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ARTICLE INFO ABSTRACT

Styrene-maleic acid (SMA) copolymers are a promising alternative to detergents for the solubilization of
membrane proteins. Here we employ Escherichia coli membranes containing KcsA as a model protein to in-
vestigate the influence of different environmental conditions on SMA solubilization efficiency. We show that
SMA concentration, temperature, incubation time, ionic strength, presence of divalent cations and pH all in-
fluence the amount of protein that is extracted by SMA. The observed effects are consistent with observations
from lipid-only model membrane systems, with the exception of the effect of pH. Increasing pH from 7 to 9 was
found to result in an increase of the solubilization yield of E. coli membranes, whereas in lipid-only model
systems it decreased over the same pH range, based on optical density (OD) measurements. Similar opposite pH-
dependent effects were observed in OD experiments comparing solubilization of native yeast membranes and
yeast lipid-only membranes. We propose a model in which pH-dependent electrostatic interactions affect binding
of the polymers to extramembraneous parts of membrane proteins, which in turn affects the availability of
polymer for membrane solubilization. This model is supported by the observations that a similar pH-dependence
as for SMA is observed for the anionic detergent SDS, but not for the nonionic detergent DDM and that the pH-
dependence can be largely overcome by increasing the SMA concentration. The results are useful as guidelines to
derive optimal conditions for solubilization of biological membranes by SMA.
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1. Introduction Much information on factors that determine the efficiency of solu-

bilization has been obtained from studies on model membrane systems

In the past years, styrene-maleic acid (SMA) copolymers have been
used to isolate a wide range of membrane proteins differing in size and
properties in the form of native nanodiscs (e.g. [1-7]). These nanodiscs
provide a stable environment for membrane proteins, which facilitates
their isolation and purification. In addition, the nanodiscs offer a con-
venient platform for structural and functional characterization of the
entrapped protein (e.g. [8-14]). For some of these downstream appli-
cations it may be a challenge to obtain a sufficiently high yield of
purified nanodiscs. To a large extent this yield will be determined by
the efficiency with which the copolymers are able to solubilize the
target membrane.

[15-17]. It was found that solubilization generally increases with in-
creasing SMA concentration and temperature, and that also the pre-
sence of salt promotes solubilization. However, the presence of divalent
cations impedes solubilization by inducing aggregation [18-20] and a
similar effect was found for a low pH [21-23]. In addition, it was shown
that the nature of the target membrane plays a key role in determining
the efficiency of solubilization, with solubilization for example being
less efficient for lipids when they are in a liquid-ordered or in a gel
phase or when the lipids contain negatively charged head groups
[15,16,24].

A particular intriguing parameter for solubilization is the pH value.
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SMA has two acid groups per maleic acid unit, which have different pKa
values (pK; ~5.5, pKy ~8.6, [21]). As a result SMA polymers have an
optimal pH range in which they are active. At lower pH increasing
protonation of the maleic acid groups leads to aggregation, while at
higher pH the increasing charge density of the polymers makes them
more hydrophilic and may affect their conformational behavior, ulti-
mately resulting in a decreased solubilization efficiency [21]. The op-
timal pH range was tested in phosphatidylcholine (PC) vesicles for SMA
copolymers with different average styrene-to-maleic acid ratios and it
was found that SMA copolymers with a ~2:1 ratio of styrene-to-maleic
acid are most efficient for solubilization over a large pH range and
provide the highest stability for the nanodiscs [25].

While model membrane studies have yielded many insights into the
role of different parameters on solubilization efficiency of SMA, sys-
tematic studies on biological membranes are still scarce. Available re-
ports so far focused mainly on comparison of the solubilization effi-
ciency of commercially available polymer variants that differ in
composition and average length [26-28]. Here it was found that
polymers with an average styrene-to-maleic acid ratio of ~2:1 and a
relatively short length are most efficient in solubilizing native mem-
branes, followed by polymers with a ~3:1 styrene-to-maleic acid ratio
[27-29]. This is very similar to results obtained in model membrane
studies with respect to both composition [21,30] and length [31].

In order to rationalize membrane protein solubilization by SMA
from biological membranes we here use a SMA copolymer with an
average styrene-to-maleic acid ratio of ~2:1 and a relatively short
length (M,, ~2.5kDa) [27-29] to systematically investigate the influ-
ence of various environmental parameters on the solubilization effi-
ciency of Escherichia coli membranes overexpressing the tetrameric
channel protein KcsA as a model protein.

KcsA was chosen as a model protein because of several reasons: (i) it
can be obtained in membranes at high copy numbers due to its spon-
taneous membrane insertion and oligomerization, constituting one of
the most abundant proteins after initiated gene expression [3,32,33],
(ii) the robustness of the protein allows studies at a wide range of
conditions with small impact on structural integrity of the protein, and
(iii) the stability of the KcsA tetramer during sodium dodecylsulfate
polyacrylamide gel-electrophoresis (SDS-PAGE) [32,34] allows for a
simple means of identification of the target protein band.

The KcsA solubilization experiments were complemented with tur-
bidimetric measurements to compare the kinetics of SMA solubilization
in E. coli with those in other membrane systems, including model
membranes of synthetic lipids. The results help to identify relevant
parameters for membrane solubilization and to determine optimal ex-
perimental conditions for solubilization of membrane proteins by SMA
or other copolymers.

2. Materials & methods
2.1. Materials

All phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL). The lipids used were: 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPQ), E. coli polar lipid extract, and yeast (S. cerevisiae) polar lipid
extract. n-Dodecyl-beta-D-Maltopyranoside (DDM) was obtained from
Anatrace (Maumee, OH). The styrene-maleic anhydride copolymer,
Xiran 30010 (number-average molecular weight (M,) of ~2.5kDa,
weight-average molecular weight (M,,) of ~6.5kDa, with corre-
sponding polydispersity index (PDI) of ~2.6, and a styrene-to-maleic
anhydride ratio of ~2), was a kind gift from Polyscope Polymers
(Geleen, NL). Sodium dodecyl sulfate (SDS) and all other chemicals
were obtained from Sigma Aldrich (St. Louis, MO).
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2.2. Preparation of SMA solutions

Conversion of the polymers into the acid form was achieved by
hydrolysis under base-catalyzed conditions as described earlier [35].
Lyophilization was generally omitted since it was not found to have a
significant effect on sample quality. SMA stock solutions were prepared
at final concentrations of 1% or 5% (w/v) in Tris base solution at 10 mM
(pH unadjusted) per 1% (w/v) of SMA. The desired pH of the solution
was adjusted by adding NaOH.

2.3. Preparation of E. coli membranes

Total membrane fractions of E. coli cells producing KcsA were ob-
tained as described previously [4]. Briefly, cells were transformed with
the plasmid containing the His-tagged KcsA gene and were grown with
or without IPTG induction of gene expression until cultures reached an
ODggo of ~0.8. Cells were then harvested by centrifugation and stored
as pellets at —80 °C. Membrane preparations were obtained by differ-
ential centrifugation after cell wall lysis and mechanical disruption
through French press [3]. To remove any remaining soluble proteins,
the obtained membrane pellet was resuspended in buffer (5 mM Tris-
HCl, pH 8, 150 mM NaCl, 10 mM KCl) and sedimented again by ultra-
centrifugation at 100,000 x g.

Membrane pellets corresponding to 800 mL of cell culture were
resuspended in 2-4 mL buffer (5 mM Tris-HCI in order to be able to
readily adjust the pH, 300 mM NaCl, 15 mM KCl, pH 8) to an ODgq of
~4. After lipid extraction according to a modified version of the method
of Bligh and Dyer [36], the total phosphate content was determined to
be 10 mM using the method of Rouser et al. [37]. Membrane suspen-
sions were aliquoted and stored at — 20 °C until further use.

2.4. Solubilization of KcsA from E. coli membranes

Membrane pellets were thawed on ice and diluted into solubiliza-
tion buffer (50 mM Tris-HCI at the desired pH, 300 mM NaCl, 15 mM
KCl) to a final volume of 100 pL, with the membrane material corre-
sponding to a final phosphate content of 1.5mM, and a total protein
concentration of approximately 1 mg/mL of which ~25% is KcsA (de-
termined using BCA protein assay kit and densitometry of SDS-PAGE
with BSA as standard, respectively). Standard solubilization was per-
formed in buffer of 50 mM Tris-HCl, pH 8.0, 300 mM NaCl and 15 mM
KCl and different final concentrations of SMA or other solubilizing
agent. For standard experiments, samples were incubated for 2h in an
Eppendorf sample mixer that was set to shaking at 600 rpm at a tem-
perature of 25°C. Variations were made in one parameter at a time,
while keeping other conditions constant.

After incubation at the desired conditions, the suspensions were
subjected to centrifugation at 21,000 X g for 60 min at 4 °C to pellet the
non-soluble material. The pellet was then resuspended in 100 pL solu-
bilization buffer containing 1% SDS. Since the presence of SMA was
found to influence densitometric analysis, buffers for resuspending
pellets of SMA-containing samples were supplemented with the corre-
sponding amount of polymer. Both supernatant and pellet samples were
then mixed with 4 X concentrated SDS-PAGE (non-reducing) Laemmli
sample buffer and aliquots were loaded on 13% acrylamide gels. After
~1h of electrophoresis at 175V, gels were fixed and stained in a 0.1%
(w/v) solution of Coomassie Blue R-250 in water:methanol:acetic acid
(70:20:10 by volume) for 1 h. Destaining was achieved by gentle agi-
tation overnight in a solution of water:methanol:acetic acid (70:20:10
by volume).

For the evaluation of the effect of different parameters on solubili-
zation efficiency the standard solubilization conditions were adjusted in
the following ways: (i) In experiments with different incubation times,
an optimal comparison was ensured by using relatively large sample
volumes of 300 puL, of which aliquots were centrifuged after different
periods of incubation, (ii) experiments to assess salt concentration
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dependence, a constant ratio of NaCl and KCl of 20:1 was used to ensure
protein stability. The sample devoid of NaCl contained a final con-
centration of 5mM KCl, (iii) for experiments at different pH values,
SMA stock solutions at 1% (w/v) in 10 mM Tris were prepared at every
pH value used. In addition, 100 mM Tris stock solutions were prepared
at the same pH values. Samples were then mixed in a ratio that yielded
a final Tris concentration of 20 mM at the desired pH. Control experi-
ments were performed with 0.25% (w/v) DDM instead of SMA at
otherwise identical conditions.

2.5. Densitometric analysis

Destained gels were scanned using an Epson Perfection V850 Pro
scanner (Long Beach, CA) at 600 dots per inch (dpi) for general vali-
dation. The area of the gel containing KcsA bands was additionally
scanned at 1200 dpi for densitometry. The band intensity was de-
termined using the Quantity One software package (Biorad, Hercules,
CA) using the volume contour tool. Values were corrected for back-
ground intensity that was determined by analyzing an area of ap-
proximately 4 times that of the band in its immediate surroundings.

For densitometric analysis of the solubilization efficiency of KcsA,
we compared the intensity of the tetramer band in the solubilized
fraction relative to the sum of the intensities of the solubilized and non-
solubilized fractions. This procedure was chosen because, for reasons
that are not understood, a straightforward comparison of the KcsA
bands from the solubilized and initial samples before centrifugation
often resulted in apparent solubilization yields far above 100% (up to
150%) for SMA-containing samples. For all data shown, KcsA bands
from every independent sample were analyzed in duplicate pairs of
solubilized and non-solubilized fractions, with each pair being loaded
on a different gel.

2.6. Preparation of lipid model membranes

Lipids were dried from a chloroform stock solution under a stream
of N, in a heated (~40 °C) bath and further dried in a desiccator under
high vacuum for at least 1 h. Multilamellar vesicles were obtained by
hydrating the lipid films in H,O containing 150 mM NaCl at a con-
centration of 20 mM, the hydration process was performed at 37 °C for
at least 30 min, with occasional swirling, followed by 7 freeze-thaw
cycles. The concentrated lipid stocks were diluted to 0.5 mM in buffer
consisting of 50mM Tris-HCl (at desired pH, 7-9), 300 mM NacCl,
15mM KCl, and then subjected to a further 3 freeze-thaw cycles.

2.7. Turbidimetry experiments

Turbidimetry experiments were conducted as described previously
[15] on biological as well as lipid-only membranes. SMA polymers and
samples were diluted separately in buffer (50 mM Tris-HCl Buffer,
300 mM NaCl, 15mM KCI) with the desired pH and temperature. For
the lipid-only vesicles a 0.5 mM phospholipid concentration was used,
and a final SMA concentration 0.1% (w/v). For the biological mem-
branes the concentration of phospholipid used was estimated to be
0.5mM, based on total phosphate basis [37], and a final SMA con-
centration of 0.25% (w/v) was utilized. All experiments were also
performed at a SMA concentration of 1% (w/v). Changes in the absor-
bance at 350 nm were detected using a UV-Vis spectrometer Lambda 18
from Perkin Elmer. After each experiment the pH of the samples was
measured and the change in pH was not > 0.2 units at most.

2.8. Isolation of yeast mitochondria

For turbidimetry experiments mitochondria were isolated from
yeast strain D273-10B as described [38]. Briefly, yeast cells were grown
in semisynthetic lactate media to an OD of ~2. After zymolyase treat-
ment and mechanical disruption mitochondria were isolated by differ-
ential centrifugation. Mitochondrial pellets were then resuspended in
10 mM Tris-HCl, 300 mM NaCl, pH 8.2 and the phosphate content was
determined after the protocol of Rouser et al. [37].

3. Results
3.1. SMA efficiently solubilizes KcsA

To determine the amount of KcsA that can be solubilized from E. coli
inner membranes under a given set of conditions, we employed densi-
tometric analysis of the tetramer band (~67 KDa, [33]) after separation
via SDS-PAGE. Representative results are shown in Fig. 1A for the
addition of 0.5% (w/v) of either SMA or DDM, a commonly-used head-
and-tail detergent to E. coli membranes. Quantification of the bands
showed that in both cases > 90% of the total amount of KcsA tetramer
is solubilized upon incubation for 2 h at 25 °C. In case of DDM, all E. coli
membrane proteins are solubilized efficiently. By contrast, some
abundant proteins seem to be resistant against solubilization by SMA,
including a band at ~30kDa of unknown origin and a broad band
pattern in the molecular weight range above 100 kDa. These latter
bands are assigned to oligomers of outer membrane proteins (OMPs),
based on their abundance and their conversion into an intense
(monomeric) band at ~37 kDa upon heating in the presence of SDS
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Fig. 2. Influence of various environmental parameters on solubilization of KcsA in 10 mM Tris buffer at pH 8. Other parameters were varied as indicated in the figure,
with standard conditions being: 0.25% (w/v) SMA, 2h incubation at 25°C in 300 mM NaCl, 15mM KCI. (A) Influence of SMA concentration. The amount of
membrane material was kept constant and SMA was added at different final concentrations in the range of 0.05-1% (w/v). (B) Influence of incubation time and
temperature. (C) Influence of salt concentration. Different amounts of NaCl were added at a constant ratio of NaCl/KCl of 20. The sample devoid of NaCl contained
5mM KCI to ensure the structural stability of the KcsA tetramer. (D) Influence of divalent cations (M>*). CaCl, or MgCl, was used at a concentration of 0-10 mM, all
samples contained 15 mM KCl in Tris-HCI 50 mM, pH 8. Data are averages of 2 independent samples, with the error margin indicating the difference in solubilization

between both samples.

(Fig. 1B).

Importantly, the results show that SMA efficiently solubilizes KcsA,
which resides in the inner membrane. Fig. 1B shows that heating con-
verts the KcsA tetramer into monomers (~18 kDa, [33]), serving as an
additional tool for identification of the KcsA band. Next, we set out to
determine optimal parameters for efficient KcsA extraction by SMA by
systematically varying a set of environmental conditions.

3.2. Effects of SMA concentration, incubation time, temperature and ionic
strength on efficiency of KcsA solubilization

In a first set of experiments the SMA concentration was varied.
Fig. 2A shows that increasing the SMA concentration increases yield
and efficiency of KcsA solubilization up to a maximal solubilization
capacity at a SMA concentration of 0.5% (w/v). For variations of other
experimental conditions, a SMA concentration of 0.25% (w/v) was
chosen, since this is sufficient for significant solubilization and allows a
convenient window to detect deviations in solubilization yield in both
directions.

As shown in Fig. 2B, the solubilization yield of KcsA increases with
increasing temperature. Prolonging the solubilization time has a fa-
vorable effect, in particular at 4°C, where longer incubation times

improve the solubilization yield by > 2-fold. At incubation tempera-
tures of 25°C and 37 °C solubilization conditions are quite favorable
already and prolonging incubation times does not lead to a drastic
improvement.

The presence of salt strongly influences solubilization yield
(Fig. 2C). Hardly any solubilization is detected in the absence of NaCl,
when only 5mM KCl is present to ensure KcsA stability. Addition of
increasing amounts of NaCl results in higher solubilization yields with a
broad optimum range between 300 and 450 mM, where SMA solubili-
zation is most efficient. Concentrations of NaCl exceeding this range,
however, lead again to a decrease in solubilization yield.

SMA solubilization is hampered by the presence of divalent cations
(Fig. 3D). All tested concentrations of divalent cations, even down to
0.5mM, are detrimental to protein yield. In both cases there is a con-
centration dependency. SMA is however more sensitive to calcium as
compared to magnesium, with a complete loss of solubilization at 5 mM
and 10mM, respectively. The trend and magnitude of this effect is
comparable with previous studies [18-20,27].

3.3. Effects of pH on efficiency of KcsA solubilization

A major determinant of SMA properties is pH [21,39], and hence
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Fig. 3. pH effect on the solubilization of KcsA by SMA. (A) Representative SDS-
PAGE showing solubilization of KcsA (highlighted by dashed box) for the total
sample (ctrl) and the resulting supernatants after the addition of SMA, SDS or
DDM at different pH values (pH 7-9), using a concentration of solubilizing
agent of 0.25% (w/v). Quantification of solubilization for samples containing
either (B) 0.25% (w/v) or (C) 1% (w/v) solubilizing agent, 50 mM Tris-HCI,
adjusted to the desired pH, 300 mM NaCl and 15mM KCl. All concentrations
expressed are as % w/v. Error bars indicate the difference in solubilization
between two independent experiments, data points are given as average value.

this parameter in particular might strongly influence the solubilization
efficiency of KesA. Effects of pH were monitored in the range of pH 7-9,
close to physiological pH and are shown as representative gels in
Fig. 3A. Further quantification shows that for SMA the solubilization
yield at pH 7 is relatively low but increases dramatically at higher pH,
with maximum solubilization efficiency being reached around pH 8 or
8.5. A similar pH-dependency appears to occur for other proteins on
SDS-PAGE (Fig. 3A, e.g. 17, 30, and 150 kDa), suggesting that it is not a
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KcsA-specific effect.

To check whether the pH-dependence for SMA may be related to the
charge of the polymer, we tested the effect of the non-ionic detergent
DDM and the anionic detergent SDS. Solubilization by DDM shows a
very different pH-dependence, with no appreciable changes in the so-
lubilization of KcsA in the same pH range, while in case of SDS a similar
pH-dependence for KcsA solubilization is observed as for SMA (Fig. 3B).
These results suggest that the effects indeed are charge related.

Similar pH-dependent results were obtained at a lower concentra-
tion of SMA or when the NaCl concentration was reduced (Fig. S1A, B),
further supporting the generality of the effect. However, at high SMA
concentration the pH-dependence is much less pronounced and the
same holds for SDS (Fig. 3C). Thus, the lower yield of solubilization of
KcsA by SMA or SDS at neutral pH can be overcome by adding higher
concentrations of the solubilizing agents.

The pH value used for solubilization did not appear to affect the size
of the formed nanodiscs, as indicated by dynamic light scattering (Fig.
$2), which showed average nanodisc sizes of hydrodynamic diameter
varying in the range of 12-14 + 2.5nm.

The increase in SMA solubilization efficiency with increasing pH is
in striking contrast with the situation in PC bilayers where solubiliza-
tion as followed by turbidimetry was found to become slower with
increasing pH [21]. There, the effect was attributed to the charge
density on single polymer chains that leads to a higher overall hydro-
philicity that impairs membrane binding and insertion [21]. However,
the two systems cannot be directly compared, because the KcsA solu-
bilization experiments performed here employ relatively long incuba-
tion times and hence this can be considered mostly an equilibrium ef-
fect, while vesicle solubilization kinetics in model membranes typically
is followed on a short timescale [21] and hence the results may mostly
represent a kinetic effect [30].

To gain a better understanding of the observed pH dependencies, we
directly compared the solubilization kinetics in different systems by
performing turbidimetry experiments on model membranes and biolo-
gical membranes. In line with previous results [21], solubilization of PC
model membranes was less efficient upon increasing pH. This was ob-
served both for saturated DMPC lipids in the gel phase (Fig. 4A) as for
unsaturated DOPC lipids in the fluid phase (Fig. 4B), indicating that the
observed pH effect is not related to lipid packing. Importantly, also
model membranes of E. coli polar lipids did not show an increased ef-
ficiency of solubilization at higher pH (Fig. 4C). However, when the
same experiment was performed with vesicles of native E. coli mem-
branes overexpressing KcsA (Fig. 4D), a reverse pH-dependence was
found, in line with that observed for KcsA solubilization based on
densitometric analysis (Fig. 3B). Control experiments on the solubili-
zation of native membranes from E. coli not overexpressing KcsA
showed a similar pH-dependency (Fig. S4).

Turbidimetry experiments were also performed at higher SMA
concentrations (1% w > /v). As before with gel-based assays the pH-
dependency was greatly diminished. However, also at these elevated
polymer concentrations the reverse pH effects between model and na-
tive membranes were still detectable (Fig. S5).

Opposite pH-dependent effects were also observed for vesicles made
of the lipid extract of yeast and native yeast mitochondrial membranes
(Fig. 4E, F), which have a very different protein and lipid composition
[40,41]. Together, these results indicate that there is a fundamental
difference between SMA solubilization of model membranes and bio-
logical membranes. The reason for these differences is most likely re-
lated to the high protein content in biological membranes, as will be
further discussed below.

4. Discussion
The results in this study indicate that the efficiency of SMA solu-

bilization of E. coli membranes is highly susceptible towards changes in
environmental conditions. Here we will first discuss the importance of



A.H. Kopf, et al.

DMPC

pH9
pH 8.5

0.D.350 nm (a.u.) norm >
5

5 . . 10
time (min)

C E.coli PLE
£
1y
o
[ =
3
S
£
<
(=]
N
0
a
o
0.04+——TT T T T T
0 5 10 15
time (min)
E Yeast PLE
E 1.2 ‘
]
€ 1.0
:‘ 1
i'; 0.8
€ 0.6- )
o \
N 0.4
0
0 0.2
o
Oc L L) L L ' L L T L § ' L) L L) L l
0 15

5 . . 10
time (min)

0.D.350 nm(a.u.) norm O 0.D.350 nm(a.u.) norm o

0.D.350 nm(a.u.) norm m

BBA - Biomembranes 1862 (2020) 183125

DOPC

5 .10
time (min)

E.coli native membranes
1.4 \l
1.2

1.0=-
0.8 i

0.6

0.4+
0.2+

0.0 LI B B B NN SN BN S BN NN BN BN BN R

5 10 15
time (min)

Yeast mitochondria

1.2 .
native membranes

o

5 10 15
time (min)

Fig. 4. pH effect on the solubilization of different membranes by SMA as observed by turbidimetry. Optical density traces at different pH values are shown for
multilamellar vesicles made from DMPC (A), DOPC (B), E. coli polar lipid extract (C), or yeast polar lipid extract (E), as well as for E. coli-derived intact membrane
vesicles containing KcsA (D), and native membranes from isolated mitochondria from yeast cells (F). Data are shown as normalized optical density at 350 nm (OD3so
am)- SMA is added to the suspensions at 1 min, resulting in the high frequency noise. Data are shown as averages of two experiments. All experiments were done at a
phosphate (lipid) concentration of 0.5 mM. Model membranes were tested at a final SMA concentration of 0.1% (w/v), and biological membranes were subjected to a
SMA concentration of 0.25% (w/v). DMPC (A) and DOPC (B) vesicles were solubilized at 15 °C and all other experiments were performed at 25 °C.

the different parameters that were varied and then zoom in on the pH-
dependent effects. Finally we will present a schematic model to explain
the observed pH-dependent effects for native membranes as compared
to synthetic membranes.

4.1. Role of SMA concentration

A straightforward finding of our studies is that increasing SMA
concentration increases yield and efficiency of KcsA solubilization,
which is line with observations in model membrane studies [15,42].
Importantly, for SMA it was found that already at concentrations of
around 0.25% (w/v) efficient solubilization can be achieved, indicating
that the high concentrations of around 2.5-3% (w/v) SMA that are ty-
pically used for membrane protein extraction [3,18,43,44] may be

excessive. It therefore may prove useful to reevaluate these con-
centrations in order to avoid negative effects of free polymer on pur-
ification or other downstream processes.

It should be noted that at concentrations where KcsA was solubi-
lized efficiently, SMA was unable to solubilize OMPs. A likely reason for
this is that the E. coli outer membrane is highly asymmetric, with its
outer leaflet containing high amounts of negatively charged lipopoly-
saccharide (LPS) and a network of branched sugars, that shields the
membrane surface [18]. In addition, OMP porins are abundant proteins
in E. coli [45] and a high (local) protein content may impair SMA so-
lubilization in similar ways as in photosynthetic membranes [28,46].

The high protein content is probably also the reason why native
membranes typically require more SMA for solubilization as compared
to lipid-only model systems, as also shown in this study. It should be
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noted however, that it is not only the concentration of SMA that is
important, but also the ratio of SMA-to-lipid, or SMA-to-protein. For
this reason it may be useful to experimentally determine the optimum
amount of SMA per particular application.

4.2. Role of solubilization temperature and incubation time

At higher temperature a more efficient solubilization of KcsA was
observed by SMA. Partly this will be simply due to the increase in
thermal energy. However, changes in membrane fluidity are likely to
play a larger role. Lipid extracts of the bacterial inner membrane gen-
erally show a very broad gel-to-liquid crystalline phase transition, with
midpoints between 20 and 30 °C for E. coli cells grown at 37 °C [47,48].
At 25 and 37 °C, the membrane thus is expected to be rather fluid, fa-
cilitating efficient solubilization, and making long incubation times
unnecessary. Thus, it may be worthwhile to adjust the conditions in
order to optimally balance favorable solubilization kinetics to poten-
tially unfavorable consequences such as protein degradation, when the
sample is exposed to higher temperature or longer incubation times.

4.3. Role of ionic strength and divalent cations

Moderate salt concentrations in the range of 300-450 mM NaCl
were found to lead to most efficient solubilization of KcsA by SMA, with
both lower and higher salt concentrations causing a decrease in solu-
bilization yields. We propose that this may be a result of different
processes. Most importantly, the ionic strength may affect polymer
conformation. Due to charge repulsion between the maleic acid groups,
a low ionic strength could promote a long-stretched shape of the
polymer that is incapable of membrane solubilization. The presence of
salt ions might then make this conformation energetically less favor-
able, thus making SMA competent for membrane interaction and so-
lubilization. A high ionic strength, however, may lead to the adoption
of a collapsed globular conformation of SMA, since the exposure of its
hydrophobic styrene units becomes more unfavorable in an increasingly
polar environment. The high ionic strength might then prevent efficient
solubilization by acting as a “barrier” for unburying the styrene units,
which is essential for membrane binding and insertion. A preferred
adoption of a collapsed conformation would be in line with the ob-
servation that at high salt concentration SMA molecules tend to ag-
gregate and precipitate over a larger pH range (at pH < 7) than at low
salt concentration [21].

Other factors that are likely to contribute to the effects of ionic
strength on SMA solubilization efficiency are electrostatic interactions
between SMA and negatively charged membrane lipids and between
SMA and charged amino acids in the aqueous parts of membrane pro-
teins. At low ionic strength, any repulsive or attractive electrostatic
forces will be relatively strong, while increasing the ionic strength of
the solution will result in screening of electrostatic interactions, thereby
reducing both electrostatic repulsion and attraction and hence likely
affecting solubilization [15]. Typically, these contributions to the ef-
fects of ionic strength will vary with the properties of the target
membrane.

In addition to NaCl, also the presence of divalent cations can lead to
aggregation and hamper solubilization. These cations will coordinate
with the carboxylates of the maleic acid units, thus efficiently neu-
tralizing their charge and thereby strongly increasing the effective hy-
drophobicity of SMA [7,19,27]. This may become a problem when
using SMA to study membrane proteins that require divalent cations for
function. Although studies have found that low millimolar concentra-
tions of such cations may actually improve solubilization for the related
but more hydrophilic copolymer, DIBMA [19], all tested concentrations
used here had a negative effect on protein extraction by SMA. The
absolute resistance of SMA to divalent cations is likely dependent on the
presence and strength of (monovalent) salt as well as polymer compo-
sition, concentration, and pH. Thus, in cases where such divalent
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cations are required, further optimization of environmental conditions
may be beneficial. Alternatively one could explore new developments
that have been reported in the design and synthesis of related copoly-
mers, specifically aimed to circumvent these effects, e.g. neutral poly-
mers or polymers with positive charges [20,23,49-51]. Furthermore,
several of these polymers have the additional benefit of being tolerant
to a wider pH range compared to conventional SMA. However, their
application for the solubilization of complex biological membranes still
remains to be explored.

4.4. pH-dependence: native membranes versus model membranes

Our most remarkable finding with E. coli membranes is the increase
in solubilization efficiency with increasing pH in the range from pH 7 to
9, which is in striking contrast with the findings for model membranes
where solubilization kinetics slow down with increasing pH [21]. The
latter was also observed for model membranes consisting of the polar
lipid extract from E. coli membranes, suggesting that it is not related to
lipid properties, but to the presence of proteins in the native membrane.
This is supported by the observation that the same opposite trend oc-
curs in yeast native membranes as compared to a polar extract of yeast
lipids.

Interestingly, this effect was observed both by quantification of
solubilization of KcsA by gel electrophoresis and by simple turbidimetry
measurements on membrane fractions. This indicates that also in bio-
logical membranes turbidimetry can be a useful tool to monitor solu-
bilization efficiency of different polymers or the effects of different
solubilization conditions.

In model membranes, the pH-dependent effect was attributed to the
higher charge density on single polymer chains at high pH, leading to a
higher overall hydrophilicity and a long-stretched conformation that
impairs membrane insertion. As the pH decreases, polymer molecules
become more hydrophobic, making them more prone to interact with
and insert into membranes, and hence increasing their solubilization
efficiency. Upon further lowering the pH (at pH < 7), the increased
hydrophobicity at some point will lead to precipitation of SMA. The pH
of this aggregation point will be strongly dependent on polymer com-
position and on salt concentration [21].

However, polymer aggregation is likely not the cause for the lower
solubilization yield at lower pH for E. coli membranes under the ex-
perimental conditions used here. If it were the case, decreasing the salt
concentration should help since it decreases the pH of aggregation of
SMA. However, a reduction of the ionic strength did not alleviate the
negative effect of decreasing pH but led to a further decrease in solu-
bilization yield (Fig. S1B). Altogether one can conclude that a different
effect is at play in E. coli membranes which involves electrostatic in-
teractions and is dominated by properties of the targeted membrane,
but not by properties of the lipids. The results in this study suggest that
this is a general effect when comparing solubilization of native mem-
branes and lipid-only membranes. The most likely explanation for the
reverse pH effect in native membranes therefore is that it is due to the
presence of membrane proteins.

4.5. Role of membrane proteins

One factor that varies with pH will be the net charge on the ex-
tramembraneous parts of membrane proteins. For individual integral
membrane proteins pl values have been reported from ~4.5 to 10 [52].
The E. coli proteome has a similar range, showing a bimodal distribu-
tion with peaks around 5.5 and 9 [53-55]. Thus in general the mem-
brane as a whole will have an overall charge, as contributed to by all
proteins in a membrane will gradually shift from positive (through net
neutral) to negative upon increasing pH. We propose that this is the
reason underlying the pH-dependent effects for SMA solubilization in
intact membranes as observed here, according to the simplified model
in Fig. 5.
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Fig. 5. Schematic drawing of proposed
electrostatic model. The simplified
model illustrates the interaction of ne-
gatively charged SMA copolymer with
native membranes at low pH and at
high pH. (A) At pH7, the membrane
proteins will have an overall positive
charge. The negatively charged SMA
molecules will tend to bind to these
oppositely charged extramembraneous
regions. These bound polymers will be
unavailable for lipid insertion, and
furthermore may hinder the binding of
other polymer molecules. (B) At pH9
the net charge of the membrane pro-
teins will have shifted to be less posi-
tive to net neutral or even slightly ne-
gative, making them unattractive for
SMA binding. This allows the polymers
with their hydrophobic styrene moi-
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eties to bind to and insert into the lipidic core of the membrane, allowing for initiation of the solubilization process and ultimately the formation of native nanodiscs.

According to this model, upon addition of SMA to the membrane the
polymer will initially encounter extramembraneous protein domains
where it will tend to bind to positive charges which will be abundant at
low pH. Bound SMA molecules will not be able to participate efficiently
in the solubilization process, and hence less SMA will be available for
solubilization. Moreover, bound SMA will decorate the membrane with
an overall negative surface charge and thus may even repel binding of
other polymer molecules. Upon increasing the pH, more and more
proteins will become overall neutral or negatively charged and thereby
become unattractive for SMA binding. Instead, at these higher pH va-
lues SMA will then preferably sample the lipid surface of the membrane
and insert with its hydrophobic styrenes to initiate the solubilization
process.

At high pH the polymer itself will be more charged, and thus its
solubilized form becomes more favorable [21]. While this is the
dominant feature to explain model membrane solubilization as a
function of pH, the effect appears to be small for biological membranes
where electrostatic interactions between polymer and protein seem to
be more dominant. In addition, polymer concentration plays a crucial
role. In general biological membranes require more polymer to be ef-
fectively solubilized compared to model vesicles (e.g. 0.25% w/v versus
0.1% w/v, respectively, at a phosphate concentration of 0.5mM as in
the present study). At these concentrations the pH is a critical factor for
both systems. However, the effect is greatly diminished at elevated
amounts of polymer (i.e., 1% w/v).

The model in Fig. 5 is supported by the observation that SMA be-
haves similar as SDS, but not DDM, both with respect to pH-dependence
as with respect to concentration dependence. DDM is a neutral de-
tergent and has no pH-dependency. For the anionic detergent, SDS, the
pH-dependent effects are dominant when it is present at a low con-
centration of 0.25% w/v (8.67 mM). This concentration is only slightly
above the CMC of SDS of 0.236% w/v (8.2 mM) [56,57]. Importantly,
SDS is still able to completely solubilize lipid-only vesicles at this
concentration, irrespective of pH (Fig. S6). Binding of SDS to proteins at
lower pH can thus be expected to reduce the amount of detergent
available for membrane solubilization and thereby affect the solubili-
zation efficiency, while using a higher SDS concentration (1% w/v)
should relieve this pH-dependency. A similar mechanism with electro-
statically bound molecules being unavailable for solubilization and
thereby requiring higher concentrations may hold for SMA. Thus, in
considering optimal conditions for solubilization one can overcome
negative effects of using high concentrations by performing experi-
ments at higher pH and employing a lower polymer concentration, or
vice versa, overcome negative effects of using lower pH by increasing
the polymer concentration.

5. Conclusion and outlook

In summary, we show that many parameters affect the solubiliza-
tion efficiency of SMA and that the majority of parameters derived from
model membrane studies are transferable to the extraction of mem-
brane proteins from bacterial membranes. However, pH shows a very
different effect on solubilization yield and using a physiological pH of
7.4 for SMA solubilization may thus be far from the optimal to achieve
efficient protein extraction. Based on the data underlying this study, a
tentative recommendation for the conditions for solubilization of pro-
teins from E. coli membranes can be made. This includes a moderate
ionic strength (NaCl concentrations in the range of 200-500 mM),
avoiding divalent cations if possible, a slightly basic pH between 8 and
9 and short incubations below 2h at room temperature. To take into
account differences in bacterial strains and culture conditions, initially
trial experiments could be performed with variation of parameters that
are likely to be most relevant for the particular study, such as e.g. SMA
concentration or pH. The same holds for other biological membranes,
where differences in membrane lipid and protein composition may
change the optimal parameters for solubilization.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2019.183125.
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