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A B S T R A C T

An emerging alternative to the use of detergents in biochemical studies on membrane proteins is apparently the
use styrene-maleic acid (SMA) amphipathic copolymers. These cut the membrane into nanodiscs (SMA-lipid
particles, SMALPs), which contain membrane proteins possibly surrounded by their native lipid environment.
We examined this approach for studies on several types of T cell membrane proteins, previously defined as raft or
non-raft associated, to see whether the properties of the raft derived SMALPs differ from non-raft SMALPs. Our
results indicate that two types of raft proteins, GPI-anchored proteins and two Src family kinases, are markedly
present in membrane fragments much larger (> 250 nm) than those containing non-raft proteins (< 20 nm).
Lipid probes sensitive to membrane fluidity (membrane order) indicate that the lipid environment in the large
SMALPs is less fluid (more ordered) than in the small ones which may indicate the presence of a more ordered
lipid Lo phase which is characteristic of membrane rafts. Also the lipid composition of the small vs. large SMALPs
is markedly different – the large ones are enriched in cholesterol and lipids containing saturated fatty acids. In
addition, we confirm that T cell membrane proteins present in SMALPs can be readily immunoisolated. Our
results support the use of SMA as a potentially better (less artifact prone) alternative to detergents for studies on
membrane proteins and their complexes, including membrane rafts.

1. Introduction

It has been firmly established that cell membranes exhibit lateral
heterogeneity – lipids and proteins apparently form “microdomains” or
“nanodomains” of various size and stability, transmembrane domains of
proteins associate with specific lipids forming lipid shells, peripheral
membrane proteins and submembrane cytoskeletal elements pre-
ferentially associate with certain membrane lipid species. Particular
attention has been paid to a type of microdomains called membrane
rafts selectively concentrating a specific set of functionally relevant
proteins (mostly lipidated) and (glyco)lipids (recently reviewed in [1]).
Biochemical studies on membrane rafts have been mostly based on their
apparent selective resistance to solubilization by some detergents, e.g.
Triton X100, Brij-series, NP-40 or CHAPS [2,3]. Detergent-resistant
membrane fragments (DRMs) which are produced by membrane dis-
integration by these detergents have been for some time considered to
be equivalent to membrane rafts which exist in membranes before

solubilization. The relative resistance to detergent solubilization has
been explained by the presence of a relatively compact ordered liquid
phase which is formed by prevalent lipids that contain saturated fatty
acid residues and cholesterol [4]. Indeed, treatment of membranes with
cholesterol-depleting agents [5], cholesterol-modifying enzymes or
biosynthetic replacement of saturated fatty acid residues in their
sphingolipids by unsaturated ones [6] were found to destabilize the
rafts resulting in the loss of detergent resistance. More recently, it has
become obvious that the use of such detergents may produce significant
artefacts – the composition and properties of the DRMs were clearly
dependent on the chemical nature and concentration of the detergent,
temperature, and duration of solubilization [7–9]. Thus, the present
consensus is that DRMs generally should no longer be considered as
biochemical equivalents of native rafts, the results based on DRMs
should be interpreted with caution [9] and complemented with other
more physiological approaches such as the use of plasma membrane
vesicles [10].

https://doi.org/10.1016/j.bbamem.2018.08.006
Received 18 January 2018; Received in revised form 9 August 2018; Accepted 13 August 2018

⁎ Corresponding author.
E-mail address: vaclav.horejsi@img.cas.cz (V. Hořejší).

BBA - Biomembranes 1861 (2019) 130–141

Available online 14 August 2018
0005-2736/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2018.08.006
https://doi.org/10.1016/j.bbamem.2018.08.006
mailto:vaclav.horejsi@img.cas.cz
https://doi.org/10.1016/j.bbamem.2018.08.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2018.08.006&domain=pdf


Because of the well substantiated criticism as to the use of specific
detergents for isolation and biochemical studies of DRMs, alternative
methods for the disintegration of cell membranes that would minimally
perturb the native arrangement of the membrane rafts are desirable. A
promising alternative to detergents which is based on the use of
styrene-maleic acid (SMA) amphipatic copolymers [11,12] has been
recently implemented in membrane research. SMA molecules sponta-
neously integrate within membrane cutting them into “nanodiscs”
while the polymer forms an annulus that surrounds and stabilizes, in a
presumably native state, a small area of lipid bilayer (approx. 12 nm
diameter). The phenyl moieties of the copolymer are apparently inter-
calated between the lipid molecules and the carboxy groups likely in-
teract with the aqueous environment and to some extent may also in-
teract with lipid polar headgroups [13,14]. This model is supported by
small angle neutron scattering data, electron microscopy, attenuated
total reflection Fourier transform infrared spectroscopy, differential
scanning calorimetry and nuclear magnetic resonance spectroscopy
[15]. The nanodiscs are stable entities, which are also known as SMA-
lipid particles (SMALPs) that do not require the presence of a free so-
luble copolymer in solution. The proteins that are associated with na-
tive nanodiscs thus essentially behave like soluble proteins. Several
membrane proteins and their complexes have been successfully purified
from SMA-solubilized membranes [13,14,16–20].

Membrane rafts of leukocytes are of great interest because they
contain several important signaling molecules that are involved in
immunoreceptor signaling [21,22].

In the present study, we explored the use of SMA for solubilization
of T lymphocyte membranes. We wondered whether this type of
membrane disintegration would also indicate a different behavior of
typical raft and non-raft T lymphocyte proteins, as previously described
in studies that employed certain detergents.

2. Materials and methods

2.1. Reagents

The following reagents were obtained from the indicated commercial
sources: Brij-98 (Sigma-Aldrich), laurylmaltoside (Calbiochem), SMA so-
dium salt (Lipodisq™ Pre-Hydrolysed P(SMA) (3:1 Ratio); m.w. 9,5 kDa;
Malvern Pharmaceuticals), concanavalin A (Con A)-horse radish perox-
idase (HRP) and cholera toxin-HRP conjugates (Sigma-Aldrich), benzo-
nase (Novagen), 6‑dodecanoyl‑N,N‑dimethyl‑2‑naphthylamine (Laurdan)
(Thermo Fischer Scientific), 1,6‑diphenyl‑1,3,5‑hexatriene (DPH) (Sigma-
Aldrich).

2.2. Cells and antibodies

Jurkat cells were obtained from ATCC. Six to eight weeks old
C57BL/6J mice, housed in a specific pathogen-free animal facility of
our institute, were used. Primary lymph node CD4+ T-cells (~95%
purity) were isolated from mice using a MACS CD4+ T-cell isolation kit
(AutoMACS, Miltenyi Biotec).

Rabbit polyclonal antibodies specific to human LAT and Lck and
mouse Fyn were kindly provided by Dr. L. Samelson and Dr. A.
Veillette, respectively, mAb βF1 to TCRβ were acquired from Dr. M.
Brenner, and mAb IA10 to CD55 was provided by Dr. M. B. Whitlow.
MAbs to human Fyn (FYN-01), human Lck (LCK-01), H-Ras (RAS-01),
LAT (LAT-01), CD5 (MEM-32), CD45 (MEM-28), CD18 (MEM-48),
CD48 (MEM-102), CD59 (MEM-43), CD147 (MEM-M6/1), as well as
polyclonal rabbit antibodies to human PAG and CD59 were used for
Western blotting immunostaining. These antibodies were prepared
previously in our laboratory and are commercially available from
EXBIO (Vestec, Czechia). Antibodies to the following molecules used for
Western blotting immunostaining were obtained from the following
commercial sources: CD3ζ (mAb 6B10.2, Santa Cruz), CD3ε (mAb Leu4,
Ortho), mouse Lck (mAb 3A5, Millipore), mouse LAT (rabbit

polyclonal, Cell Signaling), goat anti-mouse IgG-HRP, and goat anti-
rabbit Ig-HRP (BioRad).

2.3. Jurkat cell membrane preparation [23]

Cells (1.5× 108) were resuspended in 1mL of ice-cold hypotonic
buffer (10mM HEPES pH 7.4, 42mM KCl, 5 mM MgCl2, protease in-
hibitor mixture), incubated on ice for 15min. The suspension was then
passed 8× through a 25- followed by 5× through a 30-gauge needle.
The suspension was then centrifuged for 5min at 580×g and 0 °C to
remove nuclei. The post-nuclear supernatant was centrifuged for
10min at 25,000×g, 2 °C to pellet the membranes. This preparation
contains mostly plasma membrane fragments but also certain amounts
of Golgi and ER membranes, as verified by Western blotting of relevant
markers (data not shown).

2.4. Membrane and cell solubilization

Once the membranes were prepared (see Section 2.3), they were
lysed in 1mL of lysis buffer (20mM Tris-HCl pH 8.2 containing 100mM
NaCl, 5 mM iodoacetamide, Protease Inhibitor Cocktail III (Calbio-
chem), 10mM EDTA, 50mM NaF, 10mM Na4P2O7 and 1% SMA (or in
some experiments 3% SMA, 1% Brij-98 or 1% laurylmaltoside)), for 1 h
at room temperature, if not stated otherwise. Alternatively, 1-5× 107

Jurkat cells or mouse T cells were solubilized in the same way with 1%
SMA; in this case 1 μL (25 U) of benzonase endonuclease solution and
10 μL of 1M MgCl2 was added to digest the viscous nuclear contents
released by SMA. Such lysates were either used directly for density
gradient ultracentrifugation (without removing insoluble components),
or spun at 25,000×g for 3min to remove nuclei and other insoluble
materials, and used for gel filtration or immunoprecipitation.

2.5. Density gradient ultracentrifugation

This method that has been previously used in studies that have dealt
with presumably raft-derived DRMs [2] is suitable for the separation of
relatively large and low-density membrane fragments (presumably rich
in lipids) from small and/or relatively dense macromolecules and mo-
lecular complexes. For this type of separation, placing the sample at the
bottom of the gradient is optimal. This separation was conducted as
previously described [24]. Briefly, the SMA membrane lysate (0.5 mL)
or relevant fractions from gel filtration were added to 0.5 mL of 80%
(wt/vol) sucrose in lysis buffer and placed at the bottom of a 5.2mL
centrifuge tube. The mixture was then carefully overlaid with 1.8 mL of
30%, 0.8mL 20%, 0.8mL 10% and 0.7 mL 5% sucrose in lysis buffer
and finally with 0.1 mL of lysis buffer. Centrifugation was performed at
10 °C in a Beckman Optima MAX-E ultracentrifuge, using a MLS50
swing-out rotor (18 h, 50,000 rpm). Nine 0.58mL fractions were col-
lected gradually from the top of the gradient. Proteins were then se-
parated by SDS-PAGE and analyzed by immunoblotting.

2.6. Sedimentation of SMALPs by ultracentrifugation

Large SMALPs present in the initial Sepharose 4B gel filtration
fractions were subjected to ultracentrifugation at 60,000 rpm (approx.
135,000×g) for 1 h at 20 °C using a TLA 110 rotor in a Beckman
Optima ultracentrifuge. The supernatant and sediment (adjusted to the
original volume or concentrated 10×) were examined by SDS PAGE
and Western blotting.

2.7. Gel filtration (size exclusion chromatography, SDS-PAGE and Western
blotting)

This method was performed as previously described [24]. Briefly,
0.1 mL of the cell lysate (after nuclei removal by 3min centrifugation at
25,000×g) or membrane lysate was applied on top of a 1mL Sepharose
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4B column (in lysis buffer without iodoacetamide, protease inhibitors
and SMA) and washed with the same modified lysis buffer. The 0.1 mL
fractions were collected (performed at room temperature) and analyzed
by SDS-PAGE/immunoblotting. The initial fractions from this highly
porous gel (fr. 4–6) contained large complexes or particles; a majority
of mol. wt. standards IgM (900 kDa) and IgG (150 kDa) eluted in frac-
tions 7 and 8–9, respectively, while large particles (erythrocytes) eluted
in fraction 4 [25]. The lysates did not contain any glycerol that could
possibly influence the results of gel filtration experiments.

SDS-PAGE (non-reduced boiled samples) and Western blotting were
performed essentially as previously described [26]. The positions of the
specific protein bands visualized by Western blotting in the respective
figures correctly correspond to their approximate apparent “electro-
phoretic” m.w. (Lck - 55 kDa, Fyn - 55 kDa, LAT - 38 kDa, PAG - 70 kDa,
H-Ras - 20 kDa, CD3ζ dimer - 32 kDa, CDε dimer - 38 kDa, TCRβ in the
αβ heterodimer- 90 kDa, CD5 - 60 kDa, CD18 - 90 kDa, CD45 - 200 kDa,
CD48 - 42 kDa, CD55 - 65 kDa, CD59 - 18 kDa, CD71 dimer - 180 kDa,
CD147 - 75 kDa). The presented results of Western blotting are re-
presentative of at least three analogous experiments.

2.8. Sonication

Ice cooled samples were sonicated 3× 20 s at amplitude 50, in
Ultrosonic homogenizer 4710 (Cole Parmer Instruments).

2.9. Immunoprecipitation

A 60 μL suspension of Protein A/G PLUS-Sepharose (Santa Cruz
Biotechnology) in PBS was incubated with 1–5 μg Ab per sample for 2 h
at 4 °C, washed with the lysis buffer and the Ab-coated beads were
rotated with 250 μL the Jurkat cell or membrane SMA lysate for 2 h at
room temperature and washed on spin-columns (BioRad, 732-6204)
with lysis buffer. Immunoisolated material was eluted with 2× con-
centrated non-reducing SDS-PAGE sample buffer and analyzed by
Western blotting.

2.10. Dynamic light scattering

The dynamic light scattering (DLS) experiments were carried out at
20 °C on a Zetasizer Nano ZS (Malvern Instruments) using a He-Ne laser
(532 nm) and an avalanche photodiode detector (APD). The scattering
intensity was collected at an angle of 173°. Intensity-weighted size
distributions were obtained using a regularized fitting implemented in
Zetasizer Software 6.2 (Malvern). The DLS instrument was calibrated
using 60 nm (NIST® SRM® 1964), 100 nm (NIST® SRM® 1963a) and
200 nm diameter polystyrene spheres dispersed in water (Sigma-
Aldrich). The specific sizes of these standard microparticles were de-
termined to be 63.8 ± 13.9 nm, 105.6 ± 17.8 nm, and
203.7 ± 44.2 nm, respectively. The polydispersity index for all the
measurements did not exceed 0.05.

2.11. Steady-state fluorescence of Laurdan and DPH [27]

The gel filtration fractions from cell membranes that were disin-
tegrated by SMA (see 2.3, 2.7) were labeled with Laurdan solution
(final concentration of 50 μM) or DPH (final concentration of 5 μM)
under continuous mixing for 4 h at 37 °C. In the case of Laurdan, an
alternative way of labelling was also used [28]. Cells were incubated
with a medium that contained 2 μM Laurdan for 30min, washed and
used for membrane preparation followed by SMA treatment and gel
filtration fractionation (see 2.3, 2.4, 2.7).

The fluorescence spectra of Laurdan of the gel filtration fractions
were recorded on an Edinburgh Instruments steady state spectrometer
FS5. The emission and excitation spectra were carried out at 25 °C at
3 nm bandwidth. The emission scans were measured with the excitation
wavelengths set at 340 nm, 370 nm and 410 nm; the excitation spectra

were determined at the emission wavelengths set at 440 nm and
490 nm. The generalized polarization (GP) spectra were determined
from the intensities of Laurdan fluorescence [29]. Specifically, the
mean GP was determined as the average over the GP values in the in-
terval of the excitation wavelength 340–390 nm according to the
equation:

= − +I I I IGP ( )/( ),λ
440 490 440 490

where I490 and I440 represent fluorescence intensities detected at
490 nm and 440 nm, respectively, excited at excitation wavelength λ.

DPH anisotropy was monitored on a steady state spectrometer
Edinburgh instruments FS5. The measurements were performed at
25 °C at 5 nm bandwidth with the excitation and emission mono-
chromator set to 375 nm and 450 nm, respectively. The anisotropy was
calculated as:

= − +r I GI I 2GI( )/( )DPH vv vh vv vh

where Ivv is the fluorescence intensity measured with both excitation
and emission polarized vertically and Ivh as the vertically polarized
excitation and horizontally polarized emission. The G-factor (G) was
determined by measuring a standard solution of POPOP and calculated
according to:

=G I I/hv hh

where Ihv corresponds to the signal measured with the horizontally
polarized excitation and vertically polarized emission and Ihh to the
excitation and emission both polarized horizontally.

2.12. Electron microscopy

Unpurified gel filtration fractions were serially diluted (1:5, 1:25,
1:125) with lysis buffer prior to sample preparation. Fractions from
density gradient ultracentrifugation were diluted 1:10. 5 μL drops of
original and diluted fractions were applied onto glow discharge acti-
vated formvar/carbon-coated grids [30] and allowed to adsorb for 30 s.
The excess of solution was then blotted with filter paper, and the grids
were immediately negatively stained with 2% uranyl acetate in double-
distilled water for 30 s. The grids were blotted again and air-dried. The
samples were examined on a Philips CM100 electron microscope
(Philips Eindhoven, currently Thermo Fisher Scientific) at 80 kV and at
a magnification of 64,000×. Digital images were recorded at 80 kV and
magnification of 56,000× using a MegaViewIII slow scan camera
mounted on a FEI Morgagni electron microscope (FEI Brno, currently
Thermo Fisher Scientific). The recorded images were processed in
AnalySis3.2 software suite using embedded modules (Shading correc-
tion, DCE and Optimize 16-bit image for 8-bit display). No other image
manipulation was used.

2.13. Lipid analysis

Sample preparation: A volume of 225 μL of cold methanol con-
taining a mixture of lipid internal standards [PE(17:0/17:0) 900 ng;
PG(17:0/17:0) 546 ng; Cer(d18:1/17:0) 225 ng, SM(d18:1/17:0)
450 ng, PC(15:0/18:1-d7) 225 ng, cholesterol-d7 2250 ng, PI(15:0/
18:1-d7) 110 ng] was added to 90 μL of collected fraction and vortexed
(10 s). Then, 750 μL of cold methyl tert-butyl ether was added, followed
by vortexing (10 s) and shaking (4 °C, 6min). Phase separation was
induced by adding 130 μL of LC-MS grade water followed by cen-
trifugation (14,000 rpm, 2min). 350 μL of the upper organic phase was
collected and evaporated. Dried lipid extracts were resuspended in
100 μL methanol containing the internal standard 12‑[[(cyclohex-
ylamino)carbonyl]amino]‑dodecanoic acid (CUDA, 200 ng/mL), vor-
texed (10 s), and centrifuged (14,000 rpm, 2min) prior to LC-MS ana-
lysis.

LC–MS Analysis: The LC-MS system consisted of a Vanquish UHPLC
System (Thermo Fisher Scientific, Bremen, Germany) coupled to a Q
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Exactive Plus mass spectrometer (Thermo Fisher Scientific). Lipids were
separated on an Acquity UPLC BEH C18 column (50×2.1mm; 1.7 μm)
coupled to an Acquity UPLC BEH C18 VanGuard pre-column
(5× 2.1mm; 1.7 μm) (Waters, Milford, MA, USA). The column was
maintained at 65 °C at a flow-rate of 0.6mL/min. For LC–ESI(+)-MS
analysis, the mobile phase consisted of (A) 60:40 (v/v) acetonitrile:-
water with ammonium formate (10mM) and (B) 90:10:0.1 (v/v/v)
isopropanol:acetonitrile:water with ammonium formate (10mM). For
LC–ESI(−)-MS analysis, the composition of the solvent mixtures were
the same with the exception of the addition of ammonium acetate
(10mM) as mobile-phase modifier as previously reported [31]. Se-
paration was conducted under the following gradient for LC–ESI
(+)-MS: 0min 15% (B); 0–1min 30% (B); 1–1.3min 48% (B);
1.3–5.5 min 82% (B); 5.5–5.8min 99% (B); 5.8–6min 99% (B);
6–6.1min 15% (B); 6.1–7.5 min 15% (B). For LC–ESI(−)-MS, the fol-
lowing gradient was used: 0min 15% (B); 0–1min 30% (B); 1–1.3 min
48% (B); 1.3–4.8min 76% (B); 4.8–4.9 min 99% (B); 4.9–5.3 min 99%
(B); 5.3–5.4min 15% (B); 5.4–6.8min 15% (B). A sample volume of
5 μL was used for injection. Sample temperature was maintained at 4 °C.

The source and MS parameters were sheath gas pressure, 60 arbi-
trary units; aux gas flow, 25 arbitrary units; sweep gas flow, 2 arbitrary
units; capillary temperature, 300 °C; aux gas heater temperature,
370 °C; MS1 mass range, m/z 200–1700; MS1 resolving power, 35,000
FWHM (m/z 200); number of data-dependent scans per cycle: 3; MS/MS
resolving power, 17,500 FWHM (m/z 200). For ESI(+), a spray voltage
of 3.6 kV and normalized collision energy of 20 and 30% was used
while for ESI(−) a spray voltage of −3.0 kV and normalized collision
energy of 20, 30 and 40% were set-up.

Data processing: MS-DIAL (v. 2.82) software program [32] was used
for data processing. Lipids were annotated using accurate mass and MS/
MS matching with LipidBlast library in MS-DIAL. In total, 260 unique
lipid species covering 11 lipid classes were annotated (Supporting Table
S1). Quantification was performed using class-specific internal stan-
dards [33] and expressed in pmol of particular lipid species per 1 μL of
fraction. ESI(+) analysis was used for cholesterol quantification while
the remaining lipids were quantified using ESI(−) data.

2.14. Detection of the GM1 glycolipid

The GM1 glycolipid membrane raft marker was detected in the gel
filtration fractions (see 2.7) by dot blot method. The fractions were
diluted 5× in 20mM Tris-HCl buffer pH 8.2 containing 100mM NaCl,
and 1% SMA and 1 μL samples were applied on a strip of dry ni-
trocellulose. After 1min, the strip was blocked with 5% fat-free milk
solution and stained with cholera toxin-HRP conjugate.

3. Results

3.1. Disintegration of T cell membranes by SMA and properties of the raft-
derived SMALPs

Cell membranes of Jurkat cells were treated with 1% SMA at room
temperature for 60min. The resulting mixture was fractionated by gel
filtration on a minicolumn of Sepharose 4B. The collected fractions
were analyzed by SDS PAGE and Western blotting. As shown in Fig. 1A,
a vast majority of proteins were found in the low m.w. fractions which
corresponding to “small” SMALPs. It is of note that only a small min-
ority were found in the fractions corresponding to large complexes,
including putative raft-derived SMALPs (membrane fragments). We
suspected that some of the major membrane glycoproteins might be
enriched in the fractions corresponding to large complexes but found a
similar distribution was also observed for glycoproteins on blots that
were stained with the lectin, concanavalin A, (Fig. 1B). A number of
specific membrane proteins (LAT, PAG, Fyn, H-Ras, TCRβ, CD3ε, CD3ζ,
CD5, CD18, CD45, CD71, CD147) were detectable by immunostaining
of blots mostly or almost exclusively in fractions 7–9 corresponding to

m.w. that were lower than 900 kDa (m.w. of IgM, which is eluted as a
size standard in fractions 6–7) (Fig. 1C).

In contrast, three GPI-anchored proteins (CD48, CD55, CD59) and
the protein tyrosine kinase Lck which are all considered as typical raft
proteins, were partially or even mainly localized in the fractions cor-
responding to large SMALPs (Fig. 1C); the size distribution of these
molecules was unchanged if the SMA membrane lysate was maintained
at room temperature for at least 24 h before gel filtration fractionation
(see below). Sonication of the fractions that contained large SMALPs
resulted in the production of smaller SMALP particles (Fig. 1D).

Thus, the distribution of large SMALPs containing characteristic raft
molecules (GPI-anchored proteins CD59, CD55, CD48 and protein ki-
nase Lck) is similar to the distribution of large DRMs which were ob-
tained after Jurkat cell membrane solubilization by detergents such as
NP-40 or Brij-58 [25], while two transmembrane adaptor proteins, LAT
and PAG, and partially also Fyn kinase, which are considered to be
typical raft components found in DRMs [22], behaved differently and
were nearly absent in the large SMALPs (Fig. 1C, E).

One of the problems associated with the use of detergents has been
that DRMs, presumably derived from membrane rafts, were obtained at
non-physiological low temperatures, raising the possibility that the
DRMs were temperature-induced artefacts. Therefore, we performed
the membrane disintegration by SMA for 1 h at 37 °C. As shown in
Fig. 2, the distribution of the raft markers CD59, CD55 and Lck was also
under these conditions and qualitatively similar to the distributions
obtained with the samples that had been solubilized at room tem-
perature depicted in Fig. 1. Therefore, all other experiments were done
at a technically more convenient room temperature and were also more
suitable for prevention of possible degradation of some proteins.

Qualitatively similar results were also obtained when, instead of
isolated membranes, whole Jurkat cells were solubilized with SMA –
most of the Lck, CD48, CD55 and CD59 molecules were present in
fractions corresponding to large SMALPs, while the tested non-raft
proteins (CD5, CD18) were present mainly in small SMALPs (Fig. 3A).
Interestingly, under these circumstances Fyn, and partially also LAT
and CD5 were somewhat more shifted to larger SMALPs. It may be
hypothesized that under these conditions components of membrane
skeleton (possibly lost during membrane preparation) may stabilize
larger membrane assemblies. Similar results were also obtained with
three relevant membrane proteins of murine primary T cells (Lck, Fyn,
LAT) solubilized with SMA under the same conditions (Fig. 3B).

The membrane SMA lysates were alternatively fractionated by
density gradient ultracentrifugation. In accordance with the results of
gel filtration, the raft markers CD59, CD48 and Lck were detected
mainly in the buoyant top fractions of the gradient, presumably cor-
responding to large SMALPs, while other tested proteins were mostly
located in the bottom fractions corresponding to smaller and/or denser
SMALPs (LAT, PAG, Fyn, H-Ras, TCRβ, CD3ζ). Nevertheless, minor
amounts of Fyn, LAT and H-Ras were detectable also in the buoyant top
fraction of the gradient (Fig. 4A).

In order to verify the relationship between the large SMALPs ob-
served by gel filtration and those floating in the upper phase of the
sucrose gradient ultracentrifugation, we subjected the combined gel
filtration fractions 5 and 6 to sucrose gradient ultracentrifugation. As
shown in Fig. 4B, all Lck was present in the top fractions of the gradient
indicating that at least some of the large SMALPs (present in the front
gel filtration fractions) correspond to the buoyant SMALPs (presumably
derived from lipid-rich membrane rafts).

As expected, the large SMALPs obtained by gel filtration were
quantitatively sedimented by high-speed centrifugation (Fig. 5).

We further examined whether the size distribution of SMALPs
(prepared from cell membranes) containing four relevant Jurkat cell
membrane molecules (Lck, Fyn, CD55, CD59) changed during pro-
longed incubation at room temperature. As shown in Fig. 6, distribution
of the SMALPs containing these molecules remained qualitatively si-
milar even after 24 h and did not differ much whether 1% or 3% SMA
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was used. Reduced intensity of the zones in fractions 7–9 in the samples
incubated for 24 h may be due to partial protein degradation.

In order to obtain more detailed information regarding the size
composition of the SMA solubilized Jurkat cell membrane gel filtration
fractions, we examined the fractions by dynamic light scattering (DLS)
(Fig. 7). The unfractionated sample (upper panel) appears to contain

particles with dimensions ranging from a few nanometers up to almost
micrometer sizes. As seen in the bottom panels of Fig. 7, the sizes of the
SMALPs are gradually reduced in the Sepharose 4B fractions. Fraction 4
contains, as expected, particles in the range of hundreds of nm, while
the final fraction 9 is dominated by components bearing the mean
diameter of 13 nm (Table 1).

Qualitatively similar results were also obtained by transmission
electron microscopy (Fig. 8) – while the “low m.w.” gel filtration
fractions mainly contained objects of expected shape and size of na-
nodiscs, the initial fraction of the Sepharose 4B column (and the top
fractions from density gradient ultracentrifugation) contained mem-
brane fragments and “aggregates” of the size corresponding to those
detected by DLS.

3.2. Lipid composition of SMALPs

As our results indicated, the large Jurkat cell membrane SMALPs
might be derived from membrane rafts (due to the presence of several
typical raft protein markers), hence we also analyzed by liquid chro-
matography–mass spectrometry (LC–MS) the lipid composition of the
fractions obtained by gel filtration. As shown in Fig. 9, there were
distinct differences between the large and small SMALPs, present in gel

Fig. 1. Distribution of Jurkat cell mem-
brane proteins in the gel filtration fractions.
(A) The Jurkat cell membrane SMA lysate
(L) was fractionated by gel filtration on a
Sepharose 4B column. The fractions were
analyzed by SDS PAGE on a 10% gel; pro-
teins were stained with Coomassie Blue. (B)
Depicts the same as in (A) but the glyco-
proteins present in the fractions were vi-
sualized after blotting with Con A – perox-
idase conjugate. M.W. standard positions
are indicated (in kDa). (C) Distribution of
the indicated Jurkat cell membrane pro-
teins in the fractions as detected by Western
blotting; positions of m.w. standards (kDa)
are indicated. (D) The effect of SMA lysate
sonication on the distribution of the in-
dicated Jurkat cell membrane proteins in
the fractions. (E) Comparison of the dis-
tribution of the two indicated Jurkat cell
membrane proteins in the fractions of
membranes lysed by two indicated de-
tergents and SMA.

Fig. 2. Gel filtration of Jurkat cell membranes solubilized by SMA at 37 °C. The
indicated Jurkat cell membrane proteins were detected in the Sepharose 4B gel
filtration by Western blotting. For other details see legend to Fig. 1.
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filtration fractions 5, 6 and fraction 9, respectively; the former were
enriched in cholesterol, phosphatidylserines (PS), sphingomyelins (SM),
ceramides (Cer) and monohexosylceramides (HexCer) while in the
latter phosphatidylcholines (PC), phosphatidylethanolamines (PE),
etherPC/etherPE (ether-linked species of PC/PE), phosphatidylinositols
(PI) and phosphatidylglycerols (PG) were prevalent (Fig. 9A). The lipids
present in fraction 5 contained markedly more saturated fatty acids and
just little of those containing multiple double bonds, as shown in Fig. 9B
on phosphatidylcholines (PC). Furthermore, only the large SMALPs
contained the glycosphingolipid GM1 as detected by cholera toxin
binding (Fig. 9C). These results correspond to the assumption that the
large SMALPs may be indeed derived from membrane rafts.

The raft origin of Jurkat cell membrane large SMALPs is also sup-
ported by the results from experiments with lipid probes sensitive to
lipid membrane fluidity (membrane order). As demonstrated in Fig. 10,
the lipid environment in large SMALPs appears to be less fluid than in
the small ones, which may indicate the presence of a more ordered lipid
Lo phase which is characteristic of membrane rafts [34]. Furthermore,
the specific presence of the GM1 glycosphingolipid in the fractions
containing large SMALPs (Fig. 9C) is also consistent with their possible

raft origin.
Results qualitatively similar to those obtained with the Laurdan

probe were also obtained when using the lipid probe 1,6‑diphe-
nylhexatriene (DPH). This hydrophobic dye penetrates deeper in the
membrane interior in comparison to Laurdan and is sensitive to lipid
ordering within the fatty acid region [38]. As apparent from the higher
values of DPH anisotropy (Fig. 11); gel filtration fractions 4–6 which
contain large SMALPs appeared to include more ordered (less fluid)
lipid environment than those containing small SMALPs.

3.3. Immunoprecipitation of SMA-solubilized membrane proteins

If the use of SMA is really an equivalent or better alternative to
currently used detergents, then it should be possible to readily im-
munoprecipitate membrane proteins and their complexes solubilized by
SMA, just as it is possible after solubilization with commonly used
detergents. Indeed, as shown in Fig. 12A, immunoprecipitation works
well for several tested T cell surface proteins (CD18, LAT, Fyn).

When the Sepharose 4B fractions corresponding to large SMALPs
were used for the immunoprecipitation of Lck, the recovery of the
immunoisolated protein was very low, which was probably due to the
large size of the SMALPs that were unable to penetrate into the Protein

Fig. 3. Distribution of Jurkat cell membrane proteins in the gel filtration fractions. (A) Whole Jurkat cells were solubilized with SMA, lysate fractionated by gel
filtration and analyzed as in Fig. 1C. (B) Depicts the same as in (A) but using murine primary T cells.

Fig. 4. Distribution of Jurkat cell membrane proteins in the density gradient
ultracentrifugation. (A) The Jurkat cell membrane SMA lysate was fractionated
by density gradient ultracentrifugation and the indicated proteins in the frac-
tions were detected by Western blotting; fr. 10 is sediment. (B) Combined gel
filtration fractions 5 and 6 (containing large SMALPs) were subjected to sucrose
gradient ultracentrifugation. The distribution of Lck was determined by
Western blotting. As described in paragraph 2.5., the fractions contained ap-
proximately the following percentage of sucrose: 2 (5%), 3 (10%), 4 (20%), 5
(25%), 6 (30%), 7 (30%), 8 (35%), 9 (40%).

Fig. 5. Sedimentation of large raft-derived SMALPs by ultracentrifugation.
Jurkat cell membranes were disintegrated with SMA, fractionated by gel fil-
tration on Sepharose 4B. SMALPs present in fractions 5 and 6 were subjected to
ultracentrifugation. (A) SDS PAGE of the indicated samples – whole membrane
SMA lysate (L), combined fractions 5+6, fractions 5+6 concentrated 10× by
ultracentrifugation, combined fractions 8+ 9; stained with Coomassie Blue
(comparison of proteins present in the large and small SMALPs). M.W. (in kDa)
standard positions are indicated. (B) Western blotting of raft molecules Lck,
CD55 and CD59 following ultracentrifugation of gel filtration fractions 5+6
(combined fractions 5+ 6, supernatant after ultracentrifugation (sup), sedi-
ment adjusted to original volume (S)).
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A/G Sepharose 4B beads (not shown). However, recovery of the im-
munoprecipitated protein was improved when the large SMALPs were
disintegrated by sonication before immuno-isolation (Fig. 12B).

4. Discussion

4.1. SMA as a potentially optimal alternative to commonly used detergents

Previous studies have shown that membrane fragments (nanodiscs)
produced by exposure to the styrene-maleic acid (SMA) amphipathic
copolymer probably preserve the native lipid environment around
membrane proteins [14,15,39,40]. Therefore, the primary aim of this
study was to verify whether SMA can be used instead of commonly used
mild detergents for disintegration of T cell membranes and for bio-
chemical studies on T cell membrane proteins.

Our results on a number of T cell membrane proteins demonstrate
that SMA indeed is, in this respect, comparable to detergents such as
octylglucoside or Triton X-100 (efficient solubilization, compatibility
with Western blotting and immunoprecipitation) that are currently
used. One drawback regarding the activity of SMA is that (in contrast to
most commonly used mild detergents) it disrupts nuclear membranes,
so it is necessary to digest the released viscous DNA (see also [41]).
Solubilization of whole cells obviously has some advantages (much
simpler, minimal amounts of cells are sufficient, a decrease in potential
artefacts due to the breaking of associations with the membrane ske-
leton).

It is still possible that lipid rearrangements occur even during SMA
mediated membrane disintegration, but these may be less severe than in
the case of DRMs. Obviously, the degree of correspondence of the lipid
environment within the SMALP nanodiscs vs. the native membrane is

Fig. 6. Stability of SMAPLs and effects of SMA concentration. Jurkat cell membranes were solubilized by 1% or 3% SMA, fractionated by gel filtration on Sepharose
4B and the fractions were examined by SDS PAGE/Western blotting after the indicated time periods.

Fig. 7. Intensity weighted distributions of the selected fractions obtained by
dynamic light scattering (DLS). The panels depict the distribution of SMALPs in
the indicated samples (before fractionation and in the indicated Sepharose 4B
column fractions). Importantly, the intensity signal (referred to as Intensity
(%)) is not directly proportional to the number of respective components since
the scattering intensity depends on the sixth power of the particle size. As a
consequence, the distribution is strongly biased towards the larger species while
suppressing the smaller particles. Therefore, in absolute numbers the particles
with dimensions on the order of 10 nm are much more abundant in the un-
fractionated sample than the (sub)micrometer sample.

Table 1
Parameters set in accordance to the intensity weighted distribution functions
recorded for various fractions. The distributions were fitted with two Gaussian
curves yielding the following parameters: position of fitted peaks (ri), respective
full widths at half maxima (FWHMi), and their individual relative percentual
contributions to the overall distribution (Inti).

Fraction r1 (nm) FWHM1 (nm) Int1 r2 (nm) FWHM2 (nm) Int2

4 295 311 78 106 42 22
5 302 324 59 101 39 41
6 277 284 31 78 34 69
7 324 304 14 56 27 86
8 72 63 42 18 17 58
9 81 71 11 13 16 89
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an important issue of further investigation. Nevertheless, we believe
that SMA may be a useful tool for examination of more or less specific
associations of various leukocyte receptors and other membrane mo-
lecules with specific lipids, and their changes upon activation or ligand
engagement.

4.2. SMA as a tool for biochemical studies on membrane rafts

Furthermore, we wondered whether SMA could be used for the
preparation of biochemical equivalents of T cell membrane rafts, which
might be much closer to native rafts than the previously widely studied
(and later criticized) detergent-resistant membrane fragments (DRMs).

As the presently prevailing view of native membrane rafts is that
they are very small, highly dynamic nanodomains that are under 20 nm
in size [1], we expected that SMA-based disintegration of the T lym-
phocyte membrane would result in similarly small-sized, raft-derived
nanodiscs (SMALPs) containing proteins that are typically associated
with rafts (GPI-anchored ones, Src-family kinases, Ras family G-pro-
teins, palmitoylated transmembrane adaptor proteins). This expectation
was fulfilled for some of these proteins (LAT, PAG, H-Ras) but some-
what surprisingly, relatively large fractions of GPI-anchored proteins
(CD48, CD55, CD59) and Src family kinase Lck (and less prominently
Fyn) were found in much larger buoyant membrane fragments, as

detected by gel filtration and density gradient ultracentrifugation. The
size of the small and large SMALPs separated by Sepharose 4B gel fil-
tration was confirmed by dynamic light scattering (Fig. 7) and electron
microscopy (Fig. 8).

These large SMALPs thus resembled the large DRMs that have been
produced by detergents such as NP-40 or Brij-58 in previous studies
[25] [42]. There was an obvious possibility that the large SMALPs were
artefacts due to the non-physiological temperature used during mem-
brane disintegration. Importantly, essentially the same results were
obtained when membrane solubilization was performed at 37 °C
(Fig. 2).

Of course, we cannot exclude the possibility that SMA somehow
induces aggregation of specific lipids (those containing mostly satu-
rated fatty acid chains, cholesterol) and specific lipidated proteins (GPI-
anchored and myristoylated and palmitoylated Src-family kinases).

Nevertheless, we speculate that there may be several types of
membrane rafts which differ in their sensitivity to disintegration by
SMA or by their intrinsic tendency to aggregate into larger patches.
Thus, those containing the GPI-anchored proteins and Src-family ki-
nases may differ from those containing palmitoylated transmembrane
adaptor proteins (LAT, PAG) or Ras family proteins.

The idea that the large, buoyant SMALPs contain several GPI-an-
chored proteins and Src-family kinases may be derived from membrane

Fig. 8. Transmission electron microscopy. Negative staining of gel chromatography fractions. (A) A representative image of the population of particles in the pooled
undiluted fractions 5+ 6, showing membrane fragments and large aggregates. (B) A representative image of the population of particles in the pooled fractions 8+ 9,
diluted 1:25. The size of the imaged particles reflects data from DLS for fractions 8 and 9 (Fig. 7). (C) and (D) Representative images of particles in fractions 3 and 4,
respectively, from density gradient ultracentrifugation (those from Fig. 4B). (E) Horse spleen ferritin particles used as an external standard, concentration 100 μg/mL.
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rafts is supported by our lipidomics analysis (paragraph 3.2., Fig. 9) and
experiments which have been based on the use of lipid probes (Laurdan
and DPH) sensitive to the properties of their lipidic environment
(Figs. 10 and 11).

At the moment, it is unclear whether the components of the large
SMALPs reside jointly in common membrane patches or if several types
of such entities exist. Also, we do not know at this moment whether the
large, raft-derived SMALPs that we have observed have a structure that

is similar to the small ones, i.e. whether they also have a belt of SMA
molecules around their rim.

We certainly do not claim that everything present in fractions 4–6 of
Sepharose 4B gel filtration more or less corresponds to membrane rafts.
Future research should elucidate the heterogeneity of these large, SMA-
resistant entities. We are currently working on a proteomic and lipi-
domic study characterizing the various subfractions of this material.
Nevertheless, the results shown in Fig. 4B demonstrate that at least the
large SMALPs containing Lck rather uniformly float in density gradient
ultracentrifugation (i.e. apparently no large dense Lck-containing
SMALPs exist). On the other hand, the bottom fractions of the density
gradient most likely contain a complex mixture of large dense com-
plexes as well as various small entities of various densities. Ultra-
centrifugation at higher speeds might achieve separation of these mo-
lecular complexes.

Our results may indicate that previous membrane raft studies that
employed mild detergents and DRMs may not be largely artefactual, but
possibly do reflect important specific features of raft membrane nano-
domains. Just as in the case of the previous detergent-based results, our
data demonstrate that certain percentages of raft molecules (GPI-an-
chored glycoproteins, Src-family kinases) were fully solubilized with
SMA and present in small SMALPs. This may indicate that these mo-
lecules undergo dynamic exchange between raft and non-raft areas of
the membrane (the result from the use of a detergent or SMA solubi-
lization represents a “snapshot” of the actual state). Another possibility
is that membrane rafts of various sizes may co-exist in the membranes.
In future experiments, it will be interesting to compare the lipid and
protein composition of the SMALPs of different sizes and determine
their possible relationship (e.g. the small ones corresponding to “ele-
mentary nanorafts”, while the larger ones being their aggregates).

As stated above, another class of presumably raft-associated mem-
brane proteins, namely palmitoylated transmembrane adaptors, re-
presented here by LAT and PAG, were more fully solubilized by SMA
than in previous studies by polyoxyethylene detergents [26,43], and
were present almost entirely in small SMALPs. Furthermore, Fyn kinase
behaved differently from Lck, as only its relatively minor fraction was
detectable in the large SMALPs of Jurkat cell membranes. Interestingly,
this difference was more prominent when SMALPs were prepared from
isolated membranes; when prepared directly from whole T cells, size
distributions of SMALPs containing Lck or Fyn were similar (Fig. 3).
Nevertheless, this difference between Lck and Fyn (perhaps due to their
differential interactions with membrane skeleton components) may be
relevant for their well-established functional differences [44]. It is
possible that some non-raft proteins, such as CD71 (cf. Fig. 1C), can be
present in so far uncharacterized type of membrane microdomains
yielding intermediate to large SMALPs. This will also be an interesting
subject of further studies.

4.3. Technical aspects

It should be noted that gel filtration on Sepharose 4B used as a basic
method in this study has low resolving power. It separates well the
small SMALPs (around 20 nm) from the large ones (hundreds of nm) but
optimized gel media should be used in future experiments for separa-
tion of various SMALP species in both these fractions.

As stated above, the results of membrane disintegration by SMA at
physiological temperature appear to be similar to those at room tem-
perature (Fig. 2), indicating that temperature artefacts may not be a
problem. Furthermore, large SMALPs appear to be relatively stable
during prolonged incubation with excess SMA at ambient temperature
(Fig. 6). Nevertheless, their exposure to 3% SMA at ambient tempera-
ture for 24 h resulted in their partial dissociation or degradation of
some of their components (Fig. 6). On the other hand, protein de-
gradation should be limited because of the presence of a mixture of
protease inhibitors in the lysis buffer.

Finally, an important technical aspect is reproducibility of the

Fig. 9. Lipid composition of gel filtration fractions. (A) Distribution of lipid
classes across fractions 5, 6 and 9, (B) molar percentage of total PC species
based on number of double bonds (DB) across fractions 5 and 9. (Legend: Cer,
ceramides; HexCer, monohexosylceramides; EtherPC, ether-linked phosphati-
dylcholines; EtherPE, ether-linked phosphatidylethanolamines; PC, phosphati-
dylcholines; PE, phosphatidylethanolamines; PG, phosphatidylglycerols; PI,
phosphatidylinositols; PS, phosphatidylserines; SM, sphingomyelins) (C) Dot
blot detection of GM1 glycolipid in the respective gel filtration fractions
(staining with cholera toxin-HRP conjugate).
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results. Obviously, when comparing gel filtration results from different
experiments, there are relatively minor differences in relative dis-
tributions of the raft-associated proteins (Lck, Fyn, CD48, CD55, CD59)
in the large vs. small SMALPs (cf. Figs. 1C, D, E, 6). This variability may
be due to both intrinsic and technical factors. The intrinsic factors may
include differences in cell culture density and presence of small cell
aggregates. Different batches of membrane preparations may somewhat
differ in the contents of intracellular membranes (containing different
forms of the relevant molecules, such as underglycosylated ones), the
volumes of manually collected fractions from the Sepharose 4B mini-
colums may differ by ca 10%, there may be minor differences in Wes-
tern blotting transfer efficiency and antibody staining. When performed
with an identical starting cell culture, the results of 3 parallel experi-
ments are very similar (Fig. 13).

In conclusion, we hypothesize that SMA (or similar copolymers
[45]) may be the long sought optimal tools of membrane biochemistry
making it possible to study also membrane molecules of immunocytes

and their associations under more natural conditions than when using
various detergents, namely in the case of raft-associated molecules.
Future studies should confirm or disprove such a working hypothesis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2018.08.006.
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Fig. 10. Examination of lipid order in SMALPs pre-
sent in gel filtration fractions using Laurdan. (A, B)
Jurkat cell membranes were disintegrated with SMA,
subsequently separated by gel filtration on
Sepharose 4B and ultimately incubated with
Laurdan. (A) Emission spectra of Laurdan in fractions
5 and 8. The emission spectrum of fraction 5 exhibits
a maximum at 435 nm. The emission spectra of
Laurdan embedded in rigid lipid phases are known to
have a maximum of approximately 440 nm [35]
[36]; thus, the result indicates the presence of the
Laurdan probe in a relatively rigid and ordered lipid
environment. In contrast, the emission spectrum of
fraction 8 was significantly shifted to the longer
wavelength, indicating the presence of the Laurdan
probe in a more disordered (fluid) lipid environment.
(B) Laurdan generalized polarization (GP). The gen-
eralized polarization (GPexc) values confirmed the
conclusions made from the inspection of the steady
state spectra: the higher GPexc values in fractions 4–6
indicated the presence of the Laurdan probe in a
relatively more ordered lipid environment as com-
pared to fractions 7–9. In order to correlate the
presently recorded GPexc values to the previous data
obtained for model membranes [37], GPexc of frac-
tions 4–6 corresponds to the model phospholipid
bilayer with prevailing liquid ordered phase (e.g.
POPC/egg sphingomyelin/Cholesterol = 25:35:40 at
20 °C), while fractions 7–9 correspond to the model
bilayers with predominant liquid disordered phase

(e.g. POPC/egg sphingomyelin/Cholesterol = 70:25:5 at 20 °C) [37]. (C, D) report the same as in (A, B) but using samples of fractions obtained from membranes
prepared from whole Jurkat cells incubated first with Laurdan and subsequently disintegrated by SMA and separated by gel filtration (see paragraph 2.11.).

Fig. 11. Examination of lipid order in SMALPs present in gel filtration fractions using DPH. As in Fig. 10 A, B, but using the DPH probe (for details see paragraph
2.11.).
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Fig. 13. Reproducibility of gel filtration results. Three batches of cell mem-
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