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19.1 INTRODUCTION

19.1.1 MOoOLECULAR INTERACTIONS AND DIiFrusioN DyYNAMICS
IN THE CELLULAR PLASMA MEMBRANE

The cellular plasma membrane is built up by a lipid bilayer and contains a multitude
of different lipids and proteins, which among other things play a central role in cel-
lular signaling (Figure 19.1). It is well acknowledged that the different membrane
molecules are highly dynamic but do not just simply diffuse freely as introduced in
1972 by the “fluid mosaic model.”! Rather, molecular membrane diffusion is usually
restricted and hindered; that is, it shows highly anomalous diffusion patterns and
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FIGURE 19.1 Plasma membrane heterogeneity. (a) Sources of membrane heterogeneity may
be lipid—protein interactions, asymmetric molecular distribution to the leaflets, the underly-
ing cytoskeleton (membrane anchored via proteins), and membrane curvature and pits. These
heterogeneities result in hindered diffusion of lipids and proteins and may be the basis for
the coalescence of transient signaling platforms—often denoted membrane domains or lipid
rafts, spatially confined molecular assemblies of different lipids and proteins that are essen-
tial for a cellular signaling event. (Adapted from Lingwood, D., and K. Simons, Science 327
[2010]: 46-50.2) Hindered diffusion may be caused by (b) transient molecular interactions
or incorporations into domains, which leads to an interruption or slowdown of diffusion, or
(¢) compartmentalization of the membrane, which causes a hopping diffusion.
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only for a few molecules appears free, following free Brownian motion (e.g., Refs. 2
through 7) (Figure 19.1). For example, interactions with immobilized or slow-moving
proteins lead to the local trapping of molecules, and the time to get from one point
of the membrane to another is prolonged, especially on small spatial scales (e.g.,
Refs. 4 and 8). Similarly, the incorporation into putative domains of high molecular
order leads to a local, transient slowdown (e.g., Refs. 2, 4 through 7, 9, and 10). Such
slowdown may also stem from molecular crowding, since the mobility of molecules
may already be retarded by the proximity to immobilized or relatively slow-moving
molecules without direct interaction.!’ On the other hand, the influence of the cel-
lular cytoskeleton, underlying the plasma membrane such as cortical actin, can be
manifold. Proteins may transiently be arrested to the filament, thereby hindering
their own mobility or, through interactions, the diffusion path of other molecules.
Further, proteins that are anchored along the filament may be an obstacle for other
diffusing molecules, acting like a picket or fence, and dividing the plasma membrane
into compartments, whose boundaries may be hard to cross. As a consequence of
this picket-fence model, molecules may show a kind of hopping diffusion with fast
diffusion inside the compartments and hindered diffusion from one compartment to
the next (see, for example, Refs. 3, 12, and 13). Therefore, diffusion may be fast on
small spatial scales,'* but extremely slowed down on long spatial scales.*!® Further,
hindrances of molecular membrane motility may stem from obstacles such as mem-
brane curvature or pits, induced by the cortical actin or proteins such as clathrin or
caveolin (e.g., Refs. 15 through 17).

19.1.2 PrAsMA MEMBRANE LipiDs

Plasma membrane lipids have been acknowledged as a fundamental part of the function-
ality and regulation of integral or associated membrane proteins (€.g., Refs. 2,7, and 18).
This follows from novel experimental techniques and the recognition that membrane
functionality is governed by the extremely high structural and chemical diversity of
lipids and their highly heterogeneous spatiotemporal distribution.'*%° It has been shown
that specific lipid—protein interactions may induce conformational changes of proteins,
thereby influencing the proteins’ activity (e.g., Refs. 21 through 25). Lipids may, on the
other hand, also be direct molecular receptors of, for example, viral particles or toxins,
paving their way into or out of cells (for a review, see Refs. 2 and 7).

19.1.3 Lipip-INDUCED NANODOMAINS

An important feature of plasma membrane lipids is believed to be their ability. to tr?m—
siently bring together different proteins, thereby compartmeptahzmg cel.lular s1gga11ng
events. Such signaling platforms are spatially localized and involve the tight packmg of
several proteins and lipids, and they are often referred to as membrane nanodomains

or “rafts” (e.g., Refs. 2, 5 through 7, and 9) (Figure 19.1). The s‘tabilization of such
platforms may occur spontaneously or be triggered by extra- or intracellular events.
While such nanodomains were initially believed to be stable,’ t'hey have recently be
recognized as being of transient nature (€., Refs. 2 and 7). The higher local concentra-

tion of lipids and proteins may induce an increased molecular order, thereby resulting
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in changes of the involved proteins’ structure and functionality. Prominent examples
of such platform-triggered processes include the modulation of cell growth,*?7 the
activation of lymphocytes such as T-cells,?®% viral uptake and budding such as of
HIV,193031 or cellular internalization of molecules during endocytosis®>=’ (for an over-
view, see Refs. 2 and 7). In a lot of these cases, cellular signaling is governed by dis-
tinct lipid—protein interactions. For example, cellular uptake and thus toxicity of the
cholera toxin is triggered by its binding to the ganglioside lipid GM1 (e.g., Refs. 33 and
37); similarly, GMI acts as a receptor and thus initiator of internalization of the VP1
protein of the simian virus 40 (e.g., Ref. 36). Here, the binding affinity and, thus, the
efficiency of the cellular uptake are influenced by both the multivalency of the binding
(i.e., the necessity to simultaneously bind several GM1 lipids) and the lipid structure.
It has been shown that the incorporation of these virus or toxins is most effective for
saturated and long-chained GM1 analogues, while short unsaturated GM1 analogues
hardly facilitate this process.*® This observation supports the assumption that such
processes are realized by domains of tight molecular packing (such as rafts), since long
saturated lipids prefer areas of higher molecular order (e.g., Refs. 38 though 41).

Specifically, sphingolipids and membrane-associated cholesterol seem to play
a central role in the formation of aforementioned signaling platforms. It has been
shown several times that a lowering of the level of sphingolipids and cholesterol
resulted in an interruption or disorder of cellular signaling processes (e.g., Refs. 2,
7, and 42 through 45).

Further, lipids are asymmetrically distributed to the inner and outer leaflet of the
plasma membrane, thereby adding another cause for membrane heterogeneity. For
example, certain phospholipids are rather found in the inner leaflet while sphingolip-
ids such as gangliosides rather prefer the outer leaflet (e.g., see Ref. 46).

19.1.4 CorticAL CYTOSKELETON

Cytoskeleton structures such as microtubule, actin, or spectrin underlying the cellu-
lar plasma membrane play another central role in the membrane’s bioactivity (Figure
19.1). Aforementioned hindrance of molecular mobility by proteins anchored to the
cortical cytoskeleton (e.g., Refs. 3, 12, 47, and 48) may, on one hand, stabilize the
lipid nanodomains or molecular clusters (e.g., Refs. 47 and 49) and, on the other
hand, increase the interaction probability of less abundant molecules (e.g., Refs. 50
and 51). Another implication of the anchoring to the cortical cytoskeleton is that the
plasma membrane cannot be considered as a planar layer.'” The resulting membrane
curvatures (e.g., at a local invagination such as clathrin-coated pits or caveolae) may
be another cause of heterogeneous membrane organization and dynamics (e.g., Refs.
15, 17, and 52 through 55).

19.2 DETECTION OF MEMBRANE HETEROGENEITY
BY OPTICAL MICROSCOPY—LIMITATIONS

Optical far—ﬁeld microscopy has proven valuable for live-cell studies, since the use
of focused light has proven to be minimally invasive (e.g., Ref. 56). Often, far-field
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microscopy is combined with the fluorescence readout, where the studied molecule
(e.g.. a membrane protein or a lipid) is labeled with a fluorophore, and its fluores-
cence emission is excited, for example, by a laser and registered by a light detector.
As a consequence, the position of a labeled molecule can be followed over space
and time. In a confocal fluorescence microscope, a laser beam is focused to a small
spot by an objective lens, which as well collects the emitted fluorescence and guides
it onto a point detector. Scanning of the focused laser spot over the sample then
allows reconstructing the spatial distribution of the fluorescently tagged molecules.
Similarly, in wide-field microscopy, a larger area of the sample is illuminated at
once and the spatial distribution of the fluorescence signal observed at once on a
camera.

Molecular assemblies may be detected by spectroscopic techniques such as
Forster resonance energy transfer (e.g., Refs. 18, 47, and 57) or by the use of fluo-
rescent dyes that specifically label certain areas of the plasma membrane (e.g.,
Refs. 58 and 59). However, such experiments may be biased once they require an
overexpression, that is, a very large concentration of the investigated molecules
or membrane incorporation of the dyes, both of which may induce changes of the

membrane.

19.2.1 IMAGING—TEMPORAL RESOLUTION

A challenge is that most of the mentioned membrane heterogeneities are highly
dynamic (such as the diffusing molecules), which makes the direct imaging of the
heterogeneous distribution of fluorescently labeled molecules difficult.’*-54 On one
hand, imaging techniques such as scanning confocal microscopy are usually too
slow to follow these dynamics, such as the formation of transient domains. On the
other hand, molecules have to be unevenly distributed between their free and bound
state to be able to visualize molecular assemblies.55 Many experiments, therefore,
fix the cells and observe the state of a cell at a certain point of time. Unfortunately,
fixation may result in artifacts or some membrane molecules might still be mobile

after fixation.®®

19.2.2  SINGLE-MOLECULE TRACKING

The direct observation of hindered diffusion of labeled molecules (instead of
h better way of exploring mem-

acquiring an instantaneous image) realizes a muc / !
). A prominent method is the

brane heterogeneity (e.g., se€ Refs. 3, 12, and 67 .
spatiotemporal tracking of single isolated fluorescent molecules (single-molecule

or single-particle tracking [SPT): the emitted ﬂuorescence'signal is detected on
a spatial sensitive detector such as a camera Or several point de.te.ctors, and the
molecule’s position is determined over time with nanometer prec.zlslon (e.g. Refs.
3,12, 50, 51, and 67 through 70). Unfortunately, an accurate assignment of a dlf;
fusion mode’, such as trapping versus hopping diffusion, is often I:lOt fegmble.

Furthermore, SPT is a stochastic method, and either very long trajectories or a
large number of short trajectories are required for a statistically relevant analysis,
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which usually entails long and extensive measurement times. On the other hand,
the recording of especially long trajectories as well as a high spatiotemporal reso-
lution demands extremely bright and photostable fluorescent labels.”” Therefore,
SPT often employs large and bulky markers such as 20—40 nm large gold beads
or 10 nm large quantum dots, which may themselves influence and thus bias the

diffusion of the marked molecule.”

19.2.3 FLuoresceNce CORRELATION SPECTROSCOPY

Methods such as fluorescence recovery after photobleaching (FRAP)™7 or fluores-
cence correlation spectroscopy (FCS)*767° usually require much shorter measure-
ment times and small labels to acquire statistically relevant conclusions about the
diffusion behavior of the investigated molecules. This follows from the fact that both
techniques simultaneously observe the diffusion characteristics of a multitude of
single molecules, which in SPT is only approximated by a large field of view or the
use of photoswitchable fluorophores (e.g., Ref. 80). In FRAP, all fluorescent mol-
ecules within a micrometer-large area are photobleached (i.e., turned nonemissive)
and the recovery of the fluorescence from this area is detected as nonphotobleached
molecules diffuse into the area. The recovery curve allows the determination of dif-
fusion coefficients and fractions of immobile species. Instead of photobleaching, one
may also institute photoswitchable fluorescent labels.®! In FCS, the temporal fluctua-
tions of the observed fluorescence signal is monitored over time as molecules diffuse
in and out of the observation area or volume (e.g., given by the micrometer-large
focal laser spot of a confocal microscope®?), and the correlation function of these
fluctuations is calculated. The decay time of this correlation function usually renders
the average transit time of the molecules through the observation area. Hindrances
or anomalies in diffusion therefore result in a shift of the correlation curve toward
larger times and the stretching of the decay.

19.2.4 OpTicAL MiCROSCOPY—THE SPATIAL RESOLUTION LiMIT

The imaging or spectroscopic probing of molecular assemblies, or the probing of
diffusion dynamics through FCS or FRAP on a far-field microscope, introduces
a major limitation. Far-field optics introduce the diffraction of light, which limits
the spatial resolution of such a lens-based microscope to approximately 200 nm
for visible light.®* As a consequence, a far-field microscope cannot distinguish
alike molecules that are closer together than 200 nm and the structures below this
size will appear blurred in the final image. In SPT, this issue is solved by detect-
ing only single isolated (>200 nm apart) molecules and determining the central
position of their blurred image spots. Because of the diffraction limit, FRAP and
FCS experiments on a far-field microscope will average over nanoscopic hin-
drances in the diffusion characteristics.®65 A remedy to this issue has been sug-
gested by spot-variation FCS (svFCS*88485) where correlation data are recorded
for different sizes of the observation area above the diffraction limit. The resulting
dependency of the average transit time through the observation spot allows more
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detailed information of diffusion modes (free, trapping, or hopping diffusion).
Using svFCS in 200 nm to >1 um large observation areas, the diffusion charac-
teristics of several different membrane lipids and proteins could be assigned to
these modes.!? Unfortunately, this assignment was only realized by an extrapola-
tion to even smaller areas, and further details of the molecular dynamics such as
a trapping period or area could only be estimated. Further, it cannot be ruled out
that the extrapolation might be biased because of changes in the dependencies
for observation areas smaller than the 200 nm diffraction limit. A remedy to all
these limitations would be precise FCS measurements on the relevant scales, that
is, with observation areas <200 nm. This has been facilitated by recording FCS
data near nanometer-sized apertures, as for example realized by placing the mem-
brane sample in zero-mode waveguides® or on a pattern of isolated nanoaper-
tures milled in a metallic film,*” or by placing a small tip with a nanometer-sized
aperture near the sample (near-field microscopy).8® Unfortunately, the collateral
nanometer proximity of the sample to a surface might introduce unforeseeable
bias. A more noninvasive way is the combination of FCS with subdiffraction
far-field nanoscopy such as stimulated emission depletion (STED) nanoscopy
(STED-FCS).%-°

19.2.5 Far-Fietp OpticaL NANOSCOPY

Starting in the 1990s,”! developments in optical microscopy have opened up the pos-
sibility to distinguish structures below the 200 nm diffraction limit with far-field
optics (e.g., see Ref. 92). The key idea is to reversibly transfer the fluorescence mark-
ers between states of different emission properties, such as a dark and a bright state,
thereby allowing the modulation or, reversibly, inhibition of fluorescence emission
in space and time.”*~*> The first of such an optical nanoscope (or super-resolution
microscope) was based on stimulated emission (STED) microscopy.®*¢ In a pre-
ferred implementation of STED nanoscopys, a laser is added to a conventional scan-
ning (confocal) far-field microscope, which forces the fluorescent labels to their dark
ground state, that is, inhibits fluorescence emission everywhere but at the C}anter of
the exciting laser focus (Figure 19.2). The wavelength of this second laser.ls tuned
to the red edge of the fluorophore’s emission spectrum and induces t.he stlmulatc;d
de-excitation of the fluorophore’s excited (and fluorescent) electronic (ON) to its
ground (dark OFF) state. By detecting only the spontaneous (and not the st.imulated)
emission, the registered signal is efficiently decreased and completely sw1tche.d off
when increasing the intensity of the STED laser above a certain thrgshold (Figure
19.2). The introduction of a phase plate into the STED begm dlS'tOI'tS‘ its wave front
and, once focused by the microscope objective, creates an 1ntegsﬂy d.1str1t.)ut1.0n that
features one or several local zeros, such as a doughnut-shaped 1ntens.1ty d1sFr1but1on
(Figure 19.2). However, while this intensity pattern is st}ll ruled by d1jffract1.on, only
an enhancement of the intensity of the STED laser drives thg area in which fluo-
rescence emission is still allowed to smaller and smaller subdlffract%on scgles.fTEe
spatial resolution of the STED microscope is therefore tuned by the intensity O the

STED laser (Figure 19.2).
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FIGURE 19.2 STED nanoscopy. (a) Optical nanoscopy relies on the transition between
states of the fluorescent label with different emission characteristics. In the case of STED,
these are the excited ON state, which is populated by the excitation laser (Exc) and which
spontaneously depopulates by fluorescence emission (Flu), and the ground OFF state, to
which the label is driven by (nondetected) stimulated emission using the additional STED
laser. As a consequence, the STED laser inhibits spontaneous fluorescence emission. The
efficiency of inhibition increases with the power of the STED laser, and the spontaneous
fluorescence is efficiently switched off above a certain power threshold (right). (b) In a STED
nanoscope, the diffraction-limited excitation (and thus fluorescence spot, gray) is overlaid
with the STED laser, whose focal intensity distribution features at least one intensity-zero
(black) (left). As a consequence, spontaneous fluorescence is inhibited everywhere but at
the zero-intensity point, leaving a subdiffraction-sized area where emission is still allowed:
the new observation spot, whose diameter d scales with the power of the STED laser (right).

19.3 STED-FCS

19.3.1 Repucep OBSERVATION SPOT: THE CONCENTRATION ISsUE

In conventional (confocal) FCS measurements, the average number of fluorescent
molecules in the observation volume has to be kept rather low (<100-1000 depending
on the signal-to-noise level), meaning that the concentration of fluorescently labeled
molecules has to be kept low as well (<1 uM). This is however a concentration range
that is often far below that of endogenous (biological) conditions. In contrast to mea-
suring in zero-mode waveguides® or to photobleach?’ or switching off® large parts
of the ensemble, the most obvious way to handle larger, endogenous concentrations
would be lowering the observation spot’s length scale 9100 Figure 19.3 shows FCS
measurements of a fluorescent lipid analogue freely diffusing in a membrane on
glass support. Switching from confocal (240 nm diameter of the observation spot) to
STED recordings (60 nm diameter) clearly results in two effects:$%90 (1) The average
transit time through the observation spot, ¢, which correlates with the decay time
of the FCS curve, decreases, as expected for a molecule following free Brownian
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FIGURE 19.3 STED-FCS—reducing the observation spot. (a) STED-FCS analysis of free
two-dimensional diffusion of a fluorescent lipid analogue in a multilamellar membrane.
Representative correlation data (left, normalized amplitudes; right, original data) for confo-
cal (black) and STED (60 nm) recordings (open dots). The confinement of the observation
spot by STED reduces both the transit time and the average number of fluorescent molecules,
leading to a shift of the correlation data to shorter correlation times (left) and an increase of
the amplitude (right), respectively. (b) STED allows FCS-based single-molecule observations
at high concentrations: fluorescence signal over time for the same concentration of a fluo-
rescent lipid analogue diffusing in a multilamellar membrane indicates diffusion of single
molecules only for the STED (right) but not for the confocal (left) recordings. (Adapted from
Ringemann, C. et al., New Journal of Physics 11, 103054, 2009.)

diffusion: and (2) the average number, N, of fluorescent molecules in the observation
volume, V, which changes inversely to the ECS curve’s amplitude, decreases as well,
as expected when lowering the observation volume but keeping the concentration
(c = N/V) constant. As a consequence, much larger concentrations of fluorescently
marked molecules can be used in measurements. For example, when moving from
240 nm large diffraction-limited to <50 nm large observation spots of the STED
nanoscope, >25-fold concentrations (i.e., >20 pM) can in principle be employed for
ECS measurements, as exemplified in Figure 19.3b, where clear fluctuations in the
fluorescence signal caused by single-molecule transits (i.e., fluorescent bursts) can
only be observed in the STED but not in the confocal recordings.

Similar to the aforementioned two-dimensional diffusion in a membrane, a short-
ening of the average transit time is equally well observed for three-dimensional
diffusion when moving from diffraction-limited confocal to STED recordings.®°
While this makes STED-FCS measurements in solution or inside the cellular cyto-
sol in principle feasible, these measurements are challenged by a lqwered signal-to-
background ratio owing to noninhibited out-of-focus fluorescence signal >0

19.3.2 TUNING OF THE (OBSERVATION SPOT: STUDYING
MOLECULAR INTERACTIONS

An important feature of the STED nanoscope for ECS is that the size of its observa-

i i i i .2). One
be tuned by the intensity of the added STED laser (Figure 19
e d ions in Section 19.2.4484:385)

can use the principle of svECS (compare previous discuss .
yze FCS data at different sizes of the observation spot to

and record and anal : .
determine the details of the hindrances in molecular diffusion. In contrast to the
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diffraction-limited svFCS data, STED-FCS can now directly study these molecular
diffusion dynamics at the relevant scales.®%>°0:19L102 For this, FCS data are recorded
and average transit times, f,,, were determined for different STED intensities, Iy,
Since the dependency of the observation spot’s diameter, d, on the intensity, Isp,
can straightforwardly be obtained from calibration measurements,®!°-12 the depen-
dency of the apparent diffusion coefficient D (~ d%/t) on d discloses different diffu-
sion modes (Figure 19.4):1°0192 (1) Normal diffusion: A constant value D(d) for free
Brownian diffusion. (2) Transient trapping: An ongoing decrease of D toward small
d for a transient interaction with immobilized or slow-moving binding partners (slow
relative to the interaction period). (3) Transient domain incorporation: A decrease of
D toward small d but with a leveling off and even increase in values of D for spot
diameters d smaller than the diameter of the domains.'®> (4) Hopping diffusion: An
increase of D toward small d for the aforementioned cytoskeleton meshwork-based
diffusion.’** Even more, analysis of the STED-FCS data for d < 80—100 nm allows
the determination of kinetic parameters, such as on and off rates of molecular com-
plexes®6>20101102 or meshwork sizes and hopping probabilities. 05
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FIGURE 19.4 STED-FCS—observing diffusion modes by tuning the observation spot
diameter. (a) Changing the STED power allows the determination of values of the apparent
diffusion coefficient D for different diameters d of the observation spot. Sketched dependen-
cies D(d) for (a) free Brownian diffusion, (b) transient interaction with immobilized or slow-
moving binding partners (transient trapping, black line) or transient domain incorporation
(gray line), and (c) cytoskeleton meshwork-based hopping diffusion. (d) D(d) dependency of
the two-dimensional diffusion of a fluorescent lipid analogue in a fluid membrane bilayer on
plasma-cleaned (gray circles) and non-plasma-cleaned (black squares) glass. Irregularities of
the membrane bilayer by surface roughness and impurities may lead to a hindered diffusion
in the case of the noncleaned glass substrate.
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As an example, Figure 19.4b shows dependencies D(d) recorded for a fluorescent lipid
analogue diffusing in a fluid membrane bilayer on plasma-cleaned and noncleaned cover
glass. While diffusion on the plasma-cleaned support was clearly free Brownian, dif-
fusion on the noncleaned glass showed hindered diffusion, most probably attributed to
transient trapping of the lipid analogues following irregularities of the membrane bilayer
by surface roughness and impurities. Unfortunately, the transient trapping, that is, the
deviation from normal diffusion, was too small to determine any kinetic parameters.

19.4 STUDYING LIPID-MEMBRANE DYNAMICS USING STED-FCS

19.4.1 Live-CeLL Lipip PLAsMA MEMBRANE DYNAMICS:
PHOSPHOLIPID VERSUS SPHINGOLIPID DIFFUSION

Figure 19.5 shows the dependency of the apparent diffusion coefficient D(d) on the
diameter d of the observation area (d = 30—240 nm) as determined from STED-FCS
data recorded for two fluorescent lipid analogues in the plasma membrane of live
mammalian cells: phosphoethanolamine (PE) and sphingomyelin (SM) labeled with

(a) 7 (b) .
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5

FIGURE 19.5 STED-FCS—lipid plasma membrane dyn.amics. (a) Structures of the:1 ﬂ(w;lores-
cent lipid analogues PE and SM both tagged with the organic dye Atto647N. Grag_—;?a Ie 2::;
Ceramide or sphingosine group of the SM lipid. (b) Depender'lcy qf the apparelnt kl usxon) =
ficient D(d) on the diameter d of the observation spot for t}}e diffusion of PE (blac _ s%uar(e):ls ,mer_
(light gray circles), SM after cholesterol depletion (ope'n circles), an.d SM a}fte.r ?tmt : ;:ptr;f A
ization (gray triangles) in the plasma me(rit'l})frar.le of fh;;[ mé;nénoarlri;zr(i::é ns,t (1)np 11:;3 Siparzgon
cholesterol- and cytoskeleton—dependent iffusion o L. ( D
i ranes: both PE and SM hardly enter the hquld-ord.ered (Lo) domain,
;ter;::;dtilenlli:?ilziiiisordered (Ld) domain of a model membrano.:‘: bllz?yerh f:om}?o;e;ii orfaa;)ternary
mixture!% (confocal scanning fluorescence image; black, low signal; white, high signat.
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the organic dye Atto647N.86520:10L102 These dependencies reveal an almost free dif-
fusion of PE and a trapped diffusion of SM. A closer analysis of the FCS data for
d < 80 nm revealed transient trapping of the lipids with on and off rates in the range
of 190 s~! and 800 s~! for PE and of 80 s~! and 80 s~! for SM. While the fast on and off
rates (equilibrium constant < 0.25) result in an almost normal diffusion of PE with a
diffusion coefficient of ~0.5 pm?s, the SM lipids are transiently arrested for approxi-
mately 10 ms on average every 10 ms (with a diffusion coefficient of =0.5 pm?s
every 200-300 nm).*>%! The fact that the SM lipids hardly move during trapping
indicates that they interact with other molecules such as membrane proteins, which
are either relatively slow moving or even immobilized. It has to be pointed out that
an accurate appointment of these on/off rates was impossible for diffraction-limited
or even >60 nm large observation areas, even when interpolating to smaller scales.?®
Furthermore, the values of the on and off rates rendered an equilibrium constant of
approximately 1 for SM; that is, at a certain point of time, 50% of all SM lipids were
bound (and immobilized) and 50% were freely diffusing. As a consequence, there
was no contrast between bound and unbound SM, and it is impossible to image this
heterogeneous distribution of lipids, even with a STED nanoscope.®5

19.4.2 Live-CeLL Lipip PLAsMA MEMBRANE DYNAMiICS: POssIBLE ARTIFACTS

Aforementioned STED-FCS experiments on lipid plasma membrane dynamics are prone
to many artifacts. Most importantly, the relatively large organic dye label might influence
the dynamics of the lipid, thus not reflecting the true lipid dynamics. While one never
can fully exclude such bias, extensive control experiments indicated that, apart from a
label-induced change in the lipids® affinity for molecular ordered phases (as highlighted
further in Section 19.4.4), the molecular dynamics of the fluorescent lipid analogues
hardly depended on the properties and position of the dye label but instead depended on
the chemical structure of the lipid.31°-192197 Only the introduction of a very polar dye by
acyl-chain replacement introduced biased diffusion, namely, faster mobility and negli-
gible trapping (most probably from the polar label avoiding the hydrophobic membrane
environment).* Further controls could rule out improper or nonspecific incorporation of
the lipid analogues into the cellular plasma membrane®'°2 and influence by the laser light
attributed to photobleaching, phototoxicity, heating, or trapping.® For example, it could be
shown that—as expected from theory—the decrease of the average transit time #;, with
increasing STED intensity coincided well with the decrease of the average number N of
fluorescent molecules in the observation area, a correlation that could only be explained
by the optically controlled decrease of the observation spot’s length scale.® In the mean-
time, parts of the STED-FCS experiments could be confirmed by fast single-molecule
tracking experiments,” as well as near-field microscopy observations.$

19.4.3 Live-CeLL Lipip PLAsMA MEMBRANE DyNAmics:
MoLEcULAR DEPENDENCIES

It could be shown that the molecular interactions of SM decreased upon treatment
for cholesterol depletion (diffusion was almost free afterward, similar to PE), for
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depolymerization of the underlying cellular cytoskeleton, and for lowering the level
of endogenous SM (Figure 19.5). This indicated that either the binding interac-
tion or the immobilization of the binding partner was assisted by cholesterol and
SM and that most probably the binding partner was linked to the cytoskeleton.®10!
Measurements at temperatures between 22°C and 37°C on the other hand revealed
an Arrhenius-like dependency of the free diffusion coefficients but hardly any varia-
tion in trapping strength of SM.!%:192 The comparison of several different fluorescent
lipid analogues, differing in their head group as well fatty acid chains, revealed lipid-
specific dependencies of the lipids’ molecular dynamics. Mainly, the ceramide (i.e.,
the NH and OH-) unit of the lipid backbone (gray in Figure 19.5a) was responsible for
cholesterol- and cytoskeleton-dependent interactions, probably via hydrogen bonds.
However, the polar head groups of, for example, ganglioside lipids such as GM1
induced transient binding as well, but less efficient and independent of cholesterol
and the cytoskeleton.'! In general, the interaction strength, frequency, and dura-
tion seemed very lipid specific, which points to specific and functional lipid—protein
bindings.

19.4.4 Live-CeLL Lipip PLasMA MEMBRANE DYNAMICS:
REeLATION TO LipiD RAFTS

Summarizing aforementioned results, the observed cholesterol- and cytoskeleton-
dependent interactions of the fluorescent SM sphingolipid are well described by
transient (~10 ms long) binding to relatively immobile binding partners and only
uncovered by STED-FCS. The >200 nm large diffraction-limited observation areas
average over details on the nanoscale. The binding partners are most probably mem-
brane proteins, whose mobility is restricted by the cytoskeleton. We can exclude that
the lipids move during trapping; that is, it does not wander around inside a domain
(or raft), where diffusion is slowed down. However, because the only dynamics of
single molecules was observed, one cannot rule out the possibility that additional lip-
ids or proteins molecules were (temporarily) included in this complex. However,. the
complex was not of very high molecular order, which was shown by a comparison
with experiments on model membranes.!2196107 A model bilayer membrane of a ter-
nary mixture of unlabeled saturated SM, unlabeled and unsatura.lted. phosphoglycer-
olipids, and cholesterol separates into two different phases: a ﬂu1q 11qu1d—dlsordered
phase (Ld), which mainly includes the unsaturated lipids, and a hquld-rorde?ed (Lo)
phase and less fluid Lo phase of higher molecular order, which mainly 1nc1ude:s
the saturated lipid and cholesterol (e.g., see Refs. 38, 40, and 41).. The Lo ph?lse is
often considered as a physical model system for membrane domains or.rafts in th.e
plasma membrane of living cells. The labeled SM analogue, however, d.1d not parti-
tion into the Lo phase of this model system but favored jthe Ld phase (Flgure 1f9th)h
Consequently, the lipid analogue was also not able to stain areas (o'r domains) o igl

molecular order in the plasma membrane, which were therefore missed by the prevz
ously mentioned STED-FECS experiments. Still, we can conc':lude that t'he oblservle

strong interactions of the SM analogue were not driven by. d1fferenges in molecu ai
order; that is, the results of STED-FCS and phase separation experiments were no
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correlated 121197 This is also exemplified by the fact that the fluorescent PE analogue
partitioned similarly to the SM analogue but interacted much weaker with other con-
stituents (Figure 19.5). Further, an elaborate study on a multitude of different lipid
analogues using STED-FCS has shown that the partitioning characteristics of the
analogue did not influence the transient trapping.'*'”

It is possible that the interactions exposed by the STED-FCS experiments are
those lipid—protein affinities that are the physicochemical basis of the coalescence
of several molecules to the previously mentioned signaling platforms (or membrane
rafts). However, it is unlikely that the investigation of this coalescence is possible with
the presented fluorescent lipid analogues, since in comparison to the lipid, the rather
large and often charged dye restricted the accessibility to highly ordered molecular
assemblies such as the Lo phase or putative membrane rafts.!” Nevertheless, it has
been shown that the order of the Lo phase generated in cellular plasma membranes
(which were treated by swelling procedures generating vesicular bilayers composed
of native membranes such as giant plasma membrane vesicles'”® or plasma mem-
brane spheres!'®) is much lower compared to model systems'' and that more ordered
phases of the plasma membrane are thus much more efficiently penetrated by the
fluorescent lipid analogues.’’

19.5 CONCLUSIONS

To investigate the discussed coalescence of potential signaling forms and existence of
liquid-ordered nanodomains (or rafts) in the plasma membrane of living cells, it will
be very important to study a functional fluorescent lipid analogue that does not alter
phase partitioning and is compatible with STED-FCS, such as introduced recently.!®®
First experiments using an Lo-partitioning fluorescent cholesterol analogue recently
revealed fast and free diffusion of this probe, once again opposing a strong separa-
tion of model-membrane Lo-like domains in the plasma membrane of resting living
cell.!!! It will therefore be very important to investigate lipid membrane dynam-
ics after triggering of cellular functions including activation of different receptors.?
Here, the development of two-color STED-FCS will allow relating lipid dynamics to
changes in protein reorganization.'”! Scanning STED-FCS!'2 or STED-RICS (raster
image correlation spectroscopy),''? as well as similar fluorescence fluctuation-based
methods,!* will highlight spatial heterogeneities in lipid diffusion.

At first, STED microscopy was realized with both the excitation and STED laser
in a pulsed mode.*5!> By letting the STED pulse swiftly follow the excitation laser,
the fluorescence inhibition process is optimized, since the STED laser approaches
the dye at the right point in time: in its excited state. STED microscopy, however,
has also been realized with continuous-wave lasers,!'¢ an approach that has recently
been significantly improved by the use of a gated detection scheme 118 In this gated
STED modality, the size of the observation spot (and thus the spatial resolution) can
be tuned by both the power of the STED laser and the position of the gated detection
window.!'*!"” Gated STED-FCS has the potential to investigate temporal changes in
lipid diffusion.!!®

STED-FCS is a sensitive and unique tool for studying nanoscale membrane orga-
nization and determining the cellular functions and molecular interdependencies
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of meml?rane components. More generally, STED-FCS expands currently avail-
able optlcgl microscopy and spectroscopy techniques to the nanoscale and opens
up exceptional possibilities to characterize and disclose complex cellular signzﬁin

events and therefore new approaches for drug screening and development.'? :
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