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ABSTRACT: The ability of styrene maleic acid copolymers to dissolve lipid membranes into nanosized lipid particles is a facile
method of obtaining membrane proteins in solubilized lipid discs while conserving part of their native lipid environment. While
the currently used copolymers can readily extract membrane proteins in native nanodiscs, their highly disperse composition is
likely to influence the dispersity of the discs as well as the extraction efficiency. In this study, reversible addition−fragmentation
chain transfer was used to control the polymer architecture and dispersity of molecular weights with a high-precision. Based on
Monte Carlo simulations of the polymerizations, the monomer composition was predicted and allowed a structure−function
analysis of the polymer architecture, in relation to their ability to assemble into lipid nanoparticles. We show that a higher degree
of control of the polymer architecture generates more homogeneous samples. We hypothesize that low dispersity copolymers,
with control of polymer architecture are an ideal framework for the rational design of polymers for customized isolation and
characterization of integral membrane proteins in native lipid bilayer systems.

■ INTRODUCTION

Integral membrane proteins remain some of the most
challenging targets in structural biology and other related
fields. Because of their hydrophobicity, membrane proteins are
traditionally isolated and purified with detergents, forming
protein detergent micelles. However, detergents pose a hazard
for the protein stability and are an obstacle in their biophysical
characterization. Furthermore, many membrane proteins are
dependent on phospholipids to retain activity. Reconstituting
integral membrane proteins into nanodiscs offers a solution to
some of these challenges. The most prevalent method for
obtaining membrane proteins in lipid nanodiscs is by
reconstituting them into lipid nanodiscs with membrane
scaffold proteins (MSPs). However, this method requires the
membrane protein to be either partly or fully solubilized with
detergents prior to reconstitution.1,2 Not only is this route
time-consuming, but it may also lead to protein destabilization
and disassembly of protein complexes. Reconstitution also

means a possible loss of important cofactors, which would be
preserved in native nanodiscs. Despite all this, MSPs has gained
popularity in single-particle cryo-electron microscopy (Cryo-
EM) of membrane proteins.1,3−6

Styrene maleic acid (SMA) copolymers can solubilize lipid
membranes and their components into nanoscale SMA lipid
particles (SMALP), providing an efficient method for
detergent-free solubilization of integral membrane proteins
while obtaining them in solubilized discs (Figure 1).7−9,8 The
use of SMALPs has gained much interest in recent years, and
applications include biochemical10 and biophysical11 character-
ization, as well as structural analysis through X-ray crystallog-
raphy,12 and single-particle Cryo-EM.13,14 However, as the
SMA copolymers currently available are adopted from
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industrially used polymers, the designs are limited, and the field
has yet to take advantage of modern polymerization techniques
and the control of architecture they offer. Regardless, extraction
of membrane proteins works with a disperse ensemble of
polymer molecular weights.7,8

The SMA copolymer is produced by copolymerizing styrene
(St) and maleic anhydride (MAnh), with subsequent hydrolysis
of the anhydride copolymer (St-co-MAnh) yielding SMA
(Figure 1). So far, the most effective polymers in terms of
solubilizing lipids into discs have been found to have a styrene
to maleic acid ratio of 2:1.15 However, due to the alternating
nature of this monomer pair, achieving a homogeneous
distribution of the two monomers with this ratio is only
possible through a continually stirring tank reactor (CSTR) at
equilibrium.16 However, CSTR made SMA is highly disperse in
molecular weight, owing to its production via free-radical
polymerization. Thus, obtaining a low dispersity of polymer
molecular weights is not possible without fractionating the
product through size exclusion chromatography (SEC). The
steady state is necessarily maintained at approximately 97% St
and ca. 3% MAnh to achieve the 2:1 ratio of St and MAnh in
the resulting polymer. Any slight deviation will have a large
effect on the resulting polymer composition. Consequently, the
exact distribution of maleic acid along the polymer chain is
typically unknown, as it requires deconvoluting quantitative 13C
NMR.17−19 Therefore, studies using these polymers are limited
by the assumption that the specific CSTR functions in an ideal
manner.
St-co-MAnh polymers can also be made through RAFT

polymerization, which lowers the dispersity of molecular
weights.20 However, RAFT polymerizations of St-co-MAnh
will yield a gradient in the polymer composition as the ratio of
monomer concentrations changes during the polymerization
(Figure 2). This polymerization is a well-known method of
making one-pot “block” copolymers.17,18,21−23 In truth, these
block copolymers are gradient copolymers with a very steep
gradient as they change from alternating copolymers to a
styrene homoblock. Here, we show that the gradient in the
polymer composition can be modeled using the reactivity ratios
determined by Klumpermann,24 and thereby used to predict
the compositions of RAFT made copolymers. Previous studies
on SMALPs formed through RAFT made copolymers were
performed assuming the polymerization was fully alternating so

long as maleic anhydride was present.25 This is an
approximation which results in a loss of nuance in the
understanding of the polymer composition. Modeling the
reaction provides insight into the effects on polymer
architecture yielded by changes to the experimental conditions,
enabling a higher degree of control of the SMA system.
Previous work with polymer self-assemblies, with and without
protein, finds that global polymer composition, architecture and
molecular weight all influence the self-assembled struc-
tures.26−29 With this body of evidence, it can be assumed
that these parameters can influence SMALPs, as these are self-
assembled structures as well.
This work aims at establishing an understanding of which

properties of the SMA copolymer architecture enable it to form
SMALPs. By judiciously choosing polymerization conditions
based on modeling the polymerization, we show that it is
possible to control the molecular weight, the overall content of
MAnh, as well as the extent of the gradient in monomer
composition using the high-precision polymer synthesis RAFT.
We show that a lower dispersity of the copolymer translates
into a lower dispersity in SMALPs formed, offering a more
homogeneous sample. We hypothesize that the control of
SMALP dispersity will enable unprecedented structural studies
of membrane proteins. This study also paves the way for new
opportunities with SMALP systems in terms of conjugation
chemistry, as the terminal functionality on the polymers can be
used for highly controlled conjugations allowing addition of
purification tags.

■ MATERIALS AND METHODS
Chemicals and Reagents. All reagents were purchased from

Sigma-Aldrich and used without further purification unless specified
otherwise. Azobisisobutryonitrile (AIBN) was recrystallized in ethanol
prior to use. Inhibitor was removed from styrene prior to
polymerization by cryo-distillation. Maleic anhydride was purified by
sublimation under vacuum prior to polymerization.

Figure 1. Synthesis of SMA and formation of SMALPs.

Figure 2. Simulations of the compositional drift in St-co-MAnh made
by RAFT (left) compared to a hypothetical polymer of equal length
made in a CSTR. The graph is the probability of finding St (red) or
MAnh (blue) in a given monomer position in relation to the R group
of the RAFT agent. Rows show examples of polymer composition over
a given length, as obtained by simulation.
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Simulations of Polymerizations. The polymerizations were
simulated by the Monte Carlo method, using the penultimate model
and the reactivity ratios determined by Klumperman et al.24 An in-
house program was made for determining compositions as a function
of monomer conversion using the Mayo−Lewis equation, according to
the method described by Harrison et al.30 The program does not take
the continuous initiation of polymers into account, and assumes all
polymers to be of equal size. Additionally, polymers can add different
number of monomers to the chain in each cycle of propagation. As a
result, the composition of individual polymers can vary significantly
from the average that the program predicts.31 The polymerization
should have a very selective addition to styrene by the cyanopropyl R
group of the RAFT agent.32 Accordingly, simulations were performed
with the assumption that styrene was the first monomer to be added to
the R group, regardless of MAnh concentration.
Polymerizations. Each reaction mixture was divided equally

between 6 clean 50 mL glass Schlenk tubes fitted with Teflon screw
caps. The reaction mixtures were degassed by 4 freeze−pump−thaw
cycles and sealed at 30 mTorr. All polymerizations were heated to 70
°C for the duration of the polymerization. Polymers were purified by
precipitation into isopropanol, followed by filtering the polymers and
drying in vacuo. This yielded the polymers as pink powders. The table
containing all measured conversions is in Table S1.
A series: [M]:[RAFT] = 400, [St]:[MAh] = 95:5. A stock solution

of the reaction mixture was prepared by mixing styrene (32.6 g, 313
mmol), maleic anhydride (1.62 g, 16.5 mmol), 2-cyano-2-propyl
benzodithioate (180 mg, 0.81 mmol), AIBN (27 mg, 0.16 mmol), and
DMF (32.7 g, 31.0 mL). Individual reactions polymerized for 1−4 h
(A1), 5 h (A2), and 16 h (A3).
B series: [M]:[RAFT] = 200, [St]:[MAh] = 90:10. A stock solution

of the reaction mixture was prepared by mixing styrene (31.0 g, 297
mmol), maleic anhydride (3,24 g, 33.0 mmol), 2-cyano-2-propyl
benzodithioate (350 mg, 1.60 mmol), AIBN (51 mg, 0.32 mmol), and
DMF (30.9 g, 29.3 mL). Individual reactions polymerized for 2, 4 h
(B1), 6 h (B2), 8 h (B3), 10 h (B4) and 16 h (B5).
C series: [M]:[RAFT] = 100, [St]:[MAh] = 80:20. A stock solution

of the reaction mixture was prepared by mixing styrene (27.4 g, 220
mmol), maleic anhydride (6.46 g, 65.9 mmol), 2-Cyano-2-propyl
benzodithioate (738 mg, 3.33 mmol), AIBN (0.11 mg, 0,66 mmol),
and DMF (27.5 g, 26. ̀mL). Individual reactions polymerized for 2, 4
(C1), 6 (C2), 8 (C3), 10 (C4) and 16 h (C5).
D [M]:[RAFT] = 43, [St]:[MAh] = 3:1. The reaction mixture was

prepared by mixing styrene (2.66 g, 25.6 mmol), maleic anhydride
(536 mg, 8.5 mmol), 2-Cyano-2-propyl benzodithioate benzodithioate
(176 mg, 894 μmol), AIBN (26 mg, 0.16 mmol), and Dioxane (2.9
mL). This reaction polymerized for 16 h.
E [M]:[RAFT] = 43, [St]:[MAh] = 2:1. The reaction mixture was

prepared by mixing styrene (2.36 g, 23 mmol), maleic anhydride (1.11
g, 11.3 mmol), 2-cyano-2-propyl benzodithioate (176 mg, 894 μmol),
AIBN (26 mg, 0.16 mmol), and dioxane (2.6 mL). This reaction
polymerized for 16 h.
F [M]:[RAFT] = 92, [St]:[MAh] = 3:1. The reaction mixture was

prepared by mixing styrene (2.66 g, 25.6 mmol), maleic anhydride
(536 mg, 8.5 mmol), 2-cyano-2-propyl benzodithioate (82.4 mg, 0.372
mmol), AIBN (12 mg, 75 μmol), and dioxane (2.9 mL). This reaction
polymerized for 16 h.
Hydrolysis of St-co-MAnh. Conversion of St-co-MAnh to SMA

was performed by hydrolysis in THF. Here 500 mg of polymer was
dissolved in 4 mL of THF, 2 mL of water and 1 mL of TEA in a 50 mL
tube. This initially dissolved the polymer. A cloudy suspension formed
after a few minutes and fully phase separated after 30 min at 70 °C.
The hydrolyzed polymer was then precipitated by the addition of
water and HCl(aq). Centrifuging the precipitate was followed by
decanting off the supernatant, and the polymer was further purified by
dissolving the precipitate in a minimum of ethanol, followed by
reprecipitation by the addition of water. This procedure was repeated
three times and the purified product was dried in vacuo. This
procedure hydrolyzed the anhydride, yet preserved the terminal
dithiobenzoate. Using NaOH for the hydrolysis resulted in the
dithiobenzoate being partially cleaved.

One-Pot Maleimide Functionalization. The dithiobenzoate was
cleaved from the sodium-salt of polymers with 5 equiv of butylamine,
in the presence of 5 equiv trimethylphosphite in methanol at a
concentration of 50 mg/mL of polymer. This reaction was determined
to be complete by 1H NMR after 28 h at room temperature (Figure
S1). Next, 2.5 equiv of sulfo-cyanine5 maleimide was added and left to
react overnight. Conjugated products were recovered by evaporating
the methanol with a gentle air flow, followed by dissolving the crude
product in water. This was passed twice through Illustra NAP columns
and lyophilized to yield the polymer conjugate. Coelution of dye and
polymer on the NAP column proved a successful conjugation.

To show the conjugation by 1H NMR, a sample polymer was
purified after dithiobenzoate removal by precipitation into 0.1 M HCl
(aq) and washing with water, and then residual water was removed in
vacuo. This sample was subsequently dissolved in MeOD with 0.05 M
K2CO3, with 2.5 equiv N-methyl maleimide subsequently being added,
yielding the maleimide conjugate. Comparing the polymer conjugate
with the nonconjugated polymer by 1H NMR revealed approximately
86% of the polymer end groups had been modified with the
maleimide.

Characterization of Copolymers. 1H NMR spectra were carried
with a Bruker Avance DRX 500 spectrometer (500 MHz) using a 5
mm Z-gradient Broad Band probe or a Bruker Avance AV 500
spectrometer (500 MHz) using a Z-gradient Triple Broad Band
Inverse detection probe. Styrene conversion was measured on crude
reaction mixtures in CDCl3, using DMF as an internal standard. The
calculated styrene content from the conversions combined with the
simulations was compared to the styrene to maleic acid ratio found in
purified SMA in MeOD. Number-average (Mn) and weight-average
(Mw) molar mass and dispersity (Đ = Mw/Mn) of copolymers were
obtained from gel permeation chromatography (GPC) carried out
using an Agilent 1260 Infinity series instrument outfitted with an
Agilent PolyPore column (300 × 7.5 mm). THF was used as eluent at
1 mL min−1 at room temperature. Poly(methyl methacrylate)
standards were used to calibrate the GPC system. Analyte samples
at 2 mg mL−1 were filtered through a polytetrafluoroethylene (PTFE)
membrane with 0.2 mm pore before injection (20 μL).

Lipid solubilization assay. For each sample, 10 μL of POPC with 2%
of Liss Rho PE and 10 μL of a 10 wt % neutralized polymer solution
and 80 μL of HEPES buffer pH 7.3 to a total volume of 100 μL. The
samples were incubated for 30 min at 30 °C and 700 rpm.
Nonsolubilized lipid was removed by centrifugation at 20 000g for
30 min. The absorption of Liss Rho PE was measured at 550 nm to
quantify solubilized lipid. Size exclusion chromatography of SMALPs
was performed on an ÄKTA explorer 100 FPLC system (GE Life
Sciences) equipped with a Superose 6 10/300 GL column (GE Life
Sciences) and a flow rate of 0.5 mL min−1. The column was pre-
equilibrated in running buffer (50 mM HEPES, 100 mM NaCl pH
7.0).

Membrane Protein Extraction and Fluorescence-SEC Anal-
ysis. Here 25 mg of HEK293F cells expressing a GFP-tagged
membrane protein were resuspended in 200 μL HBS (50 mM HEPES,
pH 7.4 and 150 mM NaCl) supplemented with EDTA-Free
SIGMAFAST Protease Inhibitor Cocktail tablets (Sigma). Next 50
μL of cell suspension was mixed with 50 μL of 2% polymer solubilized
in HBS for a final concentration of 1% and incubated on a rolling table
for 2 h. Large aggregates were removed from the suspension by
ultracentrifugation at 70 000g for 10 min and 10 μL of the supernatant
was loaded onto a Superose6 column (5/150 GL) pre-equilibrated
with HBS buffer. Separation was performed at a flow rate of 0.2 mL/
min, and the eluent was detected by using a Shimadzu fluorometer
with excitation at 488 nm, emission at 509 nm, and a recording time of
20 min.

Microscope Hardware and Imaging Acquisition. Single SMA
lipid particles containing a mixture of SMA-D, 98% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (16:0−18:1 POPC, Avanti Polar
Lipids cat# 850457), and 2% Lissamine Rhodamine phosphoethanol-
amine (16:0 Liss Rhod PE, Avanti Polar Lipids cat# 810158) were
visualized on an inverted Nikon Eclipse Ti microscope using a Nikon
100× TIRF oil immersion objective (1.49 NA). Samples were
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positioned in the x-axis and y-axis using an Applied Scientific
Instrumentation (ASI) stage and joystick. Images were acquired on
an Andor iXon Ultra EMCCD camera (Andor Technology Ltd., UK).
Fluorescent SMA lipid particles were excited using a 561 nm diode
laser (OBIS laser diode, Coherent Inc. Santa Clara, CA) controlled
with a Solemere laser driver with analog and digital modulation (∼2
mW of power measured through the objective). Excitation light was
passed through a dichroic filter cube (ZT561rdc, Semrock), followed
by ET600/50M (Semrock) mounted in a Sutter Instruments filter
wheel. TIRF microscopy images of SMA lipid particles were collected
at 21−23 °C in phosphate buffer saline [pH 7.4]. Microscope and
hardware were controlled using Micro-Manager v4.0.33

Particle Intensity Distribution and Multistep Photobleach-
ing. Using ImageJ, TIRF microscope images of SMA lipid particles
were converted from 16-bit to 8-bit files. Images were the thresholded,
despeckled, and converted to a binary mask representing the position
of each SMA lipid particle. Measurements were set to integrate the
intensity of each particle on the raw data file using the binary mask for
particle coordinates. Histogram of SMA lipid particles intensities was
generated using PRISM graphing software. Representative SMA lipid
particle multistep-photobleaching trace (Figure 6C) was generated in
ImageJ using the Z-axis profile tool to measure the integrated intensity
as a function of time.

■ RESULTS AND DISCUSSION

RAFT Polymerization of St-co-MAnh Copolymers. In
order to control size, dispersity, polymer composition, and
statistical distribution of momoners, we employed RAFT
polymerization. The experimental conditions were chosen on
the basis of simulations using the Mayo−Lewis equation,34

including the penultimate monomer model and reactivity ratios
for the copolymerization.24 While the modeling is mathemati-
cally very simple, there is a gap between experimentalists and
theoreticians, as there are very few practical tools to model
polymerizations. Inspired by the work of Harrison et al.,30 we
developed an easy to use in-house program, capable of
modeling compositional drifts in controlled radical polymer-
izations, based on the ratio between individual monomers
([St]:[MAnh]), monomers to RAFT ([M]:[RAFT]), and
reactivity ratios of the monomers. This program is the focus
of a future publication.
Our simulations show a gradient in the composition, yet

using a high [M]:[RAFT] ratio along with a very large [St]:
[MAnh] ratio would result in a high styrene fraction at low
degree of polymerization (DP) with only a slight gradient in
compositional drift. Decreasing the [St]:[MAnh] ratio while
decreasing the [M]:[RAFT] ratio results in polymers with a
greater gradient in composition, but a similar, albeit DP
dependent, composition globally. In addition to these, select
samples were made aiming for low DP polymers with a very
steep gradient in compositional drift. Altogether, by varying the
experimental parameters on the basis of the simulations, it was
possible to control MAnh content as well as the compositional
gradient, Figure 3 and Table S1. There were a few noteworthy
observations during the synthesis of the polymers: aqueous
solutions of SMA polymers terminated while MAnh was still
present in the reaction mixture appear amber in color, while
those terminated after MAnh depletion are pink (Figure 4).
The change in color in the B series supports that MAnh is

the terminal group on dormant chains while it is still present in
the polymerization, due to the MAnh radical having a high
affinity toward the CS bond.16 In addition to the styrene
content following the trend predicted by simulation (Table S1).
1H NMR also supports the change in compositional drift. As
the polymerization progresses a shoulder emerges in the phenyl

peak shape at 6.6 ppm, corresponding to more nonalternating
styrene segments (Figure 4). 13C NMR of these polymers also
corroborates the emergence of SSS triads (data not shown).
However, as MAnh is depleted, the rate of propagation slows.
Consequently, growing a styrene homoblock takes significantly
longer than a statistical copolymer block.35 All methods of
analysis support RAFT control, i.e., size determined by GPC,
the [St]:[MAnh] ratio determined by 1H NMR of the purified
polymer, and the presence of the dithiobenzoate end group.
For each polymer series, higher monomer conversions via 1H
NMR yielded correspondingly higher molecular weights via
GPC. Thus, using the reactivity ratios, it is possible to predict
and aim for specific compositions with RAFT polymerization,
affording an entire new dimension of control. This allows for
RAFT produced polymers that approximate the statistical
distribution of CSTR made polymers, while maintaining low
dispersity in molecular weight. The trade-off to this approach is
that this control is only allowed in a narrow window in terms of
DP, i.e., high DP low dispersity polymers with regularly
dispersed MA are not possible through this technique. This set
of polymers allows to assay the importance of individual
parameters, by comparing polymers that only differ in one
parameter (e.g., global styrene content, gradient, and DP).

Terminal Conjugation. The polymers were shown to be
terminally functionalized through facile thiol-maleimide cou-
pling. SMALPs have previously been functionalized with
cysteamine, opening the anhydride to yield thiols as pendant
groups.36 While functional, the drawback is that nonstoichio-
metric pendant group functionalization adds functional group
dispersity to a system already highly disperse in molecular
weight. Functionalization through the RAFT terminal groups
allows for a controlled conjugation with a single moiety per
polymer. By virtue of the RAFT polymerization, the polymers

Figure 3. Compositional trajectories with different [M]:[RAFT] and
[St]:[MAnh] ratios. Probabilities are denoted in the plot, St (red),
MAnh (blue). Individual polymers within a set reached different
conversions by stopping the reactions at different time points. A
vertical line indicates a synthesized polymer described in Table S1.
Simulations are performed with styrene being the first monomer,
according to the reactivity of the cyanoisopropyl radical.
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have a dithiobenzoate terminus after gentle hydrolysis of the
maleic anhydride. This can be removed and the resulting thiol

can be sequentially coupled to a maleimide in a one-pot
reaction, Scheme 1. Abel and McCormick describe the one-pot
terminal functionalization of RAFT made polymers using
maleimides,37 and the reaction was accommodated to this
polymer system. In short, butylamine was allowed to react with
the sodium salt of the hydrolyzed polymer in methanol to
cleave the dithiobenzoate (Figure S1). The reaction was
performed in the presence of trimethylphosphite to protect the
formed thiol from oxidation. Subsequently, N-methyl mal-
eimide was added, yielding the conjugate in less than 1 h, with
approximately 86% of the polymers having been functionalized
with the maleimide. The applicability of this coupling chemistry
in conjunction with SMALP formation is broad, yet easy to
approach as functional maleimides are widely available. This
feature of the polymers could have ramifications well beyond
this work.

SMALP Formation. It is observed that both global styrene
content as well as composition influence the ability to dissolve
lipids (Figure 5A). Scheidelaar et al. describe that the property
necessary for SMALP formation is essentially the amphiphilicity
of the polymer, with the 2:1 ratio of [St]:[MA] being the most
effective. Correspondingly, a higher content of MA still proves
useful at lower pH, as the carboxylates are partially protonated
thereby canceling out some of the charge of the polymer,
corroborating their conclusion that the overall amphiphilicity is
pivotal. It was also clear that polymers were ineffective at pH
7.3 when comparing the C series to polymers B1−B4, with the
main difference between the two series being the MA content.
A gradient statistical distribution of MA in RAFT made SMA

does seem to be beneficial, as seen with D being superior to B3.
Both polymers have similar MA content and size, but a different
gradient in composition.
However, if the polymerization proceeds beyond the

gradient, as is observed for B5, the ability to solubilize lipids
is diminished. The polymer that exhibited the highest
solubilizing ability was D, a polymer of only 3 kDa, with a
very steep gradient in composition. So while size does not seem
to carry any influence with polymers of a homogeneous
composition, a small polymer with a steep gradient appears to
be more effective than a polymer of similar size and MA
content, but lacking the strong gradient, such as B2 and B3.
The lipid particles for the different successful polymers were
further analyzed by SEC, measuring the absorbance of Liss Rho
PE.

Figure 4. 1H NMR of B series in MeOD. As end groups constitute less
of the polymer mass as the polymerization proceeds they also recede
in intensity (1 and 2). Additionally, a shoulder on the phenyl signal
increases in intensity as the styrene content increases, arising from
nonalternating styrene segments. Bottom: colors of SMA solutions,
showing a shift from amber to pink as styrene becomes the dominating
terminal residue.

Scheme 1a

a(A) Polymerization and one-pot maleimide conjugation. (B) 1H NMR of polymer prior to conjugation (red line) and after conjugation with excess
maleimide (blue line).
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The polymer D yielded a narrow dispersity of particle sizes in
comparison with SMA2000 (Figure 5B). The fact that polymers
with a well-defined architecture and low dispersity yield low-
dispersity particles shows that a fine degree of control of
SMALP sizes is possible. The polymers B1−B4 made SMALPs
with both narrow dispersity and discrete sizes across the series
(Figure 5C), while B5 was ineffective in producing SMALPs.

Although, SEC demonstrates that discs generated in the
presence of polymer D are of very low dispersity (Figure 5B),
variability in disc fluorescent intensity is observed (Figure 6A);
this can be attributed to Poissonian distribution of Rhodamine
PE lipids (Figure 6B) across all discs formed. Multistep
photobleaching confirms the number of fluorescent lipids in
individual discs (Figure 6C).
Structural biology applications are expected to benefit from

lower sample dispersity. Initial testing of these polymers has
been performed with an oligomeric membrane protein of which
a structure has yet to be elucidated. The polymer was added to
a suspension of whole cells to solubilize the protein directly
with native lipids. The size of the protein-SMALP varies with
the polymer used, showing that the control of size is also
possible in the presence of protein (Figure 5D). Surprisingly,
polymers C1−C4 were effective and all made particles of
similar sizes (Figure S2), showing that an inability of polymers
to dissolve lipids does not necessarily translate into an
incapability to solubilize membrane proteins. Moreover, it
was observed that polymers harboring a short styrene
homoblock, B5, C5, and F, were completely incapable of
dissolving protein into SMALPs. Here the observations
regarding lipid dissolution coincide with the lack of ability to
make protein containing SMALPs, adding weight to the
observation that a styrene homoblock is detrimental to the
system. Polymer D is the interesting exception, being very small
while having a very sharp gradient and an average terminal
sequence of 2−3 styrene residues, which hardly qualifies as a
block. With these properties, D has more features in common
with classic detergents than it does with SMA2000. The fact
that D was the most effective SMA copolymer demonstrates
that efficient SMALP forming polymers can have properties
that deviate substantially from the most commonly used SMA

Figure 5. (A) Lipid dissolution. Ability to solubilize a mixture of Liss Rho PE with DOPC, normalized to lipid solubilized with Triton X. The
conditions of the assay were chosen so SMA2000 did not solubilize all lipid, as to give a comparison of the lipid solubilizing capabilities of the RAFT
polymers in relation to the maximum capacity of SMA2000. Of all the polymers tested, the commercially available SMA2000 solubilized the most
lipid. A1 was ineffective in comparison to A2. The B series dissolves more lipid than C series, expected from the higher styrene content. B5 is
comparable to the C series, despite having the highest styrene content of the B series. Of the RAFT made polymers D was most effective lipid
solubilizer. (B) SEC of discs made with SMA2000 and SMA-D, with SMA-D showing low dispersity of discs formed. (C) FSEC of lipid particles with
Liss Rho PE, showing discrete SMALP sizes, from smallest to largest; B1 < B3 < B4. B2 is omitted for clarity as B2 and B3 produced similar sizes.
(D) FSEC of GFP-fused membrane protein in discs made with the B series. B1, B3, and B4 yield distinct disc sizes. From the change in elution time,
it is observed that the modest differences in size observed in empty discs are amplified by the inclusion of protein in the discs. B5 was not capable of
producing discs.

Figure 6. Visualization of RAFT polymer D lipid particles by
fluorescence microscopy. (A) Fluorescence microscopy image of lipid
particles generated in the presence of polymer D. Magnified image of
fluorescent particles shown to the right. (B) Frequency distribution of
lipid particle intensity. Measurements represents mean fluorescence
intensity of individual particles (n = 2871 particles analyzed). (C)
Lipid composition: 98% POPC, 2% Rhodamine PE.
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copolymers Taken together with the new possibilities involving
terminal conjugations, it is fortunate that D proved effective.
Short polymers allow for more functionalization per mass.
However, given its small size, the ability to form SMALPs could
be affected, as any tag conjugate will result in a change in
polymer structure. This will likely be case specific, and a longer
polymer with less of a gradient would likely be preferred if this
is an issue for the smaller polymers.

■ CONCLUSIONS

By combining simulation with meticulous RAFT polymer
synthesis, it is possible to make well-defined SMA copolymers
having control of size and polymer architecture in terms of both
composition and their drift along the polymer chain. These
polymers were in turn shown to dissolve lipids and form
SMALPs, with and without integral membrane protein. The
system is flexible in terms of variations in polymer architecture.
The size of the polymer did not show an effect if the global
composition was comparable; however, a styrene homoblock
was in most cases detrimental to the system. The size of protein
containing SMALPs can likely be controlled through a
combination of size and slope of the gradient in its
composition, as was found for the B series of polymers. The
SMALPs made through low-dispersity polymers also exhibit a
lower dispersity than SMA2000. Finally, the RAFT technique
allows controlled conjugations to maleimides through the
polymer terminus; a feat not possible on commercially available
SMA polymers. This allows for functionalization with dyes and
affinity tags, increasing the utility of RAFT made SMA. This is
in line with the needs of the system molecular biology, as it
transforms SMA nanodiscs into a tool with fewer uncertainties,
as the system attains a lower dispersity of all properties.
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