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spatiotemporal resolutions utilizing
fluorescence-based approaches: implications
in membrane biology
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Biological membranes are characterized by lateral inhomogeneities, termed as membrane domains,
which are regions enriched with specific types of lipids and proteins. While the functional consequences
of membrane domains are well understood, the physicochemical study of domains has proved to be
elusive, mainly due to varying spatiotemporal scales associated with them. In this perspective, we
provide an overview of representative experimental approaches based on dynamic fluorescence
microscopy to analyze organization and dynamics of membrane lipids and proteins. We further elucidate
variation of dynamics as a function of area of observation, a unique feature of biological membranes,
and its modulation with membrane components such as cholesterol and the actin cytoskeleton. In
terms of spatial resolution, we provide examples from super resolution techniques that overcome the
diffraction limit encountered in conventional optical microscopes. We conclude that judicious use of a
combination of approaches of varying spatiotemporal resolutions, commensurate with spatiotemporal
scales of a given membrane process, would provide a comprehensive dynamic model of the biological
membrane in terms of membrane organization, dynamics and function.

1. Biological membranes and
membrane receptors

Biological membranes are complex two-dimensional, micro-
heterogeneous, non-covalent assemblies of a diverse variety of
lipids and proteins." Our current understanding of the organization
and dynamics of biological membranes involves the concept
of lateral heterogeneities, collectively termed as ‘membrane
domains’.>” These specialized areas are believed to be enriched
in specific lipids and proteins and facilitate processes such as
ion transport, trafficking, sorting and signal transduction over
a range of spatiotemporal scale (see Fig. 1). The eukaryotic
plasma membrane exhibits a rather complex architecture in terms
of organization of membrane components and represents the first
platform where cellular signaling is initiated.” The organizational
complexity of the membrane, as revealed by a variety of approaches,
strongly depends on the spatiotemporal scale associated with the
chosen approach. A comprehensive picture of the cell membrane
would therefore emerge from simultaneous mapping of membrane
heterogeneity at various spatial and temporal scales.

The majority of functions in biological membranes are
carried out by membrane proteins. G protein-coupled receptors
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(GPCRs) are the largest class of intrinsic membrane proteins
that transduce various extracellular stimuli by triggering intra-
cellular signaling through coupling with effector proteins.®™®
GPCRs are polytopic proteins and consist of seven a-helical
transmembrane passes. They include >800 members that are
encoded by ~5% of the human genome.'® GPCRs signal in
response to binding of a wide range of ligands and act as highly
versatile and dynamic signaling hubs in the membrane."""?
They mediate a plethora of cellular responses to a diverse
variety of stimuli in numerous physiological processes. As a
consequence of the wide range of signaling pathways regulated
by GPCRs, these receptors have been at the forefront of drug
development efforts in all clinical areas.”*™** In fact, ~40% of
all current drug targets are GPCRs."'®'®

2. The relevance of spatiotemporal
scale in appreciating membrane
dynamics

A remarkable characteristic of biological membranes is their
inherent dynamics that spans over a wide spatiotemporal scale
(see Fig. 1)."*'%?° Segmental (domain) motion in a protein

takes place at the sub-ps time scale, whereas local dynamics
(fluctuations) occur at sub-ns to sub-us time scale. Most biological
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processes carried out by the major classes of transmembrane
proteins (e.g., ion transport across channels, signal transduction
by GPCRs) occur at a much slower time scale (ms-s or longer).
Lateral diffusion of membrane proteins and lipids display long-
range dynamics (~ pm), with lipid diffusion an order of magnitude
faster than membrane protein diffusion. Study of organization and
dynamics of membranes therefore demands the use of diverse
experimental techniques with a wide window of spatiotemporal
sensitivity. Due to this reason, while some experimental techni-
ques generate a stationary (static) snapshot of membranes
(since the measurement time scale of the technique is fast
relative to molecular motion), other approaches would portray
a time-averaged picture of a fast moving molecule with respect
to the measurement time scale. In this context, experimental
methods based on fluorescence spectroscopy offer a suitable
approach and are widely used to measure various membrane
phenomena across a wide range of spatiotemporal scales. These
methods include fluorescence correlation spectroscopy (FCS),
fluorescence resonance energy transfer (FRET), fluorescence
recovery after photobleaching (FRAP), and wavelength-selective
fluorescence approach.”’™” Fluorescence-based techniques
offer certain advantages due to their superior sensitivity, minimal
perturbation to the native system and a host of measurable
parameters, that help the study of several membrane associated
processes. In this review, we will provide a brief outline of
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representative experimental approaches based on dynamic
fluorescence microscopy to analyze membrane lipid and pro-
tein dynamics, along with super resolution techniques capable
of beating the diffraction limit of conventional optical micro-
scopes. We believe that judicious use of experimental approaches,
compatible with spatiotemporal scales of the given membrane
process, would provide a comprehensive dynamic model of the
biological membrane.

3. Membrane dynamics: the
importance of lateral diffusion

A major motivation behind studying membrane dynamics is
the fact that understanding of lipid and protein dynamics provides
novel insights in cellular function. The conformational flexibility
of membrane proteins in a dynamic and fluid membrane milieu in
the context of their function constitutes an emerging area of
research.”®*® Work from our and other groups has shown that
receptors such as GPCRs exhibit conformational plasticity, char-
acterized by dynamic and flexible structures, that holds the key
to their function.*'* The structural plasticity displayed by
GPCRs, often modulated by a class of membrane lipids (such as
cholesterol),** activates various signaling events in response to
binding of specific ligands. Activation of GPCRs in response to
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Fig. 1 Diversity of spatiotemporal scales in biomembranes: a schematic
map of spatiotemporal dynamics and function of lipids and proteins in
membranes. Molecular motions in biological membranes occur over a
wide range of spatial and temporal scales. The range of time scales span
more than ten orders of magnitude, as apparent from the fact that the
amino acid side chain rotations occur in ps time scale, whereas signaling
by membrane receptors (such as GPCRs) could take up to a few seconds
to minutes. The spatial scale extends over four orders of magnitude,
starting from side-chain rotation and up to lateral diffusion of membrane
lipids and proteins. Considering the wide range of spatiotemporal scales
associated with a gamut of processes in biological membranes, it is not
possible to address all membrane phenomena simultaneously using a
single experimental technique. Few representative fluorescence-based
microscopic and spectroscopic techniques that are sensitive to molecular
motions in these time scales are shown at the bottom of the figure.
Judicious choice of experimental techniques, appropriate for a corres-
ponding spatiotemporal scale, is crucial for addressing problems related to
membrane biology. Adapted and modified from ref. 4 with permission.
Copyright 2019 Elsevier Inc.

specific ligands subsequently results in transfer of information
inside the cell via concerted rearrangement in their transmembrane
(or extramembranous) domains.** These initial steps of signal
transduction, essential for GPCR signaling, take place at the cell
membrane through protein—protein interactions. Consequently,
receptor dynamics (lateral diffusion) in the plasma membrane
determines the overall efficacy of the process of signal
transduction.

Diffusion of membrane components represents a funda-
mental biophysical process that dictates the dynamics of protein—-
protein and lipid-protein interactions in the membrane.**>®
Confined lateral diffusion of membrane components often results
in compositional heterogeneity (domain) in cell membranes over
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various time scales. For example, lateral diffusion of lipids and
proteins in yeast plasma membrane has been reported to be
anomalously slow.*”** The relatively slow diffusion of proteins
and lipids in yeast membranes is believed to be a plausible
reason for maintenance of yeast cell polarity.>®** A major reason
underlying confined lateral diffusion in biological membranes
is the presence of an intricate meshwork of actin cytoskeleton
underneath the membrane.**™” In this context, the relation
between differential mobility of membrane components due to
membrane heterogeneity and its effect on modulation of cellular
signaling represents an emerging area of research in contemporary
biology. The study of lateral mobility (diffusion) of membrane
components therefore can be utilized to explore the heterogeneity
in membrane organization. Since membrane-bound molecules are
characterized by lateral dynamics (diffusion), their functional
association with signaling partners largely depends on the
probability of their interactions. Cellular signaling originating
from the plasma membrane has therefore been hypothesized to
be dependent on the mobility of the various interacting
components.*®? In this overall context, measurement of lateral
diffusion of membrane lipids and proteins represents a powerful
approach to understand their dynamics in membranes.

4. Membrane dynamics of GPCRs:
insight from bleach area dependent
FRAP

FRAP is a popular fluorescence microscopy-based approach to
measure lateral (translational) diffusion of membrane-bound
molecules.”*>**°% In FRAP, a gradient of fluorescent mole-
cules is created by irreversible photobleaching (using high laser
power) of a fraction of fluorophores in a small region (typically
~um dimension) of interest (ROI). The rate of dissipation of
this fluorescence gradient, due to diffusion of unbleached
fluorophores into the bleached region and bleached fluoro-
phores away from the bleached region, serves as a measure of
the lateral diffusion of membrane-bound molecules. Since
fluorescence recovery kinetics contains information on the area
of the bleach spot, a detailed understanding of spatial organization
of membrane-associated molecules could be achieved by varying the
ROI dimension (see Fig. 2).””"* The lack of invariance in diffusion
parameters obtained from FRAP measurements performed with
increasing bleach spot size is correlated to the presence of
membrane domains of dimensions similar to the bleach spot
area.?>®>961°63 The theoretical model based on such interpretation
is described below, which was independently validated by FRAP
measurements and numerical simulations performed on physically
domainized model membranes.**

Fluorescence recovery kinetics from FRAP measurements is
manifested by two key parameters: an apparent diffusion
coefficient (D) and mobile fraction (Mj). D is extracted from
the rate of fluorescence recovery of an ensemble of diffraction-
limited diffusing molecules, whereas M; is estimated from the
extent of fluorescence recovery within the bleach spot in the
time scale of FRAP measurements (typically ~s). In case of
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Fig. 2 Effect of membrane heterogeneity on FRAP: fluorescence recovery kinetics of FRAP performed on a homogeneous and domainized membrane
with increasing bleach spot area. Conceptual framework of FRAP measurements in (a and b) homogeneous and (c and d) domainized membranes. The
homogeneous membrane is characterized by free (random) lateral diffusion throughout the membrane in FRAP time scale. Diffusion parameters
(diffusion coefficient (D) and mobile fraction (Mg) in homogeneous membranes (panel b) remain invariant with increasing bleach spot (provided the
bleach spot, indicated by black open circle, is considerably smaller than the total area of the membrane). In contrast, lateral diffusion in domainized
membranes is confined to closed areas termed as ‘domains’ (shown as gray meshwork in panel (c)). These domains are static in the time scale of FRAP
and their dimensions are comparable to that of the laser bleach spot. Analysis of FRAP data in domainized membranes yields an apparent D that varies
with the size of the bleach spot. This results in an increase in D and decrease in Mg with increasing bleach area (panel (d)). Experimentally observed
diffusion parameters from serotonin;a-EYFP receptor under control condition (blue) and upon cholesterol depletion (red) using FRAP with bleach spots of
varying sizes are shown in panels (e) and (f). The change (lack of invariance) of D and M with increasing bleach area is consistent with the dynamic
confinement model of the serotoninya receptor upon cholesterol depletion. Adapted and modified from ref. 60 with permission. Copyright 2007 Elsevier B.V.

lateral diffusion of molecules in a homogeneous membrane
(without any domains), the value of D exhibits invariance
across all bleach spot radii (Fig. 2a and b). Photobleaching of
fluorophores in a small area (top panel in Fig. 2a) results in
faster fluorescence recovery, while this recovery is slower in a
relatively large bleach area (bottom panel in Fig. 2a), effectively
giving rise to constant value of D across all bleach spot sizes
(Fig. 2b). In addition, if a significantly smaller area of the
plasma membrane (relative to total area of the membrane) is
chosen for photobleaching across all bleach spots, fluorescence
recovery extents would be similar, resulting in a constant value

This journal is © the Owner Societies 2019

of M; (Fig. 2b). However, if molecular diffusion is confined to
static (in FRAP time scale) closed domains of dimensions similar to
the RO, diffusion parameters would no longer remain invariant.
Under these conditions, bleaching within a small ROI (top panel in
Fig. 2c) is likely to report diffusion characteristics of receptors
present in these domains, similar to that observed in case of
homogeneous membranes. However, a large ROI (exhibiting varying
extent of overlap with different domains; see the bottom panel in
Fig. 2c) would lead to uneven photobleaching of the domains since
bleaching would be complete for a few and partial for others. As a
result, fluorescence recovery kinetics across various ROIs would no
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longer be proportional to the actual bleach spot size. Since the
calculation of D involves the information of bleach spot area, the
value of apparent D would show an increase with increasing bleach
spot size (Fig. 2d). On the other hand, a large bleach spot would
reduce M; since photobleaching in such a closed domain would
result in total loss of receptor fluorescence (Fig. 2d).

5. Dynamic confinement of the
serotonin;, receptor upon cholesterol
depletion

The serotonin,, receptor®*®’ is a neurotransmitter GPCR that

belongs to the subfamily of serotonin receptors.®® The serotonin,,
receptor mediates a multitude of neurological, behavioral and
cognitive functions.®®”* As a consequence of its indispensible role
in human physiology, the serotonin,, receptor has emerged as an
important drug target in the development of therapeutics against
neuropsychiatric disorders (such as anxiety and depression) to even
cancer.”>’® Using a battery of experimental and computational
approaches, we have previously reported the requirement of
membrane lipids such as cholesterol,”*”® and sphingolipids’®”
in the organization, dynamics and function of the serotonin;,
receptor.

Several aspects of serotonin; , receptor biology such as cellular
organization, trafficking and dynamics are often challenging to
address in live cells without a suitable fluorescent tag for optical
tracking. For this reason, we previously generated a stable
Chinese Hamster Ovary (CHO) cell line heterologously expressing
the human serotonin;, receptor tagged to the enhanced yellow
fluorescent protein (EYFP; termed serotonin;,-EYFP in the rest of
the review).®° We further showed that tagging of the receptor with
EYFP could be used to faithfully mimic the native receptor in
terms of its pharmacology and cell biology.*® Fortunately, two-
dimensional membrane diffusion coefficient is weakly dependent
(logarithmic) on the mass of the diffusing membrane protein (as
opposed to diffusion in a bulk solvent).®' This has served as a boon
for FRAP measurements of GFP-tagged membrane proteins,
since the mass of the GFP tag (~26 kDa) itself is substantial
relative to typical mass (mol wt) of membrane proteins (e.g.,
GPCRs are ~50 kDa).*?

Analysis of FRAP kinetics of serotonin; ,-EYFP in control cells
yielded constant values of D and M; with respect to increasing
bleach spot radius (see blue lines in Fig. 2e and f).°° Such invariance
of D and M; over a range of bleach spot size implies that the receptor
predominantly experiences a homogeneous membrane environ-
ment under control conditions. Interestingly, FRAP measure-
ments with an identical range of bleach spot radii performed on
cholesterol-depleted cell membranes exhibited a striking depen-
dence of D and M; of serotonin;, receptors with respect to the
bleach spot size (see red lines in Fig. 2e and f). As described above,
this type of dependence of D and M; in cholesterol-depleted
membranes is in agreement with a model describing confined
diffusion in a domainized membrane.>>*"*%'"%%3 These observa-
tions suggest that cholesterol depletion from cell membranes leads
to dynamic confinement of the serotonin,, receptor into confined
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physical domains that are immiscible in FRAP time scale. These
domains restrict diffusion of receptors within their boundaries,
resulting in a bleach spot size dependent D and M; of the
receptor. The functional implication of such confinement of
receptor dynamics is revealed in signaling carried out by the
receptor.®®

6. Cytoskeleton-induced confined
dynamics of the serotonini, receptor
revealed by zFCS

The nature of diffusion in biological membranes involves multiple
regimes over different spatiotemporal scales. Fluorescence cor-
relation spectroscopy (FCS) offers another sensitive approach for
measuring molecular diffusion with increased spatiotemporal
resolution.®**® In FCS, fluorescence intensity fluctuations due to
diffusion of fluorophores in and out of an open confocal volume
(typically ~fl dimension) are measured. Unlike FRAP, FCS
measurements do not provide any estimate of the immobile
molecules since they do not contribute to intensity fluctuations.
Information on diffusion coefficient and number of particles in
the confocal volume are extracted from the computed autocor-
relation function of the fluorescence intensity fluctuations.

However, in case of membrane-bound molecules, commonly
used single point FCS measurements often results in inaccurate
estimates of diffusion coefficient. This is due to the fact that the
axial length (~1 pum) of FCS observation volume (generated
from the diffraction limited illumination of the laser spot) is
three orders of magnitude longer than the typical thickness of
membrane bilayer (~5 nm thick).*® This problem could be
circumvented in a variation of the single point FCS measure-
ment, termed as z-scanning FCS (zFCS). In case of zFCS, the
uncertainty of positioning the focused laser beam is avoided by
a z-scan in which the diffusion parameters are determined for a
series of z-section scans in small increments.?”~°° For Gaussian
illumination profiles (represented as positions 1, 2 and 3 in
Fig. 3a) and a planar distribution of fluorophores (in this case
the serotonin;,-EYFP receptor shown as an inset in Fig. 3a)
parallel with the focal plane of the microscope, the characteristic
diffusion time has a parabolic dependence on the position of the
focus (see Fig. 3a). The vertex of the parabola (position 2) is
representative of the characteristic diffusion time (tp) of the
receptor on the membrane. A characteristic plot (see Fig. 3c) of
diffusion time (tp) vs. the transverse area of the confocal volume
(AZ®) generates the “FCS diffusion laws” that provides information
on membrane organization at submicron level.>*°>*> According to
FCS diffusion laws, a measure of the nature of diffusion experienced
by membrane-bound molecules is obtained from the extra-
polated y-intercept to the zero spot size (on y-axis). In case of
molecules exhibiting free (random) diffusion (see Fig. 3b), the
y-intercept of the linear fit approaches zero, whereas if mole-
cules undergo confined diffusion in the membrane, a negative
y-intercept is obtained (see Fig. 3c).

In one of the first applications of this type to GPCRs in live cells,
we combined FCS diffusion laws and the principle of zFCS.%°
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Fig. 3 Principle of z-scanning FCS (zFCS) and simulated z-FCS diffusion laws
for membrane models of varying dynamics. (a) A schematic representation of
zFCS. The z-axis (or the optic axis, shown by an arrow) is perpendicular to the
image plane. The diffraction-limited illumination profile of the laser spot
(shown as a blue ellipse) is gradually moved along the z-axis (marked by
arbitrary positions 1, 2 and 3) resulting in a parabolic scaling of the projected
area. A region of interest can therefore be probed at increasing length scales.
This allows convenient probing of the plasma membrane (shown as green
boundary around the celll when fluorescence (arising from fluorescently
tagged membrane proteins, e.g., the serotonin;, receptor tagged with EYFP
in this case) predominantly originates from this region. Because the time taken
to diffuse through a circular area should scale with the square of the radius,
the characteristic diffusion time (tp) for zZFCS measurements is related to the
projected area illuminated by the diffraction-limited spot on the plane of the
plasma membrane. (b) In the free diffusion membrane model, membrane
receptors (depicted as blue dots) show pure Brownian (random) motion. In the
meshwork model, multiple adjacent domains are separated by barriers such
as the mesh of actin cytoskeleton (shown in maroon) under the plasma
membrane, preventing free diffusion of molecules. (c) Dependence of
diffusion time (tp) on the area of observation for free and meshwork
membrane models. In a conventional confocal microscope, diffusion law
cannot be determined experimentally below the diffraction limit (shown by
a dotted line below the x-axis). In such a scenario, the extrapolated
y-intercept to the zero spot size (on the y-axis) would provide a measure
of the confinement experienced by the diffusing receptor. Adapted and
modified from ref. 90 with permission. Copyright 2010 Biophysical Society.

Our results showed that under control condition, the serotonin,,
receptor undergoes confined diffusion, as evident from the negative
y-intercept (~—21 ms) of the plot of 7, vs. Az* (Fig. 4a). Interest-
ingly, the y-intercept value of —21 ms is in agreement with
previously reported intercept values for membrane proteins
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exhibiting confined diffusion induced by the actin cytoskeleton.”
The estimated diffusion coefficient of the serotonin;, receptor from
ZFCS measurements was found to be ~4 um” s~ . Interestingly, this
value of diffusion coefficient is an order of magnitude higher than
that obtained using FRAP for the same receptor in same cell type
(~0.14 um” s~ ', see Fig. 2).>"* The apparent mismatch in diffusion
coefficient values obtained by FCS and FRAP could be due to the
different time scales associated with these techniques (see Fig. 1).
Interestingly, the diffusion mode of the serotonin;, receptor
remained same in presence of its natural agonist serotonin
(Fig. 4b). The y-intercept of the plot for serotonin-treated cells
was found to be ~—21 ms, similar to the intercept obtained
under control conditions (see Fig. 4a).

What is the cause of confinement of the serotonin, , receptor?
This question deserves merit. While the FCS laws are silent about
the molecular mechanism underlying the confined nature of the
receptor, we exploited dose-dependent (graded) destabilization of
the actin cytoskeleton by cytochalasin D (CD), as a tool to obtain
insight into the molecular mechanism for receptor confinement.
Cytochalasin D is a potent inhibitor of actin polymerization and
destabilizes actin by binding to the barbed end of the actin
filament which shifts the equilibrium toward depolymerization.®?
Upon treatment of CHO cells expressing serotonin;, receptor
with increasing concentrations of CD, receptor confinement was
found to be progressively reduced (as evident from a dose-
dependent reduction in negative intercept, see Fig. 4c and d).
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Fig. 4 Monitoring the role of actin cytoskeleton in receptor dynamics
using zFCS. The serotonin,a receptor displays confined diffusion, evident
from the negative intercept of the plot (panel (a)). (b) Receptor activation
by 10 uM serotonin (natural agonist) shows negative intercept of the plot,
similar to control cells. Panels (c) and (d) reveal the role of actin cytoskeleton
on lateral diffusion. The actin cytoskeleton was destabilized utilizing 5 and
10 puM cytochalasin D, respectively. The progressive release of receptor
confinement upon increasing actin destabilization is evident from the
dose-dependent increase in the intercept of the plots. The 95% confidence
interval (green dashed line) and 95% prediction band (blue dashed line) for
the fitted data are also shown. Adapted and modified from ref. 90 with
permission. Copyright 2010 Biophysical Society.
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This clearly showed that the confinement of the receptor was
due to the underlying membrane associated actin cytoskeleton
network. This proposition was supported by reduction of the
y-intercept of the plot from ~—21 ms (control) to ~—5.9 ms in
presence of 5 uM CD (see Fig. 4c). In a separate work, we showed
that under these conditions ~20%
reduced.”**> This was further reinforced by a y-intercept close
to zero (~—1.2 ms) when 10 pM CD was used to depolymerize
F-actin (Fig. 4d). These results point out that the combined applica-
tion of ZFCS and the FCS diffusion laws could be a powerful strategy
to explore membrane heterogeneity at the submicron level.

F-actin content was

7. Membrane dynamics at
sub-diffraction resolution

As described above, FCS offers a useful handle to explore
membrane heterogeneity at sub-um level by monitoring diffusion
modes of proteins and lipids. A more realistic view of biological
membranes would emerge by probing membrane heterogeneity at
different spatial scales with increasing resolution. However, due to
limited spatial resolution of conventional optical microscopy
(~250 nm, due to optical diffraction limit), nanoscopic details
of such heterogeneity is often overlooked. A possible solution to
this limitation is the combination of FCS on a super resolution
stimulated emission depletion (STED) microscope.”®®® In this
approach, STED microscopy provides a spatial resolution as low
as 50 nm (an order of magnitude higher than conventional
confocal microscopes) and allows tuning of the FCS observation
spot by changing the power of the STED laser beam.'® As a
consequence, STED-FCS measurements could probe diffusion
characteristics at relevant spatial scales.””'0171%3

A prerequisite for any STED microscopy-based technique is
the use of photostable fluorescent probes compatible with
stimulated emission depletion. As introduction of fluorescent
labels could change properties of lipids, it is important to
perform control experiments to rule out any perturbations
induced by the fluorescence probe to dynamics of the native
lipid. The molecular weight of Atto label (~650 Da) that are
generally used in STED-based approaches is in the same range
as that of the typical molecular weight of lipids (~700-1000 Da)
and therefore could possibly have some influence. In addition,
the polarity of the label could change the lipophilic character-
istic of the lipid and affect membrane partitioning of the
fluorescent lipid analog. It is therefore desirable to perform
control experiments using different fluorescent labels to ensure
that any perturbation on native lipid dynamics is minimal.

Recently, using fluorescence lifetime correlation spectro-
scopy (FLCS, an extension of FCS) on a STED microscope,
Vicidomini et al. reported nanoscale lipid dynamics in plasma
membranes of live cells.'®* STED-FLCS is a superior approach to
conventional STED-FCS, with improved spatiotemporal resolution
and utilizes novel gating strategies based on fluorescence lifetime.
Each STED-FLCS measurement allows determination of two
important parameters: (a) the apparent diffusion coefficient
(Dmax) using the confocal measurements and (b) the ratio
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(Dratio = Dmin/Dmax) of the apparent diffusion coefficients
obtained from the smallest observation spot (Dni,) and the
largest observation spot (Dpax) (see Fig. 5). This ratio (Dyago) is 1
for free diffusion (Fig. 5a and b) when D remains invariant
across the entire observation spot. In case of heterogeneous
diffusion (e.g, transient trapping due to interaction with immo-
bilized or slowly moving molecules, see Fig. 5a and b), macro-
scopic diffusion coefficient would always be greater than
nanoscopic diffusion coefficient, giving rise to a Di,, value less
than 1. For hop diffusion arising due to compartmentalization
of membranes by the actin cytoskeleton (Fig. 5a), Dy value is
more than 1 (see Fig. 5b).

Using STED-FLCS measurements, Vicidomini et al. explored
lipid (phosphatidylethanolamine (PE) and sphingomyelin (SM))
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Fig. 5 Theoretical formalism and STED-FLCS measurements. (a) A schematic
representation of molecular trajectory for different diffusion modes, such as
free diffusion (shown in black), trapped diffusion with transient stops (red) and
hop diffusion due to transient compartmentalization (blue, compartments are
shown as brown meshwork). (b) Dependence of apparent diffusion coefficient
(D) on the observation spot size in different diffusion modes. The useful
parameter in STED-FLCS measurement is the ratio D,.t0, defined as the ratio
of D measured using the smallest (D) and largest (Dnax) Observation spot.
Do is 1 for free diffusion, <1 for heterogeneous diffusion due to trapping
and > 1 for hop diffusion. The top panel in (b) shows typical observation spots
of decreasing size (shown by arrow) as formed with increasing STED laser
power. (c) Dependence of D on observation spot diameter for 5 representative
measurements of sphingomyelin (SM) in Ptk2 cells. The diffusion parameters
(Dmax and Dpyin) are indicated by gray bars. A large heterogeneity in diffusion
mode, even for same lipid species, is apparent from the diverse dependence of
diffusion coefficient on observation spot diameter (purple, free; blue trapped;
magenta, hopping). (d) Scatter plot for Dyax VS. Dratio from STED-FLCS
measurements of PE (red) and SM (green) diffusion. The vertical dotted line
indicates an arbitrary threshold for strong trapping (Dpax < 0.14 pm? s73).
Adapted and modified from ref. 104 with permission. Copyright 2015 Amer-
ican Chemical Society.
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diffusion in plasma membrane of live Ptk2 cells."®* Unlike
model membranes,'® lipid diffusion in cell membrane could
be described by various spatiotemporal models of diffusion
(free, trapped and hop; see Fig. 5c). Even for the same lipid
species, a large heterogeneity in diffusion modes (free, trapped
and hop) could be observed in the plasma membrane (Fig. 5¢).
This heterogeneity in diffusion modes is highlighted in Fig. 5d.
This figure shows a scatter plot of Dy,ax and Dy, for the STED-
FLCS measurements of PE and SM in plasma membrane of live
Ptk2 cells.'® Both lipids (PE and SM) displayed vast change
in diffusion modes, between free (Do = 1) and trapped
(Dratio < 1) diffusion, but also significant changes in overall
macroscopic diffusion (Dpay) (see Fig. 5d). While the majority
of the values for D,,, could be found scattered around 1 for PE,
suggesting predominantly free diffusion, SM displayed a more
complex and heterogeneous diffusion mode, as apparent
from the larger spread of data points. Overall, these results
demonstrate the power of STED-FLCS measurements to decipher
diffusion modes of relatively small molecules such as membrane
lipids in complex biological membranes even below diffraction
limit. Such type of analysis in functional biological membranes
under various conditions would provide a dynamic map of the
membrane which could be relevant in understanding membrane
functions at varying spatiotemporal scales.

8. The road ahead

The focus of this perspective is the relevance of varying spatio-
temporal scales associated with biological membranes. A nagging
question in membrane biology is how to correlate dynamic
changes over varying ranges of length and time to integrated
membrane function. While a complete solution to this problem
is still elusive, we envision that dynamic measurements over
varying time and space scales, highlighted in this perspective,
could constitute the ‘first principles’ toward this goal, with
continuous advancements in instrumentation and data analysis
capability.
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