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Abstract

Biomembranes are not homogeneous, they present a lateral segregation of lipids and proteins which leads to the formation of detergent-
resistant domains, also called “rafts”. These rafts are particularly enriched in sphingolipids and cholesterol. Despite the huge body of literature on
raft insolubility in non-ionic detergents, the mechanisms governing their resistance at the nanometer scale still remain poorly documented. Herein,
we report a real-time atomic force microscopy (AFM) study of model lipid bilayers exposed to Triton X-100 (TX-100) at different concentrations.
Different kinds of supported bilayers were prepared with dioleoylphosphatidylcholine (DOPC), sphingomyelin (SM) and cholesterol (Chol). The
DOPC/SM 1:1 (mol/mol) membrane served as the non-resistant control, and DOPC/SM/Chol 2:1:1 (mol/mol/mol) corresponded to the raft-
mimicking composition. For all the lipid compositions tested, AFM imaging revealed that TX-100 immediately solubilized the DOPC fluid phase
leaving resistant patches of membrane. For the DOPC/SM bilayers, the remaining SM-enriched patches were slowly perforated leaving crumbled
features reminiscent of the initial domains. For the raft model mixture, no holes appeared in the remaining SM/Chol patches and some erosion
occurred. This work provides new, nanoscale information on the biomembranes’ resistance to the TX-100-mediated solubilization, and especially

about the influence of Chol.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The plasma membrane of mammalian cells is mainly
composed of glycerophospholipids (GPLs), sphingolipids
(SphLs) and cholesterol (Chol) that are not homogeneously
distributed within the bilayer as proposed by the fluid mosaic
model [1] but they are rather organized into microdomains also
called “rafts” [2,3]. These membrane microdomains are
especially enriched in SphLs and Chol and they play a pivotal
role in cellular processes such as signal transduction and
membrane trafficking [4—8].

GPLs are especially enriched in unsaturated acyl chains that
tend to adopt a kinked structure. Consequently, GPLs present a
loosely packed conformation yielding a liquid-disordered or
fluid phase (Ld or La) [9,10]. On the contrary to GPLs, SphLs
bear long and saturated acyl chains. This property is responsible
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for their tight packing into gel phases in which only very little
lateral diffusion can occur [11,12]. Furthermore, Chol can fill
the voids between the acyl chains of SphLs leading to their
association into a phase that is significantly more fluid than the
gel phase: the liquid-ordered phase (Lo) [13—15].

Generally, rafts can be purified as detergent resistant
membranes (DRMs) by cold extraction (4 °C) of eukaryotic
cell plasma membranes. Usually, this protocol is based on the use
of non-ionic detergents, such as Triton X-100 (TX-100) [3,5,16—
18]. TX-100 has a low critical micelle concentration (CMC) of
0.24 mM and can also be useful for the purification and the
reconstitution of integral or lipid modified proteins in biomem-
branes [19,20]. Furthermore, a growing body of literature
describes model membranes mimicking DRMs such as lipo-
somes, Langmuir monolayers or supported bilayers [21-26].

Atomic force microscopy (AFM) is a powerful technique that
allows the high resolution imaging of biological specimens
under physiologically compatible conditions (buffered solu-
tions, temperature, ...) [27]. Therefore, AFM is widely employed
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to explore phase separations in membranes [28] and the
interaction of supported lipid bilayers with peptides [29-31],
proteins [32—-34], drugs [35], solvents [36] and buffers [37]. So
far, only few articles have described detergent interaction with
membranes observed by AFM [26,38—40]. In a previous study,
TX-100 solubilization of dioleoylphosphatidylcholine/dipalmi-
toylphosphatidylcholine (DOPC/DPPC 1:1 mol/mol) bilayers
was followed by AFM in real-time [39]. This lipid composition
is known to produce fluid/gel phase separation at room
temperature and can thus be considered as a simple model to
investigate membrane resistance to detergents. Time-lapse AFM
imaging revealed that when TX-100 was added at a concentra-
tion above the CMC, it was always able to dramatically alter
DOPC/DPPC bilayers by instantly removing the DOPC fluid
phase. The remaining DPPC gel phases then appeared more or
less swollen depending on TX-100 concentration. The swelling
of the gel domains was directly correlated with detergent
intercalation within DPPC molecules. When DPPC gel phases
were swollen, then holes appeared within the patches. This
desorption of bilayer parts left the silhouette of the initial gel
phase still recognizable even at the end of the incubation [39].
In this study, TX-100 solubilization of bilayers mimicking
lipid rafts was followed in real-time by AFM. To this end, we
have prepared three different bilayers: DOPC/sphingomyelin
(SM) 1:1 (mol/mol), and DOPC/SM/Chol 2:1:1 (mol/mol/mol)
or 4:3:1 (mol/mol/mol). Different TX-100 concentrations were
tested to better understand its interaction with membranes.

2. Materials and methods
2.1. Materials

L-a-dioleoylphosphatidylcholine (DOPC), egg sphingomyelin (SM), cho-
lesterol (Chol) and Triton X-100 were purchased from Sigma (St. Louis, MO)
and used without any further purification. Other chemicals were purchased from
Merck (Darmstadt, Germany). For all experiments, the distilled water was
purified with a Millipore filtering system (Bedford, MA), yielding an ultrapure
water with a resistivity of 18.2 M{) xcm.

2.2. Preparation of supported lipid bilayers

Supported DOPC/SM 1:1 (mol/mol), DOPC/SM/Chol 4:3:1 (mol/mol/mol)
and DOPC/SM/Chol 2:1:1 (mol/mol/mol) bilayers were prepared using the
vesicle fusion method [26,41-43]. To this end, lipids were dissolved in
chloroform at I mM final concentration. The mixture of these lipids was then
evaporated under nitrogen and dried in a dessicator under vacuum for 2 h.
Multilamellar vesicles (MLV) were obtained by resuspending the lipidic dried
film at room temperature in a buffer containing calcium (10 mM Tris, 150 mM
NaCl, 3 mM CaCl,, pH 7.4; Tris/calcium buffer) at 1 mM final lipid
concentration. To obtain small unilamellar vesicles (SUV), the suspension was
sonicated to clarity (3 cycles of 2 min 30 s) using a 500 W titanium probe
sonicator (Fisher Bioblock Scientific, France; 35% of the maximal power;
13 mm probe diameter) while being kept in an ice bath. The liposomal
suspension was then filtered on a 0.2 pm Acrodisc® (Pall Life Sciences, USA) to
eliminate titanium particles. Freshly cleaved mica squares (16 mm?) were glued
onto steel sample discs (Agar Scientific, England) using Epotek 377 (Polytec,
France). A 150 pL portion of the SUV suspension was then deposited onto the
mica samples, and the SUVs were allowed to adsorb and fuse on the solid
surface for 1 h at 60 °C. Subsequently, samples were rinsed with 3 mL of buffer
(10 mM Tris, 150 mM NaCl pH 7.4; Tris buffer) and slowly cooled to room
temperature.

2.3. Atomic force microscopy

Supported bilayers were investigated using a commercial AFM (NanoScope
1II MultiMode AFM, Veeco Metrology LLC, Santa Barbara, CA) equipped with
a 125 pmx 125 pm x5 pm scanner (J-scanner). A quartz fluid cell was used
without the O-ring. Topographic images were recorded in contact mode using
oxide-sharpened microfabricated Si;N, cantilevers (Microlevers, Veeco Metrol-
ogy LLC, Santa Barbara, CA) with a spring constant of 0.01 N/m (manufacturer
specified), with a minimal applied force (<200 pN) and at a scan rate of 5—6 Hz.
The curvature radius of silicon nitride tips was ~ 20 nm. Images were obtained at
room temperature (21-24 °C) either in a Tris buffer or in a Tris buffer containing
TX-100. All images (256 x 256 pixel) shown in this paper are flattened raw data.

3. Results

DOPC/SM biomembranes were prepared with varying
amounts of Chol. Preliminary experiments permitted to deter-
mine that DOPC/SM/Chol 1:1:1 (mol/mol/mol) produced
interconnected small domains (data not shown) as previously
described [26]. To allow the comparison among the different
bilayers, we first managed to obtain well-delimited domains with
a sufficient size (diameter between 2 and 15 pm). In the end, to
better understand the mechanism of resistance to TX-100 related
to the Chol content of membranes, we have selected three
different lipid compositions. The DOPC/SM 1:1 (mol/mol)
corresponded to the membrane easily solubilized by TX-100. The
DOPC/SM/Chol 2:1:1 (mol/mol/mol) bilayer was considered as
the raft-mimicking membrane. Indeed, as previously shown, the
ternary mixture made of phospholipids with unsaturated acyl
chains, sphingomyelin and cholesterol could crudely imitate the
phase separation of cell membranes [12,15,21,32,34]. An
intermediate composition was also tested: DOPC/SM/Chol
4:3:1 (mol/mol/mol). It is noteworthy that previous descriptions
of these lipid compositions were shown to produce: gel phases of
SM for the DOPC/SM membranes [26,44], and Lo phases of SM/
Chol for the ternary mixtures [26,32]. These three lipid
membranes were imaged by real-time AFM in buffer solution
and in the presence of TX-100 at different concentrations.

3.1. Time-lapse AFM of DOPC/SM bilayers incubated with
TX-100

Fig. 1A presents a typical AFM topographic image of a
DOPC/SM bilayer. It reveals the coexistence of two phases: the
brighter areas correspond to the domains enriched in SM
forming a gel phase while the surrounding darker matrix can be
attributed to DOPC in a fluid phase. SM domains protruded
from the fluid phase by 1.0£0.1 nm which is in accordance with
previous descriptions of this lipid system [26,32,44].

Supported DOPC/SM bilayers were incubated with TX-100
at a concentration two times greater than the CMC (2CMC,
0.48 mM, Fig. 1A to D) and successive AFM images of the
same area were then recorded: after 5, 30 and 120 min (Fig. 1B
to D). Immediately after the TX-100 addition (Fig. 1B), the
DOPC fluid phase was totally solubilized as attested by their
thickness 5.5+0.2 nm corresponding to apparently unmodified
SM domains. At 30 min incubation time (Fig. 1C), the SM
patches remained unaltered while some material, presumably
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Fig. 1. TX-100 interaction with supported DOPC/SM 1:1 (mol/mol). AFM height images of mixed DOPC/SM 1:1 (mol/mol) bilayers were first recorded in Tris buffer
before TX-100 addition (A, 10 um x 10 pm; E, 15 pm> 15 pm; [, 20 pm % 20 pm and M, 10 pm x 10 pm). Different TX-100 concentrations were tested on each bilayer
and images of the same area were acquired at different incubation times: 0.48 mM TX-100 (2CMC): (B) 5, (C), 30 and (D), 120 min; 0.96 mM TX-100 (4CMC): (F) 5,
(G), 30 and (H), 120 min; 2.4 mM TX-100 (10CMC): (J) 5, (K), 30 and (L), 120 min; 2% TX-100 (v/v, 143CMC, 34 mM): (N) 5, (O), 30 and (P), 120 min. Scale bars

are 2.5 pm and z-scale=10 nm.

lipid/detergent complexes, began to readsorb onto the mica
surface. After 120 min with 2CMC TX-100 (Fig. 1D), the shape
of the SM domains was not modified, but meanwhile a lot of
material redeposited on the mica. As this redeposition
phenomenon was beyond the scope of this work, it was not
further characterized.

Incubating DOPC/SM bilayers with TX-100 at a concentra-
tion four times greater than the CMC (4CMC, 0.96 mM, Fig. 1E
to H) induced dramatic alterations of the bilayer. Indeed, just
after detergent addition (Fig. 1F), the DOPC was completely
removed leaving unchanged SM gel domains. As one can see in
Fig. 1G (30 min), some holes appeared progressively at the
edges of the remaining SM domains. After 120 min (Fig. 1H),
the edge of SM patches was perforated but the overall size and
shape of the domains remained identical.

DOPC/SM bilayers were also incubated with TX-100 at a
concentration ten times greater than the CMC (10CMC,
2.4 mM, Fig. 11 to L). After 5 min (Fig. 1J), the DOPC fluid
phase was completely removed leaving apparently unmodified
SM patches. After 30 min (Fig. 1K), some holes were visible at
the edge of the remaining SM patches. At 120 min incubation
time (Fig. 1L), holes were spread on the overall SM domain and
they were notably more distributed at the periphery. As a
consequence, the distribution of the holes may result from a
peripheral insertion of the detergent into the SM domain.
However, it should be noticed that no swelling of the SM gel
domains was observed just after detergent addition on the
contrary to our previous work on DPPC gel patches [39]. To
assess whether the detergent was able to enter the gel phase
immediately as observed with DPPC swelling, the following
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control experiment was done. TX-100 concentrated at 10CMC
was added for 5 min to a DOPC/SM (1:1) bilayer and then
extensively rinsed with Tris buffer to remove the detergent from
the bulk. AFM real-time imaging revealed that no modifications
of the SM gel domains were observed for 120 min (data not
shown), thus indicating that hole formation observed in SM
patches were due to a progressive insertion of the detergent at
their edges. Moreover, as shown in Fig. 1L, after 120 min
incubation, a new topographic level appeared with an
intermediate height between the mica and the SM patch surface.
The thickness of these newly produced patches was measured to
be 3.7+0.2 nm and they seemed very stable because they kept
the same size and thickness even after 120 min. In the same
time, the height of the remaining SM domains was still
conserved: 5.54+0.2 nm. It is also important to note that the
silhouette of the initial SM gel domain was still recognizable
even at the end of the incubation, indicating that the
solubilization did not correspond to continuous erosion but
rather to the sporadic removal of membrane patches.

A higher magnification of the images presented in Fig. 11 to
L was obtained (Fig. 2) to gain a more detailed view on the

evolution of the intermediate level. These AFM images were
recorded between 30 and 120 min at 2.4 mM TX-100 (10CMC,
Fig. 2A to E). From 30 min (Fig. 2A), very small holes were
visible at the periphery of the SM patch. After 45 min (Fig. 2B),
the perforations were larger with some of them presenting an
elongated shape. After 60 min incubation time (Fig. 2C), very
small holes were visible at the centre of the domain while
stretched perforations were found at its edge. After 90 min (Fig.
2D), some thin patches began to appear at the periphery of the
domain and corresponded to residual structures left by the
desorption of the bilayer. Indeed, the boundary of the remaining
SM gel domain presented elongated shapes prior to the
formation of the intermediate level. At the final incubation
time (120 min, Fig. 2E), most of the initial SM patch was
desorbed leaving a lot of thin domains. The thin patches were
always small, stable and localized at the periphery of the initial
domain. These thin patches presented a step height of 3.7+
0.2 nm (Fig. 2F). According to this thickness, they might not be
bilayers but rather monolayers of SM covered with monolayers
of TX-100, or perhaps interdigitated SM molecules in the
presence of high amounts of TX-100 [36]. These structures

Height (nm)
o

] 25

5 7.5 10

Lateral displacement (um)

Fig. 2. Gel phase thinning induced by TX-100 interaction with supported DOPC/SM 1:1 (mol/mol). Higher magnification (10 pm x 10 pum) of the AFM height images
presented in Fig. 11 to L. The same area was imaged at different incubation times: (A) 30, (B) 45, (C) 60, (D) 90 and (E) 120 min. The cross section analysis (F)
corresponds to the white line in the panel (E). Scale bar is 2.5 pm and z-scale=10 nm.
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might be artifactual since the supported membrane is in
interaction with the mica surface. Even if there is a thin water
compartment (~1-2 nm) between the bilayer and the mica
[42,45—47], the diffusion of the lipids in the membrane lower
leaflet might be limited [48]. The formation of this thin patch
may be due to different diffusion velocities of TX-100 between
the upper and the lower leaflet of SM patches. So, TX-100
molecules may accumulate faster in the upper leaflet while they
diffuse slower in the lower leaflet due to a closer contact with
the mica substrate. It may then provoke the desorption of mixed
micelles essentially from the upper part of the membrane,
leaving the lower part stabilized by the interaction with TX-100
molecules having a large polar head. Even if there is an obvious
influence of the mica substrate, one may also notice that such
thinning was never observed with other compositions than
DOPC/SM. This suggests that the membrane thinning is
directly related to specific properties of SM in gel phase.

A supported bilayer of DOPC/SM 1:1 (mol/mol) was
incubated in the presence of TX-100 at a concentration of 2%
(v/v) (i.e. 143CMC, 34 mM, Fig. 1M to P) corresponding to the
classical concentration chosen to purify biological membrane
fractions resistant to detergent solubilization at 4 °C [18,49]. As
one can see in Fig. IN, within the first 5 min, holes began to

Tx-100 %

4CMC

10CMC

2%

appear in the smallest remaining SM domains. After 30 min (Fig.
10), the domains were completely crumbled and the level
corresponding to SM almost totally disappeared leaving new
time-stable thin patches with 3.7+0.2 nm height. These thin
domains were stable in time as observed after 120 min (Fig. 1P).

It is important to note that supported DOPC/SM 1:1 (mol/
mol) bilayers incubated with TX-100 below the CMC, at
0.12 mM (CMC/2) showed no effect of the detergent (data not
shown). Indeed, both fluid and gel phases remained apparently
unaltered for 120 min.

3.2. Time-lapse AFM of DOPC/SM/Chol (2:1:1) bilayers
incubated with TX-100

To form a Lo phase, cholesterol was added to the DOPC/SM
mixture. The ternary mixtures of DOPC/SM/Chol have been
previously used as a model in the study of lipid rafts [21,26,32].
AFM images of DOPC/SM/Chol 2:1:1 (mol/mol/mol) sup-
ported bilayers permitted to observe a phase separation (Fig.
3A, E and I) with well-delimited domains and no interconnec-
tions. The height difference between the phases was 0.8+0.1 nm
which is consistent with previous descriptions of this ternary
lipid system [26].

120 min

Fig. 3. TX-100 interaction with supported DOPC/SM/Chol 2:1:1 (mol/mol/mol). AFM height images (20 pm x 20 pm) of mixed DOPC/SM/Chol 2:1:1 (mol/mol/mol)
bilayers were first recorded in Tris buffer before TX-100 addition (A, E and I). Different TX-100 concentrations were tested on each bilayer and images of the same
area were acquired at different incubation times: 0.96 mM TX-100 (4CMC): (B) 5, (C), 30 and (D), 120 min; 2.4 mM TX-100 (10CMC): (F) 5, (G), 30 and (H),
120 min; 2% TX-100 (v/v, 143CMC, 34 mM): (J) 5, (K), 30 and (L), 120 min. Scale bars are 2.5 pm and z-scale=10 nm.
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To study the resistance of rafts mimics to detergent solu-
bilization, DOPC/SM/Chol 2:1:1 (mol/mol/mol) bilayers were
incubated with TX-100 at different concentrations. These
membranes were first incubated with TX-100 at a concentration
corresponding to 4CMC (Fig. 3A to D). At 5 min (Fig. 3B), the
DOPC fluid phase was immediately removed upon TX-100
addition whereas the Lo domains remained unaltered. After
30 min (Fig. 3C), no modifications of the remaining Lo patches
were visible. At longer incubation time (120 min, Fig. 3D), no
erosion or holes were observed, the Lo patches seemed to resist
the solubilization by TX-100 at a concentration corresponding to
4CMC.

Fig. 3E to H corresponds to raft-mimicking bilayers
incubated with TX-100 at a concentration of I0CMC. As one
can see in Fig. 3F, 5 min after TX-100 addition, the DOPC fluid
phase was completely removed leaving unmodified SM/Chol
Lo patches. At 30 min incubation time (Fig. 3G), the Lo patches
were still unaffected as no erosion and no holes could be
observed. However, after 120 min (Fig. 3H), the domains were
considerably eroded at their border by the detergent action. No
holes appeared within the domains indicating that the detergent
could not enter the Lo phase except at their edges in a moderate
way.

This solubilization by centripetal erosion of the Lo domains
was confirmed by using a solution of 2 vol.% TX-100
(143CMC, 34 mM,; Fig. 31 to L). Immediately after the addition
of detergent (5 min, Fig. 3J), the DOPC fluid phase was
completely desorbed and even at 2 vol.% TX-100, no
modification of the remaining Lo SM/Chol patches could be
observed. After 30 min (Fig. 3K), a massive erosion occurred but
it is noteworthy that even at very high detergent concentration,
no holes appeared within the Lo phases. At 120 min (Fig. 3L),
the erosion phenomenon ended as there were no more Lo
patches left on the mica surface.

To confirm that the erosion of the Lo domains took place by
successive insertion of TX-100 at their periphery, a control
experiment was done by adding the detergent at a concentration
of 10CMC for 5 min to a DOPC/SM/Chol 2:1:1 (mol/mol/mol)
bilayer. The sample was then extensively rinsed with a Tris
buffer to remove the detergent from the bulk. No modifications
ofthe gel domains were observed after 120 min (data not shown)
indicating that the erosion phenomenon described above was not
due to TX-100 molecules pre-inserted into the Lo phase.

Supported DOPC/SM/Chol 2:1:1 (mol/mol/mol) bilayers
were also incubated with TX-100 at 0.12 mM (CMC/2). Under
these conditions, i.e. below the CMC of TX-100, the DOPC
fluid phase and the SM/Chol Lo domains appeared unaltered for
120 min (data not shown).

3.3. Time-lapse AFM of DOPC/SM/Chol (4:3:1) bilayers
incubated with TX-100

To test the influence of Chol content on the resistance of
membranes to TX-100 solubilization, the ternary mixture DOPC/
SM/Chol 4:3:1 (mol/mol/mol) was prepared. As previously
observed with the DOPC/SM/Chol 2:1:1 (mol/mol/mol) mixture,
the DOPC/SM/Chol 4:3:1 (mol/mol/mol) bilayer exhibited a

phase separation with brighter domains corresponding to the
Lo phase enriched in SM and Chol (step height of 0.94+0.1 nm)
(Fig. 4).

This intermediate DOPC/SM/Chol composition was incu-
bated with TX-100 at a concentration of 4CMC (Fig. 4A to D).
Just after detergent addition (5 min, Fig. 4B), the DOPC fluid
phase was solubilized while the SM/Chol Lo domains remained
unmodified. After 30 min (Fig. 4C), a slow erosion phenom-
enon took place at the edges of the Lo domains. At 120 min
incubation time (Fig. 4D), the erosion process was still far from
completion and no holes were visible on the domains.

These membranes were also incubated with TX-100 at a
concentration of 10CMC (Fig. 4E to H). After 5 min (Fig. 4F),
the fluid phase was completely desorbed while the Lo domains
were immediately perforated. The Lo domains were simulta-
neously perforated and eroded leaving smaller patches on the
mica surface after 30 min (Fig. 4G). At 120 min incubation time
(Fig. 4H), the remaining Lo patches were completely
unrecognizable with their smooth edges.

DOPC/SM/Chol 4:3:1 (mol/mol/mol) bilayers were incu-
bated with a 2% (v/v) TX-100 solution (143CMC, 34 mM, Fig.
41 to L). Again, after 5 min (Fig. 4J), the DOPC phase was
completely removed while the Lo patches were perforated.
After 30 min (Fig. 4K), the Lo perforated domains were
strongly modified by centripetal erosion and they were no
longer recognizable. At 120 min (Fig. 4L), no Lo domains were
found left on the mica surface, the erosion was then completed.
It is important to note that, on the contrary to the DOPC/SM 1:1
molar ratio, no thin patches were found on the surface after the
solubilization of the bilayers composed of DOPC/SM/Chol
4:3:1 (mol/mol/mol).

These results corroborate that this Chol concentration present
a solubilization behavior that is intermediate between the DOPC/
SM 1:1 (mol/mol) and the DOPC/SM/Chol 2:1:1 (mol/mol/mol)
bilayers. Indeed, with the 4:3:1 composition, we have observed
at the same time: some perforations, which are characteristic of
the DOPC/SM 1:1 molar ratio, and the erosion of the Lo patches,
which corresponds to the behavior of the detergent resistant
mixture DOPC/SM/Chol 2:1:1 (mol/mol/mol).

4. Discussion

Understanding the factors governing biomembranes’ solu-
bilization at the molecular level is essential in biophysics,
biochemistry and cell biology. Especially in the case of rafts,
examining the molecular determinants responsible for their
insensitivity to TX-100 solubilization might clarify the
mechanisms of membrane solubilization. In these experiments,
we have tested the resistance to TX-100 of model membranes
with different lipid molar ratios: DOPC/SM 1:1, DOPC/SM/
Chol 4:3:1 and the 2:1:1 raft-mimicking composition. These
AFM real-time imaging experiments permitted to observe the
mechanism of biomembranes’ solubilization at the nanoscale
and also to confirm the pivotal influence of the Chol content.

At a concentration above the CMC, whatever the lipid
composition, the first step of TX-100 solubilization always
consisted in the complete removal of the DOPC fluid phase (Fig.
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Fig. 4. TX-100 interaction with supported DOPC/SM/Chol 4:3:1 (mol/mol/mol). AFM height images (20 pm x 20 pm) of mixed DOPC/SM/Chol 4:3:1 (mol/mol/mol)
bilayers were first recorded in Tris buffer before TX-100 addition (A, E, and I). Different TX-100 concentrations were tested on each bilayer and images of the same
area were acquired at different incubation times: 0.96 mM TX-100 (4CMC): (B) 5, (C), 30 and (D), 120 min; 2.4 mM TX-100 (10CMC): (F) 5, (G), 30 and (H),
120 min; 2% TX-100 (v/v, 143CMC, 34 mM): (J) 5, (K), 30 and (L), 120 min. Scale bars are 2.5 um and z-scale=10 nm.

5A and B). Indeed, this early event always left membrane
patches easily recognizable as the SM gel domains for the
DOPC/SM composition, or as the SM/Chol Lo phases for the
ternary DOPC/SM/Chol mixtures (see Fig. SA ii and B ii). The
comparison of the results obtained for the DOPC/SM system and
the raft-mimicking membranes is clear evidence of two
markedly different solubilization pathways. For the non-resistant
membrane of DOPC/SM, the solubilization occurred by the
sporadic removal of bilayer patches from the remaining SM gel
domains (Fig. 5A ii to SA iii). This mechanism left crumbled
domains with their silhouette reminiscent of the initial SM gel
phase even at the end of the solubilization. It is also important to
note that no swelling of the SM gel domains occurred, at any TX-
100 concentration, on the contrary to the previously described
DPPC gel patches [39]. This difference with DPPC may arise
from the abundant H bonds formed among SM polar heads as
previously shown [50—-53]. These bonds between the NH and
OH groups of SM molecules might strengthen the gel phase by
providing a better chain stacking thus avoiding the swelling
attributable to TX-100 massive infiltration. As the SM gel phase
was not able to incorporate high amounts of TX-100 molecules,
it was not solubilized as fast as DPPC swollen gel patches [39].
However, the gel domains of DPPC and SM were desorbed in the
same fashion by the formation of holes proportionately to TX-
100 concentration. Another similarity between DPPC and SM

gel phases is the observation of some residual patches leaving a
silhouette reminiscent of the initial domain.

When the rafts mimicking membranes DOPC/SM/Chol 2:1:1
(mol/mol/mol) were incubated with TX-100, no holes could be
observed in the Lo SM/Chol patches (Fig. 5B). On the contrary
to the SM gel domains, the solubilization of the SM/Chol Lo
patches took place only at their boundaries and without any
perforation (Fig. 5B ii and iii). This main difference may be
attributed to the ability of Chol to fill the voids between the
sphingolipids’ acyl chains thus inducing an increased packing
density of SM molecules [13,51]. As Chol was able to fill the
voids, then TX-100 had no way to enter the Lo phase.
Consequently, Lo patches were eroded only by progressive
destabilization at their edges where the lipid packing was dis-
turbed. Indeed, even for TX-100 at a concentration of 2% (v/v;
ie. 143CMC, 34 mM), which is the classical concentration
required for the preparation of DRMs from biological mem-
branes, the Lo patches were only eroded by their side as no holes
were visible (Fig. 5B iii).

Therefore, there are two different TX-100-mediated solubi-
lization pathways: (i) for non-resistant membranes, solubiliza-
tion occurs by hole formation and the crumbling of the gel
domains (Fig. 5A); and (ii) for resistant membranes, TX-100
erodes the bilayer patches visibly without affecting their center
(Fig. 5B).
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Fig. 5. Schematic mechanism proposed to describe the interaction of TX-100 with biomembranes. On the basis of our AFM experiments, we can distinguish two kinds
of biomembranes according to their resistance to the solubilization by TX-100, and to the mode of desorption of the bilayer at the nanometer scale. The first situation
(panel A) is encountered when the membrane is not resistant to TX-100. Typically, the DOPC/SM 1:1 molar mixture is not resistant to TX-100 and it forms a phase
separation with a gel phase enriched in SM and a surrounding fluid phase essentially composed of DOPC (A i). When TX-100 is added at a concentration above its
CMC to the bilayer, it induces the immediate desorption of DOPC leaving apparently unmodified SM gel patches (A ii). Then the micelles of TX-100 are able to insert
at the boundaries of the remaining SM patches, and TX-100 molecules may diffuse within the domain (A ii). As they may be more concentrated on the edges than at the
center, one can observe the formation of holes with a centripetal distribution. It may result in the sporadic desorption of small patches of SM/TX-100, leaving a
crumbled domain with a silhouette reminiscent of the initial SM domain (A iii). The second situation (panel B) corresponds to a biomembrane resistant to TX-100, for
example with the DOPC/SM/Chol 2:1:1 (mol/mol/mol). This bilayer present a phase separation with an ordered fluid phase Lo mainly composed of SM/Chol
surrounded by DOPC in the fluid phase (B i). It is noteworthy that Chol intercalation between SM molecules permit to fill the voids (B i). Immediately after TX-100
addition to the membrane, the DOPC fluid phase is completely removed leaving an apparently unaffected SM/Chol Lo phase (B ii). At this step, the micelles enriched
in TX-100 may be able to enter the remaining patch only at its edge. Due to the presence of intercalated Chol, TX-100 molecules are not able to diffuse within the

domain, so that they become enriched at the edges and they provoke the centripetal erosion of the bilayer patch (B iii).

As a further proof of the existence of these two solubilization
pathways, the intermediate composition DOPC/SM/Chol 4:3:1
(mol/mol/mol) was tested. For this lipid mixture, we have
obtained both the holes and the erosion mechanisms. The dual
solubilization behavior of these bilayers confirmed that they
were intermediate between the TX-100 sensitive (DOPC/SM)
and the TX-100 resistant (raft-mimicking) lipid mixtures. This
intermediate mixture confirms the requirement for a minimum
amount of Chol mixed with SM to provide a good resistance to
TX-100 solubilization, when all the voids between SM
molecules are properly filled with Chol.

5. Conclusion

In this study, we have reported the monitoring of membrane
solubilization by the non-ionic detergent TX-100, in real-time at
the nanometer scale. Again, AFM showed its effectiveness in
providing original insights into biologically relevant events at
the molecular level. Besides the confirmation of previous

macro- and microscale observations, we believe that these AFM
experiments will permit one to gain a better understanding of
the determinants influencing raft membrane resistance to non-
ionic detergents at the nanometer level.
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