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STED Nanoscopy Reveals Molecular Details of Cholesterol- and
Cytoskeleton-Modulated Lipid Interactions in Living Cells

V. Mueller, C. Ringemann,’ A. Honigmann, G. Schwarzmann,* R. Medda, M. Leutenegger,’ S. Polyakova,’
V. N. Belov, S. W. Hell," and C. Eggeling™

TDepartment of Nanobiophotonics, Max Planck Institute for Biophysical Chemistry, Géttingen, Germany; and *Life and Medical Sciences
Center (LIMES) Membrane Biology and Lipid Biochemistry Unit, University of Bonn, Bonn, Germany

ABSTRACT Details about molecular membrane dynamics in living cells, such as lipid-protein interactions, are often hidden
from the observer because of the limited spatial resolution of conventional far-field optical microscopy. The superior spatial
resolution of stimulated emission depletion (STED) nanoscopy can provide new insights into this process. The application of
fluorescence correlation spectroscopy (FCS) in focal spots continuously tuned down to 30 nm in diameter distinguishes between
free and anomalous molecular diffusion due to, for example, transient binding of lipids to other membrane constituents, such as
lipids and proteins. We compared STED-FCS data recorded on various fluorescent lipid analogs in the plasma membrane
of living mammalian cells. Our results demonstrate details about the observed transient formation of molecular complexes.
The diffusion characteristics of phosphoglycerolipids without hydroxyl-containing headgroups revealed weak interactions.
The strongest interactions were observed with sphingolipid analogs, which showed cholesterol-assisted and cytoskeleton-
dependent binding. The hydroxyl-containing headgroup of gangliosides, galactosylceramide, and phosphoinositol assisted
binding, but in a much less cholesterol- and cytoskeleton-dependent manner. The observed anomalous diffusion indicates
lipid-specific transient hydrogen bonding to other membrane molecules, such as proteins, and points to a distinct connectivity
of the various lipids to other membrane constituents. This strong interaction is different from that responsible for forming

cholesterol-dependent, liquid-ordered domains in model membranes.

INTRODUCTION

Cellular signaling is known to be linked to the organization of
lipids and proteins in the plasma membrane, where lipid-lipid
or lipid-protein interactions are believed to play a crucial
role, for example (1-6). However, access to many details
about the molecular and spatiotemporal characteristics of
these interactions is usually hindered by the limited spatial
resolution of conventional optical microscopy. Although
noninvasive far-field optical microscopy allows a direct
study of living cells, similar features must be >200 nm
apart to be distinguishable. Lipid-protein complexing takes
place at much smaller scales (7). Applied in the far field, fluo-
rescence correlation spectroscopy (FCS) has been success-
fully used for live-cell studies of membrane dynamics and
organization (8—12). These experiments have demonstrated
how information about nanoscopic movement can be indi-
rectly inferred when using model-based approaches (9),
e.g., by extrapolating measurement results to the nanoscopic
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range (10,13,14). However, these strategies rely heavily on
correct quantitative modeling of the investigated system
because such experiments cannot deliver a clear signature
of the dynamics at length scales below the diffraction limit
of far-field optics.

Recently, the combination of FCS with far-field stim-
ulated emission depletion (STED) nanoscopy (15-17) al-
lowed direct measurements at the length scale of interest
and delivered more model-independent results about nano-
scopic details. STED nanoscopy offers diffraction-unlimited
spatial resolution in the far field by using stimulated emis-
sion to inhibit fluorescence signaling of molecules every-
where outside small confined regions (18,19). STED-FCS
directly revealed that in contrast to a fluorescent glycero-
phospholipid analog, sphingolipid analogs were trapped in
transient, cholesterol-assisted molecular complexes (16).
These STED-FCS data complemented previous diffrac-
tion-limited FCS data (10,20) and were recently confirmed
by fast single-molecule tracking experiments (21) and
FCS measurements obtained with a tip-based near-field
optical microscope (22). However, some molecular details
about the observed lipid trapping, such as the dependence
on the molecular structure of the lipids and the influence
of cholesterol and the cytoskeleton, remain to be clarified.

Using STED-FCS, we studied in more detail the molec-
ular characteristics of nanoscale lipid trapping in the plasma
membrane of living cells. The trapping characteristics of
various fluorescent lipid analogs were disclosed, differing
in the number of chains, the position of the fluorescent
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marker, and the headgroup structure. Further, we investi-
gated the dependency of the lipid dynamics on other struc-
tural parameters, such as cholesterol depletion of the plasma
membrane and depolymerization of the underlying cyto-
skeleton. We discuss potential connections to the formation
of more-ordered lipid nanodomains. Our results show that
STED-FCS is a very sensitive tool for studying membrane
organization and the underlying membrane dynamics. It
can provide novel details about structure-specific nanoscale
interactions of lipids with other membrane components,
such as proteins, which cannot be directly observed by
conventional optical methods.

MATERIALS AND METHODS
Lipids

We used the lipophilic organic dye Atto647N (fluorescence excitation and
emission maxima at 645 nm and 670 nm, respectively, in aqueous solution;
Atto-Tec, Siegen, Germany) as the fluorescence marker. The dye was
tagged to the lipid via a C, linker. We synthesized different fluorescent
phosphoglycerolipid and sphingolipid analogs (for details about the syn-
thesis and structures, see Fig. S1 in the Supporting Material).

Measurements

The preparation of the mammalian PtK2 cells on standard glass coverslips;
incorporation of the fluorescent lipid analogs into the plasma membrane of
the living cells via bovine serum albumin (BSA) complexes; the procedures
for cholesterol depletion and cytoskeleton modification by cholesterol
oxidase (COase), $-cyclodextrin (6-CD), Latrunculin B, or other additives;
the exact measurement conditions and procedures; the STED microscope;
and the FCS analysis are described in the Supporting Material.

RESULTS

STED-FCS nanoscopy of lipid membrane
dynamics: revealing anomalous subdiffusion

STED nanoscopy allows one to create fluorescence interro-
gation spots at nanometric scales (18,19). STED nanoscopy
is based on the reversible inhibition of fluorescence emis-
sion of a marker by stimulated emission. The stimulated
emission is induced by the STED light at a wavelength
that is typically at the red edge of the emission spectrum.
Irradiation with STED light featuring a focal intensity
distribution with one or several zeros in space inhibits the
fluorescence of the marker molecules everywhere except
within the subdiffraction-sized regions around the zeros.
In our case, we overlaid the diffraction-limited fluorescence
excitation spot with a doughnut-shaped intensity distribu-
tion of the STED light, rendering an effective fluorescence
spot of subdiffraction size along the lateral directions. We
were able to dynamically tune the size of the effective fluo-
rescence spot by adjusting the STED beam intensity as
shown in Fig. 1 A, which plots the diameter d of the effec-
tive focal spots against the STED beam power Psrgp.
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FIGURE 1 STED-FCS reveals anomalous lipid diffusion in the plasma

membrane of live mammalian cells. (A) The effective focal detection
spots of the STED nanoscope (Eff.) were created by overlaying the diffrac-
tion-limited excitation spot (Exc.) with a doughnut-shaped focal intensity
distribution of the STED laser (STED), turning fluorophores non-emissive
everywhere but at the focal center: lateral scanning images of 80-nm gold
beads (Exc. and STED) and 20-nm fluorescent beads (Eff.), scale bar
200 nm The focal diameter d (full width at half-maximum) was tuned by
the power Psyrp of the STED laser as calibrated by scanning 20-nm large
fluorescent beads (black circles) or by measuring the focal transit time of
fluorescent lipid analogs in supported lipid bilayers using FCS (open
squares). (B) Confocal (d = 240 nm) and STED (d = 40 nm) FCS data
of PE (red) and GM1 (gray) diffusion with fits using 1/a = 1 (red lines)
and >1.4 (blue line). All curves were normalized to amplitude 2. (C)
Dependence of the focal transit time 7j, the anomaly 1/«, and the apparent
diffusion coefficient D of PE (black squares), SM (red circles), and GM1
(gray triangles) on the focal diameter d and area d* determined from
FCS data recorded for increasing STED power. Black and red dotted lines
indicate the dependence expected for free and trapped diffusion, respec-
tively. Standard deviation of the mean was ~10%.

We used FCS to study the diffusion of different mem-
brane molecules through these nanoscopic spots created
by STED. We incorporated different lipid analogs labeled
with the lipophilic organic dye Atto647N into the plasma
membrane of living mammalian PtK2 cells by incubation



Molecular Dependence of Lipid Trapping

with the following lipid-BSA complexes: saturated phos-
phoglycerolipids phosphatidylethanolamine (DPPE, de-
noted by PE), phosphatidylcholine (DSPC, denoted by
PC) and phosphatidylinositol (PI), unsaturated phosphati-
dylethanolamine (DOPE), saturated sphingolipids sphingo-
myelin (SM), ceramide (Cer), galactosylceramide (GalCer),
and ceramide phosphorylinositol (CPI), and the ganglio-
sides GM1, GM2, and GM3 (Fig. S1). The lipid analogs
differed in headgroup structure, the length and saturation
degree of the acyl chains, and the labeling position of the
dye. For example, we labeled the lipids at either the head-
group (headgroup labeling) or the water-lipid interface
by replacing the native long acyl chain with a short acyl
chain carrying the dye (acyl chain replacement). The abbre-
viation “-h” denotes headgroup labeling, “-c” denotes acyl
chain replacement, and “L-” denotes the lyso derivative
with only the single alkyl chain and a headgroup label.
Throughout the text, PE, SM, and GM1 denote the lipid
analogs PE-h, SM-c, and GM1-c, respectively.

Fig. 1 B depicts representative FCS data for the confocal
recordings of the PE and GM1 analog in the plasma mem-
brane of living PtK2 cells. FCS averages over thousands
of focal transits of the fluorescent lipid analogs and deter-
mines an average focal transit time 7, and the anomaly
(1/a), which for (1/a) > 1 quantifies the deviation from
normal free diffusion (Eq. S2). The inflection point of the
correlation curves gives an estimate of 7p, which was
slightly larger for the GMI than for the PE lipid. A fit of
the anomalous subdiffusion model (Eq. S2) to the data re-
sulted in transit times, 7p, of =20 ms for PE and =30 ms
for GM1. However, for both PE and GMI1, the anomaly
(1/a) was close to one, providing no indication of heteroge-
neous diffusion. The diffraction-limited confocal recordings
with a >200 nm large detection spot could not clearly
explore the cause of the decreased mobility of GM1. These
recordings could not distinguish between a slower free dif-
fusion and an anomalous subdiffusion due to, for example,
nanoscopic obstacles, because they averaged over such
nanoscopic details of the molecular diffusion (16). In
contrast, nanoscale spots created by STED directly provided
the desired details. Correlation data recorded for Psrrp =
160 mW (d = 40 nm) showed a clear difference between
PE and GMI1 diffusion. Although the PE curve could still
be described with (1/a) = 1 (i.e., normal free diffusion),
the GMI1 data rendered (1/a) = 1.5 and a significantly
slower 7, compared with PE.

STED-FCS nanoscopy of lipid membrane
dynamics: reasons for anomalous subdiffusion

The dynamical tuning of the detection spot by STED
allowed a more detailed view of the anomaly in lipid
diffusion, as outlined in Fig. 1 C. The transit times, 7p,
and anomalies, (1/a), determined from the correlation data
of PE, SM, and GMI1 for increasing STED power, Psrep,
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showed an increasing difference between PE and SM or
GM1 diffusion for smaller focal diameters, d. Values of
(1/a) close to one for PE indicated normal, whereas
increasing values of (1/a) > 1.5 for small d highlighted
anomalous diffusion at the nanoscale for SM and GM1.

The reason for the anomaly in SM and GM1 diffusion is
revealed by the dependence of 75 on the focal detection
area, d*. Based on the FCS diffusion law, i.e., the TD(dz)
relation predicted for different diffusion modalities (10),
we expect a linear relationship for free diffusion similar
to that observed for PE, and a nonlinear characteristic for
diffusion that is transiently slowed down by, e.g., a transient
incorporation into molecular complexes as observed for SM
and GMI1. The observed minimal change of 7, with the
focal spot size for small focal areas (d < 70 nm in the
case of SM) can, for example, only be explained by transient
arrests during the diffusion pathway (i.e., transient trapping
events). Similarly, the relation TD(dZ) allowed us to calculate
the apparent diffusion coefficient D = d* /(8 In2 1p) (Eq.
S2) for every d. Following the above arguments given by
the diffusion law, a constant value D(d) is expected for
normal free diffusion, as for PE, whereas a decrease in D
for small foci d reveals transient slowing down or arrests,
as for SM and GM1.

In our initial STED-FCS data for PE and SM, we esti-
mated the spatial scale at which the lipids roamed during
the transient arrests to be <20 nm (16,21). Our current
STED-FCS experiments yielded similar estimations, indi-
cating that the heterogeneous diffusion of SM and GM1
originated from the formation of transient complexes, where
the binding partner was either immobilized or moving
comparatively slowly. Consequently, we will refer to molec-
ular trapping throughout this work. In this respect, we could
analyze the correlation data with a model introducing tran-
sient binding of the diffusing lipid to a fixed or compara-
tively slow-moving particle with effective on- and off-
rates k,, and kg, respectively (Eq. S3) (17,23). The model
fitted our data accurately and resulted in values of k,,, and
ko in the range of 30-100 s~! for SM and GM1, i.e., trap-
ping times 7y, = 1/k,; = 10-20 ms.

Fig. 1 clearly reveals that only the reduction of d far
below the diffraction limit realized an accurate disclosure
of hindered diffusion, i.e., the distinction of diffusion
heterogeneity due to nanoscopic obstacles improved with
spatial resolution. In the case of small d, the molecular
transit was dominated by the resting event, which took
much longer than the time periods of free diffusion. Obvi-
ously, only ensuring a significantly reduced transient time
of free diffusion as for the STED recordings (< 1 ms for
d < 50 nm) allowed us to distinguish between normal and
trapped diffusion. Note that the analysis of Eq. S3 for the
determination of k,,, and k4 is only valid for reaction-domi-
nated diffusion, i.e., for the case in which the transit time
of free diffusion, 7., is much shorter than the trapping
time, 1/k,s (17,23). In our measurements, this was only
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the case for strong trapping as for SM and GM1, and for
focal areas with d < 60-70 nm (i.e., Pszgp > 60-70 mW),
where 74, < 1-1.5 ms and thus 7p,./T;p, < 0.1 (14,17).

Structural dependence of lipid dynamics

We determined the values of the apparent diffusion coeffi-
cient D and the anomaly (1/«) from FCS data of the various
lipids for confocal (d = 240 nm) and STED (d = 40 nm)
recordings. The differences should highlight how the lipid
structure influenced the nanoscopic trapping (Fig. 2). As
outlined above, anomalous subdiffusion due to transient
molecular trapping resulted in decreased values of Dgrep
and increased values of (1/«)s7gp for the STED recordings
as compared with the confocal values D,,,r and (1/a)cons
and consequently in a ratio Dsygp/Deonr << 1, 1.€., this ratio
quantified the trapping strength. For example, values of
Ds7Ep/Deons = 0.3 and (1/a)sep > 1.4 implied the strong
trapping of SM, whereas values of Dgrpp/Deons = 1 and
(l/a)step < 1.2 of PE indicated almost normal free
diffusion.

Using the different lipid analogs, we were able to
highlight various molecular characteristics of nanoscale
trapping, as follows: 1) We confirmed that the observed
diffusion characteristics of our fluorescent lipid analogs
were not influenced by the dye (16) (Supporting Material).
The difference in the dynamics of PE, SM, and GM1 re-
mained the same when we changed the labeling position
of the Atto647N marker, either by labeling at the headgroup
(-h) or by replacing the acyl chain (-c). 2) The Lyso deriva-

D [um?/s]

FIGURE 2 Structural dependence of the nanoscale trapping. Apparent
diffusion coefficient D (upper panel) and anomaly 1/« (middle panel)
determined from confocal (d = 240 nm, gray bars) and STED FCS record-
ings (d = 40 nm, black bars), and ratio Dsyrp/Dcons (lower panel) for the
various fluorescent lipid analogs. Ds7zp/Deons = 1 for normal free diffusion
and <1 for nanoscale trapping (the smaller the Ds7zp/Dc,yy the stronger the
trapping).
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tives of PE, SM, and GM1 (L-), as well as the labeling at one
of the long acyl chains of GM1 (-c2, i.e., GM1-c2 carried
the dye anchor in addition to the two native chains), showed
diffusion behavior similar to that of their double-chained
derivatives, respectively; that is, even without the long
acyl chain or with an additional dye anchor, trapping of
SM and GM1 remained unchanged. 3) Both the unsaturated
phosphatidylethanolamine DOPE and the saturated phos-
phoglycerolipid phosphatidylcholine (PC) showed nearly
normal diffusion, similarly to saturated PE. 4) Other sphin-
golipids, such as Cer, GalCer, GM2, and GM3, behaved
similarly to SM and GM1. 5) Trapping of the phosphatidy-
linositol analogs (PI and CPI) was only as pronounced
as that of SM in the case of CPI (CPI compared with PI;
in PI diacylglycerol is the lipophilic backbone, whereas
in CPI ceramide is the lipophilic anchor). 6) For most of
the trapped lipids, we determined effective encounter rates
ko, = 30-70 s and off-rates kog in the range of
40-80 s, ie., on average a single lipid experienced
a trapping event every l/k,, = 15-35 ms with an average
trapping duration 7., = 1/k,; = 10-25 ms. 7) From the
confocal data, we estimated diffusion coefficients of free
diffusion of D =~ 0.4-0.6 um?/s for most of the lipids.

As a consequence of the above observations, trapping was
only dominant for sphingolipids, i.e., for those lipids with a
ceramide (or sphingosine) backbone and its hydroxyl and
amino group as hydrogen-bond donors close to the water-
lipid interface (Fig. S1). This structural ceramide element
may have facilitated hydrogen bonds to (endogenous)
membrane components, such as proteins (24).

However, further differences between the various phos-
phoglycero- and sphingolipids arose, as described below.

1. Diffusion of unsaturated DOPE was faster (D, =
0.9 ,um2/s) and that of saturated PC (DSPC) was slower
(Deong = 0.3 ,umZ/s) than that of the shorter-chained PE
(DPPE, D, = 0.5 um?/s). When a C;; instead of
a C4 linker was used to tag Atto647N to PC, diffusion
was further slowed down (Do, = 0.2 ,um2/s; data not
shown). This supports the general notion that unsaturated
and shorter-chained lipids usually diffuse more rapidly
because they have less preference for more-ordered
regions, where diffusion may be slowed down.

2. Diffusion of the phosphoglycerolipids PE, DOPE, and
PC was also slightly hindered, as revealed by values of
Ds7ep!Deonr < 1 and (1/0)s7ep > 1.1. These slight devi-
ations from free diffusional behavior could not be
ascribed to an analysis artifact (c.f. Eq. S2). In accor-
dance with the above discussion, Dgrgp/Dcons < 1 indi-
cated transient trapping on the nanoscale, and in a
previous analysis of trapping of PE, we determined on-
and off-rates k,, = 200 s~ ' and ko > 800 s, respec-
tively (17).

3. Trapping of the headgroup-labeled SM lipids SM-h and
L-SM was slightly less pronounced than that for SM-c
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tagged via acyl-chain replacement. The labeled Cer
analog showed even weaker trapping. In contrast, we
observed no differences in trapping between the differ-
ently labeled GM1 analogs.

4. Trapping of GMI1, with its large sugar headgroup, was
less pronounced than that of SM. Compared with SM
(kor = ko = 70 s~ 1), we determined slightly lowered
off-rates (ks = 50 s~ 1) and more significantly lowered
effective on-rates (k,,, = 30 sfl) of transient trapping.

5. The influence of the size and structure of the sugar head-
group became more pronounced when we studied the
differences among GM1, GM2, GM3, and GalCer. Trap-
ping of GM2 (which lacks one galactose residue) was
more pronounced than that of GM1, with slightly longer
trapping times (k. = 30 s~ 1). However, the size of the
sugar headgroup could not be the only measure. The
observed dynamics of GM3 (lacking one galactose and
one N-acetylgalactosamine residue) was again almost
indistinguishable from that of GM1. The diffusion of
GalCer (carrying only one galactose group) was observed
to be twice as fast as that of GM1-3 (Dc,,,p = 1 ,umz/s and
0.5 ,umz/s, respectively), and, due to a larger off-rate kg
~ 80!, GalCer was slightly less trapped than GM1-3.

6. The phosphatidylinositol PI (without a ceramide back-
bone) revealed more pronounced trapping than the other
phosphoglycerolipids (PE, DOPE, and PC), indicating
headgroup-mediated interactions.

Cholesterol dependence

The differences in the dynamical characteristics of the
various lipid analogs became more pronounced when we
compared diffusion after treatment for cholesterol deple-
tion. Cholesterol is known to play a crucial role in the
formation of membrane heterogeneity, for example (I1-
3,5,10,11,20). The transient complexes observed in our
experiments were also highly dependent on cholesterol, as
shown for SM in Fig. 3, A and B (16). The depletion of
cholesterol by cholesterol-oxidase (COase) or (-cyclo-
dextrin (6-CD) treatment resulted in the vanishing of the
anomalous diffusion of SM, rendering almost normal diffu-
sion as for PE, i.e., cholesterol seemed to significantly stabi-
lize the transient complexes of SM.

Fig. 3 C demonstrates the cholesterol dependence of the
nanoscopic trapping for the various fluorescent lipid analogs
by presenting a comparison of STED-FCS data obtained
before and after COase treatment for 30 min. We plotted
the ratio Dgygp/D.o,y of the apparent diffusion coefficients
determined from the confocal (d = 240 nm) and STED
(d = 40 nm) recordings on untreated and cholesterol-
depleted cells, and calculated the recovery parameter R =
(Dstep® — Dstep)/(Deonf — Dsrep) with the apparent
diffusion coefficients Dgrrp* and Dgrgp determined from
the STED recordings for treated and untreated cells, respec-
tively, and D,,,/* determined from the confocal recordings
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FIGURE 3 Lipid dynamics after cholesterol depletion. (A) Dependence
of the apparent diffusion coefficient D of PE (squares) and SM (triangles)
on the focal area d* before (black) and after (gray) cholesterol depletion
by COase treatment. (B) Time evolution of D (upper panel) and the
anomaly 1/« (lower panel) of SM determined from STED (d = 40 nm)
FCS data after starting treatment with the cholesterol-depleting drugs
COase (open circles) and B-CD (black squares). (C) Ratio Dgrep/Deons
and recovery R for various fluorescent lipid analogs upon COase treatment.
R =1 for complete abolishment of the trapping, R = 0 for no effect, and
R < 0 for an increase of trapping after treatment.

for treated cells. When the treatment abolished trapping,
diffusion became almost free and Dgypp™ = Do (€.,
R = 1); otherwise, Dg7pp™ = Dsyep Of Dsppp™® << Deonf®
(i.e., R << 1). The values of R became negative when trap-
ping was enhanced after treatment (i.e., Dsrep* < DsteD)-
Consequently, R quantified the change in binding strength
due to cholesterol depletion.

COase treatment did not show an effect on phosphoglycer-
olipids, such as PE. On the one hand, this indicates that the
almost free diffusion of the lipids was hardly affected by
the treatment. On the other hand, the slight trapping of the
phosphoglycerolipids (if at all observable) did not seem to
be facilitated by cholesterol. The almost free diffusion of
SM after COase treatment resulted from an increased off-
rate of SM binding (k. >150 s~! compared with =70 s~
without treatment), whereas the on-rate k,, was hardly
affected, i.e., COase weakened the complexes. In contrast,
in the case of 8-CD, the on-rate k,, decreased from 70 s~
to <10 s™', whereas the off-rate ko stayed similar. This
difference between CQOase and §-CD could stem from the
different molecular interactions with cholesterol: COase
catalyzes cholesterol oxidation, leaving the oxidized product
within the bilayer, whereas (-CD removes cholesterol
from the bilayer. Also, both drugs affected other cellular
parameters differently. For example, 8-CD seemed to influ-
ence the PtK2 cells more strongly than did COase (Fig. S4).

Biophysical Journal 101(7) 1651-1660
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It is known that an intensive 3-CD-treatment may induce
solid-like regions in the plasma membrane (25). Therefore,
we compared the dependence on cholesterol based on
COase treatment. Compared with SM-c tagged via acyl-
chain replacement, the recovery values were slightly lower
for the headgroup labeled SM-h and L-SM. Diffusion of
the labeled Cer analog hardly changed with COase treat-
ment. Recovery of free diffusion after COase treatment
was much less pronounced for all sphingolipids with large
hydroxyl-containing headgroups, such as GalCer, CPI, and
the gangliosides GM1-3. For example, GM1 diffusion was
influenced only a little, with R = 0.1 and no observable
changes in k,, and kg Trapping of the Cer phosphorylino-
sitol (CPI) was more affected by COase treatment compared
with PI, which showed no abolishment of trapping at all.

Actin dependence

Several reports have shown that plasma membrane hetero-
geneity is strongly linked to the underlying cytoskeleton,
such as the actin network, for example (4,6). We used the
drug Latrunculin B, which inhibits polymerization of the
actin network (Fig. S4), to investigate the dependence of
the nanoscopic lipid interactions on actin (20). For example,
Fig. 4, A and B, show that trapping of SM was abolished to
a certain extent after a 30-min treatment with Latrunculin B,
whereas the free diffusion of the lipids (e.g., PE) was not
affected. In Fig. 4 C we plot the ratio Dgrgp/D con Of various
lipids determined from the confocal (d = 240 nm) and
STED (d = 40 nm) recordings for untreated and Latrunculin
B-treated (15 min) cells and the recovery parameter R =
(Dsrep™ — Dsrep)! (Dmnf* — Dgrep) as defined above.

As with the cholesterol-depletion experiments, abolish-
ment of trapping after Latrunculin B treatment was largest
for SM-c and lower for headgroup-labeled SM-h (note
that compared with Latrunculin B, abolishment is larger
for COase treatment). We determined both a decrease in
on-rate k,, and an increase in off-rate k4 after Latrunculin
B treatment. The trapping of GM1 was even further
enhanced, whereas the extent of PI and CPI trapping was
hardly affected.

For the lipids tested, the dependence on COase and La-
trunculin B treatment was correlated, i.e., it seems that the
nanoscopic trapping of the lipids that were assisted by cho-
lesterol was also linked to the actin cytoskeleton (Fig. 4 D).
To go a step further, strong trapping from the very beginning
(with Dg7gp/Deons < 0.3) resulted in a correlative depen-
dence on both COase and Latrunculin B treatment, whereas
more weakly interacting lipids (Dgrgp/Deons > 0.3) were
hardly influenced by these treatments (Fig. 4 E).

The above observations were confirmed by measurements
on other cells and by other treatments for cholesterol
depletion (zaragozic acid (26) and cytoskeleton disruption
(cytochalasin (26), jasplakinolide (27), and nocodazole) as
outlined in the Supporting Material and Fig. SS5).
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FIGURE 4 Lipid dynamics after actin depolymerization and correlation
with cholesterol dependence and trapping strength. (A) Dependence of
the apparent diffusion coefficient D of PE (squares) and SM (triangles)
on the focal area d* before (black) and after (gray) actin depolymerization
by Latrunculin B (Latr.) treatment. (B) Time evolution of D (upper panel)
and the anomaly 1/« (lower panel) of SM determined from the confocal
(open circles) and STED (black squares, d = 40 nm) FCS data after starting
treatment with Latrunculin B. (C) Ratio Dg7gp/D.ons and recovery R for
various fluorescent lipid analogs upon Latrunculin B treatment. (D) Corre-
lation of the cholesterol and actin dependence: value pairs of the changes in
focal transit time A7p of the STED recordings (d = 40 nm) following
COase and Latrunculin B treatment for different fluorescent lipid analogs.
Negative values of A7, indicate abolishment of trapping. (E) Correlation of
the trapping strength and the cholesterol and actin dependence: value pairs
of the trapping strength Dsrgp/D,,,s before treatment and the recovery R
after treatment with COase (black) and Latrunculin B (white) for different
fluorescent lipid analogs.

DISCUSSION
Molecular trapping of lipids

The constrained diffusion of the fluorescent lipid analogs
revealed by our STED-FCS data was due to a transient slow-
down of diffusion caused by short-lived, often cholesterol-
assisted molecular complexes in which the binding partner
was either immobilized or moving comparatively slowly.
The presence of the ceramide (or sphingosine) moiety close
to the water-lipid interface, with its NH and OH groups, and
of a large polar headgroup with numerous hydroxyl-groups
was mainly responsible for the observed nanoscopic trap-
ping interactions, likely by providing a basis for the forma-
tion of molecular complexes via hydrogen bonding. We
could determine on- and off-rates of the transient binding,
which were in the range of 1/(10 ms). With diffusion coef-
ficients of D = 0.4-0.6 um?/s of free diffusion for most of
the lipids, we could estimate that an interacting lipid (such
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as SM) on average experienced a trapping event approxi-
mately every 200-300 nm. We observed differences
between the trapping strengths of the lipids, which became
very pronounced after treatment for depleting cholesterol
from the plasma membrane or depolymerizing the under-
lying cytoskeleton.

However, we did not observe a hopping-like diffusion
due to compartmentalization of the plasma membrane
by the underlying cytoskeleton (6). Such hopping-like diffu-
sion was previously reported for an unsaturated lipid
analog labeled by a large gold bead with compartment
sizes of >230 nm (28). In line with our diffusion-law data
in Fig. 1, a meshwork-based or hopping-like diffusion would
have resulted in an exponential-like increase of 75 with d*
(10,14), which was not observed for any of the investigated
lipids. There is a possibility that our measurements did not
detect such hopping events because our FCS analysis probed
areas of <240 nm in diameter. However, previous FCS
studies on diffraction-limited and larger focal spots also
ruled out hopping-like diffusion (10,20). On the other
hand, FCS may miss single, isolated hopping events because
it averages over a multitude of focal transits.

Headgroup dependence of molecular trapping

Depending on the headgroup’s size and the number of hy-
droxyl groups in the headgroup, small differences between
similar lipids were observed. A comparison of the data for
GM1, GM2, GM3, and GalCer revealed no clear correlation
between the size of the polar sugar headgroups and the trap-
ping strength. The relatively large size of the headgroup
may destabilize the complexes, but its numerous hydroxyl
groups may facilitate molecular interactions via hydrogen
bonding. In any case, lipid diffusion was dependent on the
composition of the headgroup, which points to different
interaction partners for the various lipid types. We also
observed differences between the different SM analogs:
SM-c (carrying a large phosphocholine headgroup) showed
stronger trapping and a stronger dependence on cholesterol
depletion and depolymerization of the cytoskeleton than did
SM-h and L-SM (with a smaller phosphorylethanolamine
headgroup). This may indicate a slight influence from the
position of the dye label (which was at the headgroup for
SM-h and L-SM and at the acyl-chain for SM-c); however,
we did not observe any influence on the dye position for PE
and for trapping of GM1 (c.f. Supporting Material). Further-
more, our results are in line with previous work. Experi-
ments on model membranes and atom-scale simulations
showed an influence on the size of the headgroup of SM
on the lipid’s membrane interaction, and the SM with the
largest headgroup (e.g., SM-c) was reported to have the
largest affinity to cholesterol (29). Accordingly, in our ex-
periments, the Cer analog with only one OH headgroup
showed even less trapping and no dependence on cholesterol
depletion. This may also point to the quite distinct bio-
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physical characteristics of Cer. For example, previous
experiments on model membranes indicated that Cer may
significantly rearrange lateral organization of lipids and
induce Cer-enriched domains excluding cholesterol (30,31).

Molecular trapping: binding partners

So far, we can only speculate about possible binding partners.
The binding partners have to be immobile or comparatively
slow-moving. For example, they should hardly move
(<20 nm in distance) within the trapping duration of ~10 ms,
i.e., they should have diffusion coefficients < 0.01 p,mz/s.
Cholesterol is inherent in the membrane bilayer and could
thus assist binding via the ceramide moiety, but not via
the polar headgroup. On the other hand, the cytoskeleton
dependence of the sphingolipids (e.g., SM) most probably
was not evoked by the lipids being directly arrested to the
actin or other network. More likely, the diffusion of a binding
partner was hindered by the cytoskeleton and released upon
depolymerization. The observed molecular specificities of
the various lipids may highlight a nanoscopic molecular
connectivity between lipids and proteins, which may play
an important role in cellular signaling (32). For example,
cell growth is modulated by the binding of GM3 to the
epidermal growth factor receptor (33-35).

Molecular trapping: comparison with lipid rafts

Our STED-FCS measurements indicate that the lipids did
not explore an area > 20 nm in diameter during trapping;
rather, they interacted on nanoscopic spatial scales and
formed a transient molecular-sized complex. However,
because we observed the dynamics of single molecules
only, we cannot rule out the possibility that additional lipid
or protein molecules were (temporarily) included in this
complex. Therefore, a question arises as to how the observed
nanoscopic interactions relate to the most common picture
of membrane heterogeneity: lipid nanodomains or rafts
(1-3,5). In 1997, Simons and Ikonen (1) introduced the
lipid raft concept and postulated that tightly packed sphingo-
lipid-cholesterol-protein assemblies serve a function in
membrane trafficking and signaling. Cholesterol-dependent,
liquid-ordered phases in model membranes are often taken
as model systems for the tight molecular packing in lipid
rafts (1-3,5), even though the order parameter of the phases
in model membranes is expected to differ substantially from
those observed in cell membranes (36). Altogether, the raft
picture is still unclear, partly because of the lack of spatial
resolution in conventional optical microscopy.

Using the superior resolution of STED nanoscopy, we did
not detect stable and immobile complexes as previously
observed for lipid-anchored proteins by other methods (4).
Our previous STED images of fluorescent SM revealed
a homogeneous distribution of these heterogeneously
diffusing lipids. This homogeneous distribution followed
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from the fact that the complexes were highly dynamic, and
that at a certain time point, about half of the labeled lipids
moved freely and the other half were trapped (16).

We observed a decrease in the trapping of SM with
a decrease in the levels of cholesterol and endogenous SM
(Supporting Material and Fig. S5), indicating the involve-
ment of not only cholesterol but also other SM lipids in
the molecular complexes of SM. However, the interactions
of GM1 (often referred to as a lipid raft marker) showed
much less dependence on levels of endogenous SM or
cholesterol than SM, i.e., the observed molecular complexes
built up by GM1 differed from those assisted by SM and
cholesterol. In contrast to general observations made for
the phase partitioning in model membranes, for example
(37-40), our STED-FCS experiments demonstrated hardly
any influence by the dye label (Supporting Material).
However, the fluorescent analogs of the lipids used in our
experiments did not enter the liquid-ordered phase in model
membranes (Fig. S6) (41), probably due to the presence of
the rather bulky dye label. Consequently, we assume that
the observed transient trapping, with its rather strong
binding to other membrane constituents, follows a different
molecular mechanism than that of the weak interactions
responsible for the formation of ordered phases in model
membranes. Because of the low order partitioning of the
applied fluorescent lipid analogs, the observation of ordered
nanodomains in living cell membranes was not feasible, and
we do not rule out their existence.

If we consider our STED-FCS observations in the context
of lipid rafts, we may support a current view that (sphingo)
lipid rafts may establish “fluctuating nanoscale assemblies
of sphingolipid, cholesterol, and proteins that can be stabi-
lized to coalesce, forming platforms that function in
membrane signaling and trafficking” (5). Our experiments
may highlight the fluctuating nanoscale assemblies, which
then seem to be highly diverse and strongly dependent on
the lipid structure. It remains to be seen whether these fluc-
tuating nanoscale assemblies can be stabilized to coalesce
into more tightly packed domains (5,42). A fluorescent lipid
analog that partitions into the liquid-ordered phase of model
membranes (like its natural counterpart) may be able to
report on this coalescence. However, currently available
liquid-order markers such as Laurdan (43), fluorescent
cholesterol analogs (40), Nile Red derivatives (44), and
phosphoglycero- and asialo GM1 analogs labeled with
NBD (45) or Alexa 488 (46), respectively, are not compat-
ible with the present STED-FCS setup.

CONCLUSIONS

STED-FCS is an exceptional tool that can be used to high-
light the diversity of lipid interactions in the plasma
membrane of living cells. Conventional diffraction-limited
optics cannot directly report on these differences, because
these interactions occur on nanoscopic length scales. Tech-

Biophysical Journal 101(7) 1651-1660

Mueller et al.

niques that extrapolate results from diffraction-limited
measurements may not deliver the required accuracy. Only
the analysis of data recorded by STED-FCS at the desired
spatial scales (<50 nm) revealed transient (~10 ms) forma-
tions of lipid complexes with other membrane constituents,
such as proteins, and highlighted even subtle differences
for different fluorescent lipid analogs. These differences
were dependent on the lipid structure (especially on the struc-
tural ceramide element close to the water-lipid interface)
and the headgroup, and included 1), weak interactions on
timescales of ~1 ms of phosphoglycerolipids without
hydroxyl-containing headgroups, such as PE and PC; 2),
hydroxyl-containing headgroup-assisted but almost choles-
terol- and cytoskeleton-independent binding for lipids such
as gangliosides, GalCer, and phosphoinositol; and 3), most
strongly, cholesterol-assisted and cytoskeleton-dependent
binding mediated by the ceramide moiety of sphingolipids,
such as SM. The strong interactions are different from those
responsible for phase separation in model membranes and
may be precursors for the (transient) coalescence of several
lipids and proteins, forming signaling platforms (or lipid
rafts). The diversity in the observed lipid dynamics once
again highlights the strong heterogeneity of the plasma
membrane and points to a nanoscopic molecular connectivity
between lipids and proteins, which may play an important
role in cellular functionalities.

More details about the spatial heterogeneity of the nano-
scopic lipid trapping and the respective binding partners
may be revealed by introducing a second color and using
methods such as scanning FCS (47,48). STED-FCS mea-
surements in the different phases of model membranes
may give more information on similarities or dissimilarities
between live-cell interactions and liquid-order partitioning.
Comparative measurements in largely separated phases re-
ported for cellular plasma membranes treated by swelling
procedures (e.g., giant plasma membrane vesicles and
plasma membrane spheres (32,49)) or of giant unilamellar
vesicles composed of native membranes (50) may provide
further information, because these procedures separate the
plasma membrane from cytoskeletal, endocytic, or exocytic
influences while leaving the membrane’s molecular versa-
tility unmitigated. Most importantly, a fluorescent probe
that does not alter phase partitioning and is compatible
with STED-FCS will reveal additional details on the exis-
tence of liquid-ordered nanodomains (or rafts).

Our results show that STED-FCS is a sensitive and unique
tool for studying nanoscale membrane organization, and
determining the cellular functions and molecular interde-
pendencies of membrane components.

SUPPORTING MATERIAL

Materials and Methods, Supporting Discussion, six figures, and references
(51-56) are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)01057-5.
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