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ABSTRACT The styrene-maleic acid (SMA) copolymer is rapidly gaining attention as a tool in membrane research, due to
its ability to directly solubilize lipid membranes into nanodisk particles without the requirement of conventional
detergents. Although many variants of SMA are commercially available, so far only SMA variants with a 2:1 and 3:1 styrene-
to-maleic acid ratio have been used in lipid membrane studies. It is not known how SMA composition affects the solubilization
behavior of SMA. Here, we systematically investigated the effect of varying the styrene/maleic acid on the properties of SMA in
solution and on its interaction with membranes. Also the effect of pH was studied, because the proton concentration in the
solution will affect the charge density and thereby may modulate the properties of the polymers. Using model membranes of
1,2-dimyristoyl-sn-glycero-3-phosphocholine lipids at pH > pHagg, we found that membrane solubilization is promoted by a
low charge density and by a relatively high fraction of maleic acid units in the polymer. Furthermore, it was found that a
collapsed conformation of the polymer is required to ensure efficient insertion into the lipid membrane and that efficient
solubilization may be improved by a more homogenous distribution of the maleic acid monomer units along the polymer
chain. Altogether, the results show large differences in behavior between the SMA variants tested in the various steps of solu-
bilization. Themain conclusion is that the variant with a 2:1 styrene-to-maleic acid ratio is the most efficient membrane solubilizer
in a wide pH range.
INTRODUCTION
The styrene-maleic acid (SMA) copolymer has recently
gained much attention as solubilizing agent in the field of
membrane protein and lipid bilayer research (for reviews,
see Dörr et al. (1), Lee et al. (2), and Wheatley et al. (3)). It
has been shown that this polymer is able to directly solubilize
lipid membranes into nanodisk particles without the help of
detergents. In this way, membrane proteins can be solubilized
in their native lipid environment (4–7), which was found to
help stabilize the protein (5,6,8). This has opened options to
purify membrane proteins that are unstable in detergent mi-
celles and to study native protein-lipid interactions by
biochemical methods. A further advantage of these so-called
native nanodisks is that they are small, with sizes in the range
of 10–25 nm (4–6,9–15). This makes them suitable to be
characterized by avariety of biophysical approaches including
UV/Vis- andfluorescence spectroscopy (5,6,8), aswell as light
scattering techniques (6,14).
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The SMA copolymer consists of hydrophobic styrene and
hydrophilic maleic acid monomer units (Fig. 1), and vari-
ants with different monomer ratios and molecular weights
are commercially available. Table 1 introduces some of
these SMAvariants and summarizes their physico-chemical
properties. In all currently available studies using SMA for
membrane solubilization and membrane protein isolation,
the polymer variants used had a styrene-to-maleic acid ratio
(styrene/maleic acid) of 2:1 (SMA 2:1) or 3:1 (SMA 3:1).
The pH in solubilization experiments is typically in the
range of 7.5–8.0, independent of the SMA variant used.
The choices for using a specific SMA variant and/or pH so
far have not been discussed in the literature and the effects
of varying polymer composition or pH have not been inves-
tigated. Yet these parameters are likely to be important for
the solubilization properties of SMA, because they deter-
mine essential factors such as hydrophobicity, ionization
state, and charge density (16).

In this study, we systematically investigate the effects of
polymer composition and pH on the solubilization effi-
ciency of SMA using model membranes. 1,2-Dimyristoyl-
sn-glycero-3-phosphocholine (di-14:0 PC) is selected as

mailto:s.scheidelaar@uu.nl
mailto:j.a.killian@uu.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2016.09.025&domain=pdf


FIGURE 1 Chemical structure of the SMA polymer at 50% ionization.

In this study, polymers with four different average styrene/maleic acid

(n/m) ¼ 1.4:1, 2:1, 3:1, and 4:1 have been used.
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lipid because it has been used in different SMA studies
where the mode of action of SMA (3,15) and the structural
properties of styrene maleic acid lipid particles (14) have
been characterized in molecular detail. In the systematic
comparison presented here, we focus on different steps in
the solubilization process of lipid membranes by SMA ac-
cording to our previously proposed model (15). In brief,
polymers that are initially dissolved in aqueous solution
insert into the lipid membrane. The insertion of polymers
then leads to membrane destabilization and subsequently
to the formation of nanodisks. Along these lines, we will
start by addressing some properties of SMA in solution,
such as water solubility and molecular conformation of
the polymers. Next, we will discuss the insertion of SMA
into di-14:0 PC lipids as monitored by lipid monolayer
experiments. Last, we will focus on the destabilization of
membranes by SMA, which was investigated by means of
a vesicle solubilization assay.

This study provides new insights into the relation between
the monomer composition of SMA copolymers and their
membrane-solubilizing properties, which will help to select
the best SMA copolymer for the solubilization and isolation
of membrane proteins from intact cells or for membrane
solubilization under specific conditions such as low pH.
MATERIALS AND METHODS

Materials

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL). The

following two lipids were used: 1,2-dimyristoyl-sn-glycero-3-phosphocho-

line (di-14:0 PC) and 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (di-

14:0 PG). The different styrene maleic anhydride (SMAnh) copolymer
TABLE 1 SMA Variants Used in this Study

Brand Name

Styrene/Maleic

Acida
Mol %

Styrene

Mol %

Maleic Acid Mw (kDa)b

Xiran SZ 40005 1.4:1 57 43 5

Xiran SZ 30010 2:1 67 33 10

Xiran SZ 25010 3:1 75 25 10

Xiran SZ 20010 4:1 80 20 11

aBased on the acid value of the polymers as provided by the manufacturer.
bValues were provided by the manufacturer and are given as weight-average

molecular weight, which is defined as Mw ¼
P

M2
i �niP

Mi�ni
:

variants were a kind gift from Polyscope Polymers B.V. (Geleen, The

Netherlands). All other chemicals were purchased from Sigma-Aldrich

(St. Louis, MO).
SMA copolymer preparation

The SMAvariants used throughout this study (see Table 1) were prepared in

the same way as described in Scheidelaar et al. (15). Briefly, 5% (w/v)

SMAnh suspensions in 1 M KOH were refluxed for ~4 h, after which the

SMA was recovered by acid precipitation in 1.1 M HCl. The precipitated

SMA was washed at least four times with 10 mM HCl. Finally, the SMA

was dried and stored at room temperature until use. The 5% (w/v) SMA

solutions were prepared by dissolving SMA powder in Milli-Q water

(Millipore, Billerica, MA) while stirring and heating at 60�C. A 1 M

KOH solution was slowly added until the SMA powder was completely

dissolved and the solution reached pH 8.0. Finally, the obtained SMA

solutions were filtered through a 0.22 mm Whatman filter (GE Healthcare

Sciences, Marlborough, MA) to remove any residual particles that could

possibly interfere with turbidity measurements.
Preparation of large unilamellar vesicles

Lipid stock solutions were prepared by dissolving dry lipid powder in

chloroform/methanol 9:1 (v/v). Multilamellar vesicles at a concentration

of 5 mM phospholipid were prepared by hydration of vacuum-dried

lipid films in a 40 mM Britton-Robinson buffer (40 mM of acetic

acid, boric acid, and phosphoric acid) containing 150 mM NaCl (will

be referred to as standard BR-buffer) at the desired pH between 4.0

and 9.0. After hydration, at least 10 freeze-thaw cycles were performed

using a dry ice/ethanol bath and a water bath set at a temperature at least

10�C above the gel-to-liquid crystalline phase transition temperature

(Tm) of di-14:0 PC (Tm ¼ 23�C). Subsequently, large unilamellar vesicles

(LUVs) were prepared by extruding multilamellar vesicle dispersions at

least 15 times at temperatures above Tm through a 400 nm Whatman

polycarbonate filter using an Avanti Mini-Extruder (Avanti Polar Lipids).

The average size of LUVs was checked by dynamic light scattering

and was found to be centered at ~400 nm. Phospholipid concentrat-

ions of LUVs were determined by a phosphate assay according to

Rouser et al. (17).
Determination of aqueous solubility of SMA
copolymers

The solubility of the different SMA variants in water was determined in

the following way. SMA solutions at a concentration of 0.1% (w/v) in a

volume of 1.0 mL were prepared in a BR-buffer containing 150, 300, or

500 mM NaCl at the desired pH. The solutions were vortexed and

allowed to equilibrate overnight at 20�C. Subsequently, after vortexing

and 10 min equilibration, the optical density of the SMA solutions was

measured at a wavelength of 350 nm using a Lambda 18 Spectrophotom-

eter (PerkinElmer,Waltham, MA) in a 10 mm quartz cuvette holding a to-

tal volume of 900 mL. The SMA copolymer is considered to be water

soluble in the pH range where an optical density of zero was observed,

i.e., the value of pHagg is determined as the pH value of the first examined

SMA solution for which a nonzero optical density value was observed

upon decreasing pH.
Acid-base titrations on SMA copolymers

Titrations on SMA copolymers were performed as follows. Milli-Q water

was degassed by purging N2 (g) through it for 30 min to remove traces of

carbon dioxide. Approximately 40 mg of dried SMA was dissolved in

0.5 mL methanol and added dropwise while stirring to 50 mL degassed
Biophysical Journal 111, 1974–1986, November 1, 2016 1975
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Milli-Q water containing 150 mM KCl to assure a constant ionic strength

during titration. A constant stream of N2 saturated with water was gently

blown above the surface of the SMA solution to prevent dissolution of

carbon dioxide from the air. The temperature was kept at 25�C using a tem-

perature-controlled water bath. The SMA solution was titrated with a 0.1 M

KOH solution using a T80/50 Automatic Titration System (Schott, Mainz,

Germany). A Seven Multi-pH Meter (Mettler-Toledo, Columbus, OH) was

used to measure the pH after each addition of base. The pH meter

was calibrated using calibration pH buffers at pH 4.0, 7.0, and 12.0

(Sigma-Aldrich). The measured pH values were corrected for possible

errors caused by nonlinear electrode responses in the extreme pH regions

using the Avdeef-Bucher four-parameter equation (see Supporting Mate-

rials and Methods). The corrected pH versus added volume of base curves

were converted into the ionization state versus pH graphs as described in the

Supporting Materials and Methods.
Nile Red fluorescence experiments

SMA solutions at a concentration of 0.1% (w/v) and a volume of 1.0 mL

were prepared in a standard BR-buffer at the desired pH. A 0.25 mM

Nile Red (NR) stock solution was prepared in ethanol and added to SMA

solutions to a concentration of 1 mM. The critical aggregation concentration

(CAC) was determined by preparing SMA solutions in a standard BR-

buffer at pH 8.0 at different polymer concentrations in the range from

10�5 to 10 mg/mL all containing 1 mM of NR. The solutions were vortexed

and allowed to equilibrate overnight at 20�C. Subsequently, NR fluores-

cence was measured after vortexing and 10 min equilibration on a Varian

Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies,

Santa Clara, CA) using a 10 mm quartz cuvette, 5 nm excitation slit,

5 nm emission slit, 1 nm resolution, 0.5 s averaging time, 120 nm/min

scan speed, and a Savitzky-Golay smoothing factor of 9. The temperature

was controlled with a Peltier device at 20�C. SMA solutions with NR at

different pH were excited at 490 nm because at that wavelength NR mole-

cules in a more hydrophobic environment are selectively excited (18),

which is convenient for the detection of a possible collapse of the polymer

chain. SMA solutions prepared at different polymer concentrations to detect

a possible CAC were excited at 550 nm, as mentioned in Stuart et al. (18).

The emission was recorded in the 550–700 nm region. The CAC was

determined from a weighted least-square fitting using an adjusted sigmoidal

function given by

lem;max ¼ Bþ ðA� BÞ
1þ

�
½SMA�
CAC

�n ;

in which A is the average lem;max before the transition, B is the average

lem;max after the transition, and n is the cooperativity factor of the transition.
P211 ¼
F1

F1 � 1
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
F1

1� F1

�2

þ
s

2

�
r11
r21

�

P112 ¼
�F1 þ ð1� F1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
F1

1� F

s

2ð2F1 �
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Lipid monolayer experiments

Surface pressure isotherms versus time were recorded for lipid monolayers

of di-14:0 PC and di-14:0 PC/di-14:0 PG (1:1, molar) while adding 20 mL

5% (w/v) SMA, which represents a final concentration of 0.005% w/v.

Addition of more SMA did not lead to a further increase in the surface

pressure. Lipid monolayers were spread at the air-water interface by addi-

tion of a phospholipid solution (0.5 mM in 9:1 v/v chloroform/methanol)

until the required initial surface pressure of 25 mN/m was reached. Solvent

evaporation and equilibration of the initial surface pressure was allowed for

at least 10 min before each experiment. All measurements were performed

in a 6.0 � 5.5 cm compartment of a homemade Teflon trough filled with

20 mL standard BR-buffer at the desired pH at 20 5 1�C and at constant

area while stirring of the subphase. The surface pressure in time was

recorded using a commercially available monolayer system (Micro-

TroughXS; Kibron, Helsinki, Finland). The increase in surface pressure

as determined after 45 min in each experiment was reproducible

within 51 mN/m.
Vesicle solubilization experiments

The kinetics of solubilization of lipid vesicles (400 nm diameter) by the

different SMA variants was monitored by turbidity measurements at

350 nm using a Lambda 18 Spectrophotometer (PerkinElmer) equipped

with a Peltier element. In all experiments, a 10 mm quartz cuvette was

used holding a total volume of 700 mL. The phospholipid vesicle disper-

sions (0.5 mM phospholipid in standard BR-buffer at the desired pH) were

temperature equilibrated at 15�C for at least 10 min before addition of

15 mL of a 5% (w/v) SMA solution yielding a final SMA concentration

of 0.1% (w/v). This corresponds to a SMA/phospholipid of 3:1 (w/w).

SMA addition was followed by quickly mixing the contents of the cuvette

using a 200 mL pipette after which the starting point was set to zero

(t ¼ 0). Similar time traces were obtained by stirring the solutions, but

this yielded higher noise levels and was therefore avoided. Time traces

of the optical density at 350 nm were reproducible for all experiments.

The curves displayed in the Results are representative, and from a single

experiment.
Analysis of the monomer sequence of SMA
copolymers

The monomer sequences of the SMA copolymers were simulated according

to the penultimate unit model with the assumption that maleic anhydride

monomers do not homopolymerize (19,20). In this model, the probability

P to add a styrene (¼ 1) or maleic anhydride (¼ 2) monomer unit to a

growing polymer chain for which the last two monomers are either 21 or

11 is given by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

�
2F1 � 1

1� F1

��
r11
r21

� 1

�

1

� and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

�2

þ 4

�
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Here, F1 is the styrene fraction in the SMA copolymer of interest, and

r11=r21 is called the reactivity ratio. A value of r11=r21 ¼ 0.43 was used,

as has been described by Klumperman et al. (21). Models of 50,000

polymers with 100 units each were generated and used for the analysis of

styrene segments between two maleic acid units in the polymer. The results

were not significantly influenced by the number of polymers and number of

monomer units per polymer unless the number was reduced below 100

polymers or below 9 monomer units per polymer. The computer model

was implemented and run using the free programming software JustBASIC

v1.01 (Framingham, MA). The validity of our penultimate unit model was

checked by constructing a styrene-centered triad fraction versus SMA

composition graph. The graph was compared to the results as produced

by Klumperman et al. (21) and found to be completely equal.
B

FIGURE 2 (A) pH dependence of optical density values of SMA solu-

tions in standard BR buffer, which represent the solubility of the polymers.

(B) pH-dependent optical density of solutions of the SMA 2:1 variant in BR

buffer at varying ionic strength. All measurements were performed at a

polymer concentration of 0.1% w/v. The optical density was measured at

l ¼ 350 nm. Solid lines were added to guide the eye. To see this figure

in color, go online.
RESULTS

A lower styrene fraction in the polymer increases
the pH range in which SMA is soluble

The preparation of nanodisks from lipid membranes is usu-
ally performed by the addition of SMA copolymers in
aqueous solution to a membrane suspension. Therefore,
knowledge about the aqueous solubility of SMA variants
is important for determining their suitability for membrane
solubilization under given experimental conditions. A
particularly relevant parameter is the pH, because this deter-
mines the actual number of charges on the polymers. The
pH range in which SMA is soluble is furthermore expected
to vary with SMA composition, because a change in the sty-
rene-to-maleic acid ratio alters both the overall hydropho-
bicity and the maximum number of charges of the polymer.

Fig. 2 A shows the solubility of different SMAvariants as
function of pH at 150 mM NaCl as monitored by turbidity
measurements. In general, SMA copolymers are soluble at
high pH, but become insoluble at low pH (starting at pHagg)
as indicated by the increase in the apparent optical density
due to light scattering from aggregated polymer. The solubi-
lity range was found to be dependent on the styrene/maleic
acid of the polymer, an increase in the styrene content
decreasing the range in which SMA is water soluble. The
SMA 1.4:1, which is the most hydrophilic polymer used,
is soluble above pH 4.0, whereas the SMA 4:1, the most
hydrophobic polymer used, is only completely soluble in
the range from pH 7.0 to 9.0. At first sight, it might be
surprising that for this polymer at pH values below 5.0, a
decrease in optical density is observed. However, this does
not correspond to dissolution, but instead signifies polymer
precipitation.

Because negative charges on the polymer promote
aqueous solubility, it is expected that an increase in ionic
strength will decrease the polymer solubility due to Debye
charge screening. This is indeed the case as illustrated in
Fig. 2 B for the SMA 2:1 variant. At higher ionic strength
the polymer becomes less soluble, shifting the solubility
range to higher pH values. Nevertheless, at pH 7.0 or higher,
the SMA 2:1 variant is soluble even at 500 mM NaCl.
Reduced polymer solubility with increasing ionic strength
was also found for the other SMA variants (see Fig. S1 in
the Supporting Material).

In the following two sections, the physical properties of
the SMA variants are studied in more detail, starting with
the ionization state of the polymers.
The number of charges per unit length of polymer
determines the pH range in which SMA is soluble

The charges of the carboxylic groups of the maleic acid
units, and with that the ionization state of SMA, is an impor-
tant factor for the aqueous solubility of the polymer as well
as for the interactions between SMA and lipid membranes
(15). The ionization state at a given pH is determined by
the acid strength (pKa) of the acid groups in SMA. Because
the pKa values of acid groups are sensitive to the nearby
presence of hydrophobic groups and negative charges, it is
possible that the SMA variants have different pKa values
and thus different ionization states at a given pH.
Biophysical Journal 111, 1974–1986, November 1, 2016 1977



A

B

FIGURE 3 Influence of ionization state on aqueous solubility of SMA.

(A) Protonation state (left axis) and corresponding ionization state (right

axis) of the monomol of three SMA variants. The monomol is defined as

the smallest unit of the polymer that represents its overall monomer compo-

sition. Titrations were performed in triplicate and gave very similar results.

From the three repeated experiments the maximum error in pKa values is

estimated to be 50.2. For clarity, only a single representative ionization

curve is shown for each SMA variant. (B) Aqueous solubility of the SMA

variants as function of the linear charge density, which is given as the

number of charges per monomer unit where a monomer unit represents

either maleic acid or styrene. This graph was prepared by combining the re-

sults that are shown in Figs. 2 A and 3 A. Solid lines were added to guide the

eye. To see this figure in color, go online.
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A convenient way to characterize the ionization state of a
polymer is to evaluate the ionization state of a monomol
unit. The monomol unit is defined as the smallest unit of
the polymer that represents its overall composition. This
means that per monomol unit, each SMA variant will
contain one maleic acid unit and a varying number of
styrene units according to the styrene-to-maleic acid ratio
of the polymer. In this definition, the maximal number of
charges per monomol unit for each SMA variant is always
two.

To determine the ionization states of the SMA variants as
function of pH, acid-base titrations were performed and the
obtained titration curves were converted into ionization
states versus pH curves (see the Supporting Materials and
Methods). For all SMA variants, a titration curve could be
produced, except for the most hydrophobic SMA variant,
the SMA 4:1. The poor aqueous solubility of this polymer
frustrated the recording of a reliable titration curve and is
therefore not presented. Fig. 3 A shows the protonation state
(left axis) and corresponding ionization state (right axis)
with the associated apparent pKa values, which are found
at an ionization state of –0.5 and –1.5. The SMA 1.4:1
variant shows a steep increase in ionization between pH
4.0 and pH 5.0, after which the ionization state increases
more gradually to a maximum ionization at higher than
pH 11. The pKa values of the two acid groups in each mono-
mol are well separated with a pKa1 value at ~4.4 and a pKa2
value at ~9.0. This large difference is caused by the short
distance between the acid groups in the maleic acid units
of the SMA copolymer. After ionization of the first acid
group, the presence of a negative charge will cause the other
acid group to be more resistant toward releasing its proton.
In addition, the singly protonated state may be stabilized by
an internal hydrogen bridge in the maleic acid group (22).

The 2:1 and SMA 3:1 variants show a more gradual in-
crease in ionization state with curves that are similar in
shape. The increase in styrene content decreases the acid
strength of SMA as illustrated by the increase in the pKa1
value, which is ~5.5 for the SMA 2:1 variant and ~5.9 for
the SMA 3:1 variant. Despite their different monomer
composition, the curves almost overlap, suggesting that
the maleic acid units in both polymers experience a similar
chemical environment. This similarity in chemical environ-
ment is possibly caused by a similarity in the molecular
conformation of these polymers, as will be discussed later.

The pH-dependent solubility of SMA suggests a promi-
nent role for the number of maleic acid units and their ioniza-
tion state. The more hydrophobic SMA variants contain
fewer maleic acids units per polymer and thus require a
higher ionization state to remain water soluble, which is
essential for their ability to solubilize lipid membranes.
This is illustrated in Fig. 2 B by combining the solubility
curves (Fig. 2 A) with the ionization state curves (Fig. 3 B).
The obtained plot shows the optical density as a function of
the average charge density along polymer chains. This linear
1978 Biophysical Journal 111, 1974–1986, November 1, 2016
charge density is given as the number of charges per mono-
mer unit, where a monomer unit represents either maleic
acid or styrene. For each of the three SMA variants tested,
the aggregation point was found to be at ~0.045 charges
per monomer unit. This means that the aqueous solubility
of SMA is mainly governed by the linear charge density of
the polymer, which in turn is determined both by the pH
and the styrene content of the polymer.
A decrease in pH or an increase in the styrene
fraction in the polymer induces a conformational
change in SMA

Because water is a poor solvent for the hydrophobic styrene
units in SMA, the polymer may adapt its conformation to
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FIGURE 4 Fluorescence of NR in SMA solutions to probe polymer

conformation. (A) Emission spectra of NR in 0.1% w/v SMA solutions at

pH 8.0 excited at 490 nm. (B) Maximum emission wavelength as function

of pH in 0.1% w/v SMA solutions (lex ¼ 490 nm). (C) Maximum emission

wavelength as function of SMA concentration (lex ¼ 550 nm). The CAC

values for the 2:1, 3:1, and SMA 4:1 variants found to be 5.8, 5.9, and

5.9 mg/mL, respectively. For SMA 1.4:1, a CAC could not be determined

in this concentration range. In (B), only the pH range is shown where the

SMA variants were found to be water soluble according to Fig. 2 A. The

maximum emission wavelengths were estimated to have a maximum error

of ~51 nm (n¼ 3), except for the SMA 1.4:1 variant in (C), where the error

is larger (53 nm) due to very low emission intensities. Solid lines were

added to guide the eye. To see this figure in color, go online.
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minimize energetically unfavorable styrene-water contacts.
Indeed, in previous studies it was found that at low pH the
1:1 SMA variant collapses into a globular conformation
that contains hydrophobic domains while the polymer is still
water soluble (23). Such hydrophobic domains may occur
within one polymer chain, but they also may be formed as
a consequence of intermolecular interactions, when the
polymers are present in aggregates containing multiple
polymer chains termed ‘‘polymeric micelles’’ (24,25), as
will be discussed later. Because the conformational state
of the polymers is likely to be important for their interaction
with lipid membranes, it was investigated how polymer
conformation may be affected by the styrene/maleic acid
and pH.

The conformational behavior of the SMA copolymers
was studied using the lipophilic fluorophore NR. This fluo-
rophore is solvatochromic, which means that its absorption
and emission spectra are sensitive to the polarity of the envi-
ronment in which it resides. In water, NR emits ~660 nm
with low intensity, but when it resides in a hydrophobic sol-
vent like t-butanol, NR shows an emission of ~620 nm with
relatively high intensity (18). Thus, when SMA collapses
into a conformation that contains hydrophobic domains,
NR should be able to partition into those domains and
show a blue shift in emission accompanied by an increase
in intensity.

Fluorescence spectra of SMA solutions that contain NR at
pH 8.0 are shown in Fig. 4 A. The excitation wavelength
chosen was at 490 nm, because at this wavelength, NR mol-
ecules that are present in a hydrophobic environment are
selectively excited; this makes it convenient to detect a
collapsed polymer conformation (18). For the SMA 1.4:1
variant, the emission intensity under these conditions is
very low with the emission maximum positioned at
~655 nm, indicating that the NR molecules reside in an
aqueous environment. However, when the styrene/maleic
acid of SMA increases to 2:1 and above, the maximum
emission wavelength shifts to lower values and the emission
intensity increases dramatically. This means that at least a
fraction of the NR molecules experience a more hydropho-
bic environment, which may then indicate the collapsing of
the polymer chain containing hydrophobic domains into
which the NR molecules have partitioned. The increase in
blue shift and intensity of the emission maximum with
increasing styrene fraction of SMA is likely to be caused
by an increase in the size and/or number of the hydrophobic
domains in the polymer.

To determine how the conformational behavior of SMA is
related to pH, the maximum emission wavelength is plotted
versus the pH range in which the SMA variants were found
to be water soluble (Fig. 4 B). Above a pH of 6.0, the SMA
1.4:1 variant shows maximum emission wavelengths values
~655 nm. However, from pH 6.0 to pH 4.0 the emission
maximum decreases to a value of ~615 nm, consistent
with a transition of NR to a more hydrophobic environment.
Biophysical Journal 111, 1974–1986, November 1, 2016 1979
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Remarkably, the polymer is still well dissolved at this
low pH, although it has become progressively protonated.
A likely explanation for these results is a transition from
an extended coil conformation of the polymer at high pH
to a collapsed conformation at low pH.

The more hydrophobic SMA variants show a completely
different trend than the SMA 1.4:1 variant. Despite the rela-
tively high charge density at pH 9.0, the emission maxima
are low with values between 615 and 625 nm, suggesting
the presence of hydrophobic domains. An increase in sty-
rene content of the polymer leads to a lower emission
maximum because of the increase in size and/or number
of the hydrophobic domains. The small decrease in emission
maximum at lower pH values can simply be explained by
the decrease in linear charge density of the polymer that
decreases the polarity of the polymer. At low pH, close to
the point where these polymers start to become insoluble
in water, the emission maxima converge to the same value
of ~615 nm for all SMA variants.
The presence of hydrophobic domains leads to
the formation of polymeric micelles

Polymeric micelles are particles that consist of multiple
polymer chains. Their formation is the result of intermolec-
ular interactions driven by the balance in the hydrophobic
effect and electrostatic repulsions (25). The existence of
polymeric micelles can be detected by monitoring the
maximum emission wavelength of NR as function of poly-
mer concentration (18,26). At very low concentrations of
SMA, the polymers exist as single molecules. Under these
conditions, NR molecules in the hydrophobic domains
have a relatively hydrophilic environment leading to emis-
sion of ~650 nm. At higher concentration, the hydrophobic
domains of multiple polymers may cluster together to
decrease the hydrophobic surface area that is in contact
with water, thereby decreasing the polarity of the environ-
ment of NR shifting the maximum emission to ~625 nm.
The concentration at which a break point in the maximum
emission wavelength is observed that is characteristic for
the formation of polymeric micelles is, in the case of
polymers, often referred to as the ‘‘CAC’’ (25), which is
analogous to the critical micelle concentration in the case
of detergents.

Fig. 4 C displays the maximum emission wavelength as
function of polymer concentration at pH 8.0. The SMA
1.4:1 variant shows maximum emission wavelength values
between 650 and 660 nm over a large concentration range
without showing a clear transition. This indicates that no
polymeric micelles are formed, suggesting that this SMA
variant exists as single molecules. Only at 10 mg/mL (1%
w/v) does the maximum emission wavelength drop below
650 nm to ~642 nm. This may indicate the start of a CAC
or it may indicate the point where the polymers start to
physically influence each other due to crowding effects.
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The other three SMA variants do show a clear transition
in emission maximum as a function of concentration,
and all three were found to have a similar CAC value of
~5.9 mg/mL. This is in accordance with the formation of
polymeric micelles for these variants that already takes
place at very low polymer concentration. Despite the dif-
ference in styrene content and linear charge densities of
these polymer variants, the similar CAC values suggest
that their polymeric micelles may be similar in molecular
structure.

It is important to note here that the solubility experiments
were performed at 1 mg/mL (0.1% w/v), a concentration
where these SMA variants exist in the form of polymeric
micelles rather than as single polymer chains. The same
holds for typical lipid monolayer insertion and membrane
solubilization experiments, which also were performed
above the CAC of SMA and may have consequences for
the interactions between SMA and lipids.
Insertion of SMA into a lipid monolayer is
determined by electrostatic interactions and
polymer conformation

One of the steps in the proposed model for the solubilization
of lipid membranes by SMA is the insertion of the polymer
into the membrane (15). The effect of SMA composition
and pH on insertion can be conveniently monitored by lipid
monolayer experiments.

Fig. 5 A shows the time traces of the insertion of the
different SMA variants in a di-14:0 PC lipid monolayer at
pH 8.0 and at an initial surface pressure of 25 mN/m. The
SMA 1.4:1 variant is able to insert into the lipid monolayer,
but increases the surface pressure only by z5 mN/m. The
other SMAvariants also insert but induce a remarkably large
increase in surface pressure of z17 mN/m. Despite their
different styrene content and linear charge density, the 2:1,
3:1, and SMA 4:1 variants all show similar insertion
behavior at pH 8.0.

The effect of pH on insertion of the polymers is summa-
rized in Fig. 5 B where the increase in surface pressure is
shown as function of pH (see Fig. S2 for full traces). The
SMA 1.4:1 variant shows a strong pH-dependent insertion
behavior. At high pH the increase in surface pressure is rela-
tively low, with a value of z5 mN/m. However, a drop
in pH causes the insertion to increase drastically, as
demonstrated by the large surface pressure increase of
z20 mN/m at pH 5.0 and 4.0. The surface pressure increase
at lower pH can be ascribed to the presence of hydrophobic
domains present in the collapsed state of the polymer at low
pH. These domains can insert into the lipid monolayer. In
addition, the decrease in charge density at lower pH reduces
electrostatic repulsions between single polymer chains at
the membrane surface and in solution, allowing more poly-
mers to insert. The latter is consistent with the notion that
electrostatic interactions are an important factor for the
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FIGURE 5 Effect of SMAcomposition and pHon the insertion into a lipid

monolayer. (A) Insertion of the SMAvariants into a di-14:0 PC lipid mono-

layer at pH 8.0. (B) pH-dependent insertion of the SMA variants into a di-

14:0 PC monolayer. (C) pH-dependent insertion of the SMAvariants into a

di-14:0 PC/PG (1:1) monolayer. In (B) and (C), only the data points are

shown where no polymer precipitation was observed during the time course

of the experiment. The maximum increase in surface pressure was deter-

mined from the time point at which the signal was found to be stable, mostly

at ~45 min. In all experiments the initial surface pressure was 25 mN/m, a

standard BR-buffer was used, and the SMA concentration was 0.005%

(w/v). Subsequent addition of more SMA did not increase the observed

surface pressure any further, demonstrating that the experiments were per-
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insertion of SMA copolymer into a lipid monolayer, as
observed before for a SMA 2:1 variant (15).

The more-hydrophobic SMA variants show a large in-
crease in surface pressure already at pH 9.0 (z15 mN/m),
which increases by an additional 2 or 3 mN/m when the
pH is lowered to 6.0. Remarkable is the similar insertion
behavior of the 2:1, 3:1, and SMA 4:1 variants in a wide
pH range. Differences in insertion between these variants
were initially expected because an increase in their styrene
content will increase the hydrophobicity and will decrease
the linear charge density of the polymer. By contrast, the
similar pH-dependent insertion of these three polymers
might suggest that despite their different monomer compo-
sitions, the overall charge density on the outside of their
polymeric micelles is rather similar.

This is supported by results obtained by repeating the
monolayer experiments using a lipid mixture containing
50 mol % of the negatively charged di-14:0 PG lipid
(Fig. 5 C). In this case, the absolute values for the increase
in surface pressure are lower due to increased electrostatic
repulsion between SMA and PG lipids. However, the trends
of surface pressure increase versus pH for the different SMA
variants are again very similar.

In summary, efficient insertion of the SMA copolymer
into the lipid monolayer only seems to happen under the
conditions where the polymer has a collapsed state that
contains hydrophobic domains. A decrease in pH allows,
then, more polymer to insert due to the reduction of electro-
static repulsion between SMA copolymers. In the next sec-
tion, the solubilization efficiency of di-14:0 PC vesicles is
investigated to test whether the trends observed for polymer
insertion also hold for the complete solubilization process.
The SMA 2:1 variant is the most efficient
solubilizer of di-14:0 PC vesicles

The solubilization of di-14:0 PC vesicles by SMA was
monitored by turbidimetry at 15�C, at which temperature
the lipids are in the gel phase. Under these conditions, sol-
ubilization by the SMA copolymer is significantly slowed
down as compared to the situation when lipids are at the
gel-to-liquid-crystalline phase temperature (Tm) or in the
liquid-crystalline phase (15). The slower solubilization in
the gel-phase allows a convenient comparison of the effects
of monomer composition and pH on the efficiency of
solubilization.

Fig. 6 A shows the solubilization in time of the different
SMA variants at pH 8.0. The SMA 1.4:1 does not solubilize
the vesicles efficiently. After a quick initial drop, the optical
density stabilizes and no further solubilization is observed.
formed under conditions of excess SMA. The maximum error in surface

pressure increase for each experiment is estimated to be51 mN/m as deter-

mined from repeated experiments (n¼ 2 or n¼ 3). Solid lines were added to

guide the eye. To see this figure in color go online.
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FIGURE 6 Efficiency of different SMA variants in solubilizing lipid

vesicles. (A) Time course solubilization of di-14:0 PC vesicles in standard

BR-buffer at 15�C (gel phase) by the SMAvariants at pH 8.0. The asterisks

denote the time where the temperature was set to 23�C, which is the Tm of

di-14:0 PC. (B) Normalized optical density values of the di-14:0 PC vesicle

suspension 5 min after SMA addition. The open symbols in (B) indicate that

the polymer is not water soluble in the absence of lipids according to

Fig. 2 A. Experiments where the optical density increased above the value

before SMA addition have been set to a value of 1 to enhance the clarity of

the figure. The relative optical density values could be reproduced with a

maximum error estimated to be 50.05 A units (n ¼ 3). All measurements

were performed at a polymer concentration of 0.1% (w/v). Solid lines were

added to guide the eye. To see this figure in color, go online.
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When the temperature is increased to the Tm at 23�C (27)
(marked by the asterisk), the optical density reduces
quickly, showing fast and complete solubilization. This
fast solubilization is attributed to the large surface defects
that exist in the membrane at Tm, which makes it easy for
the polymers to enter into the hydrophobic core and induce
nanodisk formation (15). Solubilization at Tm can therefore
be used as a control to show that any slow solubilization is
due to an inability of the polymer to efficiently insert and
destabilize the membrane, rather than an inability of the
polymer to form nanodisks.

Fig. 6 A furthermore shows that the SMA 2:1 variant
solubilizes the vesicles efficiently at pH 8.0, clarifying the
vesicle suspension within 20 min. However, when the sty-
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rene/maleic acid of the polymer increases, the rate of solu-
bilization decreases again. Nevertheless, both the 3:1 and
SMA 4:1 variant display fast solubilization at Tm. Because
the 2:1, 3:1, and SMA 4:1 variants also show similar inser-
tion behavior (Fig. 4 B) the difference in solubilization be-
tween these polymers seems to be determined mainly by
the solubilization step where the membrane is destabilized.

The influence of pH on membrane solubilization by the
different SMA variants is shown in Fig. 6 B (see Fig. S3
for full traces). The SMA 1.4:1 variant solubilizes poorly
at high pH, but shows a steep increase in solubilization effi-
ciency when the pH drops below 6.0. This may be ascribed
to the increased insertion of the polymer in the membrane
(Fig. 5 B). This insertion is promoted by the presence of hy-
drophobic domains in the collapsed conformation of the
polymer at low pH (Fig. 4 B), and by the decrease in charge
density (Fig. 3 A) reducing electrostatic repulsions.

The three hydrophobic SMA variants all show a similar
trend: poor solubilization at high pH; an increase in effi-
ciency upon decreasing pH, most likely as a consequence
of reduced repulsive electrostatic interactions between poly-
mers; and no solubilization at low pH, due to insolubility of
the polymers in water. However, there are two distinct dif-
ferences among these SMA variants. First, the efficiency
of SMA to solubilize membranes increases with an increase
in the maleic acid content, most clearly visible in the pH
range from 7.0 to 9.0. Second, the pH range in which the
SMA variants show vesicle solubilization becomes wider
with an increase in their maleic acid content, which can
be ascribed to an increase in their water solubility.

The open symbols in Fig. 6 B denote the pH values where
SMA was found to no longer be water soluble (i.e., below
pHagg, see Fig. 2 A). While the SMA 4:1 variant no longer
solubilizes below its pHagg of 6.75 as expected, the SMA
2:1 (pHagg ¼ 4.50) and SMA 3:1 (pHagg ¼ 5.25) variants
surprisingly could not induce solubilization at pH 5.25
and pH 5.75, respectively, where these variants are still
water soluble. A possible explanation for this could be
that at the membrane surface, high local concentrations of
polymer promote polymer-polymer interactions. Especially
at the verge of water solubility, where the polymers are
rather hydrophobic, these polymer-polymer interactions
may compete with the ability of the polymer to solubilize
or may even induce aggregation of the polymer-coated
vesicles.
The styrene-to-maleic acid ratio poorly
represents the monomer sequence along the
polymer chain

To gain further insight into the nature of the differences in
solubilization behavior between the 2:1, 3:1, and SMA 4:1
variants, the monomer sequence of SMA was analyzed.
The SMA variants used in this study have styrene/maleic
acid in the range from 1.4:1 to 4:1. This ratio reflects the



FIGURE 7 Analysis of the monomer sequence of the SMAvariants. The

distribution of styrene monomer units is shown as a function of the length of

the polystyrene segment they are found in. Each polystyrene segment

connects two consecutive maleic acid units. Polymer models were gener-

ated according to the penultimate unit model with the assumption that

neighboring maleic acid units are nonexistent (see Materials and Methods

and references therein for details of this model). Solid lines were added

to guide the eye. To see this figure in color, go online.
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average fraction of the monomer units in the polymer, but
does not specify anything about the monomer sequence.
Yet, this might be an important factor for the mode of action
of SMA; for example, a hypothetical polymer chain that has
only two separate blocks, one consisting of polystyrene and
one consisting of polymaleic acid, is expected to have very
different solubilization properties than a polymer with
perfectly alternating monomer units.

The monomer sequence of a SMA copolymer is deter-
mined by the polymerization kinetics of the styrene and
maleic anhydride monomers. The polymerization process
can be described by the so-called penultimate-unit model
(19,20). In brief, this model implies that the chances of
whether a styrene or maleic anhydride monomer is added
to a growing polymer chain is determined by (1) the sty-
rene/maleic acid of the polymer, and (2) the composition of
the last two monomers on the growing chain. Another prop-
erty of the polymerization of SMA copolymers is that maleic
anhydride never adds to a maleic anhydride on the growing
chain (19,20). This means that neighboring maleic acid
units in the SMA copolymer are virtually nonexistent.

The monomer sequence of the SMA variants used here
was modeled by simulating SMA copolymer formation
according to the penultimate-unit model with the assump-
tion that maleic anhydride monomers do not homopolymer-
ize. From the simulated polymers that all had a length of 100
monomer units (see Materials and Methods for more de-
tails), the number of adjacent styrene monomer units in
each styrene segment between consecutive maleic acid units
was counted. If the monomer sequence would be perfectly
represented by the styrene/maleic acid, for instance, the
SMA 2:1 variant would then have two adjacent styrene
monomer units between every two maleic acid units along
the polymer chain: MA-S-S-MA-S-S-MA-S-S-MA-, etc.

Fig. 7 shows the relative abundance of styrene monomer
units that are present in styrene segments of different length.
The SMA 1.4:1 variant consists mainly of styrene segments
of one and two styrene units (example of a possiblemonomer
sequence in that case: MA-S-S-MA-S-MA-S-MA-S-S-MA-,
etc.). However, the SMA 2:1 variant has only ~35% of all
styrene monomer units in a segment of two. The 2:1 sty-
rene/maleic acid of this polymer thus poorly represents the
monomer sequence becausemost of the incorporated styrene
units are present in longer or shorter styrene segments. This
becomes progressively worse when the styrene fraction in
SMA increases. The distribution of styrene segments in-
creases and the distribution becomes much broader. Some
polymers of the SMA4:1may even contain styrene segments
that are 12 styrene-monomer-units long. Thus, analysis of the
polymer sequence shows that an increase in the styrene
fraction of SMA not only leads to a lower number of maleic
acid units per polymer chain, but also leads to a more
heterogeneous distribution of these maleic acid monomer
units. The possible influence of the monomer sequence on
membrane solubilizationwill be addressed in theDiscussion.
DISCUSSION

Previous studies on SMA and lipid membranes all described
the use of either the 2:1 or the SMA 3:1 variant at a pH in the
range of ~7.5–8.0. However, it is not clear whether these
were the optimal choices, because the effects of varying
the styrene-to-maleic acid ratio or pH had not been investi-
gated. In this study, we aimed at understanding how SMA
composition and pH affect the molecular conformation
and solubilization properties of SMA. We discuss the results
of the different SMA variants tested according to Fig. 8,
which is a schematic overview that summarizes the out-
comes of the experiments. Finally, we suggest how the
SMA copolymer might be improved in its composition to in-
crease its solubilizing efficacy.
The SMA 1.4:1 variant

The SMA 1.4:1 variant clearly has properties very different
from the other SMA variants. It is the most hydrophilic
variant used and unlike the other variants, it is water soluble
over the whole pH range from 4.0 to 9.0, as demonstrated by
the solubility experiments. NR fluorescence experiments re-
vealed that at a pH of ~5.5, this polymer variant undergoes a
conformational change from a random coil at high pH to a
collapsed conformation in which the polymer contains
hydrophobic domains at low pH. A likely explanation for
this pH dependence is that the decrease in ionization state
and thus charge density of the polymer upon going from
pH 6.0 to 4.0, as determined by acid-base titration, shifts
the balance between electrostatic repulsions favoring the
random coil conformation at high pH and the hydrophobic
effect favoring the collapsed conformation at low pH.
Biophysical Journal 111, 1974–1986, November 1, 2016 1983



FIGURE 8 Schematic diagram that summarizes the effect of SMA

composition and pH on the molecular conformation and solubilization effi-

ciency of the SMA copolymer. The polymer conformation is shown as a

cartoon in which the hydrophobic domains enriched in styrene units are

shown in red, while the maleic acid-rich part of the polymer is shown in

black. The efficiency of solubilization is depicted according to a color

coding (see above). (Dark green) Complete and fast solubilization;

(blue) solubilization is induced but remains incomplete; and (red)

the polymer is not able to solubilize at all. To see this figure in color go

online.
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When the polymer has a random coil conformation, it does
not insert and solubilize membranes efficiently due to its
high charge state (blue region in Fig. 8). However, when it
adopts a collapsed conformation, the polymer can solubilize
membranes efficiently (green region in Fig. 8). Under these
conditions at low pH, the hydrophobic domains insert into
the membrane while the lower charge density decreases
repulsive electrostatic interactions between polymers, al-
lowing more polymer to insert into the membrane. Although
this polymer may not be very suitable for solubilization of
(biological) membranes or membrane proteins at neutral
and high pH, it would in fact be the polymer of choice for
special circumstances that require a low pH.
The 2:1, 3:1, and SMA 4:1 variants

The more hydrophobic SMA variants all have similar prop-
erties that are different from the 1.4:1 variant in two ways.
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First, they are not soluble over the whole pH range. Instead,
they aggregate at low pH (red region). An increase in the
styrene/maleic acid narrows the pH range in which the
polymers are water soluble because the linear charge density
decreases as well. Second, the polymers do not adopt a
random coil conformation at high pH, but they have a
collapsed conformation at every pH value tested. This
observed polymer conformation is in line with a previous
study that showed that SMA copolymers with a 3:1 sty-
rene/maleic acid contain hydrophobic domains in their
polymer conformation as investigated by pyrene fluores-
cence (24). An increase in the styrene fraction of the poly-
mer also leads to an increase in the number and/or sizes
of the hydrophobic domains. This was demonstrated by
NR fluorescence experiments; the more hydrophobic SMA
variants showed only a small change in maximum emission
wavelength over the whole pH range, and the polymers with
higher styrene fractions had lower maximum emission
values, indicating an increased overall hydrophobicity of
the polymers. However, we should note that we cannot
rule out that the collapsed conformation of SMA copoly-
mers, in general, can actually be described by a single
hydrophobic styrene-rich core that is stabilized by a hydro-
philic maleic acid-rich outside, rather than by the presence
of multiple hydrophobic domains. It is also possible that
the polymers possess a combination of both, with the exact
structure depending on many variables, such as polymer
composition, ionization state, and type of solvent (25,28).

The more hydrophobic SMA variants all show efficient
insertion into the membrane as observed by lipid monolayer
experiments. These similarities of the polymers indicate that
the presence of hydrophobic domains enriched in styrene is
necessary for efficient membrane insertion. However, the
absolute fraction of styrene in the polymer does not seem
to be very important for insertion. This is in contrast to
the solubilization of membranes, where the styrene fraction
in the polymer does play a significant role. Solubilization of
di-14:0 PC vesicles in the gel phase showed that an increase
in the styrene fraction in general decreases the efficiency of
the polymer to solubilize a lipid membrane. Because mono-
layer experiments showed similar insertion behaviors for
these polymers, and because fast and complete solubiliza-
tion was observed at the Tm of di-14:0 PC lipids (23�C), it
may be concluded that the differences in solubilization effi-
ciency between the polymers are mainly due to differences
in efficiency to destabilize the membrane.

The main difference between the SMA variants is not
only the absolute number of styrene and maleic acid units
in the polymer, but also the distribution of these monomers
along the polymer chain. We propose that these two proper-
ties are important for destabilization of the membrane and
that in particular a relatively high fraction of maleic acid
in the polymer promotes efficient destabilization. The abso-
lute amount of maleic acid in the polymer is important,
because it is energetically unfavorable for its carboxylic
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acid groups to come into contact with the hydrophobic core
of the membrane upon polymer insertion. This will speed up
the thermodynamically favorable formation of nanodisks
(1,29). The distribution of the monomer units is important,
because a more homogenous distribution along the polymer
chain can promote uncoiling of the styrene-rich hydro-
phobic domains (30) into the specific conformation that
is required to stabilize a nanodisk. It has been shown
that when bound to the nanodisk, the SMA copolymer
adopts a specific uncoiled conformation, forming a rim
around the lipids in which the styrene groups intercalate
between the acyl chains and the maleic acid groups pointing
toward the aqueous solution (14).

Altogether, our results show that the SMA 2:1 copolymer
has the most beneficial properties for efficient membrane
solubilization. Its hydrophobic domains ensure efficient
membrane insertion, while its relatively high maleic acid
content ensures a relatively homogeneous distribution of
styrene and maleic acid along the polymer, leading to effi-
cient destabilization of the membrane. Moreover, the high
maleic acid fraction guarantees water solubility at pH values
above 5.0, providing the broadest pH range for solubiliza-
tion of all polymers tested.
CONCLUSIONS

In this study, the effects of polymer composition and pH on
membrane solubilization have been systematically investi-
gated. This will help to select the best SMA copolymer
variant for solubilization of membranes and membrane pro-
teins under specific conditions. For example, the SMA 1.4:1
would be the best option for membrane solubilization at low
pH, which may be required for stabilization of specific
membrane proteins. As another example, it has been shown
that increasing the salt concentration may promote mem-
brane solubilization by reducing repulsive interactions be-
tween SMA copolymers and membranes with anionic
lipids (15). However, here we show that increasing the salt
concentration has a risk of inducing polymer aggregation
depending on the pH of the solution. Especially when using
polymers with a relatively high styrene/maleic acid like the
SMA 3:1 and SMA 4:1 variant this may become a problem,
because, for such polymers, aggregation in the presence of
salt may occur close to physiological pH. Of all tested
SMA variants, the SMA 2:1 shows the most efficient mem-
brane solubilization in a wide pH range.

All the presented results can be explained by the differ-
ences in the styrene/maleic acid of the polymers. However,
at this point we cannot exclude that the deviating behavior
of the SMA 1.4:1 variant is in part due to a lower weight-
average molecular weight (Table 1). The SMA variants
used in this study typically have a broad distribution in
molecular weight (see Dörr et al. (1) for more detail) and
it is not understood yet how this affects membrane solubili-
zation. Thus, it is possible that an optimum for membrane
solubilization exists for SMA molecules of a defined molec-
ular weight/polymer chain length. The effect of polymer
length on membrane solubilization is presently being inves-
tigated in our laboratory. Depending on the outcome, it may
be worthwhile to consider options for the synthesis of SMA
copolymers that have both a defined monomer composition
and molecular weight. These polymers then would allow
systematic investigation of the optimal composition and
length for membrane solubilization, which may widen the
range of membrane proteins from various origins that can
be isolated and characterized using the SMA solubilization
approach.
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Acid–base titrations on SMA copolymers
The measured pH values were corrected for possible errors caused by non-linear electrode responses
in the extreme pH regions using the Avdeef-Bucher four-parameter equation (Eq. S1) (1). In
here, pH is the measured pH, α and k are constants, pcH is the corrected pH, jH and jOH the
parameters that account for the non-linear electrode responses in the extreme pH regions, Kw the
water dissociation constant, and [H+] the corrected proton concentration. The parameters α, k,
jH , and jOH were determined from weighted least squares fitting of alkalimetric titrations of known
concentrations of HCl (blank titration) (1). Once the values of these parameters are known, Eq. S1
can be solved for every data point in the titration curve.

(Eq. S1) pH = α+ k pcH + jH [H+] + jOH
Kw
[H+]

Curves of the corrected pH versus the volume of added base were converted into curves of proto-
nation state/ionization state versus pH according to Eq. S2 in which nH is the protonation state,

[OH−] = 10(pcH−pKw) the hydroxide concentration, [K+] = [KOH]
Vinitial+Vadded

the potassium concen-

tration, [H+] = 10−pcH the proton concentration and [SMA] the monomol concentration of the
SMA variant used in the titration.

(Eq. S2) nH = 2 + [OH−]−[K+]−[H+]

[SMA]

1



Figure S1
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Figure 1: pH dependent solubility of different SMA variants in a 40 mM Britton-Robinson buffer at
varying ionic strengths. All measurements have been performed at a polymer concentration of 0.1%
(w/v). The optical density was measured at λ=350 nm. Lines have been added to guide the eye.
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Figure S2
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Figure 2: Insertion of the SMA variants in a di-14:0 PC and di-14:0 PC/PG (1:1 mol) lipid mono-
layer at different pH values. In all experiments the initial surface pressure was 25 mN/m, NaCl
concentration is 150 mM and SMA concentration is 0.005% (w/v). Subsequent addition of more
SMA did not increase the observed surface pressure any further, demonstrating that the experiments
were performed under conditions of excess SMA.
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Figure S3
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Figure 3: Time course solubilization of di-14:0 PC vesicles at 15 ◦C (gel phase) by each SMA variant
at different pH values. The asterisks denote the time where the temperature was set to 23 ◦C, which
is the Tm of 14:0 PC (2). For the 2:1, 3:1, and SMA 4:1 variants at lower pH, the relative optical
density rises above 1. This means that the optical density increases after SMA addition, which
is likely to be caused by polymer aggregation or clustering of vesicles due to the polymer. All
measurements have been performed at a polymer concentration of 0.1% (w/v).
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