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Studies of the diffusion of proteins and lipids in the plasma membrane of cells have long pointed to the
presence of membrane domains. A major challenge in the field of membrane biology has been to characterize
the various cellular structures and mechanisms that impede free diffusion in cell membranes and determine
the consequences that membrane compartmentalization has on cellular biology. In this review, we will
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1. Introduction

Since Frye and Edidin's groundbreaking paper in 1970 that
demonstrated that membrane antigens are not static entities but
rather can move within the plane of the membrane [1], scientists have
sought to characterize the movement of membrane components. Over
the years, a variety of methods have been developed to probe the
diffusion of protein and lipid components in cell membranes. The
most widely used approaches to date are fluorescence recovery after
photobleaching (FRAP), fluorescence correlation spectroscopy (FCS),
and single particle tracking (SPT) (Fig. 1) [reviewed in [2-10]].
Measurements obtained using these techniques have revealed a
number of features of cellular membranes, many of which are still not
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fully understood. Diffusion of molecules in model membranes is as
much as 50 times faster than that of the same molecule in live cells
[11]. Diffusion measurements in cell membranes also suggest that
membranes are heterogeneous, consisting of multiple classes of
domains. A challenge in the field of membrane biology has been to
characterize the various cellular structures and mechanisms that
impede free diffusion in cell membranes and determine the
consequences that membrane compartmentalization has on cellular
biology. In this review, we will provide a brief summary of the classes
of domains that have been characterized to date, focusing on recent
efforts to identify the properties of lipid rafts in cells through
measurements of protein and lipid diffusion.

2. Diffusion and domains in biological membranes
Diffusion measurements of proteins and lipids pointed to the

presence of membrane domains prior to the development of the lipid
raft hypothesis [12-15]. A role of the cytoskeleton in slowing protein
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Fig. 1. Diffusion-based biophysical methods used to study the membrane domains. (Top) Fluorescence recovery after photobleaching (FRAP). This method involves the labeling of a
protein or lipid of interest with a fluorescent tag (red molecules). Then, using a focused laser spot, the fluorophores in a small patch of membrane, referred to as the bleach region of
interest (ROI) (yellow circle), are irreversibly bleached with a brief pulse at high intensity (black molecules). Using low intensity laser excitation, the subsequent lateral diffusion of
unbleached fluorophores from the surrounding membrane into the ROI, and corresponding movement of bleached molecules out of the ROI, can be monitored. By plotting the change
in fluorescence intensity in the ROI versus time (right panel) and then fitting the curve to an appropriate equation, an average rate of diffusion (D) can be calculated. A second kinetic
parameter, the mobile fraction (M) can also be acquired from a FRAP experiment. This value is a percentage of the recovered fluorescence in the ROI compared to the fluorescence
intensity lost during bleaching. Typically bleach ROI's in the um range are used and diffusion coefficients obtained range from ~0.01 to 1 um?s™! for membrane proteins and
fluorescent lipid analogs. See [2,3] for further information. (Middle) FCS measures the fluctuations of photons arising from fluorescent molecules (red molecules) contained within a
very small three-dimensional excitation volume (~1 fmol) over time. In the case of membrane protein or lipid this 3 dimensional area is further reduced to a transverse plane of the
imaging region at the laser beam waist (yellow circle), often 0.2 to 1 um in radius. By constant illumination at the excitation wavelength of the fluorophore in a fixed beam waist size,
changes in emitted photons can be measured as a function of time (inset, right panel). These intensity traces are used to calculate an autocorrelation curve (right panel). Through
fitting the autocorrelation curve with the appropriate models a diffusion coefficient (D) can be calculated. Note that FCS typically can only measure D's>0.1 um?s™' and thus is not
useful for analyzing slowly diffusing membrane proteins. For recent reviews of this approach see [4,5]. (Bottom) In single particle tracking (SPT) a molecule of interest is tagged, either
genetically with a fluorescent protein or with antibodies conjugated to latex microspheres, colloidal gold, quantum dots or traditional fluorophores, and then imaged as it diffuses in
the membrane. Using a fast camera and computer assisted analysis, the location of the molecule can be measured with high spatial accuracy (<10 nm) and high temporal resolution
(from 30 frames/s up to 50,000 frames/s [56]) (right panel). The resulting trajectories are then used to generate plots of the mean squared displacement of the diffusing molecule
versus time, which can in turn be classified into different modes of diffusion (ex. free diffusion versus confined diffusion). See [2,6] for more information about this technique.

diffusion was recognized in early FRAP studies [16,17]. FRAP
measurements as a function of bleach spot size revealed evidence
for heterogeneities that impede free diffusion [13,18-20]. In a study
examining the dependence of diffusion on bleach spot size [18], the
mobility of several proteins and fluorescent lipid analogs showed a
decrease in M with increasing spot size. The diffusion coefficient was
also heterogeneous across the cell surface. The suggested explanation
for this finding was the presence of a mixture of micrometer-size
protein-rich and protein-poor domains [18]. Subsequent work
revealed that the ability of proteins to sense these domains depended
on whether they were attached to the membrane by a transmembrane
domain or GPI-anchor [19]. The location of the barriers detected by
transmembrane proteins was later identified as lying 2-3 nm beneath
the plasma membrane surface [21]. The diffusion of ligand-coated
gold particles bound to plasma membrane receptors was also shown
to be consistent with the presence of compartments that could be
influenced by partial disruption of the cytoskeleton, leading to the
development of the membrane skeleton fence model [22]. Yet other
single particle tracking experiments demonstrated that molecules
undergo periods in which they appear to be transiently confined [23].
Furthermore, transient interactions of proteins with coated pits could

also be detected by FRAP [24]. Thus, there is ample evidence that the
diffusion of molecules in cell membranes is affected by interactions
with membrane components. Before we consider the effects of lipid
rafts on membrane protein and lipid dynamics, it is worth briefly
reviewing how the lipid raft model evolved to its current state.

3. The emergence of lipid rafts as a novel class of domains

The discovery of lipid rafts was motivated by the question of how
GPI-anchored proteins and glycosphingolipids are sorted to the apical
surface of polarized epithelial cells [25,26]. Brown and Rose showed that
fractionating membranes with detergent results in the isolation of GPI
and sphingomyelin enriched membrane fractions, referred to as deter-
gent resistant membranes (DRMs), that may serve as the sorting
mechanism [27]. The notion that the DRMs may be intact complexes
native to the cell membrane spawned the lipid raft hypothesis [28].
According to this hypothesis, specific proteins along with cholesterol and
sphingomyelin assemble into complexes, or rafts, within the membrane.
The physical basis for the formation of rafts is often attributed to the
ability of lipid mixtures containing unsaturated phospholipid, sphingo-
myelin and cholesterol to spontaneously segregate into two distinct
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phases. In one phase, the lipids assume a liquid disordered state (Ly)
characterized by both highly flexible acyl chains and highly mobile lipid
molecules. In the other phase, sphingomyelin and cholesterol molecules
are tightly packed and exhibit more restricted motion. This phase has
been called the liquid ordered or L, phase [29]. These L, phases produced
in model membranes, along with DRMs, have been equated with lipid
rafts [30]. Membrane proteins are, in turn, hypothesized to preferentially
associate with either L, or Lq regions of the membrane.

Biochemical detergent extraction and biophysical studies in model
membranes have generated an enormous body of literature detailing
the function of lipid rafts and physical mechanisms underlying their
formation. Yet, with few notable exceptions [31-33], most attempts to
visualize large-scale phase separation in vivo have been unsuccessful.
Even some biophysical measurements with a spatial resolution of
better than 100 A have shown that the majority of raft proteins appear
to exist as monomers and only a small portion organized into clusters
[34,35]. This has lead to the conclusion that if rafts exist in vivo they
are generally small and also likely highly dynamic. Thus, recent efforts
have focused on the use of biophysical techniques with exquisite
sensitivity to protein and lipid dynamics to better understand the
nature of these elusive domains. Several excellent reviews have dis-
cussed how such methods are currently being used to study lipid rafts
and membrane domains [7-10,36,37]. In addition, a number of models
have been put forth in an effort to reconcile the sometimes conflicting
data on raft structure and dynamics [9,38-41]. Here, we highlight
several recent studies that have systematically compared the proper-
ties of “raft” and “non-raft” markers using diffusion-based measure-
ments in an effort to define the properties of rafts.

4. Dynamics of rafts as a function of space and time

In order to understand the stability and dynamics of lipid rafts, it is
important to consider how both raft and non-raft markers behave over
all accessible time- and length-scales. Toward this end, a study from our
group investigated the large-scale movements of rafts and raft proteins
[42]. By performing confocal FRAP measurements with a bleach region
much larger (~4 um) than the suggested size of lipid rafts, kinetic
measurements could be obtained that should reflect the diffusion of
multiple rafts. Four lipid raft models differing in their predicted effects
on Mrand D were tested using this technique: (i) stable, immobile rafts;
(ii) stable, mobile rafts; (iii) dynamic partitioning; and (iv) no rafts. If
rafts are stable and immobile complexes, we predicted that a low M;
and/or a low D value should be observed for all proteins located in the
same raft. Likewise, for the stable, mobile model we predicted that all
raft proteins diffuse over long distances at the rate of diffusion of the
raft, thus producing similar D values for all raft components. This is in
contrast to the dynamic partition model where D is proportional to the
time spent inside and the time spent outside the raft, which could vary
from one protein to another. D values would be unique for different
proteins in the absence of rafts as well. In comparing FRAP measure-
ments for putative raft and non-raft proteins, we observed that all
proteins tested had high My and significantly different D values. This
observation allows us to rule out both the stable, immobile and the
stable, mobile models, as D was not equal for all proteins.

In an attempt to distinguish between the partitioning and no-raft
model, we turned to conditions that should either drive dynamically
partitioning proteins into rafts or decrease the number of rafts present at
the cell surface [42]. To do so, we took advantage of the reported sensi-
tivity of rafts to temperature and cholesterol levels and repeated the
experiment at different temperatures and following cholesterol deple-
tion and cholesterol loading. Cholesterol depletion did not affect M
values for either raft or nonraft proteins, but diffusion rates were
significantly reduced following cholesterol depletion for both groups of
proteins. Cholesterol loading, on the other hand, did not affect the rate of
diffusion of the lipid raft markers examined. Finally, reducing tempera-
ture lowered D to a similar extent for both raft and nonraft proteins. At

first glance, these results appear to be at odds with the view that
decreased temperature and increased cholesterol levels stabilize and
enlarge rafts. However, another interpretation of these findings is that
the interaction of proteins with rafts is not the major factor that
determines their diffusional mobility. They also point to the possibility
that cholesterol depletion may have other effects on membranes besides
disrupting rafts.

In fact, several groups have now reported that cholesterol depletion
either has no effect on, or decreases the diffusion coefficient or mobile
fraction of membrane components in live cells (Table 1). One suggestion
is that this type of behavior is the result of phospholipids forming solid-
like domains in the absence of cholesterol. These domains would
exclude proteins and therefore act as impermeable barriers to the
diffusion to both raft and nonraft proteins [43]. Still others have
observed an actin cytoskeleton-mediated decrease in mobile fraction as
a result of cholesterol depletion [44]. This implies that by depleting
cholesterol, the effects of other barriers to diffusion become enhanced.

It is important to note however that the effects of cholesterol
depletion appear to be strongly dependent on the method of depletion
used [45,46] (Table 1).In a study by Yoav Henis's group, the diffusion of
both raft and non-raft forms of HA and Ras was measured following
cholesterol depletion with methyl beta cyclodextrin (MBCD) or the
statin compactin [46]. Interestingly, while both treatments lowered
cholesterol to the same extent, they had opposing effects on diffusion.
Cholesterol depletion with MPCD either did not affect diffusion or
decreased diffusion of raft proteins, while compactin either did not
affect or increased D of the same molecules. The effect of MBCD was
attributed to an undescribed function of MBCD, other than cholesterol
depletion, as a-CD, which did not affect cholesterol levels, had the
same effects on diffusion as MPCD [46]. Additional variables which
need to be recognized in cholesterol depletion studies are the differ-
ences in the time scale of depletion between enzymatic and cyclodex-
trin depletion methods, effects on lipid modification of proteins such
as prenylation, and effects on lipids besides cholesterol. Additionally,
cholesterol depletion with MBCD is extremely sensitive to the cyclo-
dextrin concentration, incubation time, and cell type [47]. Although
the intricacies of cholesterol depletion complicates the interpretation
of diffusion measurements in cholesterol-depleted cells, it may pro-
vide important information about other changes that occur in cells that
could account for some of the functional effects of these treatments,
including for example blocks in endocytosis and signaling.

The idea that cell membranes may consist of a mixture of L, and Ly
domains has led to the use of the term “partitioning” to describe the
extent to which molecules are found in the raft versus non-raft region of
the membrane [48]. The partition coefficient provides a measure of the
preference of a molecule for either the raft or non-raft regions of the
membrane based on the ratio of its concentration in the two phases at
equilibrium. This concept has been incorporated into a recent model of
lipid rafts based on percolation theory [49,50]. A percolating system
consists of two fluid phases, one of which is continuous or percolating,
and the other dispersed. Based on measurements of the diffusion of raft
and non-raft proteins by confocal FRAP over minutes, the apical plasma
membrane of a polarized epithelial cell line, MDCK, is proposed to teeter
on a threshold between being a nearly continuous lipid raft dotted with
small non-raft patches, or a nearly continuous non-raft membrane with
small isolated rafts [49]. Slight fluctuations in lipid levels or tempera-
ture can drive the membrane to either side of this threshold. At sub-
physiological temperatures, which favor stabilization of L, domains, the
apical membrane is dominated by the raft phase. Under these con-
ditions, proteins which partition exclusively to rafts are free to travel
almost uninterrupted around the apical surface, while proteins that are
immiscible in rafts are confined to small non-raft islands. However, at
higher temperatures the percolation threshold is crossed, such that the
non-raft phase becomes continuous and the non-raft proteins become
free to move around the predominantly disordered membrane within
which lipid raft proteins are confined. In this model, raft proteins are
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Table 1

Effects of cholesterol depletion on diffusion of proteins and fluorescent lipid analogs in the plasma membrane
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Reference Cell type Marker Depletion method Experimental method Effect of chol depletion
Adkins et al. [90] N2a YFP-dopamine transporter MBCD FRAP t+D
EGFP-EGFR MPCD FRAP No change
Crane et al. [91] Cos7 Aquaporin1 MBCD SPT D
MDCKII Aquaporinl MPCD SPT D
MDCK Aquaporinl MpCD SPT D
Ewers et al. [92] 3T6 Murine polyoma virus-like particles MBCD SPT D
(MPV)
MPV Nystatin SPT LD
MPV Progesterone SPT 1D
Goodwin et al. [45] Cos-7 GFP-HRas MPCD FRAP LD
GFP-NRas MpBCD FRAP D
GFP-KRas MpBCD FRAP LD
DilC16 MpBCD FRAP No change
DilC18 MPCD FRAP No change
GFP-HRas Lipoprotein depleted serum (LPDS) FRAP Slight + D
and compactin
GFP-NRas LPDS and compactin FRAP Slight 1 D
GFP-KRas LPDS and compactin FRAP No change
DilC16 LPDS and compactin FRAP Slight t D
Kenworthy et al. [42] Cos7 Cy3-CTXB MBCD FRAP D
GFP-GPI MBCD FRAP D
YFP-GL-GPI MpBCD FRAP D
Fyn-GFP MpCD FRAP D
YFP-GT46 MBCD FRAP )
GFP-VSVGsp MpBCD FRAP D
Lenne et al. [52] Cos7 GFP-GPI Cholesterol oxidase (COase) FCS D
GFP-Thy1 COase FCS D
Fluorescent GM; COase FCS D
Fluorescent phosphatidylcholine COase FCS LD
Fluorescent sphingomyelin COase FCS D
Fluorescent phosphatidylethanolamine COase FCS LD
Transferrin receptor-GFP COase FCS No change
DPPIV-GFP COase FCS D
Lommerse et al. [93] 3T3-A14 YFP-C-terminus of HRas MPCD SPT No change
Nishimura et al. [43] CHO MHCII [-EX pCD SPT D
TRITC-DHPE (outer leaflet) BCD SPT 1D
TRITC-DHPE (inner leaflet) BCD SPT No change
DilC;g BCD SPT No change
Niv et al. [94] Rat-1 GFP-HRas LPDS + compactin FRAP 1D
GFP-HRas(12V) LPDS + compactin FRAP 1D
GFP-KRas LPDS + compactin FRAP No change
GFP-KRas(12V) LPDS + compactin FRAP No change
Orr et al. [94] HME184A1 EGF receptor MPCD SPT LD
HER2 MpCD SPT D
Pucadyil and Hippocampal DilCy5(3) MPCD FRAP 1+ D
Chattopadhyay [95] neurons
FAST Dil MBCD FRAP +D
Pucadyil and CHO Serotonin1A-EYFP receptor MPCD FRAP (small ROI) LD
Chattopadhyay [96]
Serotonin1A-EYFP receptor MBCD FRAP (large ROI) t+D
Shvartsman et al. [46] Cos7 Japan hemagglutinin (HA) (2A520) MBCD FRAP D
Japan HA MBCD FRAP No change
Japan HA (2A520) LPDS + compactin FRAP No change
Japan HA LPDS + compactin FRAP 1D
Rat-1 GFP-HRas MPCD FRAP D
GFP-HRas(12V) MpCD FRAP D
GFP-KRas(12V) MPCD FRAP No change

assumed to have a partition coefficient of one, denoting equal pre-
ference for raft and non-raft domains, and non-raft proteins have a
partition coefficient much less than one, with partition coefficients

closest to 0 having the greatest preference for the non-raft fraction. This
raises an interesting question about what defines a raft protein; many
models define them as having a distinct preference for rafts.
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This model also suggests a strong dependence of the properties of
rafts on cell type. When similar measurements were made in a
fibroblast cell line, results similar to those reported previously [42], i.e.
no discernable differences in the behavior of raft and non-raft
proteins, were obtained. Why percolation-type behavior appears to
be confined to polarized cells remains to be more fully explored.
However, since the apical cell membrane of epithelial cells is highly
enriched in sphingolipids as compared to the plasma membrane of
non-polarized cells, one plausible explanation may be that only in
apical membranes is the sphingolipid concentration sufficiently high
enough for a percolating raft fraction to form.

It is also important to bear in mind that anchorage to the actin
cytoskeleton or confinement in corrals can also slow diffusion. To dis-
tinguish such effects from those of lipid rafts, Wawrezinieck et al. have
proposed a novel type of FCS experiments for categorizing membrane
domains, known as the FCS Diffusion Law [51-53] [reviewed in [4,54]]. In
this approach, two distinct classes of microdomains are considered. The
first consists of a mesh-like series of diffusion barriers that mimics the
actin cytoskeleton/corral model. Within each grid, molecules are free to
diffuse, but diffusion between adjacent grids is controlled by the proba-
bility of the diffusing species crossing the diffusion barrier. The second
class, modeling lipid rafts, comprises a series of isolated circular do-
mains. Movement in and out of a given domain is controlled by the
partition coefficient of the diffusing species for the domains, and mole-
cules can also have different diffusion coefficients within domains and
outside of domains. Based on numerical simulations, these two models
can be differentiated on the basis of their dependence of diffusion times
as a function of the area of observation. The theoretical basis for this
behavior was recently determined for the mesh model [55].

Experimentally, the presence of these two classes of microdomains
can be tested for by collecting a series of FCS measurements at different
waist sizes of the laser. By graphing the diffusion time (74) versus the
radius squared of the waist (w?) a regression line can then be fit to the
data, and a to, or the theoretical diffusion time in a waist of zero nm, can
be calculated [51]. Using this method, a positive ¢, is indicative of
diffusing molecules that interact with isolated domains (lipid rafts), a
negative t, denotes mesh-like (actin cytoskeletal) constraints on
diffusion, and a tp equal to zero is associated with free diffusion [51,52].
Additionally, the slope of this graph is related to the diffusion co-
efficient, D [52]. By combining this method with treatments such as
cholesterol depletion or cytoskeletal disruption, it is possible to test for
shifts from confined to free diffusion thus allowing confirmation of the
mechanism of diffusional trapping. By these criteria, a fluorescent
sphingolipid analog and several GPI-anchored proteins were found to
dynamically associate with lipid rafts, whereas the transferrin receptor
was confined by a cytoskeletal meshwork [52]. In contrast, fluorescent
glycerophospholipid analogs showed no evidence of confinement
by either mechanism. The authors estimate that the putative raft-
associated proteins are confined in cholesterol- and sphingolipid-
dependent regions of the membrane with a characteristic size of less
than 120 nm [52].

Based on results obtained using extremely fast single molecule
imaging approaches, Kusumi and coworkers argue that the diffusion
of GPI-anchored proteins is in fact modulated by the cytoskeleton but
not lipid rafts [56]. Performing single particle tracking on transmem-
brane MHC II (TM-I-E¥) and a modified GPI anchored form (GPI-I-EX),
they demonstrated confinement of both proteins to corrals of ~40 nm.
Treatment with latrunculin A (an inhibitor of actin polymerization)
caused increased compartment size in addition to increased macro-
scopic D, while cytochalasin D (an inducer of actin depolymerization)
did not induce changes in the diffusion of either molecule. The authors
suggest that the discrepancy between the effects of latrunculin A and
cytochalisin D can potentially be explained by the increased produc-
tion of new actin filaments by the cell in response to the capping of
barbed ends by cytochalisin, which would neutralize the effects of
cytochalisin [56].

The effect seen with latrunculin A is consistent with a model in which
the actin cytoskeleton forms fences along the inner leaflet of the plasma
membrane [22,57-59]. These fences form corrals that can separate
membrane regions, restricting the movement of transmembrane pro-
teins as well as proteins anchored on the inner leaflet. In addition to
physically impeding the movement of some membrane components,
other proteins are bound directly to the actin cytoskeleton. Transmem-
brane proteins that are anchored directly to the actin cytoskeleton form
pickets along the fences and impede the movement of molecules in both
leaflets of the bilayer [60]. While the corrals separated by pickets and
fences segregate the plasma membrane, molecules are not completely
confined to these corrals. For instance, hop diffusion, where a molecule
jumps out of one corral into another has been recorded with single
particle tracking [60]. An important feature of the current study that
enabled the visualization of hop diffusion is the time resolution of the
measurements. Previous attempts to quantify the diffusion of these
proteins performed at frame rates below 65 frames/s did not measure
this confinement. In contrast, this latest study was done at 50,000
frames/s, allowing for the resolution of confinement and hops, which
were blurred at the slower frame speeds. Indeed, the authors suggest
that previous measurements of the diffusion of GPI-anchored proteins
by single particle techniques may have missed seeing hop diffusion
because of averaging effects at lower frame rates [56].

The finding by the Kusumi group that the diffusional mobility of GPI
anchored proteins is affected by the cytoskeleton [56] is at odds with
the FCS results of Lenne et al. [52]. As probed by FCS measurements as a
function of spot size, GFP-GPI and GFP-Thy1 diffusion appeared to be
controlled by lipid rafts as depletion of cholesterol and sphingomyelin
reduced the diffusion rate consistent with lipid raft confinement [52].
Additionally, confinement by the cytoskeleton was not detected, as
disruption of the cytoskeleton by latrunculin B and cytochalasin D had
no effect on their effective diffusion coefficient or intercept time, tg
[52]. Finally, the SPT study measured the cytoskeletal domains to have
an area of ~40 nm? [56], while rafts of ~80 nm? for GPI anchored
proteins were measured by FCS [52]. The reason these two studies
reach opposite conclusions remains to be determined. The discrepan-
cies may stem from differences in the cell type and specific GPI-
anchored proteins used in each study.

The data outlined above emphasize that lipid rafts are not the only
mechanism that can influence the mobility of putative raft proteins. At
times, the association a specific protein with a specific type of domain
has proven contentious as different experimental methods have led to
seemingly contradictory results. To explore further the complexity in
the study of lipid rafts, we next consider a single raft marker and
current evidence for how its diffusion is regulated in cells.

5. Cellular factors influencing the diffusion of a model raft
protein, cholera toxin B subunit

One of the most studied markers of lipid rafts is the cholera toxin B
subunit (CTXB). Native cholera toxin is composed of a single A subunit
and five identical B subunits. The B subunit homopentamer binds 5
GM, gangliosides on the extracellular leaflet of the cell membrane [61].
Once anchored to the cell membrane, cholera toxin is endocytosed and
transported via a retrograde pathway to the endoplasmic reticulum
where the A subunit is translocated into the cytoplasm, ultimately
leading to disease [62]. The ability of the B subunit to bind 5 GM;s with
high specificity has led to the idea that CTXB may be attaching to a lipid
raft. Early evidence for this idea came from the observation that CTXB is
associated with detergent resistant membranes [63,64]. CTXB can also
be fluorescently labeled and directly visualized in both cells and model
membranes containing GM;, making it an excellent reporter of lipid
raft localization and dynamics. In addition, fluorescent analogs of GM1
also exist. Taking advantage of these probes, several recent studies
have used FRAP and FCS to measure the diffusion of CTXB or fluo-
rescent analogs of GM; in cells [42,52,65-69].
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In one such study, CTXB was reported to have a significantly slower
rate of lateral diffusion than other putative raft membrane proteins
[42]. The slow diffusion of CTXB on the cell surface was speculated to
reflect its interaction with immobile caveolae and/or trapping of cell
surface proteins that interact with the cytoskeleton [42]. In support of
the former possibility, caveolin was recently shown to modulate CTXB
diffusion [69]. FCS measurements of CTXB in rat basophilic leukemia
(RBL) cells also show the molecule to diffuse slowly, so much so as to
appear immobile [65]. However, in the same study CTXB diffused
rapidly when incorporated into model membranes containing gang-
lioside GM;. Cholesterol depletion with MPCD did not affect CTXB
diffusion in RBL cells. Yet, treatment with latrunculin A did cause an
increase in CTXB D, demonstrating that the slow diffusion normally
seen with CTXB is caused primarily by the actin cytoskeleton [65].
Interestingly, a dramatically different result was seen for a fluorescent
GM; analog in COS-7 cells. By applying the FCS Diffusion Law it was
found that BODIPY-Cs-ganglioside-GM; has a positive t,, consistent
with lipid raft mediated diffusion [46]. Further supporting this
possibility, treatment with cholesterol oxidase or sphingomyelinase,
but not jasplakinolide (an actin filament stabilizer), cytochalasin D, or
latrunculin B (an actin polymerization inhibitor), induced free
diffusion of the fluorescent GM; analog [52].

It is not yet entirely clear why the diffusional mobility of CTXB and
fluorescent GM; differ. Although BODIPY-GM; is often used to study
the behavior of endogenous GM;, there may be intrinsic differences
between the behavior of these two molecules as a result of the
labeling with BODIPY on a shortened fatty acid chain. Alternatively,
the slow diffusion of CTXB could also potentially result from several
small GM;-containing rafts becoming crosslinked by CTXB. Both
detergent resistant membrane assays and model membrane studies
suggest such crosslinking may occur. The initial DRM work done with
CTXB showed that CTXB treatment of cells produced a significant
reduction in the amount of GM; which became solubilized in 0.5%
Triton X-100 [63]. This would indicate that GM; is being artificially
clustered into detergent resistant fractions by CXTB. CTXB binding has
also recently been shown to be able to modulate the phase behavior of
Lo/Lq mixtures in model membranes [70]. Giant unilamellar vesicles
consisting of phosphatidylcholine, phosphatidylglycerol, sphingomye-
lin, cholesterol, and GM; that are doped with fluorescent probes that
preferentially segregate into the L, or Lq fractions showed one
homogenous bilayer. However, following CTXB treatment clear
segregation of the membrane into two phases was seen [70]. A
similar result was recently reported where CTXB induced large scale
separation of raft and non-raft fluorescent probes in cytoskeleton-free
plasma membrane vesicles, which were still attached to live cells [68].

To more directly test the role of crosslinking of CTXB, a recent study
evaluated the toxicity and raft association of cholera toxin chimeras
containing a mutant form of CTXB that only binds 1 or 2 GM1’s as
compared to wild type holotoxin's 5 GM; binding sites [66]. The mutant
toxin exhibited some toxicity, although with reduced potency com-
pared to wild type. Endocytosis was also reduced. However, the mutant
toxin had Mr and D values similar to wild type CTXB as assessed by
FRAP. This suggests that the pentavalency of CTXB is important for
efficient toxin uptake, but that it cannot explain the slow diffusion of the
molecule while at the cell surface. An alternative explanation comes
from work investigating the intra-endosomal mobility of CTXB and
other cargo molecules that are internalized via caveolae such as the
SV40 virus [67]. In this study, enlarged endosomes were generated by
expressing constitutively active Rab5a, enabling the visualization of
endosomal subdomains. Caveolin-1-GFP and SV40 were immobilized
within enlarged endosomes, whereas CTXB was not. However, when
cells were incubated in the presence of NH4Cl to neutralize endosomal
pH, CTXB became diffusionally restricted at sites enriched in caveolin-1-
GFP. These findings [67] suggest that CTXB diffuses slowly at the cell
surface as the result of its interaction with caveolar domains at neutral
pH. The regulation of CTXB mobility by pH could help explain how

endocytic sorting of CTXB from SV40 virus, which share the same
receptor, occurs: CTXB can dissociate from caveolar domains at the low
pH found in endosomes, whereas SV40 remains associated with
caveolin in this compartment [67].

6. New directions in the study of microdomain dynamics

Most of the studies discussed above have investigated the
mobility of a single type of protein or lipid at a time, comparing
them against other molecules and across treatments. Until recently, a
fundamental limitation of this approach is that the identity of cellular
structures that impact diffusion, such as the cytoskeleton, has to be
inferred indirectly. Furthermore, in order to better understand how
domains influence various types of molecules, it would be useful to
be able to determine the relationship between the movements of
multiple molecules simultaneously within the same cell. Several
recent studies have begun to explore approaches that make these
types of measurements feasible.

One of the most powerful new developments in this area is the use of
multiple labels for measurements of the mobility of two or more classes
of molecules simultaneously [71-76]. This has made it possible to ex-
amine the interaction of individual molecules with membrane domains
in real time. For example, dual color FRAP and single molecule tracking
studies have been instrumental in the identification of plasma
membrane microdomains formed by the coclustering of CD2, LAT and
Lck in T-cell plasma membranes during signaling [75]. In this study, the
authors used FRAP and SPT to examine the dynamics of a variety of GFP-
tagged signaling proteins in resting and activated Jurkat T cells in order to
gain insight into the nature of the membrane domains that form during
T-cell signaling. These studies revealed that CD2, a costimulatory trans-
membrane protein, forms clustered membrane domains in activated
cells. Cluster formation required functional LAT but not actin, a result that
the authors suggest indicates a role for a network of protein-protein
interactions. CD2 was largely immobilized within these clusters, allow-
ing the authors to perform single molecule tracking of individual pro-
teins relative to the clusters in dual color imaging experiments using
CD2-mRFP and single GFP-tagged proteins. From these studies, it became
clear that the clusters can act as barriers to the free diffusion of individual
protein molecules. The authors conclude that the ability of these do-
mains to exclude or trap signaling molecules contributes to the spatial
organization of the T cell signaling machinery. Their results further
suggest that lipid rafts are not a major contributor to the clustered
domains observed in their studies, since two raft-associated but func-
tionally inert proteins were not specifically enriched in the CD2 clusters.

In another study taking advantage of multiple labeling, single mole-
cule tracking techniques were used to investigate signaling mechanisms
of crosslinked GPI-anchored proteins [71,72]. In this comprehensive
two-part study, colloidal gold molecules were used to both induce
crosslinking and serve as fiduciary markers for the clusters of cross-
linked proteins. The authors show that following crosslinking, the GPI-
anchored receptor clusters alternatively become transiently immobi-
lized and undergo simple diffusion. They then went on to investigate the
recruitment of signaling proteins to these sites by simultaneously
visualizing the clustered GPIl-anchored proteins and GFP-tagged
versions of intracellular signaling proteins. Importantly, this enabled
them to determine not only what intracellular proteins were recruited
to the GPI-anchored receptor clusters, but also the relationship between
the recruitment of signaling proteins and the temporary immobilization
of the GPI-anchored proteins. In this way, the authors were able to trace
out a likely order of events that occur during this process. They also
tested for a role for lipid rafts in mediating protein recruitment to these
sites by comparing the behavior of Lyn-GFP and LynN20-GFP, a
construct consisting of the N-terminal 20 amino acid sequence of Lyn
known to target the protein to lipid rafts. Interestingly, LynN20-GFP was
recruited to the GPI-anchored proteins clusters more often than con-
trols, although less frequently than Lyn-GFP itself, suggesting that lipid
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rafts may play a role in targeting it to the cluster but that protein-protein
interactions are also important.

Although the cytoskeleton has long been known to impact the
diffusion of cell surface proteins and lipids, only very recently has the
exact relationship between protein dynamics and actin-defined
domains been directly visualized [76]. In this elegant study, the cell
surface dynamics of FceRI was visualized using quantum dot (QD)-
labeled IgE simultaneously with the distribution of GFP-actin in order
to address the role of the actin cytoskeleton in controlling receptor
dynamics. In doing so, the authors could show that the receptor-QD
diffusion was confined with actin-poor regions by overlaying the
trajectory of the QD-IgE-FceRI complex on images of actin distribu-
tion. Importantly, they also found that the location and size of the
barriers formed by GFP-actin underwent reorganization over time.
This indicates that the nature of the diffusion barriers formed by the
cytoskeleton is time dependent.

Another class of evolving approaches that holds great promise in
uncovering novel aspects of membrane microdomains is techniques
that can be used to generate spatial maps of protein and lipid diffusion.
Taking advantage of a recently described method known as PALM/
FPALM to obtain super-resolution images [77,78], several groups have
now generated cellular maps of single molecule trajectories by serially
activating and imaging groups of photoactivatable fluorescent proteins
[79,80]. One of these studies [79] directly tested predictions of several
different models of lipid rafts by evaluating the membrane organiza-
tion of hemagglutinin (HA), one of the first transmembrane proteins
shown to associate with lipid rafts. The motions of individual HA
molecules appeared to be constrained, mapping out irregular shapes
that were often elongated. Furthermore, HA is clustered over all length
scales examined, indicating that no single characteristic raft size exists.
In addition, the boundaries of the observed domains are not rounded,
in contrast to the predictions of a fluid-fluid domain coexistence
model. The observation that there is not one characteristic cluster
dimension for HA is also very different from the distribution of GPI-
anchored proteins and Ras, which exist as a combination of monomers
and nanoclusters [34,81]. However, the authors indicate that the HA
data could potentially be consistent with a model in which nanometer-
size domains are incorporated into clusters. They also speculate that
the complex membrane distribution and dynamics of HA uncovered in
this study may explain why previous measurements of lipid raft dyna-
mics over different time- and length-scales often yield such different
results.

Yet other efforts have been directed on approaches that couple
measurements of diffusion and either the oligomerization state or
clustering of the diffusing species [82-89]. For example, several studies
have begun to tackle the question of how the oligomerization state of
GPI-anchored proteins is regulated and whether different oligomeric
forms have different dynamic properties [82,84]. One such study
utilized a technique known as dynamic image correlation spectroscopy
to show that a model GPI-anchored protein, GFP-GPI, exists as a mix-
ture of monomers and clusters. The authors suggest that the clusters
could potentially represent lipid rafts, as they were partially dispersed
by cholesterol depletion. Interestingly, the clusters diffuse much more
slowly (~6x107'2 cm?[s) than the monomers, which diffused too
rapidly to be resolved by this technique (>3.9% 10”8 cm?/s). In addition,
the tendency of GFP-GPI to cluster was highly temperature dependent,
exhibiting a lower state of clustering at physiological temperature than
at lower temperatures. Diffusion of the clusters was also temperature
dependent, becoming essentially immobile at 4 °C. Thus, although the
exact nature of the clusters that these GPI-anchored proteins associate
with is not entirely clear, they are both highly dynamic and tem-
perature sensitive.

A much different picture of the regulation of GPl-anchored
protein distribution and dynamics comes from a recent study using a
combination of FRET, FCS, and photon counting histogram analysis to
study the monomer-dimer dynamics of the GPI-anchored protein

urokinase plasminogen activator receptor (uPAR) [84]. Here, the
authors show that uPAR dimerization is controlled by binding of the
receptor to its ligand, the extracellular matrix protein vitronectin. In
particular, vitronectin binding leads to partial immobilization and
slow diffusion of uPAR on the basal surface of cells. In contrast, on
the region of the membrane not in contact with the substrate, the
receptor exists in a monomer—dimer equilibrium. Commitment of
the receptor to undergo endocytosis also influences diffusion and the
exchange between receptor monomers and dimers. The authors of
this study conclude that it is important to consider the role of
protein-protein interactions in controlling the dynamics of GPI-
anchored proteins. They further conclude that, at least for the case of
uPAR, whether the interaction of the receptor with vitronectin
increases UPAR's residence time within lipid rafts is not relevant to
the control of uPAR dimerization.

In summary, the past few years have seen several tremendous
advances in new ways to study membrane domains. However, there is
still much to be learned about membrane domains and how they
control the distribution and dynamics of biomolecules. Particularly for
the case of lipid rafts, much more work is needed to build a consensus
viewpoint. While some studies point to the presence of small,
dynamic domains, others provide a picture of slowly diffusing, heavily
clustered rafts. Importantly, many of the new techniques and
approaches described have the potential to resolve these outstanding
questions, and ultimately provide us with a better understanding of
how membrane domains regulate cellular functions.
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