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A B S T R A C T   

An advantageous alternative to the use of detergents in biochemical studies on membrane proteins are the 
recently developed styrene-maleic acid (SMA) amphipathic copolymers. In our recent study [1] we demonstrated 
that using this approach, most T cell membrane proteins were fully solubilized (presumably in small nanodiscs), 
while two types of raft proteins, GPI-anchored proteins and Src family kinases, were mostly present in much 
larger (>250 nm) membrane fragments markedly enriched in typical raft lipids, cholesterol and lipids containing 
saturated fatty acid residues. In the present study we demonstrate that disintegration of membranes of several 
other cell types by means of SMA copolymer follows a similar pattern and we provide a detailed proteomic and 
lipidomic characterization of these SMA-resistant membrane fragments (SRMs).   

1. Introduction 

It is well established that cell membranes exhibit lateral heteroge
neity – lipids and proteins form more or less dynamic micro/nano- 
domains of various size, specific lipids form lipid shells around trans
membrane domains of proteins. An interesting and functionally impor
tant type of membrane micro/nano-domains are so called membrane 
rafts, which are enriched in cholesterol and lipids containing saturated 
fatty acid residues and selectively concentrate a specific set of mostly 
lipidated proteins and (glyco)lipids (recently reviewed in [2]). Tradi
tionally, biochemical studies on membrane rafts were based mostly on 
their selective resistance to solubilization by some detergents. More 
recently, it has become obvious that the use of detergents may produce 
artifacts; therefore, detergent-resistant membrane fragments (DRMs) 
should not be considered equivalents of native rafts and the results based 
on DRMs should be interpreted with caution [3]. 

Styrene-maleic acid (SMA) amphipathic copolymers have recently 
emerged as an attractive alternative to the use of detergents. These co
polymers cut the membrane into nanodiscs (often called SMA-lipid 
particles, SMALPs), which contain membrane proteins embedded in 
their relatively native lipid environment [4–6]. It has been demon
strated by biophysical studies that SMA molecules spontaneously insert 
into the membranes cutting them into “nanodiscs” of approx. 12 nm 

diameter. The phenyl moieties of the copolymer apparently intercalate 
between the lipid molecules, while the hydrophilic carboxy groups are 
exposed to the aqueous environment and may also interact with lipid 
extracellular polar headgroups [7]. The protein complexes associated 
with these SMALPs essentially behave like soluble (lipo)proteins, which 
can be studied using standard biochemical procedures. 

In our recent study [1] we demonstrated that using membrane 
disintegration by means of the SMA copolymer, also most T cell mem
brane proteins were present in small nanodiscs. In contrast, two types of 
raft proteins, GPI-anchored proteins and Src family kinases, were mostly 
present in much larger (>250 nm) membrane fragments markedly 
enriched in typical raft lipids, cholesterol and lipids containing saturated 
fatty acid residues. These SMA-resistant membrane fragments (SRMs) 
were therefore similar to previously described DRMs. However, another 
type of presumably raft-associated proteins, namely palmitoylated 
transmembrane adaptor proteins LAT and PAG, previously demon
strated in DRMs, were essentially absent from the SRMs [1]. 

In the present study we aimed to determine, whether disintegration 
of membranes of several human cell types by means of the SMA copol
ymer follows a similar pattern. We examined whether such treatment 
more generally produces presumably raft-derived SRMs, and deter
mined protein and lipid composition of these entities. 
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2. Experimental procedures 

2.1. Reagents 

The following reagents were obtained from the indicated commercial 
sources: SMA sodium salt (Lipodisq™ Pre-Hydrolysed P (3:1 Ratio); m. 
w. 9,5 kDa; Malvern Pharmaceuticals), benzonase (Novagen), triethy
lammonium bicarbonate (TEAB; Pierce). Other common chemicals were 
from Sigma. 

2.2. Cells and antibodies 

Human cell lines Jurkat (T cell), Ramos (B cell), NALM-6 (pre-B cell), 
HL-60 (early myeloid), K562 (erythroid precursor), KG1a (early 
myeloid), HeLa (epithelial), HEK 293FT (embryonic kidney), were from 
the cell line collection of our Institute, Jurkat mutant cells J.CaM.1 
(defective in Lck expression) was provided by Dr. A.Weiss, GPI-defective 
Jurkat mutant (J-GPI− ) by Dr. R. Schmidt; human erythrocytes (RBC) 
were obtained from local blood bank. 

Rabbit polyclonal antibody to human CD59 was prepared previously 

Fig. 1. Proteins selectively enriched in 
SRMs present in top fractions (1–5) of the 
density gradient. The samples were 
analyzed by mass spectrometry as described 
in detail in Experimental Procedures (2.7.). 
Membrane proteins with the intensity ratio 
“SRM fraction/whole cell lysate“ more than 
twenty in at least one of the cell lines were 
selected, sorted according to the number of 
occurrences in the SRM fractions in all cell 
lines (regardless of the SRM/lysate intensity 
value) and proteins with occurrence in at 
least 7 cell types were included in this Figure. 
The selected proteins were clustered accord
ing to their predicted lipid modifications. The 
proteins were sorted according to their SRM/ 
lysate ratio intensity values using the 
following color code: Black (unique in the 
SRM fraction); dark green (>100); pink (5 to 
100); light blue (<5); light blue with X 
(missing both in the cell lysate and in the SRM 
fractions). The “unique” proteins of course 
must have been present also in the total cell 
lysates, but were obviously missed in these 
very complex protein-rich samples, while 
they were detectable in the less complex (less 
protein-rich) SRM fractions. The results are 
from single experiments for each cell line. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the web version of this article.)   
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in our laboratory and is commercially available from EXBIO, mAb MEM- 
M6/1 (CD147) [8] was from EXBIO, goat anti-rabbit Ig-HRP and goat 
anti-mouse Ig-HRP from BioRad. 

2.3. Cell and membrane solubilization 

Cells (3 × 107) were solubilized for 1 h at room temperature in 1 mL 
of lysis buffer (20 mM Tris-HCl pH 8.2 containing 100 mM NaCl, Pro
tease Inhibitor Cocktail III (Calbiochem), 10 mM EDTA, 50 mM NaF, 10 
mM Na4P2O7, and 1% SMA. 1 μL (25 U) of benzonase endonuclease 
solution and 10 μL of 1 M MgCl2 was added to digest the viscous nuclear 
contents released by SMA. Such lysates were spun at 25,000 xg for 3 min. 
to remove remnants of nuclei and other insoluble materials, and used for 
gradient ultracentrifugation or for proteomic analysis. Erythrocyte 
membranes were obtained by centrifugation of human red blood cell 
hypotonic lysate and solubilized as described above (10 mg/mL), except 
that benzonase and MgCl2 were omitted. 

2.4. Density gradient ultracentrifugation 

This method that has been previously used in studies that have dealt 
with presumably raft-derived DRMs [9] 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 [10]. Briefly, the SMA cell or erythrocyte mem
brane lysate (0.5 mL) was added to 0.5 mL of 80% (wt/vol) sucrose in 
lysis buffer and placed at the bottom of a 5.2 mL centrifuge tube. The 
mixture was then carefully overlaid with 1.8 mL of 30%, 0.8 mL 20%, 
0.8 mL 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 (21 h, 
50,000 rpm). Nine 0.58 mL fractions were collected gradually from the 
top of the gradient. Proteins were then separated by SDS-PAGE and 
analyzed by immunoblotting. 

2.5. Sedimentation of SMALPs by ultracentrifugation 

As the protein concentrations in the SRMs containing top fractions of 
the density gradient were too low for proteomic analysis, SRMs present 

in the relevant gradient fractions (1–3, 4 + 5) were subjected to ultra
centrifugation at 55,000 rpm (approx. 114,000 ×g) for 1 h at 18 ◦C using 
a TLA 110 rotor in a Beckman Optima ultracentrifuge. The sediments 
were used for proteomic and lipidomic analysis. 

2.6. SDS-PAGE and Western blotting 

SDS-PAGE (non-reduced boiled samples) and Western blotting were 
performed essentially as previously described [11]. The positions of the 
broadly expressed membrane raft marker, GPI-anchored protein CD59, 
and non-raft marker CD147 were visualized by Western blotting. 

2.7. Proteomic analysis 

LFQ MS analysis was performed as described previously [12]. 
Briefly, sedimented SMALPs (see section 2.5.) were dissolved in 100 mM 
TEAB with 1% sodium deoxycholate (SDC). Samples were digested with 
trypsin, and detergent was removed by liquid-liquid extraction [13]. 
Alternatively, samples of total cell lysates (see section 2.4.) mixed 1:1 
with 2× SDS sample buffer were processed with Single-pot method [14]. 

Tryptic peptides were injected on a nano reverse-phase liquid chro
matograph coupled with MS_core_Discoverer (nanoLC-MS) using a 
Thermo Orbitrap Fusion Mass spectrometer as described previously 
[12]. Briefly, peptides were separated and analyzed on an UltiMate 3000 
RSLCnano system coupled to an Orbitrap Fusion Tribrid mass spec
trometer (both from Thermo Scientific). Peptides were firstly loaded 
onto an Acclaim PepMap300 trap column (300 μm × 5 mm) packed with 
C18 (5 μm, 300 Å) in loading buffer (0.1% trifluoroacetic acid in 2% 
acetonitrile) for 4 min at 15 μL/min and then separated in an EASY- 
Spray column (75 μm × 50 cm) packed with C18 (2 μm, 100 Å, 
Thermo Scientific) at a flow rate of 300 nL/min. Mobile phase A (0.1% 
formic acid in water) and mobile phase B (0.1% formic acid in aceto
nitrile) were used to establish a 60-min gradient from 4% to 35% B. 
Eluted peptides were ionized by electrospray. A full MS spectrum 
(350–1400 m/z range) was acquired at a resolution of 120,000 at m/z 
200 and a maximum ion accumulation time of 100 ms. Dynamic 
exclusion was set to 60 s. Higher-energy collisional dissociation (HCD) 
MS/MS spectra were acquired in iontrap in rapid mode and normalized 
collision energy was set to 30% with maximum ion accumulation time of 
35 ms. An isolation width of 1.6 m/z units was used for MS2. 

Raw data were processed using MaxQuant version 2.0.2. [15]. 

Fig. 2. Distribution of a membrane raft marker 
GPI-anchored glycoprotein CD59 (left panel) and a 
non-raft transmembrane glycoprotein CD147 
(right panel) in the density gradient ultracentri
fugation fractions. As described in paragraph 2.4., 
the indicated cell lines were solubilized by SMA, the 
lysates were fractionated by density gradient ultra
centrifugation and the indicated proteins in the 
collected fractions were detected by Western blotting. 
Top fractions are No. 1. Only the relevant parts of the 
blots are shown, corresponding to the area around the 
m.w of the respective proteins (20 kDa for CD59 and 
54 kDa for CD147). The results for cells negative in 
the respective proteins are not shown (CD59 in J-GPI-, 
Ramos, NALM-6, HEK 293FT; CD147 in Ramos, 
NALM-6, erythrocytes, K562, HEK 293FT). The ma
terials corresponding presumably to membrane raft 
derived SRMs are present in the top fractions (mainly 
2–5) based on their characteristic behavior during 
density gradient ultracentrifugation, as described in 
Experimental Procedures (2.4.). The reproducibility of 
the results was tested just for Jurkat cells – in total 6 
similar experiments provided very similar results. 

Two experiments with very similar results were performed for HeLa, J.CaM.1 and KG1. The results for HL-60, K562 and erythrocytes (RBC) are from single 
experiments.   
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Searches were performed using the human database from Uniprot 
(release 6/2021 entries). Trypsin cleaving specifity was used and two 
missed cleavages were allowed. The protein modifications were set as 
follows: cysteine (unimod nr: 39) as static and methionine oxidation 
(unimod: 1384) and protein N-terminus acetylation (unimod: 1) as 
variable. Search mass tolerances were used in MaxQuant default settings 
for Orbitrap and Iontrap. The precursor ion mass tolerance in the initial 
search was 20 ppm, the tolerance in the main search was 4.5 ppm, and 
the fragment ion mass tolerance was 0.5 Da. The false discovery rates for 
peptides and for proteins were set to 1%. Raw data and Maxquant serch 
is available on PRIDE repository [16], dataset: PXD031828. 

Intensities of proteins were expressed as fractions of the total protein 
intensity. The ratio of these values was calculated for the total lysate of a 
given cell line and the corresponding SRM-containing sample. If this 
ratio was over 20 or a protein was unique for the SRM fractions in at 
least one cell line, the protein was considered as a membrane raft 
component. Proteins were annotated according to their membrane 

localization and possible lipid modifications. We consider four post
traslation modifications (palmitoylation, GPI-anchor, prenylation and 
myristoylation) as markers of membrane raft proteins [17–19]. Sources 
of protein modification annotation were as follows: palmitoylation 
(SwissPalm), GPI-anchor (UniProt annotation), prenylation (UniProt 
annotation), and myristoylation (MYR Predictor, Myristoylator). 
Although the data for SRMs containing fractions were measured sepa
rately for fractions 1–3 and 4 + 5, for the sake of simplicity they are here 
(Fig. 1, Table S1) presented as single samples, i.e. corresponding to 
pooled fractions 1–5. All identified proteins are listed in Supplementary 
Table 1, which contains the following sheets: (1) all identified proteins 
and their ratios between the total lysate and the SRM fractions, (2) list of 
proteins annotated as membrane ones, (3) list of proteins used for 
visualization in Fig. 1., (4) list of putative membrane raft proteins 
defined as above from their prevalence in the SRM fractions. 

2.8. Lipid analysis 

2.8.1. Sample preparation 
A volume of 180 μL of cold methanol containing a mixture of lipid 

internal standards (CL 16:0/16:0/16:0/16:0, 221.0 pmol; Cer-NS d18:1/ 
17:0, 49.9 pmol; Cholesterol-d7, 699.0 pmol; DAG 18:1/18:1-d5, 87.9 
pmol; HexCer-NS 18:1/17:0, 38.5 pmol; LPC 17:1, 108.4 pmol; LPE 
17:1, 147.8 pmol; PC 15:0/18:1-d7, 36.5 pmol; PE 17:0/17:0, 152.9 
pmol; PG 17:0/17:0, 178.0 pmol; PI 15:0/18:1-d7, 65.0 pmol; PS 17:0/ 
17:0, 3097.4 pmol; SM d18:1/17:0, 76.8 pmol; TAG 17:0/17:1/17:0-d5, 
32.3 pmol) was added to the SRMs containing sediments (see 2.5.), 
followed by shaking (30 s) and sonication (3 pulses). Then, 600 μL cold 
methyl tert-butyl ether was added, followed by shaking (30 s), addition 
of 175 μL water, shaking (30 s), and centrifugation (16,000 rpm, 10 min, 
4 ◦C). A volume of 300 μL of the upper organic phase was collected and 
evaporated. Dried lipid extracts were resuspended in 100 μL methanol 
containing the internal standard 12-[[(cyclohexylamino)carbonyl] 
amino]-dodecanoic acid (CUDA, 200 ng/mL); after shaking (30 s) and 
centrifugation (16,000 rpm, 5 min, 4 ◦C), the extracts were submitted to 
LC–MS analysis. 

2.8.2. LC–MS analysis 
The LC–MS system consisted of a Vanquish UHPLC System (Thermo 

Fisher Scientific, Bremen, Germany) coupled to a Q Exactive Plus mass 
spectrometer (Thermo Fisher Scientific). Details of LC–MS methods used 
for lipidomic profiling can be found elsewhere [20]. 

2.8.3. Data processing 
MS-DIAL (v. 3.98) software program [21] was used for data pro

cessing. Lipids were annotated using accurate mass and MS/MS 
matching with LipidBlast library in MS-DIAL. In total, over 600 unique 
lipid species covering 20 lipid classes were annotated (Table S2). 
Quantification was performed using class-specific internal standards 
except for GM3, Hex2Cer and Hex3Cer species in which case internal 
standard HexCer-NS d18:1/17:0 was used. Results were expressed in 
pmol of particular lipid species per isolated membrane fraction followed 
by calculation of relative molar concentrations of particular lipid classes 
(%). 

3. Results and discussion 

3.1. Proteomic analysis 

In our previous study [1] we demonstrated that following disinte
gration of cell membranes of a T cell line Jurkat or primary T cells by the 
SMA copolymer two types of membrane raft proteins, GPI-anchored 
proteins and Src family kinases, were mostly present in membrane 
fragments enriched in typical raft lipids, cholesterol and lipids con
taining saturated fatty acid residues. In contrast, the bulk of the mem
brane proteins and lipids were fully solubilized and apparently present 

Fig. 3. Molar percentage distribution of lipid classes in whole Jurkat cell 
lysate and in the top density gradient fractions corresponding to the 
SRMs. Data from 3 independent experiments (standard deviations bars shown). 
Abbreviations: CL, cardiolipin; Cer, ceramide; DAG, diacylglycerol; GM3, 
ganglioside GM3; HexCer, hexosylceramide; Hex2Cer, dihexosylceramide; 
Hex3Cer, trihexosylceramide; LPC, lysophophatidylcholine; LPE, lysophospha
tidylethanolamine; PC, phosphatidylcholine; PCe, ether-linked phosphatidyl
choline; PE, phosphatidylethanolamine; PEe, ether-linked 
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; 
PS, phosphatidylserine; SM, sphingomyelin; TAG, triacylglycerol; TAGe, ether- 
linked triacylglycerol. 
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in small “nanodiscs”. 
We wondered whether membranes of other cell types also contain 

similar SMA-resistant patches (SRMs), and how they differ in their 
protein and lipid composition. Therefore, we examined in this respect 
human cell lines Jurkat (T cell, a positive control), Ramos (B cell), 
NALM-6 (pre-B cell), HL-60 (early myeloid), K562 (erythroid precursor), 
KG1a (early myeloid), HeLa (epithelial), HEK 293FT (embryonic kid
ney) and erythrocytes. Also, we included two relevant mutants of the 
Jurkat T cells - J.CaM.1 (defective in Lck expression) and GPI-defective 
Jurkat mutant (J-GPI− ), as we suspected that the absence of important 
raft components might affect the sensitivity to disintegration by SMA 
and composition of the SRMs. 

The cells (or membranes, in the case of erythrocytes) were treated 
with 1% SMA as described above (2.3.), the resulting lysates were 
fractionated by sucrose gradient ultracentrifugation, the SRM fractions 
collected from the top part of the gradient (2.4.), concentrated by high- 
speed centrifugation (2.5.) and subjected to proteomic and lipidomic 
analysis. 

As shown in Fig. 1 and Table S1, the buoyant SRMs (representing a 

small minority of total cell proteins [1]) from all cell types examined 
contained many lipid-modified (GPI, palmitoylated, myristoylated, 
prenylated) proteins. These included functionally important signaling 
membrane proteins such as Src family protein tyrosine kinases (Lck, Fyn, 
Lyn), G-proteins, as well as multiple extracellular GPI-anchored glyco
proteins. Such membrane proteins apparently have affinity for the lipid 
environment rich in lipids with saturated hydrocarbon chains [2]. The 
proteins without lipid modifications may be targeted to SRMs either due 
to specific features of their transmembrane domains or via their asso
ciations with the lipidated ones. Actually, the SRMs contained many 
other lipid modified membrane proteins not shown in Fig. 1 (see 
Table S1). 

It should be noted, that the SRMs examined here obviously origi
nated not only from plasma membrane, but also from intracellular 
membrane compartments. Interestingly, there were also multiple mito
chondrial proteins – their presence may not be surprising, as mito
chondrial membrane raft-like membrane domains have been described 
before [22,23], as well as association of mitochondria with cell mem
branes [24]. 

Fig. 4. a. Molar percentage distribution of lipid classes in the density gradient fractions corresponding to the SRMs. As described above, for the sake of 
simplicity, only the data from the SRMs obtained from the pooled top gradient fractions 1–3 are shown; those from pooled fractions 4 + 5 had very similar lipid composition (not 
shown; the same holds for Fig. 4b, c and d). 
b. Molar percentage of total PC species based on the number (from 0 to 7) of double bonds (DB) in the SRM fractions. 
c. Molar percentage of total PE species based on number (from 0 to 6) of double bonds (DB) in the SRM fractions. 
d Molar percentage of total PI species based on number (from 0 to 6) of double bonds (DB) across fractions. 
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The distribution of a typical membrane raft marker (GPI-anchored 
protein CD59) in the density gradient ultracentrifugation fractions of 
several cell lines (Jurkat, J.CaM.1, HeLa, HL-60, K562, KG1a, erythro
cyte) is illustrated by Western blotting (Fig. 2) and corresponds to our 
previous results with Jurkat cells (see Fig. 4 in [1]). As expected, a 
broadly expressed non-raft membrane protein CD147 was detected only 
in the bottom (non-raft) fractions of the gradient. 

The membrane raft marker CD59 could not be detected by Western 
blotting in the cell lines Ramos, NALM-6, J-GPI− (not shown), although 
it was detectable in these cells by mass spectrometry (Fig. 1). It may be 
speculated that the antibody used in the Western blotting recognizes an 
epitope absent in the CD59 molecules expressed in some cell lines. The 
difference is especially intriguing in the case of the GPI-defective Jurkat 
cell mutant (J-GPI− ), which is correctly negative for several other GPI- 
anchored proteins in the proteomic analysis, but CD59 (and also 
ULBP2 and CD48) peptides are detectable in it (Fig. 1). In these cases, it 
is possible that the peptides detected by mass spectrometry are derived 
from intracellular precursors of these proteins, which failed to undergo 
the biosynthetic GPI-modification and lacked the epitope(s) recognized 
by the antibodies used in Western blotting. This surprising observation 
deserves further elucidation. The significance of the differences in the 
protein composition of the SRMs obtained from different cell lines are 
another point of interest for future studies. Especially the apparent dif
ferences between the WT Jurkat cells and the J.CaM.1 and J-GPI− mu
tants might be of interest, as both the mutant cell lines lack important 
raft components (tyrosine kinase Lck and GPI-anchored proteins, 
respectively) possibly involved in organization of membrane raft 

nanodomains. 

3.2. Lipidomic analysis 

First, we verified the reproducibility of the lipidomic analysis using 
the SRMs prepared in three separate experiments from the Jurkat cells 
(as described in paragraph 2.8). We analyzed separately the SRMs 
contained in the combined density gradient very top fractions 1–3 and 
those from combined fractions 4 and 5 and compared them with the 
lipid composition of whole cells. As shown in Fig. 3, the results were well 
reproducible and corresponded to the results of our previous study on T 
cell line Jurkat [1], i.e. significant differences between the whole cells 
and SRMs (especially markedly higher cholesterol content in the SRMs). 

Then we performed lipidomic analysis of the SRMs obtained from all 
cell types examined (Fig. 4a – d). For the sake of simplicity, only the data 
from the SRMs obtained from the pooled top gradient fractions 1–3 are 
shown; those from pooled fractions 4 + 5 had very similar lipid 
composition (as shown for the Jurkat cells in Fig. 3). The data shown in 
Fig. 4a – d are from single experiments done under the same conditions 
as those shown in Fig. 3, which demonstrated good reproducibility. 

As shown in Fig. 4a - d, the lipid composition of SRMs from all cell 
types examined was similar and corresponded to the results of our 
previous study on T cell line Jurkat, i.e. high cholesterol content and 
predominance of lipids with saturated fatty acid residues. Myeloid (HL- 
60, KG1a), erythroid (K562) and pre-B (NALM6) cell lines contained 
relatively more PIs than the other cells. The percentage of fully saturated 
PCs was markedly lower in KG1a, K562, and erythrocytes. Interestingly, 

Fig. 4. (continued). 
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in contrast to phosphatidylcholine (PC), there were almost no fully 
saturated phosphatidylethanolamine (PE) and phosphatidylinositol (PI) 
lipid species. 

It is presently not known what is the biological significance of these 
differences. As already noted above, the SRMs analyzed here obviously 
originated from both plasma membranes and intracellular ones, in a 
currently unknown ratio, which might have affected the observed dif
ferences in lipid (and protein) composition (mainly the distribution of 
various unsaturated species). 

4. Conclusions 

Our data demonstrate that all the examined cell types contain 
membrane regions resistant to disintegration by the SMA copolymer, 
specifically enriched by lipid-modified proteins and of similar lipid 
composition. This confirms and markedly extends our previous results 
on T cells [1] and may support the concept of membrane raft micro
domains [2]. 

There has been a long and so far unfinished discussion concerning 
the relationship between membrane raft micro/nanodomains and the 
detergent-resistant fraction of membrane proteins (DRM). The present 
consensus is that the DRMs are not a faithful biochemical equivalent of 
native membrane rafts [25], as more recently thoroughly discussed by 
Sezgin et al [2] Importantly, as shown by us before [1] and in the present 
study, a similar phenomenon (existence of solubilization-resistant 
membrane fraction, SRM) is also observed when cell membranes are 
disintegrated by the SMA copolymer, which attacks membranes by a 

mechanism considerably different from detergents and produces very 
different major final products (SMALPs vs. detergent micelles). This may 
indicate that both these observations (existence of DRMs and SRMs) 
reflect an important non-artefactual feature of cell membranes. A 
reasonable hypothesis may be as follows. Upon exposure of cell mem
branes to certain detergents (such as Triton X-100) or to the SMA 
copolymer, bulk of the membrane is disintegrated into micelles or 
nanodiscs, respectively. Small native membrane raft nanodomains 
exhibiting (due to the nature of their lipid components) weak affinity 
toward these reagents, simply coalesce into larger aggregates that can be 
separated from the bulk of solubilized membrane proteins by standard 
biochemical methods and visualized by electron microscopy as 200–400 
nm concave membrane sheets [1]. It is presently unclear to what extent 
the composition of the SRMs differs from that of the native raft micro/ 
nanodomains, whether some of the protein or lipid components are lost 
(or added) during the SMA extraction. In this respect it should be noted 
that only a tiny fraction of total cell membrane proteins (<0.1%) is 
present in the SRMs, so the set of the proteins accumulated in the SRMs 
is highly specific. 

SMA copolymer appears to be a significantly better alternative to 
detergents for cell membrane disintegration because it presumably 
preserves the more or less native lipid environment around the mem
brane proteins and the resulting nanodiscs and SRMs are apparently 
very stable even during prolonged incubation at physiological temper
ature [1]. We believe that various physiologically relevant cell treat
ments might result in specific compositional changes of the SRMs. This 
might serve as a potential useful tool of membrane biochemistry. 

Fig. 4. (continued). 
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Furthermore, our current [26] and ongoing and so far unpublished 
studies indicate that additional types of membrane active copolymers 
produce alternative patterns of cell membrane disintegration and may 
thus provide a more nuanced biochemical insight into membrane or
ganization. It should be noted that in the current literature there are only 
3 studies dealing with some aspects of SRMs [1,27,28]. It seems likely 
that also a fraction of the protein-lipid complexes obtained by cell 
membrane disintegration by SMA or SMA derivatives, described in two 
other recent papers [29,30] are similar to the SRMs characterized in the 
present study. 

Finally, there are several limitations of our study. First, we have not 
characterized the SRMs obtained from various cell lines as to their size; 
we assume that they may be comparable to those described in our pre
vious study [1], i.e. in the order of a few hundreds of nanometers. 
Second, we have not studied the much smaller nanodiscs containing the 
majority of “fully solubilized” non-raft membrane proteins. Further
more, we have to admit we just assume that the raft-derived proteins 
found in the SRMs reside in their truly native lipid environment. A 
rigorous proof of such an assumption would be very challenging. 
However, there are rather strong indications that transmembrane pro
teins present in the nanodiscs formed after membrane disintegration by 
SMA (much smaller than the SRMs) are present in a relatively native 
lipid environment, as reviewed e.g. in several recent papers [31–33]. 
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