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ARTICLE INFO ABSTRACT

Extracting membrane proteins from biological membranes by styrene-maleic acid copolymers (SMAs) in the
form of nanodiscs has developed into a powerful tool in membrane research. However, the mode of action of
membrane (protein) solubilization in a cellular context is still poorly understood and potential specificity for
cellular compartments has not been investigated. Here, we use fluorescence microscopy to visualize the process
of SMA solubilization of human cells, exemplified by the immortalized human HeLa cell line. Using fluorescent
protein fusion constructs that mark distinct subcellular compartments, we found that SMA solubilizes mem-
branes in a concentration-dependent multi-stage process. While all major intracellular compartments were af-
fected without a strong preference, plasma membrane solubilization was found to be generally slower than the
solubilization of organelle membranes. Interestingly, some plasma membrane-localized proteins were more
resistant against solubilization than others, which might be explained by their presence in specific membrane
domains with differing properties. Our results support the general applicability of SMA for the isolation of
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membrane proteins from different types of (sub)cellular membranes.

1. Introduction

In recent years, styrene-maleic acid (SMA) copolymers have rapidly
gained attention for applications in membrane research [1,2]. These
include the detergent-free extraction and purification of integral
membrane proteins from a variety of expression systems [3-5] and the
study of lipid-protein interactions in the resulting native nanodiscs
[5,6]. Importantly, these SMA-bounded nanodiscs generally mediate a
higher protein stability than detergent micelles [3-5], which makes
SMA extraction a promising alternative to established detergent-based
methods.

Approaches involving lipid model membrane systems have con-
tributed vastly to our understanding of the mode of action of membrane
solubilization by SMA and the physico-chemical properties of the re-
sulting SMA-lipid particles (SMALPs) [7-13]. However, systematic
studies addressing the solubilization of (sub)cellular membranes by
SMA are not available to date. These are important since the mem-
branes of living cells are far more complex in composition and orga-
nization than are common lipid model membranes [14], with a

substantial mass fraction being constituted by protein. These differing
properties of biomembranes may have major consequences for their
solubilization by SMA, especially if membrane proteins are isolated
from more complex cells that contain subcellular compartments.

In this study, we employed HeLa cells to study the process of
membrane solubilization by SMA in a cellular context. HeLa cells were
selected because (i) they are the most commonly used human cell line,
(ii) they are relatively easy to culture and general protocols for trans-
fection with various DNA constructs are available and (iii) they exhibit
strong adhesion to surfaces, which is beneficial for in-plane microscopy
in the presence of solubilizing agent. In particular, we investigated
whether SMA solubilization of membrane proteins depends on their
localization in different (sub)cellular membranes. To this end, we used
a variety of fluorescent membrane protein fusion constructs targeted to
the membranes of different organelles or to the plasma membrane and
followed their solubilization by multi-channel fluorescence microscopy.
In addition, water-soluble fluorescent proteins with differing cellular
localizations were used to assess membrane perforation. The results
provide insights into the solubilization of membranes by SMA in a
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standard human cell line and into the susceptibility of different types of
membranes in this process.

2. Material & methods
2.1. Materials

Xiran30010, a styrene-maleic anhydride polymer with a molar ratio
of styrene to maleic anhydride monomer units of 2:1 and a weight-
average molecular weight of 10 kDa, was a kind gift from Polyscope
(Geleen, The Netherlands). Conversion to the acid form by hydrolysis
and preparation of stock solutions at 5% (w/v) was performed as de-
scribed elsewhere [8]. Hoechst 33342 (NucBlue® Live ReadyProbes®
Reagent solution) was from Thermo Fisher Scientific (Waltham, MA),
polyethylenimine PEI MAX was from Polysciences (Warrington, PA),
Triton X-100 and all other chemicals were purchased from Sigma Al-
drich (St. Louis, MO).

2.2. DNA constructs

All DNA constructs used have been described before. Constructs
encoding for soluble proteins include tagRFP-ER (Molecular Probes,
Eugene, OR) that contains an N-terminal calreticulin signal sequence
and a C-terminal KDEL sequence resulting in localization to the ER
lumen, MitoDsRed [15], encoding for the mitochondrial targeting se-
quence derived from the precursor of subunit VIII of human cytochrome
C oxidase and a pEGFP N1 vector for marking the cytosol with GFP.
Constructs encoding for membrane proteins were MARCKS-GFP and
MARCKS-RPF (MARCKS-TagRFP-T) [16], both encoding for a trun-
cated version of human myristoylated alanine-rich C-kinase substrate
(MARCKS), comprising the 41 N-terminal amino acids in which Ala3
was mutated into Cys to introduce a palmitoylation site, TOM20-
mCherry (TOM20-mCherry-LOVpep) [17], encoding for human mi-
tochondrial import receptor TOM20 homolog, located in the outer
mitochondrial membrane, CD8-AC-GFP [18], encoding for a truncated
version of cluster of differentiation 8 that in T cells is plasma membrane
localized but is not exported out of the ER in HeLa cells. Man II-GFP
[19], encoding for the Golgi-resident human mannosidase 2 was a gift
from John Presley, McGill University and NGL3-EGFP [20], encoding
for rat Netrin-G ligand 3, a plasma membrane-localized protein was a
gift from Eunjoon Kim, KAIST.

2.3. Sample preparation and fluorescence microscopy

HelLa cells were cultured in a 1:1 mixture of DMEM and Ham's F10
medium (Lonza, Basel Switzerland), containing 10% Fetal Calf Serum
and 1% penicillin/streptomycin. Before splitting, cells were detached
using trypsin/EDTA. For microscopy, cells were seeded on glass cov-
erslips and transfection was performed using polyethylenimine. After
transfection, cells were grown for additional 24-48 h prior to solubili-
zation experiments. Hoechst nuclear dye was applied as specified by the
manufacturer immediately before an experiment.

For live cell fluorescence microscopy, glass coverslips were mounted
into an imaging chamber, which was filled with 150 pL of buffer so-
lution (50 mM Tris, pH 8; 150 mM NaCl). Cells were imaged with a
Nikon Ti inverted microscope (Tokyo, Japan) equipped with a Plan
Fluor 40 X /1.30 oil objective (Nikon). Imaging was controlled using
the MicroManager software (Vale Lab, UCSF), which is an extension of
ImageJ. Fluorescent images were taken using filters for blue (ET-EBFP2
(49021)), green (ET-GFP (49002)) or red (ET-mCherry (49008))
(Chroma Technology, Bellows Falls, VT). Additionally, cells were im-
aged in differential interference contrast mode. To improve reprodu-
cibility of the results, imaging areas were chosen in the center of the
cover slips. Exposure times were optimized per channel and spacing
between frames was set to ~3-6s.

After acquisition of ~10 frames, 150 uL of SMA solution at twice
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the desired concentration in the same buffer was added to the sample
chamber with a pipette and the focus was immediately readjusted
manually. Imaging was then continued for 5-30 min depending on the
experiment. To mimic general conditions for membrane protein solu-
bilization by SMA, all experiments were performed at room tempera-
ture. Control experiments in buffer devoid of solubilizing agent showed
no influence on cell morphology on the experimental time scale.

In membrane perforation experiments, a SMA concentration of 0.1%
(w/v) was used, to be able to distinguish single steps in the process.
Higher concentrations were found to accelerate the process up to the
point that temporal resolution was insufficient to observe single-cell
effects or step-wise perforation, whereas lower concentrations were
only partially effective in inducing leakage, as seen by the presence of
intact single cells even after > 20 min of incubation (see Fig. S1). For
experiments with membrane protein solubilization, a higher SMA
concentration of 0.33% (w/v) was chosen since solubilization was
found to be generally slower than membrane perforation. Higher con-
centrations of SMA were avoided because they promoted detaching of
cells, which strongly impaired data acquisition.

2.4. Quantification of fluorescence intensity

For quantification, images were analyzed for mean intensity per cell
with the multi measure plugin in the ImageJ software. The positions of
individual cells were marked using the freehand selection tool and
images were analyzed per single channel. Intensities were corrected for
background effects by analyzing nearby regions of approximately the
same area that did not show initial fluorescence. Background-corrected
data were normalized for the fluorescence intensity at the point of
addition of SMA and leakage or solubilization midtimes were de-
termined as the time at which the fluorescence intensity had dropped to
50% of the initial value. In cases where transitions were incomplete
(MARCKS constructs), midpoints were approximated in this manner.
For quantification of the effect of SMA on cell nuclei, the method had to
be adapted since no decrease in fluorescence intensity of DNA-binding
Hoechst dye was detected at the original location of the nucleus in the
X/Y plane. Instead, fluorescence intensity increase in the direct vicinity
of the nuclei was monitored to detect DNA release due to perforation of
the nuclear membrane. To avoid distortion of the data, experimental
settings were chosen such that photobleaching of the fluorophores
generally did not cause a loss in fluorescence intensity of more than
~20% over the total imaging time. For data representation, images
were exported from MicroManager using identical contrast settings for
all images recorded in the same channel.

3. Results
3.1. SMA solubilizes cells in a step-wise process

To address general features of the overall solubilization process of
cells, we first studied SMA-induced membrane perforation by in-
vestigating leakage processes of soluble proteins present in different
cellular compartments. Fig. 1A shows fluorescence images of HeLa cells
that were transfected to produce a cytosolic protein (GFP, top) together
with a protein that is localized to the lumen of the endoplasmic re-
ticulum (ER) (tagRFP-ER with calreticulin and KDEL signal sequence,
middle). The addition of SMA, after an initial lag time, led to a fast
leakage of cytosolic GFP, indicating plasma membrane perforation. This
process affected single cells at a time at random positions in the ob-
served area (see also Movie S1). Perforation of the plasma membrane
coincided with a morphological change of the cell, as seen by a higher
contrast of the nucleus (see arrows in DIC images in Fig. 1A bottom).
For each cell, the ER probe was released only after an additional lag
time (see asterisks in Fig. 1A). The differences between leakage of cy-
tosol and ER lumen can be clearly seen from a quantitative analysis of
the loss in fluorescence intensity per single cell (Fig. 1B and C, for more
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Fig. 1. Perforation of HeLa (sub)cellular membranes by

A 1 00 S 240 S SMA. (A) Top/middle: fluorescence changes of cells marked
with cytosolic GFP (green) and ER luminal tagRFP-ER (red)

/ as a function of time upon addition of 0.1% (w/v) SMA.

Asterisks indicate the step-wise membrane perforation for a

» * single cell. Bottom: micrographs recorded in differential

/ . CytOSOl interference contrast (DIC) showing changes in overall cell

morphology. (B) Population analysis based on fluorescence

decline of single cells. (C) Relative difference in leakage
midtimes per cell. Data are given as averages of leakage
midtimes of 12 individual cells with error bars indicating
the standard deviation. Data are normalized for GFP
leakage per single cell. Experiments were performed at
room temperature. For details on quantification see Fig. S2.
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Fig. 2. Solubilization of (sub)cellular membranes by SMA. (A-C) Single-channel representations of cells expressing markers for intracellular compartments (top, A: CD8-GFP, endoplasmic
reticulum; B: ManlI-GFP, Golgi apparatus; C: TOM20-mCherry, outer mitochondrial membrane) together with a plasma membrane marker (MARCKS-RFP/GFP, bottom). (D) Single-
channel representation for cells co-expressing markers for mitochondria (top) and Golgi (bottom). Column diagrams represent relative differences in solubilization midtimes per channel
and cell (see Fig. 1C). Data are normalized for the faster solubilizing marker. Error bars are given as standard deviations of 4-10 individual cells. SMA concentration was 0.33% (w/v).
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details see Fig. S2). Such a delayed leakage of the ER lumen is to be
expected since SMA first needs to cross the plasma membrane before it
can get access to intracellular compartments.

Interestingly, leakage midtimes varied strongly between individual
cells (Fig. 1B), with the first cells being affected almost twice as fast as
the last despite their close spatial proximity in the order of tens of
micrometers. This hints at a high importance of local conditions, such
as SMA concentration and the physical state of each individual cell. A
likely explanation for the observed lag times would be a gradual ac-
cumulation of SMA on/in membranes before a threshold concentration
is reached that causes membrane perforation (“all or none” effect).

Similar step-wise processes were observed in additional experiments
visualizing the perforation of mitochondrial and nuclear membranes
using a mitochondrial marker protein (Fig. S3) and a DNA-binding dye
(Fig. S4), respectively. In all cases, organelle leakage occurred much
later than cytosol leakage, supporting the generality of a step-wise
process of cell solubilization by SMA.

3.2. Intracellular membranes are solubilized faster than the plasma
membrane

In a further set of experiments we assessed actual solubilization of
membranes by SMA, using fluorescent membrane proteins. In order to
achieve efficient membrane protein solubilization, the SMA con-
centration was increased to 0.33% (w/v). To investigate possible pre-
ferences of SMA for specific (sub)cellular membranes, we used combi-
nations of a lipid-anchored plasma membrane marker (MARCKS-RFP/
GFP) with single-span integral membrane protein fusion constructs of
complementary color that were targeted to different organelles. Upon
addition of SMA, we observed a relatively fast and efficient solubili-
zation of the markers for ER (CD8-GFP, truncated CD8 construct that is
not trafficked from the ER in HeLa cells, Fig. 2A) and Golgi (ManII-GFP,
Fig. 2B). In both cases, plasma membrane solubilization was much
slower and some residual fluorescence could still be detected after
5 min, indicating incomplete solubilization under these conditions.
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Fig. 3. Differential solubilization of different plasma
membrane markers by SMA (A) and Triton X-100 (B).
Solubilizing agent was added to cells containing the in-
tegral membrane protein NGL3-GFP (top, green) together
with lipid-anchored MARCKS-RFP (bottom, red). Images
are shown in single-channel mode over time after addition
of 0.33% (w/v) solubilizing agent. Column diagram insets
depict relative solubilization midtime differences analogous
to Fig. 1C.

A somewhat smaller time difference was observed between markers
for the plasma membrane and the outer mitochondrial membrane
(TOM20-mCherry, Fig. 2C). This smaller difference may be an artefact
due to the accumulation of a considerable amount of the plasma
membrane marker MARCKS-GFP in the Golgi in these cells (see arrows),
that could be caused by the simultaneous expression of those two
constructs. As a consequence, solubilization of MARCKS-GFP appears to
be faster since the Golgi signal is also taken into account. An additional
experiment with the markers for Golgi and mitochondria showed that
the marker proteins for both organelles indeed are solubilized similarly
fast (Fig. 2D). Together, these results suggest fast and non-preferential
solubilization of organelles by SMA and a generally slower solubiliza-
tion of the plasma membrane.

This finding is remarkable because one would expect that the
plasma membrane, since it is exposed to SMA earlier and thus perfo-
rated first, should also be solubilized faster than intracellular mem-
branes. One possible explanation for this contrasting behavior could be
that MARCKS partitions into ordered domains (“lipid rafts”) that may
exist in the plasma membrane due to its high cholesterol and sphin-
golipid content [14,21,22]. The MARCKS construct we used is palmi-
toylated at a cysteine close to its myristoylated amino terminus, which
could promote its partitioning into ordered domains [23-26]. Such
domains might be difficult to solubilize by SMA, as suggested by a re-
cent model membrane study on phase-separating lipid mixtures [11]
that showed a distinct preference of SMA to solubilize lipids in the fluid
liquid-disordered phase.

3.3. Differential kinetics of plasma membrane solubilization suggest domain
preferences

To further investigate possible domain-associated solubilization
preferences of SMA in the plasma membrane, we generated cells that
contained the lipid-anchored MARCKS together with a plasma mem-
brane-localized integral membrane protein (NGL3-GFP). Proteins of
these two classes have been associated with different propensities for
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partitioning into membrane domains, with palmitoylated peripheral
membrane proteins often showing a preference for partitioning into
ordered domains [23-25], whereas integral membrane proteins gen-
erally favor more fluid domains [27,28].

The experiments revealed a localization of both proteins in the
plasma membrane (Fig. 3). Despite this, fluorescence intensities of the
probes dropped at different rates upon addition of SMA, with NGL3
being solubilized 1.5 times faster than MARCKS (Fig. 3A, Movie S2) and
the latter being incompletely solubilized after 5 min. It is tempting to
speculate that the differential solubilization kinetics may be due to the
presence of MARCKS and NGL3 in separate membrane domains. Such
domains are likely very small with estimated diameters in the range of
tens of nanometers [29,30], which makes it impossible to resolve them
by standard diffraction-limited light microscopy. An influence of do-
main localization is further supported by the observation that using
Triton X-100 instead of SMA leads to similar differences in solubiliza-
tion kinetics of MARCKS and NGL3, with the latter being solubilized
faster (Fig. 3B, Movie S3). For Triton, a strong preference for solubili-
zation of disordered membrane domains has long been established by
studies with both model membranes [31] and cellular membranes [21].

Finally, we compared the kinetics of solubilization of proteins in
fluid environments in the plasma membrane (NGL3) and an organelle
membrane (TOM20) (Fig. S5). The experiments showed, rather sur-
prisingly, that NGL3 was solubilized at a similar rate as the mi-
tochondrial TOM20. In view of our observation of clear lag times be-
tween the perforation of these membranes by SMA (Fig. S3), this
suggests a general adverse influence of plasma membrane properties on
solubilization by SMA. This may be connected to the fact that the
plasma membrane is the natural barrier between a cell and its en-
vironment, which implies the necessity of a higher structural stability
compared to organelle membranes.

4. Discussion

Our results suggest a hierarchical multi-step process of cell solubi-
lization by SMA, which partially reflects a model for its mode of action
based on model membrane studies [8]. Initially, polymer molecules
bind to membranes until a threshold concentration is reached (lag time)
and the polymer starts to insert into and subsequently perforates the
plasma membrane. This causes cytosolic molecules to leak out and
enables SMA to access intracellular membranes where this process is
repeated. Eventually, membranes are then solubilized in the form of
nanodiscs. Especially this final step seems to be strongly dependent on
the properties of the target membrane as seen from our results with the
plasma membrane. Here, membrane perforation occurs fast whereas
solubilization of membrane proteins is relatively slow. This may in part
be due to a higher stability conveyed by tight interactions of the plasma
membrane with components of the cytoskeleton (“picket fence” model;
see e.g. ref. [32]). Another explanation is the higher cholesterol-to-
phospholipid ratio in the plasma membrane compared to organelle
membranes [14]. This strongly influences plasma membrane properties
since cholesterol increases the order in lipid packing and it is essential
for the formation of ordered domains in the plasma membrane. Dif-
ferential partitioning of proteins into such lateral domains would also
explain the observed differential solubilization kinetics for different
plasma membrane-localized proteins (Fig. 3), although it cannot be
excluded at this point that the general properties of lipid anchored
(MARCKS) and integral membrane proteins (NGL3) contribute to the
observed differences in solubilization kinetics. In case lateral organi-
zation of the plasma membrane is indeed the dominant effect, our data
suggest that conditions exist under which SMA could potentially be
used to isolate ordered domains in the form of SMA-resistant mem-
branes by selectively removing fluid membrane domains [11], similar
as has been shown for SMA-resistant protein-rich membranes [33,34].
We speculate that under such conditions the mild solubilization of
proteins by SMA may be advantageous over conventional protocols
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exploiting detergent resistance [21] but whether this approach is in-
deed beneficial remains to be addressed.

The data presented here suggest that SMA is capable of extracting
integral membrane proteins from all cellular membranes including the
plasma membrane, which would allow their purification and char-
acterization with their native environment in a stable and soluble form.
However, it is important to realize that there are a number of additional
factors that may affect the efficiency of solubilization by SMA. These
include the used cell type, the type of protein or protein-specific
properties in general, such as surface charge or dimension of their
membrane-embedded domain. Another important factor is the mem-
brane environment, with protein-dense membranes with relatively low
lipid content [33,34] and bilayers with a high degree of lipid order
[8,9,11] being challenging for SMA. For such systems, solubilization
efficiency could be increased by the addition of lipid before solubili-
zation [1,34,35] or by elevating the temperature [8,11], respectively.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2017.08.010.
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