultured in
LB medium until an OD600 of ∼0.8 was reached. Cells were harvested
by centrifugation and lysed by mechanical disruption through a
French press. Soluble proteins were removed, and whole membranes
(mixture of both inner and outer membrane fragments) were
obtained via ultracentrifugation (100 000g). These membrane pellets
were resuspended in buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl,
15 mM KCl) to an OD600 of ∼4. A small sample was taken, and the
lipids were isolated following the extraction protocol of Bligh and
Dyer,52 and the phosphate concentration was determined to be ∼7
mM on the basis of the protocol of Rouser et al.48 The concentrated
whole membrane stocks were stored at −20 °C before being used for
subsequent solubilization experiments.
Densitometry: Membrane Protein Solubilization. To assess

membrane protein extraction efficiency, E. coli membranes over-
expressing KcsA were used. The biomembranes were diluted to a
phosphate (lipid) concentration of 1.5 mM in buffer (50 mM Tris-
HCl, pH 8, 300 mM NaCl, 15 mM KCl). The copolymers were added
to a final concentration of 0.25% (w/v) and incubated for 2 h in a
shaking block set at 650 rpm and 25 °C. Next, the samples were
centrifuged at 21 000g at 4 °C for 1 h. The supernatant (soluble)
material was carefully removed from the pellet and subsequently taken
up in solubilization buffer containing 1% (w/v) SDS. Laemilli sample
buffer (4×, without reducing agent) was added to all samples before
loading on a gel of 13% acrylamide. SDS-PAGE was run initially at 75
V for 15 min and then at 175 V for ∼55 min. The gels were stained
using Coomassie Brilliant Blue R-250 for 1 h followed by destaining
overnight. Gels were scanned in grayscale at 1200 dpi for
quantification. Densitometric analysis was performed, and the
percentage of KcsA extracted was determined by comparing the
density of the supernatant relative to the sum of the densities for the
supernatant and pellet for each copolymer sample. The whole
solubilization experiment was repeated in triplicate for all copolymers.
Isolation of Yeast Mitochondrial Membranes. A yeast strain

expressing the chromosomally encoded GFP-tagged voltage-depend-
ent anion channel VDAC (Por1, encoded by ORF YNL055C) in the
BY4741 strain background (MATaz his3Δ1 leu2Δ0 met15Δ0
ura3Δ0)53 was purchased from Thermo Fisher and maintained on
YPD (1% w/v yeast extract, 2% w/v peptone, 2% w/v dextrose).
Yeast cells precultured overnight in 5 mL of YPD at 30 °C were

transferred to 20 mL of semisynthetic lactate medium (SSL)
containing 0.3% (w/v) yeast extract, 0.1% (w/v) glucose, 2% (w/v)
lactate, and various salts,54 adjusted to pH 5.5 by the addition of
KOH, and incubated for 4 h at 30 °C. An aliquot corresponding to 2
OD600 units was used to inoculate 800 mL of SSL and cultured
overnight under aerobic conditions at 30 °C. Cells were harvested at
an OD600 value of 2 and washed with 1 mM EDTA, pH 7.4.
The isolation of mitochondrial membranes was based on Daum et

al.54 Briefly, after incubating the cells in 0.1 M Tris-HCl, pH 9.4, 10
mM DTT for 10 min at 30 °C, spheroplasts were prepared by

treatment with Zymolyase 100T (Seikagaku Corporation, Tokyo,
Japan) at 0.5 mg/g cells (wet weight) in 1.2 M sorbitol and 20 mM
KH2PO4, pH 7.4, for 30 min at 30 °C while shaking. After a wash step
in 1.2 M sorbitol and 20 mM KH2PO4, pH 7.4, the spheroplasts were
resuspended in ice cold 0.6 M sorbitol, 10 mM Tris-HCl, pH 7.4, and
1 mM PMSF at a concentration corresponding to 0.075 g cells (wet
weight)/mL and broken by 20 strokes in a 40 mL glass Dounce
homogenizer with a tight-fitting pestle. The homogenate was
centrifuged for 5 min at 1400g to remove unbroken spheroplasts
and nuclei. Mitochondria were pelleted from the supernatant by
centrifugation for 15 min at 20 000g, resuspended in 10 mM Tris-
HCl, pH 8.2, 300 mM NaCl, and 0.6 M sorbitol at a phosphate
concentration of ∼20 mM (based on the protocol of Rouser et al.48)
and stored at −80 °C.

Turbidimetry: Kinetics of Solubilization of (Bio)membranes.
Turbidimetry experiments were conducted to study the kinetics of
lipid membrane solubilization, as previously described by Scheidelaar
et al.,22 except that a wavelength of 430 nm was used instead of 350
nm to avoid interference from the RAFT end-groups (see Figure S3).
A PerkinElmer Lambda 18 UV/vis Spectrophotometer was used,
equipped with a Julabo PC pump and a PTP-1+1 Peltier System to
ensure constant stirring and temperature control. In all experiments, a
total volume of 700 μL was used. The concentration of lipid
membranes was adjusted to an absorbance lower than 1, and the
polymer concentration was adjusted accordingly using a 1% (w/w)
stock solution (see Table 1 for an overview of the experimental

conditions). The membrane suspensions were temperature-equili-
brated for 5 min before starting the measurement. At t = 1 min, the
polymer was added using a micropipette; all was mixed with a 200 μL
pipet, and the measurement was left to run to a total time of 15 min
unless stated otherwise. All turbidity experiments were performed in
duplicate.

Affinity Purification of KcsA Native Nanodiscs. Eight
polymers were chosen (4-BrSMA, 4-ClSMA, 4-CF3SMA, 4-tBuSMA,
β-NMA, and SAA with SMA and SMA (2:1) as a control/
comparison) for purification and characterization of native nanodiscs
from E. coli membranes. These polymers were selected because of
their ability to solubilize membranes effectively. One mL of 1%
polymer samples was added to 1 mL of a 1.5 mM (phosphate) E. coli
membrane suspension so that a final polymer concentration of 0.5%
was achieved. This was left to incubate in a heating block at 25 °C
with 600 rpm shaking for 2.5 h. The samples were then transferred to
a spinning disc for gentle agitation at 4 °C overnight. The next
morning, the samples were centrifuged at 21 000g for 45 min to
separate any undissolved membrane fragments. His-Pur Ni-NTA
agarose beads (Thermo Scientific, 8 mL suspension) were transferred

Table 1. Experimental Conditions of Turbidimetry
Experiments

membrane buffer
temperature

(°C)
phosphate
[Pi] (mM)

[polymer]
(final) (%)

DMPC 50 mM Tris-
HCl pH 8

15 0.5 0.1

150 mM
NaCl

30 0.5 0.1

DSPC 50 mM Tris-
HCl pH 8

30 0.5 0.1

150 mM
NaCl

60 0.5 0.1

E. coli 50 mM Tris-
HCl pH 8

25 0.25 0.125

300 mM
NaCl

15 mM KCl
yeast
mitochondria

50 mM Tris-
HCl pH 8

25 0.125 0.0625

300 mM
NaCl
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to buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM KCl, 10 mM
imidazole, pH 8). One mL of a bead suspension was mixed with 1 mL
of supernatant, and the samples were placed in a spinning disc for
gentle agitation at 4° overnight. The samples were centrifuged (700g,
2 min, 4 °C); the supernatant was collected, and the beads were
resuspended in buffer containing 10 mM imidazole. This was repeated
with 10 and 50 mM imidazole, and finally, the nanodiscs were
separated from the beads using a buffer with 300 mM imidazole.
Buffer exchange was done using Amicon Ultra, 2 mL 3 kDa filter
Eppendorf tubes (Merck Millipore) with 10 mM Tris-HCl, 100 mM
NaCl, and 5 mM KCl, pH 8.
Ca2+ Stability. To quantify the stability of the polymers in the

presence of Ca2+, the minimum calcium concentration at which each
polymer precipitates was determined. A 1 M CaCl2 solution was made
with buffer (50 mM Tris-HCl and 150 mM NaCl, pH 8) and titrated
in a flat-bottom 96-well plate with concentrations of 0−200 mM Ca2+.
Buffer was used to bring all samples to volume; samples were then
mixed well. The polymer was added to a final concentration of 0.5%,
and all samples were mixed using a 200 μL 8-channel pipet. A Ca2+

titration was done without any polymers as a negative control. The
well plates were covered with a lid, and the edges were sealed off using
parafilm to prevent possible evaporation, and subsequently, the plates
were left to incubate at 30 °C overnight. Directly before measure-
ments, parafilm and the lid were removed and any bubbles in the
samples were popped using a clean pipet tip, after which the
absorbance in the plates was measured at 430 nm using a BMT
Labtech CLARIOstar PLUS microplate reader. The plates were
temperature-equilibrated to 30 °C for 10 min, followed by a 300 rpm
double-orbital shake for 30 s and subsequent absorbance measure-
ment adjusted for focal height. All experiments were done in
duplicate.
Transmission Electron Microscopy (TEM). Nanodiscs were

prepared by incubating MLVs composed of DPPC with various
copolymers at a polymer-to-lipid mass ratio of 1.125:1 on the basis of
a protocol by Dominguez Pardo et al.55 The final concentration of the
samples was ∼0.8 mg/mL (polymer + lipid) in a buffer of 50 mM
Tris-HCl, pH 8, and 150 mM NaCl. The samples were incubated at
41 °C for 1 h before being centrifuged at 115 000g for 1 h at 4 °C.
The supernatant was isolated and stored at 4 °C until analysis.

For transmission electron microscopy (TEM), samples were
prepared by the negative stain-mica-carbon flotation technique
(MFT), Valentine procedure.56 Briefly, samples were absorbed to
the clean side of a carbon film on mica, stained, and transferred to a
400-mesh copper grid. Samples were stained using sodium silico
tungstate (SST) H4Na4O40SiW12 at 2% in distilled water (pH 7−7.5).
The images were taken under low dose conditions (<10 e−/Å2) with
defocus values between 1.2 and 2.5 μm on a Tecnai 12 LaB6 electron
microscope at 120 kV accelerating voltage using a CCD Camera
Gatan Orius 1000. Micrographs were taken at 13 000× and 30 000×
magnification. The average size of the nanodiscs was estimated from
at least 120 particles per sample and determined using the software
MeasureIT (Olympus).

■ RESULTS AND DISCUSSION

Synthesis and Characterization of a Library of
Amphipathic Copolymers. A library of amphipathic
copolymers was synthesized according to the general
procedure in Scheme 1. The aim was to make alternating
SMA copolymer analogues that are more lipophilic by
systematically varying their chemical composition. This was
done either by using styrene analogues with a more
hydrophobic nonpolar moiety or by making the polar maleic
acid moiety less hydrophilic.
Three sets of copolymers were synthesized in a living free-

radical reaction via Reversible−Addition−Fragmentation
Transfer (RAFT)-mediated copolymerization. R-SMA was
synthesized by copolymerizing styrenic analogues (R-S) with
maleic anhydride (MAnh) to obtain R-SMAnh copolymers,
followed by hydrolysis (Scheme 1a,b, respectively). It has
modifications of the hydrophobic moiety (highlighted in red),
either on the pendant group (R′) or on the backbone (Rα/β).
X-SMA is a special subset of R-SMA where the derivatives (R′)
represent halogen atoms (X). R-SAA has only one carboxylic
acid group (highlighted in blue) and was obtained by
copolymerization with acrylic acid (AA) (Scheme 1c). A
separate type of modification is SMA-PEA, in which the

Scheme 1. General Synthetic Scheme Showing the Synthesis of Different Sets of SMA Analoguesa

aStyrenic derivatives (R-S) were copolymerized either with maleic anhydride (MAnh) to obtain R-SMAnh copolymers (a) or with acrylic acid
(AA) to obtain R-SAA copolymers (c). Following copolymerization, R-SMAnh parent copolymers were hydrolyzed to the water-soluble free acid
forms (R/X-SMA) under aqueous alkaline conditions (b). SMA-PEA was prepared by reacting SMAnh with phenethylamine (PEA) (d).
Comonomers were added at an equimolar concentration (1:1 mol ratio). Other reaction conditions included the use of azobisisobutyronitrile
(AIBN) as radical source, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) as the RAFT agent (highlighted in pink), and
anhydrous dioxane as solvent at a reaction temperature of 80 °C.
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copolymer was made less hydrophilic by opening the maleic
anhydride rings with phenethylamine (PEA; highlighted in
blue) (Scheme 1d).
The modifications in the synthesized library are illustrated in

Figure 1, and the full chemical structures are shown in Figure
S1. The copolymers were fully characterized by FT-IR (Figure
S2), UV−vis (Figure S3), and NMR spectroscopy (Figures
S4−S8). NMR spectra reveal extremely broad peaks that are
characteristic of (SMA and related) copolymeric materi-
als.24,34,35,37,44,57 The relative purity of the copolymers is
estimated to be >95%. Subsequently, copolymer size (Mn, Mw)
and dispersity (Đ) were determined by gel permeation
chromatography (GPC) (Figure S9). Table 2 summarizes
the properties of the polymers. Most copolymers gave roughly
the targeted peak sizes as well as good size distributions (Đ <
1.3, as expected for RAFT polymerization, with only α-
MeSMA having a slightly larger Đ of 1.57). For stilbene
(StbMA) and β-naphthalene (β-NMA), the GPC experiments
showed bimodal distributions with the main peak coinciding
with the anticipated smaller RAFT-copolymer size and Đ. The
second peak represented a much longer polymer and more
disperse fraction, which could be due to standard free-radical
polymerization occurring alongside living (RAFT) polymer-
ization. Finally, it should be noted that in all copolymer
syntheses the comonomers were added together at an

equimolar ratio, and it is assumed that the copolymers are
alternating (i.e., 1:1). Whereas SMA analogues indeed
probably have a highly alternating character, based on the
reactivity ratios of styrene and maleic acid, the styrene acrylic
acid analogues likely have somewhat less of an alternating
character. However, this was not explicitly determined.

Efficiency of Membrane Protein Solubilization from
E. coli. The ability of the copolymers to solubilize
biomembranes was first tested using the tetrameric K+-channel
KcsA as a model protein, overexpressed in Escherichia coli.7,19

The solubilization efficiency was quantified by densitometry on
SDS-PAGE gels.7,19 To create an optimal window for the
evaluation of the efficacy of all substitutions, also with respect
to the commercially available “gold standard” Xiran SZ30010
(SMA 2:1, styrene-to-maleic acid ratio), a relatively low
concentration of copolymer (0.25% w/v) was used, at which
SMA (2:1) does not give complete solubilization. Another
advantage of using a relatively low polymer concentration is
that it reduces the chance of artifacts due to the solubility
issues of the polymers.

R-SMA Analogues. The first set of analogues, referred to
as R-SMA, contains aliphatic or aromatic substituents to
increase the hydrophobicity of the alternating SMA copoly-
mers (Figure 2A). As expected, SMA (2:1) yielded only partial
solubilization (∼42% KcsA extraction), while the unsubsti-

Figure 1. Library of SMA copolymer analogues showing the three different classes (R-SMA, X-SMA, and R-SAA) and their subdivisions.
Modifications of the styrene units are highlighted in red and those of the hydrophilic units, in blue.
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tuted SMA (alternating, 1:1) was unable to solubilize the
membranes (<3%). The aliphatic copolymer DIBMA also
showed negligible solubilization (∼1%) under these sub-
optimal conditions.
Homologues of SMA containing an extra methyl group,

either on the backbone in the α-position (α-MeSMA) or on
the para-position of the aromatic ring (4-MeSMA), gave
slightly increased yields (∼6%) compared to the underivatized
SMA. Interestingly, a tert-butyl group on styrene (4-tBuSMA)
showed a solubilization efficacy of ∼55%, outperforming the
commercial SMA (2:1).
The aromatic substitutions yielded pseudo “2:1” SMA

copolymers. The introduction of a second phenyl ring, either
by opening up the maleic anhydride ring using phenethylamine
(SMA-PEA) or by grafting it on the β-position of the backbone
(StbMA), resulted in negligible solubilization (∼1%), in
agreement with previous studies, where a StbMA copolymer
was found to be ineffective in dissolving lipid vesicles.45

However, when the phenyl was grafted directly to the styrene
on the para-position (4-PhSMA), the polymer had a
solubilization efficacy of ∼34%. Finally, an analogue where
two aromatic rings are fused into a rigid naphthalene group (β-
NMA) was found to be the best solubilizer (∼63%) in the
series. The addition of another aromatic ring in the 3:1 mimic
benzhydryl (4-BzhSMA) did not result in any membrane
activity (∼0%), possibly because the groups are either (i) too
hydrophobic and readily form a hydrophobic core whereby the
lipophilic monomers are shielded and unavailable for
membrane insertion or (ii) too bulky for efficient insertion
due to the three large phenyl rings.

X-SMA Halogenated Analogues. A well-established
phenomenon in the drug discovery field is that halogenation
of compounds increases their lipophilicity58 and enhances
membrane binding and permeation.59 This inspired us to
synthesize a subset of R-SMA copolymers bearing halogen
substitutions (X-SMA). As shown in Figure 2B, upon
replacement of the proton at the 4-position with fluorine
(the least hydrophobic halogen), the solubilization efficiency
increases slightly but remains poor (∼7%). However,
substitution with chlorine, bromine, and iodine all result in a
remarkable jump to near-complete solubilization (∼86%,
∼84%, and ∼79%, respectively).
The importance of the position of the substitutions was

investigated by preparing regioisomers of BrSMA. While 3-
BrSMA shows a similar high solubilization efficiency (∼85%)
as that of 4-BrSMA, for 2-BrSMA, an ∼2-fold drop in
extraction efficiency (∼37%) is observed, which still is
comparable to that of SMA (2:1) (∼41%).
To further probe substitution with fluorine, two more

analogues were tested. Substitution of all aromatic protons by
fluorine in perfluoro (PFSMA) resulted in a complete loss of
MP extraction ability (∼0%). Surprisingly, substitution by
trifluoromethyl (4-CF3SMA) again resulted in a copolymer
with very good solubilization capability (∼73%).

R-SAA Analogues. In the R-SAA set of polymers, the
hydrophobicity of SMA is increased by replacing the
dicarboxylic acid in maleic acid (MA) by a monoacid derived
from acrylic acid (AA), as first reported by Appel and co-
workers.46 Figure 2C shows that, whereas SMA and PFSMA
both are inefficient solubilizers (<3%), SAA is highly active,
and also, PFSAA shows significant activity (∼86% and ∼32%

Table 2. Characterization of RAFT Synthesized Amphipathic Copolymersa

# name R Rα Rβ hydrophilic moiety yield (%) DP Mn (kDa) Mw (kDa) Đ

R-SMA
1 SMA H H H MA 93 42 4.6 5.3 1.15
2 α-MeSMA H Me H MA 63 25 3.1 4.8 1.57
3 4-MeSMA 4-Me H H MA 100 46 5.4 6.3 1.17
4 4-PhSMA 4-Ph H H MA 71 24 3.8 4.9 1.29
5 4-BzhSMA 4-Bzh H H MA 90 35 6.8 8.8 1.29
6 4-tBuSMA 4-tBu H H MA 100 51 6.9 8.3 1.20
7 DIBMA DIB Me H MA 57 27 3.2 3.6 1.12
8 StbMA H H Ph MA 58 29, 1621b 4.5, 226b 5.3, 457b 1.19, 2.02b

9 β-NMA Np H H MA 70 16, 3315c 2.4, 419c 2.9, 1520c 1.23, 3.63c

10 SMA-PEA H H H AA-PEA 86 42 4.7 5.4 1.15
X-SMA

11 SMA H H H MA 76 17 2.1 2.6 1.21
12 4-FSMA 4-F H H MA 75 20 2.6 3.1 1.17
13 4-ClSMA 4-Cl H H MA 68 15 2.2 2.6 1.19
14 4-BrSMA 4-Br H H MA 63 11 1.9 2.4 1.24
15 4-ISMA 4-I H H MA 49 9 1.8 2.2 1.24
16 3-BrSMA 3-Br H H MA 61 11 1.9 2.3 1.21
17 2-BrSMA 2-Br H H MA 64 13 2.2 2.6 1.16
18 4-CF3SMA 4-CF3 H H MA 77 14 2.3 2.7 1.17
19 PFSMA 2,3,4,5,6-F H H MA 60 10 1.8 2.1 1.14

R-SAA
20 SAA H H H AA 46 11 1.4 1.6 1.17
21 4-BrSAA 4-Br H H AA 46 11 1.7 2.0 1.18
22 PFSAA 2,3,4,5,6-F H H AA 60 18 2.7 3.2 1.18
23 4-tBuSAA 4-tBu H H AA 59 23 3.0 3.8 1.25

aDP, degree of polymerization; Mn, number average molecular weight; Mw, weight average molecular weight; Đ, dispersity; MA, maleic acid; AA,
acrylic acid. b12% (AUC). c45% (AUC).
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extraction, respectively). In contrast, whereas 4-BrSMA and 4-
tBuSMA are efficient solubilizers (∼80% and ∼55%,
respectively), their acrylic acid equivalents, 4-BrSAA and 4-

tBuSAA, both show negligible membrane protein extraction

(<3%). Presumably, these acrylic variants are too hydrophobic,

Figure 2. Solubilization of the membrane protein, KcsA, from E. coli membranes by R-SMA (A), X-SMA (B), and R-SAA (C) copolymers. The
general scaffolds are circled on the right with deviations from styrene marked in red and depicted above the bars and deviations from the maleic
acid moiety marked in blue. Insets on the right show representative SDS-PAGE lanes for selected polymers (for complete overview see Figure S10)
with the dashed box highlighting the band corresponding to the KcsA tetramer. M, molecular weight marker; S, supernatant; P, pellet. Solubilized
KcsA (%) determined from the density of the KcsA band in S relative to the sum of S plus P. Data points indicate the mean ± SD (n ≥ 3
independent experiments). Densitometry data were obtained 2 h post-solubilization at 25 °C with a polymer concentration of 0.25% (w/v)
(polymer-to-lipid ratio of ∼2.3:1 (w/w)).
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highlighting that a suitable hydrophobic balance is marked by
sharp boundaries.
Dose−Response Curves. The efficacy of the best

performing copolymers was tested via a dose−response curve
(Figure 3). For all tested copolymers, the solubilization
performance increased with increasing concentration. The
tested copolymers all plateau between 60% and 100%
solubilization. Interestingly, at 0.25% (w/v), which is the
concentration used in all previous experiments, a large window
is achieved in which to assess differences between the various
copolymers. Having more potent copolymers, such as SAA or
some of the halogenated derivatives (4-Br/Cl/CF3-SMA), will
be advantageous as a lower amount of copolymer can be
employed for maximal solubilization. Hence, there will be less
excess copolymer, which could potentially interfere with
downstream applications or analyses, including affinity
purification, structural determination, or size characterization.
Efficiency of Membrane Solubilization in Different

Systems as Measured by Turbidimetry. The membrane
solubilizing efficacy of the copolymers thus far was based on
extraction and quantification of KcsA from the E. coli inner
membrane. We next explored turbidimetry as a more general
approach to gain insight into the membrane solubilizing
properties of the polymers. For these experiments, an excess of
copolymer relative to lipid was used to allow monitoring of
solubilization properties on a relatively short time scale.
Solubilization of Biological Membranes. Figure 4A−C

shows the percentage decrease in optical density (OD) after
incubation with E. coli membranes (mixture of inner and
outer) for the three polymer sets. Importantly, for all three
polymer sets, good correlations (R2 of 0.7−0.9) are found
when the percentage of KcsA extracted is plotted against the
percentage decrease in OD (Figure 4D−F), indicating that
turbidimetry is a valuable tool to analyze solubilization
efficiency. Notably, solubilization of E. coli membranes
generally appears to be less efficient than KcsA extraction,

likely because of the shorter incubation times and because the
turbidimetry measurements also include outer E. coli mem-
branes, which are more difficult to solubilize.
Additional turbidimetry measurements on mitochondrial

membranes from Saccharomyces cerevisiae showed that most of
the polymers are able to also solubilize these yeast membranes
(Figure 4G−I). The polymers generally appear more efficient
than with E. coli membranes, likely due to differences in
membrane composition. For R-SMA and X-SMA, again, good
correlations (R2 of 0.8 and 0.65, respectively) are found with
E. coli solubilization, as based on KcsA extraction, while for R-
SAA, rather surprisingly, the variation (R2 of 0.17) is much
larger (Figure 4J−L). Overall, these data suggest that yeast
membranes tolerate a broader hydrophobic balance range than
E. coli membranes.

Solubilization of Model Lipid Membranes. Model
membranes are frequently used test systems to investigate
the solubilization efficiency of amphipathic copolymers.16,22,60

Here, we used dimyristoylphosphatidylcholine (DMPC)
vesicles at different temperatures (see Figure S12 for traces
and Figure S13 for bar graphs) and plotted the solubilization
efficiency against that observed for E. coli inner membranes
(based on KcsA extraction) and yeast mitochondrial
membranes.
Figure 5A,B shows that both in the gel phase at 15 °C and in

the fluid phase at 30 °C there is a poor correlation (R2 of 0.2)
between KcsA extraction and DMPC vesicle solubilization. For
yeast membranes (Figure 5C), which contain a substantial
amount of PC lipids,61,62 the correlation is somewhat better
(R2 of 0.29), particularly at 30 °C (R2 of 0.42, Figure 5D).
Correlations are further improved when using distearoylphos-
phatidylcholine (DSPC) (Figure S14), in particular when
compared to yeast mitochondrial membranes (R2 of 0.60−
0.67), most likely because these longer PC lipids better
represent the lipid composition of yeast membranes. These

Figure 3. Dose−response curves showing the (%) solubilization of KcsA for several selected copolymers, (A) controls, (B) R-SAA, (C) R-SMA,
and (D) X-SMA, at various concentrations ranging from 0.025% to 1% (w/v). The dashed line highlights a concentration of 0.25% (w/v) as used in
previous experiments. KcsA was extracted using whole E. coli membranes at a lipid concentration of 1.5 mM, and solubilization was performed at 25
°C for 2 h.
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results thus highlight the importance of membrane properties
for solubilization efficiency.21,22

Strikingly, for solubilization of both DMPC and DSPC in
the fluid phase, a sharp transition is observed between poor
solubilization and complete solubilization when plotted against
KcsA solubilization (Figures 5B and S14B). The transition is
less sharp for yeast membranes, but here, the correlation
between solubilization efficiencies in the two model systems
tends to be better (Figures 5D and S14D). Together, these
results suggest that polymers that are not able to efficiently
solubilize DMPC or DSPC vesicles in the fluid phase can be
considered poor biomembrane solubilizers. Hence, this may
serve as a convenient screening assay to test new copolymers.
Summary of Membrane Solubilization Properties of

the Different Polymers. Figure 6 summarizes the solubiliza-
tion data and gives an overview of the structure−activity

relationships for the various copolymers and the different
membrane systems tested, biological as well as synthetic. The
map illustrates the huge variation in solubilization efficiency of
the different copolymers as well as the variation for each
polymer with respect to solubilization of different lipid
systems.

Nanoparticle Sizes. From each set of copolymers, we
selected efficient solubilizers to compare the sizes of the
purified KcsA nanodiscs by dynamic light scattering (DLS). As
shown in Figure 7A, most of the nanodiscs have a
homogeneous size distribution and a small particle size of d
∼ 8−10 nm. Exceptions were the controls of the nanodiscs
prepared from SMA, which were significantly larger (d ∼ 30
nm), 4-PhSMA which was smaller (d ∼ 5 nm), and nanodiscs
from SMA (2:1), which showed a less homogeneous size
distribution.

Figure 4.Whole membrane solubilization as determined by turbidimetry for E. coli (A−C) and yeast mitochondria (G−I) and the correlation with
membrane protein (KcsA) extraction as determined by SDS-PAGE densitometry (D−F and J−L). The percentage of membrane solubilized is
based on the relative decrease in optical density after 14 min (data are the average of 2 independent experiments ± range). Solubilization data are
shown for analogues of R-SMA (left panels), X-SMA (middle panels), and R-SAA (right panels). Dashed lines indicate the line of linear fit, and the
corresponding correlation coefficients (R2) are given in the left upper corner. For the complete turbidimetry traces, see Figure S11.
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When sizes of the KcsA nanodiscs are compared with those
of the nanoparticles solubilized from the DMPC vesicles and
copolymers only, the KcsA nanodiscs are larger (except for 4-
CF3SMA) and the latter two appear to be rather similar
(Figure 7B). This was also observed for the other copolymers
in the library (Figures S15A and S16). Likely, the excess
copolymer contributes to the scattering, influencing the
apparent size of the particles, even though a relatively low
polymer concentration was used. This is supported by the large
size difference for 4-CF3SMA between lipid-only nanodiscs
and affinity purified KcsA-containing nanodiscs (Figure 7B).
Furthermore, while it is not clear what determines the size of
the polymer aggregates or the nanodiscs, we do note that
polymers that form small aggregates in aqueous solution are
the most efficient membrane solubilizers with 4-CF3SMA and
3-BrSMA being the only exceptions (Figure S15B).
The morphology of the particles was investigated using

negative-stain transmission electron microscopy (TEM)
(Figure 8). The copolymers together with lipids form
nanodiscs as can be seen by the discoidal particles, both top
views and side views (see SMA), as well as the formation of
stacks of nanodiscs into rouleaux. This phenomenon is an
artifact of the negative stain interacting with the phosphate
head groups and has previously been observed for nanodiscs
under specific conditions (e.g., certain polymer-to-lipid ratios,
salt concentration, and the use of tungsten based stains with
TEM).55,63,64 Importantly, the formation of these rouleaux
suggests that the polymers surround the acyl chains of the
nanodiscs but do not strongly interact with the phosphate
headgroup region. Finally, it should be noted that the sizes of
the nanoparticles are somewhat larger than determined by

DLS. As mentioned above, this may be explained by the fact
that DLS data are skewed toward smaller sizes due to
interference from excess unbound copolymers. Furthermore, a
lower copolymer-to-lipid (1.125:1 m/m) ratio was used for
TEM, which can result in both having less free copolymer
around as well as generally having larger particle sizes.39,65

Resistance against Ca2+-Induced Aggregation. For
studies on membrane proteins, it can be useful when the
copolymers tolerate the presence of divalent cations. There-
fore, aggregation induced by titration with calcium ions was
analyzed by visual inspection and quantified by OD measure-
ments (see Figure S17). Table 3 shows that most of the
copolymers precipitated in the low millimolar range (≤10
mM). In agreement with the literature,43,66 DIBMA had a high
resistance, remaining up to ∼40 mM Ca2+ in solution. Of the
SMA analogues, only StbMA and α-MeSMA showed high
resistance to precipitation up to calcium concentrations of ∼45
and ∼100 mM, respectively. Interestingly, these are the only
three polymers with substitutions along the backbone: StbMA
has a phenyl group on the β-position, while DIBMA and α-
MeSMA have a methyl group on the α-position.

Summary of Relevant Copolymer Parameters. Here,
we will discuss how properties of the copolymer backbone and
of the pendant chains may influence membrane solubilization
and how this may help explain the results obtained from the
three sets of copolymers.

Amphiphilicity. Acting at the interface between the
hydrophobic fatty acid tails and the aqueous environment,
the copolymers require a high degree of amphipathicity. They
need to be sufficiently polar for solubility in water and
sufficiently hydrophobic to drive insertion into the membrane

Figure 5. Comparison of KcsA solubilization from E. coli (top) and yeast mitochondria solubilization (bottom) to model lipid-only vesicle
solubilization. Data are shown for DMPC at 15 °C (A, C) and 30 °C (B, D). The different classes are depicted as follows: R-SMA, black circles; X-
SMA, red squares; R-SAA, blue triangles; SMA (2:1), tan star. For systems with T < TM, the vesicle solubilization rate was derived after 14 min, and
for T > TM, time points were taken at 4 min (see Figure S7 for turbidity traces and Figure S8 for the corresponding bar graphs). In all cases,
biomembranes (yeast, E. coli) were solubilized at 25 °C. Dashed lines indicate the line of linear fit, and the corresponding correlation coefficients
(R2) are given in the left upper corner.
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and to allow the formation of stable nanodiscs. The balance
between these two opposing parameters can be delicate, as
clearly illustrated for example for the SAA analogues.
Flexibility of the Backbone and Pendant Chains. In

addition to amphipathicity, the copolymer must have sufficient
flexibility to expose its hydrophilic groups to the aqueous phase
and the hydrophobic groups to the lipid acyl chains without
too many conformational constraints. This may be the reason
hydrophobic substituents on the pendant chains seem much
more effective in increasing solubilization efficiency than
hydrophobic substituents on the backbone, such as in the
“pseudo 2:1 R-SMA polymers” SMA-PEA and StbMA, where
the substitutions may interfere with backbone flexibility.
In contrast, for the pendant chains, an increased rigidity may

be advantageous for efficient solubilization, as it will reduce the

loss of entropy upon membrane insertion. This can be
achieved by having fewer rotatable bonds or more symmetrical
substitutions, as in the β-NMA analogue or in the para-
substituted halogen analogues.

Size of the Polymers and the Pendant Chains.
Previously, it was shown that copolymer sizes of <10 kDa
are optimal for solubilization,25,26 likely due to steric hindrance
in longer polymers and a tendency to form aggregates in the
aqueous phase. This is in line with our present observation that
copolymers that form larger aggregates in solution generally
are less efficient solubilizers. Importantly, the polymers in this
study vary somewhat in length. To gain information on the
influence of this variation for solubilization efficiency, we
synthesized a series of 4-BrSMA copolymers with varying
lengths (for full characterization and evaluation, see Figure

Figure 6. Heatmap summarizing membrane solubilization properties of the polymers in the copolymer library in different membrane systems. KcsA
membrane protein solubilization is based on densitometric analysis of protein bands on SDS-PAGE, i.e., the percentage of KcsA extracted.
Solubilization of all other (whole) membranes is based on turbidimetric analysis with the percentage of solubilization given as a relative decrease in
OD.
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S18). When a 4-BrSMA copolymer was prepared by standard
free-radical polymerization, a large and disperse batch was
obtained (Mn = 35 kDa, Đ = 2), which as expected, was
inefficient at solubilizing KcsA (∼6%) (see Figure S18L).
However, when 4-BrSMA copolymers are prepared by RAFT
synthesis in the size range of 1−5 kDa, they are effective
solubilizers (∼70%) and there is only a small variation (less
than 15%) in membrane protein solubilization efficiency. This
suggests that the size variation of the copolymers in the present
library has only a minor influence and that the chemical
composition is the dominant factor in determining solubiliza-
tion efficiency. One caveat is that the RAFT synthesized
copolymers still contain the alkyl tail terminus group, and it is
not known if or to what extent this affects solubilization.
Further research would be required in this regard.
Also, for the pendant groups, size plays an important role.

To allow insertion into the membrane, a smaller size might be
beneficial, combined with sufficient hydrophobicity. However,
the formation of nanodiscs should be more favorable than
insertion at the interface, and therefore, the polymer should
also be able to destabilize the bilayer by disrupting lipid
packing. This may be promoted by a larger size of the pendant
chain or deeper penetration into the bilayer. Possibly, the
halogen analogues as studied here strike an optimal balance, as
they can introduce significant lipophilicity with an intermediate
bulk and size and can efficiently solubilize a range of target
membranes with different lipid packing properties.
Positioning of Substitutions on Backbone and

Pendant Chains. Additional (hydrophobic) substituents on
the backbone (i.e., DIBMA, α-MeSMA, and StbMA) do not
result in efficient solubilization under the suboptimal environ-
mental conditions used here. The main reason for this
relatively low polymer concentration was to get an optimal
window to compare the relative solubilization efficiencies of
the copolymers with those of the traditional SMA (2:1)
(Xiran). However, the dose−response curves in this study
show that polymers that are not efficient at these suboptimal
concentrations may still be good solubilizers at higher
concentrations. Indeed, as demonstrated for DIBMA,43,66 at
higher concentrations, such backbone-substituted analogues
may be useful for biological systems, in particular, since they
tolerate divalent cations. The reason for this tolerance is likely
that steric hindrance prevents chelation of the cations to the
carboxyl groups, either directly by physically obstructing access
or by changing the backbone conformation and flexibility.

Also, for the pendant groups, the positioning of the
substituents is important. The attachment of the derivative
on the 3- and 4-position of the phenyl ring is superior to the 2-
position, as shown for the brominated SMA analogues.
Possible reasons are that the closeness of the 2-position to
the backbone results in steric hindrance, reducing the
conformational freedom of the polymer backbone and/or
that a deeper penetration into the hydrophobic core for the 3-
and 4-positions facilitates membrane disruption.

Electronic Effects. Phenyl groups have an electronic
surface potential that is negative above and below the ring
and positive in the plane of the ring.67 This may play a role in
membrane insertion of styrene-containing polymers, in
particular since the membrane core has a positive dipole
potential.68,69 Halogens generally have high electronegativities
and are electron-withdrawing, thereby modifying the electro-
static surface potential of the aromatic rings.70 It is not clear
how this would affect insertion, but we do note that
substitution with F, which is the most electronegative element
in the periodic table, does not result in efficient solubilization.
Another property of the heavier halogens (Cl, Br, I) is that
they have an electrostatically positive region (σ-hole) that can
act as a Lewis acid and undergo halogen bonding with
nucleophiles,71,72 either within the copolymer molecule(s)
themselves or with lipids and proteins.

Copolymer Purity and the Potential Role of Con-
taminants. The copolymers were used as crude products; i.e.,
they were used directly after precipitation from the reaction
mixtures without further purification. This is standard practice
in the use of commercial copolymer products. Nevertheless, at
this point, it cannot be ruled out that the activities are due in
part to the impurities present, and the same holds true for the
commercial SMA copolymer products. Further research is
required to investigate exactly to what extent and how
impurities may be playing a part in the process.

Implications for Polymer Design. The solubilization
efficiency of any copolymer obviously will depend on the
membrane environment and on environmental parameters.
However, for maximum solubilization efficiency in a wide
range of target membranes under the conditions used here, the
halogen substitutions seem most promising, together with the
naphthalene variant and SAA polymers. Substitutions on the
backbone, on the other hand, may improve activity in the
presence of divalent cations. This raises the question of
whether the different modifications can be combined to make a

Figure 7. DLS analysis of KcsA native nanodiscs (A) as well as DMPC nanodiscs and polymer aggregates (B). The values are the average from 7
measurements with error bars reflecting the SD. Sizes are reported as the hydrodynamic diameters based on the peak maximum from the number
distributions. For the full size distribution plots, please see Figure S16. All samples contain ∼0.4% (w/v) polymer; nanodisc samples also contain
∼2 mM lipid (polymer-to-lipid ratio of ∼3:1 (w/w)).
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copolymer that is both highly effective at solubilization and
resistant to divalent cations. As a first trial, we synthesized and
tested an α-MeSAA copolymer via conventional free-radical

copolymerization (for full characterization and evaluation, see
Figure S19). Depending on the polymer concentration, the α-
MeSAA copolymer showed moderate solubilization (35−57%

Figure 8. Negative-stain transmission electron micrographs of nanodiscs composed of dipalmitoylphosphatidylcholine (DPPC) lipids and various
amphipathic copolymers, images taken at 30 000× magnification. Solubilization was performed at a polymer-to-lipid ratio of 1.125:1 (m/m).
Nanodisc sizes are reported as the mean diameter ± standard deviation of at least 100 particles. Insets show enlarged (4×) views of several
representative particles, i.e., rouleaux stacks of nanodiscs (blue), top view (black), and side view (white). Scale bars represent 50 nm.
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KcsA extracted) with reasonable divalent cation resistance
(∼20 mM Ca2+), demonstrating overall properties indeed lying
in between those of α-MeSMA and SAA. An even better
approach may be to prepare halogenated (e.g., 4-Cl/Br/CF3)
α-MeSMA copolymers.
The new library of copolymers offers several advantages over

commercially available copolymers. First, the copolymers in
the present study are well-defined in terms of sequence
distribution and size, which is useful for systematic studies to
understand their mode of action. For example, it will help
improve the accuracy of molecular dynamics simulations as it
allows a better representation of the polymers. Furthermore,
through the size control of RAFT polymerization, copolymers
can be employed without interference (band smearing) of
longer copolymers on SDS gels. In addition, RAFT synthesized
copolymers have the potential to be selectively modified on the
end groups, allowing the incorporation of a single label such as
a fluorophore or affinity-tag per copolymer molecule. Last but
not least, halogenated copolymers may be useful for dedicated
biophysical techniques, e.g., the use of (i) fluorinated
copolymers, such as 4-CF3SMA, for 19F-NMR studies, (ii)
brominated copolymers for MS experiments due to their
convenient isotopic signature, and (iii) copolymers with
heavier halogens (i.e., 4-BrSMA or 4-ISMA) for EM
microscopy where the polymers/particles could potentially
be visualized more easily due to the scattering of the dense
halogen atoms. Although beyond the scope of this work, it
should be noted that varying copolymer properties may affect
the functionality of membrane proteins.73

■ CONCLUSION

We have introduced a library of poly(styrene-alt-maleic/acrylic
acid) analogues with well-defined composition and length. The
library contains several promising new analogues with
equivalent or better membrane protein solubilization when
compared to the benchmark of SMA (2:1) (Xiran30010). By
systematic variation of the nature and positioning of different
substituents, we obtained new insights into the parameters that
govern efficient solubilization and tolerance of divalent cations.
This knowledge can be utilized for the targeted and rational
design of future copolymer generations for membrane protein
solubilization. In addition, the library expands the toolbox for
the study of membrane proteins, allowing improvement of
yields and stability of precious membrane protein samples.
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Table 3. Maximum Tolerated Concentration of Calcium
Ions Where No Polymer Precipitation Was Observeda,b

R-SMA
[Ca2+]
(mM) X-SMA

[Ca2+]
(mM) R-SAA

[Ca2+]
(mM)

4-BzhSMA <1 PFSMA ∼2 4-BrSAA ∼1
SMA-PEA ∼2 4-ISMA ∼3 4-tBuSAA ∼1
β-NMA ∼5 3-BrSMA ∼3 PFSAA ∼3
4-PhSMA ∼5 4-CF3SMA ∼3 SAA ∼5
4-MeSMA ∼6 4-BrSMA ∼4
4-tBuSMA ∼6 2-BrSMA ∼5
DIBMA ∼40 4-ClSMA ∼5
StbMA ∼45 4-FSMA ∼9
α-MeSMA ∼100

aSee Figure S17. bThe control values for SMA (2:1) and SM were ∼5
and ∼11 mM, respectively.
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MP, membrane protein; SMAnh, styrene-maleic anhydride;
SMA, styrene-maleic acid; SA, styrene acid; Đ, dispersity;
RAFT, reversible-addition−fragmentation transfer; AA, acrylic
acid; AIBN, azobis(isobutyronitrile); DMPC, 1,2-dimyristoyl-
sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine; DSPC, 1,2-distearoyl-sn-glycero-3-
phosphocholine; PEA, phenethylamine; MLV, multilamellar
vesicle; Mn, number-average molecular weight; SAA, styrene-
acrylic acid; Tm, (gel-to-fluid crystalline) phase transition
temperature
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