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Lateral segregation of cell membranes is accepted as a primary
mechanism for cells to regulate a diversity of cellular functions.
In this context, lipid rafts have been conceptualized as organizing
principle of biological membranes where underlying cholesterol-
mediated selective connectivity must exist even at the resting
state. However, such a level of nanoscale compositional connecti-
vity has been challenging to prove. Here we used single-molecule
near-field scanning optical microscopy to visualize the nanolands-
cape of raft ganglioside GM1 after tightening by its ligand cholera
toxin (CTxB) on intact cell membranes. We show that CTxB tighten-
ing of GM1 is sufficient to initiate a minimal raft coalescence unit,
resulting in the formation of cholesterol-dependent GM1 nano-
domains <120 nm in size. This particular arrangement appeared
independent of cell type and GM1 expression level on the mem-
brane. Simultaneous dual color high-resolution images revealed
that GPI anchored and certain transmembrane proteins were re-
cruited to regions proximal (<150 nm) to CTxB-GM1 nanodomains
without physical intermixing. Together with in silico experiments,
our high-resolution data conclusively demonstrate the existence of
raft-based interconnectivity at the nanoscale. Such a linked state
on resting cell membranes constitutes thus an obligatory step
toward the hierarchical evolution of large-scale raft coalescence
upon cell activation.

cholera toxin | membrane heterogeneity | near-field scanning optical
microscopy | raft ganglioside GM1 | single-molecule detection

dvances in microscopy techniques applied to biology have

led to the conviction that cell membranes are not merely
a sea of lipids and proteins (1, 2). Instead, the membrane is a
more complex system where individual components preorganize
into spatially distinct compartments (3-5) and give rise to impor-
tant strategic advantages for protein function and signaling (6).
The organization of proteins and lipids into compartments, or the
shielding of these assemblies from other proteins, predetermines
specific interactions in the steady state. Important players in this
compartmentalization are hypothesized to be lipid rafts, defined
as transient nano-sized entities enriched in cholesterol, sphingo-
lipids (such as the ganglioside GM1) and glycosylphosphatidyli-
nositol anchored proteins (GPI-AP) (6-8). Activation and/or
clustering of raft constituents will amplify and strengthen preex-
isting interactions and mediate signal transduction across the
membrane (6). However, there is no consensus yet on the spatio-
temporal regimes regulating lipid rafts in the resting state. This is
mainly because their evaluation requires tools compatible with
live cell imaging and capable of resolving heterogeneities at
the nanoscale, a spatial regime not accessible to standard fluor-
escence microscopy. Nevertheless, recent advances in biophysical
techniques have led to the identification of cholesterol-depen-
dent nanoassemblies, supporting their existence in living cells
(9-12).

www.pnas.org/cgi/doi/10.1073/pnas.1003876107

A vast amount of research has convincingly demonstrated that
lipid-lipid interactions induce two-phase coexistence in model
lipid membranes and giant unilamellar vesicles prepared from
cell membrane lipid extracts (13, 14). However, such phase coex-
istence has remained so far largely unresolved on biological mem-
branes. Interestingly, recent studies show that the cell membrane
in all its complexity is fully capable to phase segregate into a mi-
crometer-sized two-phase fluid-fluid system, upon a temperature
decrease (15), or through GM1 tightening by its ligand cholera
toxin-p (CTxB) at physiological temperatures (16), provided that
the membrane is separated from the influence of the cortical
cytoskeleton. Based on these results, it has been proposed that
an underlying selective connectivity mediated by cholesterol
must exist among membrane rafts even at the resting state. This
connectivity will thus be responsible for the large-scale phase seg-
regation induced far beyond the valency of initial GM1 tightening
through CTxB (16, 17). Yet, most of the experimental proof
for such raft connectivity is based on the visualization of the
end stage of an activated condition and in the absence of the
cytoskeleton and/or membrane traffic, where the transient rafts
are amplified to coalesce into larger, stable micrometer-sized raft
domains. It is only at this stage that standard fluorescence micro-
scopy is able to observe this segregation.

To visualize nanoscale cell membrane organization we can
nowadays benefit from techniques that allow subdiffraction opti-
cal resolution (18, 19). Among these, near-field scanning optical
microscopy (NSOM) takes advantage of the evanescent field
exiting a subwavelength excitation source, being therefore parti-
cularly suited for nanoscale optical imaging on intact biological
membranes (12, 19). The lateral resolution of the technique de-
pends essentially on the subwavelength aperture size and is typi-
cally better than 80 nm. Recently, we have exploited NSOM to
demonstrate the existence of preformed cholesterol-dependent
nanoscale platforms composed by GPI-AP nanodomains and
transmembrane proteins in the resting state (12). Here we sought
to investigate whether GM1 tightening by CTxB is sufficient to
initiate a minimal raft coalescence unit and to recruit raftophilic
proteins to specific sites on fully intact cell membranes. High-
resolution NSOM imaging revealed the formation of cholesterol-
dependent CTxB-GM1 nanodomains on both monocytes and
dendritic cells. Importantly, raftophilic proteins did not physically
intermixed at the nanoscale with CTxB-GM1 nanodomains but
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converged within a characteristic distance. In silico experiments
showed that this spatial scale corresponded to multicomponent
connective regions on the cell membrane where raftophilic pro-
teins probed the length scale of these raft-like regions. Collectively,
our high-resolution data and in silico experiments demonstrate
the existence of raft-based interconnectivity at the nanoscale
and suggest that this specific organization constitutes the basis
for large-scale raft coalescence upon cell activation.

Results

Association of Raftophilic Proteins and Raft Components by Second-
ary Antibody Crosslinking. To investigate the partitioning of pro-
teins in lipid rafts by means of standard confocal microscopy,
membrane components are commonly crosslinked with antibo-
dies (Ab). Colocalization between two membrane components
after crosslinking is then taken as an indication for their a priori
association; i.e., before crosslinking (20). Representative confocal
images of fixed monocytes after secondary Ab crosslinking of
GM1 bound CTxB are displayed in Fig. 14 for three different
proteins investigated. As expected, the images show micrometer-
sized fluorescent patches clearly resolvable by standard confocal
microscopy. CD55 (a GPI-AP) and LFA-1 (a transmembrane pro-
tein from the integrin family) show significant overlap with the
highly crosslinked GM1 lipids (Fig. 14), whereas less overlap
is observed for CD71 [a nonraft protein (10, 12)]. Indeed, the
colocalization coefficient C renders values of: 0.65 4+ 0.06 and
0.64 + 0.07 for CD55 and LFA-1 respectively and 0.26 + 0.08
for CD71, where C =1 corresponds to full colocalization and
C = 0 to uncorrelated distribution.

To reveal the initial stages of raft coalescence at the nanoscale
without secondary Ab crosslinking, we next applied single-mole-
cule-sensitive confocal microscopy where GM1 lipids were only
locally tightened by the pentameric unit CTxB (Fig. 1B). The dis-
tinct micrometer-sized patch-like structures seen in presence of
the secondary Ab crosslinking are now absent and instead, a high-
packing density of all the components is observed. This, together
with the limited lateral resolution, results in a large overlap of
CTxB-GM1 fluorescence with any of the three proteins investi-
gated, irrespectively of their putative (or not) association to rafts.
Accordingly, the C values obtained from multiple images are
0.40 + 0.01 and 0.47 £ 0.06 for CD55 and LFA-1 respectively,
and 0.46 £ 0.15 for CD71. These results indicate that CTxB on
its own is not sufficient to induce large-scale changes on the cell
membrane as opposed to secondary Ab crosslinking. These images
furthermore highlight the utter need for higher spatial resolution.

CTxB-Tightened GM1 Forms Nanodomains on Intact Cell Membranes.
To map the nanolandscape of GM1 after CTxB tightening we
performed extensive nanoscale imaging of CTxB-GM1 using a

Fig. 1. Secondary crosslinking enforces raft colocalization. (A) Representa-
tive confocal images of monocytes labeled with CD55, LFA-1, and CD71
(green) copatched with CTxB (red) crosslinked with secondary antibodies.
(B) Representative confocal images of monocytes in the absence of secondary
anti-CTxB crosslinking. Scale bars: 5 pm.
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combined single-molecule confocal/ NSOM setup working in
aqueous conditions (12). Representative confocal and NSOM
images of CTxB-GM1 on the cell membrane of fixed monocytes
stretched on poly-L-lysine (PLL) coated coverslips are shown in
Fig. 2 A-C. The diffraction-limited resolution (~300 nm) and
sensitivity of our confocal setup already reveals heterogeneities
of CTxB bound to GM1 on the cell membrane (Fig. 2B) that be-
come strikingly distinguishable when imaging the same area with
NSOM (Fig. 2C). The marked increase in resolution of NSOM
(~100 nm in this case) reveals numerous well-defined CTxB-
GM1 spots decorating the cell surface.

To investigate the spatial distribution pattern exhibited by
CTxB-GM1 spots we performed nearest neighbor distribution
(nnd) analysis. The resulting nnd was further compared with si-
mulations of random organization (Fig. 2F) using experimental
spot densities (see Materials and Methods). The large overlap
between the experimental and simulated random distribution de-
monstrates that the CTxB-GM1 spots are randomly scattered on
the cell membrane with a characteristic interdomain separation
of ~300 nm. This random distribution is markedly different to the
nanoscale-biased distribution of typical raft-associated proteins
such as GPI-APs that exhibit a hierarchical organization in resting
conditions (12, 21). In addition, the average density of CTxB-
GM1 spots from multiple NSOM images on different cells ren-
dered a value of (4.8 +0.7) spots/pm?.

We further determined the size distribution of all individual
CTxB-GM1 spots by measuring their full-width at half maximum
(FWHM). The distribution peaks at 123 (¢ = 37) nm (Fig. 2F).
This value is close to the NSOM probe’s aperture indicating that
the real size of the CTxB-GM1 spots lies below this value. Because
the size of membrane rafts resides in the range of 10-200 nm (8),
our results suggest that local CTxB tightening of GM1 lipids
induces a minimal raft coalescence unit.

To quantify the extent of CTxB tightening, we measured the
fluorescence intensity of individual CTxB-GM1 spots on the cell
membrane and compared it to that of scarcely scattered single
CTxB molecules on the glass substrate (Fig. 2G and Fig. S14).
As intensity is proportional to the number of molecules, the large
number of occurrences at high intensity values on the cell surface
compared to single CTxB molecules on glass indicates that multi-
ple molecules are present in each spot evidencing the organiza-
tion of CTxB-GM1 in nanodomains. To provide further proof for
nanodomain formation we compared the experimental data with
simulations to estimate the random probability of “apparent”
clustering taking into account the NSOM probe size, the experi-
mental CTxB density and the labeling variability of each CTxB
(See Fig. S1 B and C and ST Text). At the given experimental con-
ditions, simulated and experimental distributions deviate from
each other significantly, confirming that the CTxB-GM1 nanodo-
mains observed are indeed real. Although we could not assess the
exact position of each single CTxB inside its corresponding fluor-
escent spot, we can estimate its molecular proximity within the
nanodomains by calculating the average intermolecular distance
r using the relation 7 ~ 1/(2p'/?)) under the assumption of ran-
dom distribution. In here, p is the molecular density of each spot
given by its physical size (Fig. 2F) and the number of CTxB-GM1
per spot (Fig. 2G). Under our experimental conditionsr < 25 nm
(because the spot size <120 nm), a value considerably smaller
than the 300 nm measured for the nnd between CTxB-GM1
nanodomains (Fig. 2F). Collectively, these data confirm the local
enrichment of GM1 lipids in nanodomains of characteristic size
below 120 nm and demonstrate that “phase segregation” is in-
duced only slightly beyond the valency of initial GM1 tightening
through CTxB.

CTxB-GM1 Nanodomain Formation Is Independent on Cell Type and

GM1 Expression Levels. To assess whether this CTxB-GM1 type
of arrangement is common to cells other than monocytes, we also
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Fig. 2. GM1 forms nanodomains upon CTxB tightening. (A) Representative confocal image of CTxB-GM1 at the cell surface of a fixed monocyte. Scale bar:
5 pm. (B) Confocal zoom-in of the area highlighted in A. (C) Counterpart NSOM image. (D) Representative NSOM image of CTxB-GM1 after MBCD treatment.
Scale bars: 1 um. Insets on the most right sides in B and C highlight the increase in resolution afforded by NSOM. Insets on the most left sides in Cand D highlight
single CTxB molecules on the glass substrates demonstrating equal sensitivity and NSOM resolution on untreated and MBCD treated samples (see also Fig. S3).
(E) Histogram of the nnd distribution of CTxB-GM1 spots (bars) and simulations of random organization (red). (F) Size distribution of individual CTxB-GM1 spots
(bars) and of individual CTxB on the glass (red) obtained with the same NSOM probe. (G) Intensity count rate distribution of CTxB-GM1 over multiple cells (gray)
and of single CTxBs nonspecifically attached to the glass (dash). (H) Autocorrelation functions of a representative MBCD treated sample (red) compared with
that of an untreated sample (black).

quantified brightness and size of CTxB-GM1 spots on antigen-  In here, g(0,0) is directly proportional to the degree of clustering
presenting dendritic cells, which exhibit ~30-fold lower GM1 and w is a measure for the size of the clusters. The resulting
expression (Fig. S2 A and B). Remarkably, our results confirm  values of g(0,0) decrease from 0.65 £+ 0.11 for untreated cells
the persistence of small CTxB-GM1 nanodomains containing to 0.15+0.03 upon MBCD treatment (Fig. 2H). Moreover,
in this case ~2 CTxB molecules per spot and with larger nnd  the width of the autocorrelation functions becomes broader on
values resulting from the lower GM1 expression on these cells the MBCD treated samples (w = 700 300 nm vs. w = 210+
(Fig. S2 C-F). This confirms that CTxB induces GM1 segregation ~ 30 nm on untreated samples), demonstrating that cholesterol de-
into local nanoenvironments independent of cell type or GM1  pletion significantly disturbs the local nanometer-scale ordering
expression level. These data are also in line with a recent model  of CTxB-GM1 on the cell membrane. Taken together, the punc-
that favors the view of membrane rafts having an upper size limit,  tuated local order at the nanoscale and its cholesterol depen-
with the number of rafts increasing upon GM1 content (22). dence demonstrate that CTxB tightening of GM1 lipids creates
raft-based nanoplatforms on intact cell membranes.
CTxB-Tightened GM1 Nanodomains Require Cholesterol for Their
Integrity. Cholesterol has been largely recognized as a key player ~ CTxB-GM1 Nanodomains Recruit Raftophilic Proteins Without Physical
in raft formation and interconnectivity (6, 16). To enquire Intermixing. The individual CTxB-GM1 nanodomains do not
whether the formed CTxB-GMI1 nanodomains are cholesterol  seem to preassemble into higher order structures as evidenced
dependent, we performed CTxB induced GM1 tightening after by their random distribution on the cell surface (Fig. 2E). This
cholesterol depletion by means of methyl-p-cyclodextrin (MBCD).  raises the question of how other raft-like components are spa-
NSOM images on MBCD treated samples showed more irregular  tially distributed with respect to CTxB-GM1 nanodomains. A re-
fluorescence as compared to the clear punctuated pattern ob-  presentative dual color NSOM image of CDS55 and CTxB-GML1 is
served on untreated samples (Fig. 2D). However, as also reported ~ shown in Fig. 34. Surprisingly, and in contrast with the artificially
by others, our NSOM images did not show full cluster disruption  induced copatching data shown in Fig. 14, no spatial overlap
(23). In fact, some larger patches and local heterogeneities were ~ between these two raft constituents was observed at the nanoscale
still present on the membrane above a continuous fluorescence  (C = 0.17 £ 0.03). Similarly, we did not observe colocalization
level (Fig. S3). We note that NSOM imaging on MBCD treated of LFA-1 and CTxB-GMI1 nanodomains (Fig. S54, with C =
samples was performed on smaller areas and with lower scanning ~ 0.20 £ 0.08) entirely consistent with our previous results where
speeds to avoid sample perturbation while guaranteeing that no colocalization between LFA-1 and GPI-APs was observed
image resolution and sensitivity are not compromised (Fig. S3  in the resting state (12). These results indicate that CTxB tighten-
and ST Text). Furthermore, single dye tracking experiments on  ing of GMLI is not sufficient to drive the coalescence of LFA-1 and
fixed cells after cholesterol extraction confirmed complete fixa- GMI1 into supramolecular assemblies. Similar lack of colocaliza-
tion of CTxB-GM1 molecules (Fig. S4). tion was observed between the nonraft marker CD71 and
To quantitatively assess the effect of cholesterol depletion CTxB-GMI1 nanodomains (Fig. S5B, with C = 0.11 £ 0.07). As
we applied image correlation analysis (24). The normalized two-  a positive control for true colocalization at the nanoscale, we
dimensional correlation was calculated and fitted with a two- imaged doubly labeled CD71 using primary and secondary
dimensional Gaussian function of the form: g = g(0,0) exp(r?/w?)  antibodies (Fig. S6). As expected, a clear colocalization value
where r is the shift from the image center (0,0) and w is the char-  (C = 0.75 £ 0.07) is obtained. Furthermore, to exclude the pos-
acteristic width of the Gaussian function at 1/e of its maximum. sibility that this lack of nanoscale colocalization might result from
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Fig. 3. Raftophilic proteins reside proximal to CTxB-GM1 nanodomains.
(A) Dual color excitation/detection NSOM image of CD55 (green) and
CTxB-GM1 nanodomains (red). Scale bar: 1 pm. (B-D) i-nnd distributions of
(B) CD55, (C) LFA-1, (D) CD71 to its closest CTxB-GM1 nanodomain (bars)
together with simulations of random spatial distribution of proteins and
CTxB-GM1 nanodomains (red). The insets correspond to the difference
between experimental data and simulations. Experimental and simulated
random distributions are significantly different for B and C with P = 0.019
and P = 0.015 respectively, and similar for D with P = 0.41.

protein or CTxB-GM1 nanodomain diffusion during and after
cell fixation, we performed fluorescence recovery after photo-
bleaching and single particle tracking experiments (see SI Text).
Importantly, these two controls confirmed complete fixation of
CTxB-GM1 at the nanoscale (Fig. S4).

To uncover any potential spatial correlation between the
proteins under study and the CTxB-GM1 nanodomains, we
performed interdomain nearest neighbor distribution analysis
(i-nnd) on the dual color NSOM images with localization accura-
cies on the determination of the (x, y) positions ~2-5 nm (see
Materials and Methods). Remarkably, the i-nnd for both CD55
and LFA-1 with respect to CTxB-GM1 nanodomains showed a
clear deviation toward shorter distances compared to random
organization of these receptors with respect to CTxB-GM1 nano-
domains (Fig. 3 B and C). Indeed, the insets in Fig. 3 B and C,
showed an increasing number of positive residuals at distances
<150 nm. A 35-50% of both LFA-1 and CDS55 receptors respec-
tively were found within a <50-100 nm neighborhood of CTxB-
GM1 nanodomains. These results thus reveal a preferential
spatial proximity of raftophilic proteins to the CTxB-GM1 nano-
domains, but without physical intermixing. On the other hand, the
experimental i-nnd of CD71 (Fig. 3D) overlapped well with that
of random organization of the receptor with respect to GM1, en-
tirely consistent with its classification as nonraft marker (10, 12).

In Silico Experiments Support the Existence of Raft Interconnectivity
at the Nanoscale. The biological functions of both LFA-1 and CD55
are dependent on intact membrane rafts because cholesterol
depletion severely compromises the function of both receptors
(12, 25). This raises the possibility that the observed nanoscale
proximity between raftophilic proteins and the CTxB-tightened
GM1 nanodomains is likely caused by an underlying raft-connec-
tivity. In this case, the proximal distances extracted from the
NSOM images should then correspond to the spatial length scale
of interdomain connectivity. Because recent reports support the
idea that cholesterol plays a key organizational role of such raft-
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based connectivity (16, 26), in our case extraction of cholesterol
will likely result in the disappearance of the observed proximity.
Unfortunately, cholesterol depletion also perturbs the local tigh-
tening effect of CTxB on GM1 (Fig. 2H). In these conditions, the
point pattern analysis required to derive the i-nnd distributions
cannot be performed and the interdomain distances cannot be
evaluated. Therefore, to test our hypothesis and to gain deeper
insight on the spatial scale of raft connectivity on fully intact cells
we turned to in silico experiments.

The simulations relied on the representation of the cell mem-
brane as a two-dimensional square lattice system (see SI 7ext).
The model assumed (i) the existence of raft-like regions with size
R randomly distributed on the lattice; (if) 25% of the total area is
covered by raft-like lipids, according to reported estimations from
Prior et al. (3); and (iii) CTxB-GM1 nanodomains always reside
inside raft-like regions. In addition, the square lattice was seeded
with a number of proteins that diffuse until equilibration follow-
ing a standard Monte Carlo (MC) algorithm (see S Text). Protein
affinity for a raft-like region was quantified by the interaction
parameter J (in kg7 units). Fig. 44 illustrates two examples for
different values of R. Running the MC simulations rendered an
image comparable to the experimental ones (see SI Text and
Fig. S7A4). Subsequently, the i-nnd distances were extracted from
the images in similar fashion as for the experimental data. It is
important to clarify that our model is simply based on the assump-
tion that there are raft-like regions of size R on the cell membrane
enriched with CTxB-GM1 and that proteins have an affinity, given
by J, to partition (or not) into these regions. Thus, the model im-
plicitly assumes the existence of connective regions on the mem-
brane kept by cholesterol.

We first tested the model by considering raft-like regions of
R = 100 nm and assuming no specific affinity for the protein to
partition in these regions; i.e., J = 0. As expected, the i-nnd fol-
lowed a Poissonian distribution (Fig. 4B, J = 0 and Fig. S7D), in
close resemblance to the CD71:GM1 experimental data (Fig. 3D).
By increasing J, we approached the case of raftophilic proteins.
This caused the i-nnd to develop into a bimodal-like distribution;
i.e., the appearance of a subpopulation shifted at shorter distances
corresponding to protein-lipid pairs inside the same raft regions,
and a concomitant decrease in the distances at larger values
(Fig. 4B and Fig. S7 B and C). These distributions are qualitatively
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(B) Resulting i-nnd distributions for R = 100 nm and different interaction
values J. (C) Resulting i-nnd distributions at J = 2 and for different sizes of
the raft-like regions.
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similar to those experimentally obtained for CD55:GM1 and
LFA-1:GM1 (Fig. 3 B and C). Importantly, increasing J above
a certain threshold value did not lead to an increase on the sub-
population of proximal occurrences, neither shifting the charac-
teristic distances involved, as similar histograms were obtained for
J =2 and 10 (Fig. 4B). These results indicate that once protein
affinity for a raft-like region is established by a given interaction
value J, partitioning of the proteins to these regions evolves with-
out energy cost to the system.

We further investigated how the i-nnd depends on R. R =0
corresponds to the situation where there is no cholesterol-main-
tained connectivity on the membrane. In this case the resulting
i-nnd distribution showed random patterns between CTxB-
GM1 nanodomains and the protein of interest (Fig. 4C). For R <
10 nm the regions are exceedingly small so that the probability of
both proteins and CTxB-GM1 nanodomains to reside in a given
region is very low and the i-nnd resembled again the random case
(Fig. 4C). On the other extreme, for R > 200 nm, the regions
contained multiple CTxB-GM1 nanodomains and proteins. In
this case, the distribution also resembled the random case but
fully shifted to shorter distances. Remarkably, only a certain
range of sizes R = 100-120 nm resulted in bimodal distributions
qualitatively similar to the experimental histograms (Fig. 4C and
Fig. S7 B and D) underscoring the importance of a critical spatial
length scale for the raft-like regions.

The nanoscale proximity between raftophilic proteins and the
stabilized CTxB-GM1 nanodomains observed experimentally can
thus be understood in terms of an interdomain connectivity
within the raft-like regions where the protein probes the length
scale of this connective region. Indeed, fitting the short-distance
distribution of the experimental data for CD55:CTxB-GML1 to a
Gaussian renders the characteristic size of this region, with a
peak at 53 (¢ = 42) nm. This value is remarkably similar to the
size range of the raft-like regions explored in our simulations
(Fig. S7 B and C), indicating that the experimental interdomain
distances directly map the extent of the nanoscale compositional
connectivity on the cell membrane. In the case of LFA-1:CTxB-
GMI1 we did not attempt to fit the shorter i-nnd values because
the distribution is rather broad most probably reflecting the lower
affinity of LFA-1 for rafts as compared to the GPI-AP CD55 (12).

Discussion

Recently Lingwood et al. (16) elegantly demonstrated that cell
membranes at physiological temperatures contain all the ingredi-
ents to segregate into two distinct micrometer-sized phases
provided that the membrane is separated from the influence of
cortical actin and in the absence of membrane traffic. The workers
thus validated a concept in which global domain coalescence on
biological membranes is primarily based on the organization prin-
ciple that these clustered components possess a predefined level
of cholesterol-based connectivity in the resting state. Because
biological membranes are also crowded with proteins, including
transmembrane ones, it has been further hypothesized that
proteins will, via chemical and/or physical specificity, increase this
lipid-based connectivity (26).

Nevertheless, one might ask whether such cholesterol-based
interdomain connectivity exists in biological membranes in the
presence of the cytoskeleton. The challenge is to observe this
phase segregation in intact cells because cytoskeletal constraints
will impose an upper limit in the nanometer range. By exploiting
superresolution NSOM, we resolved individual CTxB-tightened
GM1 nanodomains on fully intact cell membranes. These nano-
domains represented the minimum coalescent unit and depended
on cholesterol for their integrity. Furthermore, they recruited
both certain transmembrane and lipid anchored proteins without
physical intermixing, but not the transferring receptor CD71, a
classical nonraft marker, thus demonstrating a raft-based compo-
sitional selectivity in the presence of an intact cytoskeleton, where
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the capacity to phase separate is more tightly controlled (Fig. 5).
Importantly, in silico experiments substantiated our experimental
observations and underscored the relevance of a critical spatial
scale for nanoscale compositional connectivity on the cell
membrane.

Interestingly, whereas for some integrins posttranslational
modification mediating association with rafts has been deter-
mined (27), no clear acylation motives are recognizable in the
cytoplasmic or transmembrane regions of LFA-1 (28). These
results appear to indicate that the inclusion of LFA-1 as trans-
membrane protein in the lipid-cholesterol connective regions
is more dominated by physical interactions rather than by chemi-
cal affinities. Incidentally, LFA-1 interacts with cortical actin in its
extended form (29) and actin requirement has also been impli-
cated in cholesterol-based nanoheterogeneity (21) suggesting
that the propensity of LFA-1 to interact with the cytoskeleton
and its affinity for membrane rafts are interrelated.

Although CTxB labeling was performed at 4 °C, an absolutely
necessary step to prevent endocytosis, our results indicate that
temperature is not the determining factor inducing the formation
of CTxB-GM1 nanodomains, playing, if at all, a minor role on
biasing membrane ordering. First, CTxB-GM1 nanodomain
formation is dependent on cholesterol. Indeed, cholesterol deple-
tion under identical sample preparation conditions significantly
affected the local ordering of CTxB-GM1 on the membrane,
demonstrating that CTxB-GM1 nanoclustering depends on cho-
lesterol integrity of the cell membrane and it is not the result of
sample preparation. Second, the raft-like regions as observed in
this work are structurally equivalent to those naturally occurring
on intact cell membranes labeled after fixing at 37 °C (12). In fact,
we recently showed that GPI-APs labeled at 37 °C exhibited a
similar spatial proximity to other raftophilic proteins (12), indi-
cating that the proximity effect is a connective property of cell
membranes and not induced by temperature. Third, the immobi-
lization of CTxB-GM1 at 4 °C and after fixation at 4 °C excludes
the possibility that ordered CTxB-GM1 nanoenvironments will
diffuse to associate with other lipid clusters leading to the forma-
tion of artificial and/or larger clusters.

The ability of cholesterol to promote a more ordered lipid
phase is generally accepted as the thermodynamic driving force
for raft organization. Recent observations suggest that dynamic,
small-scale raft domains may correspond to composition hetero-
geneities when the lipid mixture is in the one-phase (mixed) re-

~300 nm A
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Q === Cytoskeleton
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@ Raft protein
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Fig. 5. Schematic representation of underlying nanoscale connectivity on
fully intact cell membranes. (A) Distribution of raft-like and nonraft-like lipids
and proteins in the unperturbed state (Left), where raft-like entities
have already a cholesterol-dependent affinity for each other (12). Upon
GM1 tightening by CTxB, a connective region of ~100 nm is formed, with
raft-like entities being selectively recruited (Right). (B) In the absence of inter-
connectivity; i.e., through cholesterol depletion, there is no selective nm-scale
proximity in the resting state and raft coalescence does not take place.
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gion but close to the transition boundary (30). Within this sce-
nario, small perturbations of the cell state due to out-of-equili-
brium inputs involving little energy cost may drive the membrane
mixture to strong changes in its phase stability, even promoting
the appearance of micrometer-sized raft-like domains. As a first,
yet fundamental, step to understand more complex patterning
events/functions, our Monte Carlo approach focuses on a simpli-
fied equilibrium description of the membrane. More complicated
modeling schemes that include nonequilibrium processes, and
realistic kinetics can eventually account for the aforementioned
dynamical behavior in full. However, according to our results,
such level of detail seems unnecessary to grasp the essence under-
lying the experimental observations reported here.

In summary, we have demonstrated cholesterol-dependent
local enrichment of GM1 lipids at the nanoscale after CTxB
binding. These nanoscale assemblies recruited GPI-anchored
and certain transmembrane proteins without intermixing of the
individual raft components. As such, our data is entirely consis-
tent with the existence of raft-based interconnectivity at the na-
noscale. Such a connective condition on resting cell membranes
appears thus as a pre-requisite for the global coalescence of rafts
upon cell activation.

Materials and Methods

Cell Culture. The monocytic THP-1 cell line was cultured in RPMI medium 1640
Dutch modification medium supplemented with 10% FCSand antibioticanti-
mycotic from Gibco. Immature dendritic cells (DC) were obtained from
monocytes isolated from buffy coats of healthy individuals. Prior to antibody
staining, cells were allowed to adhere to PLL coated coverslips to allow
extensive cell stretching.

Antibody Staining. Cells were labeled with ice-cold 10 pg/mL CTxB for 30 min
on ice to prevent CTxB internalization. LFA-1 was labeled with 10 pg/mL mAb
TS2/4 (neutral monoclonal Ab). CD55 was labeled with the anti-CD55 mAb
and CD71 with the anti-CD71 mAb (10 pg/mL). Details on cell labeling
procedures and fixation conditions are further described in S/ Text.

Cholesterol Depletion. To deplete the cell from cholesterol the cells were
treated using MBCD (10 mM at 37 °C). Methodology is described in more
detail in S/ Text.
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Near-Field Scanning Optical Microscopy. Experiments were performed on a
custom-built confocal/NSOM microscope optimized for dual color single-
molecule fluorescence in aqueous conditions (12). Homemade NSOM probes
had apertures of 80-100 nm in diameter. Fixed cells were first imaged in
confocal mode. A selected area of the cell surface was further inspected
by confocal and then the excitation light was focused onto the back-end
of the NSOM probe. Only well-stretched areas of the cell membrane were
inspected by NSOM to exclude potential height artifacts on the fluorescence
image. Scanning speeds and imaged areas were adjusted to minimize tip in-
teraction with the samples under study (2 pm/s-6 pm/s and areas ranging
from (2.5 x 2.5) to (8 x 8) um?. Typically 3-10 images from different cells were
taken at each experimental condition.

Image Analysis. Unprocessed images were analyzed using custom-made soft-
ware that determines spot size, brightness and (x, y) position. Spot sizes were
determined using the FWHM of a 2D Gaussian fit to the intensity profile.
Brightness of each spot (kcounts/s) was defined as the background-corrected
average of the intensity over all pixels within the FWHM. The (x, y) coordi-
nates of each individual spot were determined using the center of mass of
the FWHM with a localization accuracy ¢ ~ FWHM/(N)'/2 where N is the num-
ber of counts in each spot after background subtraction (31). For the samples
under study o~24nm (for CTxB-GM1: FWHM =123 nm, N = 2588);
o~2.1nm (for CD71: FWHM =82 nm, N = 1563); 6 ~3.6 nm (for LFA-1:
FWHM =85 nm, N=1562) and 6~4.7 nm (for CD55: FWHM = 80 nm,
N = 286). The i-nnd distributions between the protein of interest and the
CTxB-GM1 spots were determined from the (x, y) coordinates of each protein
spot to the (x, y) coordinates of the nearest CTxB-GM1 spot. Simulations of
random i-nnd distributions were performed using experimental spot densi-
ties as derived from multiple images and placing both protein and CTxB-GM1
spots at random (x, y) positions with respect to each other. Experimental spot
densities for each experimental and simulated condition are given in S/ Text.
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