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Introduction
The need for membranes- a bird’s eye view
The boundary between any eukaryotic cell and its environment is defined by the plasma
membrane. Compartmentalization and regulation of the transfer of metabolites and
transduction of the external signals are carried out by the membrane. The functions of the
plasma membrane include cell-cell interactions, transmission of nerve impulses, fusion of
viruses, recognition processes – just to list a few (Alberts et al., 2002). In eukaryotic cells,
the plasma membrane encompasses an impressive array of cytoplasmic organelles which are
in turn contained by their own membranes. Functional specialization of structures enclosed
with membranes, like organelles, is proposed to be due to certain distinctive characteristics
of their membranes. The ubiquitous nature of the plasma membrane in living systems entails
a functional diversity in the evolutionary sense (Jain, 1988). Intact membrane integrity is a
critical factor for proper cellular function.
Though different membranes have different functions, all of them have a general structure in
that they are composed of lipids and proteins held by non-covalent interactions (Cullis and
Hope, 1985). Cell membranes are highly dynamic, fluid structures and are capable of la teral
movement along the membrane. Though the majority of the membrane is semi fluidic, recent
studies provide evidence for existence of rigid regions on the membrane, termed membrane
microdomains or lipid rafts. This chapter is aimed at providing the biochemical and
biophysical basis for understanding the complex function of these microdomains in context
of signaling, polarity and endocytosis in leukocytes.
Plasma membranes, by weight, are approximately half lipid and half protein though different
cell membranes differ in the ratio. Human erythrocytes have a protein to lipid weight ratio of
1.11, whereas the liver plasma membrane has 1.5 and the baker’s yeast has a ratio of 2.0
(Jain, 1988). The lipid matrix of membranes contains a variety of lipids. The major lipids
found in membranes are summarized in Fig. 1. The glycerol based phospholipids are
predominant in eukaryotic membranes. These include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI) and
cardiolipin. Sphingosine based lipids, including sphingolipids and glycosphingolipids
contribute as well to a significant fraction of lipids. The glycolipids play major roles as cell
surface antigens and recognition factors in eukaryotes (Cullis and Hope, 1985). One of the
major lipids in mammalian plasma membranes is cholesterol, which plays an important role
in determining the fluidity and the stability of the membranes (Alberts et al., 2002).
The cholesterol content differs very much among different membranes. For example, myelin
membranes contain equimolar quantities of cholesterol and phospholip id but inner
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mitochondrial membrane and the endoplasmic membrane almost do not contain any
cholesterol. This accounts for the reason why lipid rafts or the cholesterol dependent
microdomains are not found in mitochondria or other organelles lacking cholesterol (London
and Brown, 2000). The cholesterol distribution also correlates well with the distribution of
sphingomyelin as cholesterol has a fluidizing role in membranes containing sphingomyelin
which is relatively saturated (Jain, 1988).

Fig. 1: Classification of membrane lipids based on their structure
Phospholipids, glycolipids and sterols are the major lipids found in the mammalian plasma
membranes. (Adapted from Fantini, 2002)
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Static and Dynamic lipid asymmetry in cell membranes
The asymmetric distribution of lipids across the bilayer was first documented in human red
blood cells (RBCs). The studies indicate that most membranes display some degree of lipid
asymmetry (Cullis and Hope, 1985). Not only lipids and proteins are asymmetrically
distributed all over the cell membrane, but also across the bilayer, giving rise to transbilayer
lipid asymmetry (Zachowski, 1993)(Fig. 2). Studies with chemical probes, phospholipase
treatments and spectroscopic studies show that several lipids are preferentially distributed to
either the outer or the inner monolayer of the membrane (Childs, 1995). Abnormal
distributions and aberration in the asymmetry have been reported in pathological conditions
(Zachowski et al., 1985; Jones and Chapman, 1995).

Fig.
2: Transbilayer asymmetry in
Plasma membranes
Phospholipid asymmetry in plasma
membranes is exhibited not only on the
surface but also across the bilayer.
SM; Sphingomyelin,
PC; Phosphatidylcholine,
PS; Phosphatidylserine,
PE; Phosphatidylethanolamine,
PI; Phosphatidylinositol,
PIP; Phosphatidylinositolphosphates,
PA, Phosphatidic acid.
(Adapted from Childs, 1995)

Membrane models and model Membranes
The first suggestion that a lipid bilayer was the core of a biological membrane comes from
an investigation on immune cells. Gorter and Grendel (1925) proposed that membranes from
erythrocytes are made of lipid bilayer (Jones and Chapman, 1995). Danielli and Davson in
1935 proposed a protein – lipid enriched membrane but they suggested that the protein lay
on the surface of the lipid bilayer in order to account for the low membrane tension (Fig. 3).
An important piece of information was provided by the study by Robertson (1960) (Fig. 3).
Staining the membranes with electron dense material, osmium tetroxide, he showed that a
pair of dense lines 20 Å thick appeared in the image separated by a light region 35 Å thick.
Osmium tetroxide binds more strongly to the polar head groups of lipids in membranes
(Childs, 1995). Frye and Edidin´s experiments with the formation of heterokaryons showed
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that the membranes are fluids and are capable of mixing laterally in the plane of the
membrane (Frye and Edidin, 1970). Also, the availability of freeze fracture and freeze etch
techniques proved that proteins are stubbed into the membranes and the concept of integral
proteins came into existence (Wallace and Engelman, 1978). More research during the later
1960s and the early 70s stimulated Singer and Nicolson (1972) to propose the famous fluid
mosaic membrane model (Singer and Nicolson, 1972). Freeze fracture and freeze etch
techniques confirmed the fluid mosaic model of membranes (Flower, 1973).
Studies on model membranes offered great help in understanding the bilayer structure and
properties. The availability of liposomes and planar bilayer lipid membranes has enabled to
study the properties of channels, transporters, receptors and the physical properties of the
lipids that constitute the model membranes.

Fig. 3: Membrane Models
a) Electron microscopy image of a plasma membrane showing the bilayer. b) Danielli-Davson model
of lipid bilayer. c) Robertson’s modified model where protein involvement is incorporated. (Modified
from Childs, 1995)
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The need for a new membrane model
The Singer-Nicolson model, when proposed in 1972 (Singer and Nicolson, 1972), visualized
the cell membrane as a two dimensional liquid where membrane proteins are randomly and
uniformly solubilized in the lipid solvent (Harder, 2001). Phospholipids in biological
membranes have low acyl chain melting temperatures (Tm) and hence these membranes are
thought to exist in a fluid, liquid crystalline (lc) phase (Brown and London, 1998b).
However, in eukaryotic cells, the plasma membrane and some cellular organelles of the
secretory and endocytic pathways have elevated Tm mainly because of the presence of
sphingolipids and sterols, which have great influence on the physical behavior of the
membrane (Jacobson et al., 1995). Recent studies suggest that the plasma membrane is not
entirely in the conventional lc phase (London and Brown, 2000). However due to the
presence of stabilizing sterols the membranes may, at least partially, be in the liquid ordered
(lo) phase (Brown and London, 1998a). Brown and colleagues proposed that some rigid
domains are in the lo phase which are immediately surrounded by liquid disordered (ld)
membrane phase. The lo state, also called as the γ state, has been identified in some mixtures
of lipids and cholesterol in model membranes (Brown and London, 1997). The coexistence
of these two phases favored by sterols was first observed in binary mixtures of the nonnatural saturated glycerophospholipid dipalmitoylphosphatidylcholine and cholesterol
(Sankaram and Thompson, 1991). In the liquid ordered or the lo phase, cholesterol is
proposed to induce higher acyl chain order by aligning with saturated hydrocarbon chains.
The lipids in the lo phase, instead of solidifying into a gel phase, retain rotational and lateral
mobilit y. Whereas in cholesterol deficient ld phase, the acyl chains are free and less
organized and hence the bilayers in this phase are conferred with high fluidity (Harder,
2001). The existence of the ordered phase in the otherwise liquid disordered membrane is
now called as lipid rafts or lipid microdomains (Simons and Ikonen, 1997). Pioneering work
by Simons and colleagues on the differential sorting of various lipids and proteins in
polarized epithelial cells gave rise to the concept of functional rafts in living cells. These
evidences supported by both microscopy (Jacobson and Dietrich, 1999) and lipid
biochemistry (Brown and London, 1998a) prompts the need for a new model in which the
membrane is not just a two dimensional solvent but a more dynamic bilayer with different
phases co-existing together (Fig. 4).
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Fig. 4: Illustration of the fluid mosaic model of membranes incorporating the “raft
hypothesis”
Rigid regions in the plasma membrane termed “rafts” exist in liquid ordered phase in the mosaic
membrane. (Modified from Addison Wesley Longman, 2000)

Detergent insolubility and the raft concept
Lipid rafts or the detergent resistant microdomains (DRMs) are liquid ordered structures in
the sea of liquid disordered phase that are resistant to extraction by detergents (Simons and
Toomre, 2000; Edidin, 2001b). The polyethylene detergent Triton-X-100 is one of the most
widely used non-ionic detergents to isolate DRMs. Brij-35 and Brij-58 have also been used
to isolate DRMs (Drevot et al., 2002). Detergent micelles, when mixed with lipid vesicles,
they generally form detergent-lipid aggregates (London and Brown, 2000). Lipids in the lc
state are readily solubilized by excess of Triton-X-100 and form mixed micelles whereas
lipids in the lo state are insoluble in Triton-X-100 (Inoue and Kitagawa, 1976). Early studies
in which cholesterol was found to reduce the degree of solubilization of PC by Triton-X-100
suggested that detergent insolubility of lipids could be conferred by the presence of a
stabilizing sterol. Cholesterol is thought to interact particularly with saturated acyl chains.
Experiments from different groups (Demel et al., 1972; Xu and London, 2000) suggested a
model in which cholesterol acts as a “glue” promoting self association of high Tm lipids in a
tightly packed detergent resistant cluster which contains sterols. DRMs have a specific lipid
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and protein composition where the majority of the lipids are cholesterol, glycosphingolipids,
sphingomyelin and some phosphoinositides. Several lipidated proteins and lipid anchored
proteins are shown to be associated with DRMs. Glycosylphosphatidylinositol (GPI)
anchored proteins and fatty acylated proteins are the best examples for the specific DRM
partitioning (Brown, 1994; Melkonian et al., 1999). Simons and van Meer proposed that
lateral assemblies of glycolipids play an important role in the formation of transport vesicles
in polarized membrane transport (Simons and van Meer, 1988; van Meer and Simons, 1988).
Ground breaking work by Brown and Rose showed that certain proteins such as influenza
virus hemagglutinin and GPI-anchored proteins become detergent insoluble during the
biosynthetic transport to the apical cell surface of the Madin-Darby Canine kidney (MDCK)
cells (Brown and Rose, 1992). This showed that DRMs exist in biomembranes and different
proteins and lipids have different affinities for their association with DRMs. Palmitoylation
and myristoylation are major fatty acyl modifications that increase the affinity of proteins to
be incorporated into DRMs (Melkonian et al., 1999). In immune cells, the src-related
kinases such as Lck and Fyn are palmitoylated and are shown to be constitutively present in
the lipid rafts (Ilangumaran et al., 1999; Harder, 2001; Horejsi, 2002). In case of non
immune cells, several other src like kinases and certain types of Gα subunits of
heterotrimeric G proteins are shown to be targeted to lipid rafts by the modification through
palmitoylation (Resh, 1999). Specific subsets of ras have been reported to be partitioned into
DRMs and are modified by fatty acids as well (Allenspach et al., 2001; Prior et al., 2001).
However, no motif has been so far assigned to be specific of raft partitioning.

Influence of cholesterol on the formation of lipid rafts
Approximately, one third of the lipids of mammalian cells is cholesterol. Raft lipid
composition is roughly 1:1:1 phosphoglycerides:sphingolipid:cholesterol (Edidin, 2003).
When prepared with detergents, the phospholipid population is enriched in saturated acyl
chains relative to the average for whole cell phospholipids. These results with studies of
cholesterol interactions with saturated chain PCs, particularly DPPC, suggested that raft
lipids, as defined by detergent insolubility, were in liquid ordered phase (Edidin, 2003).
Recent theoretical work by Miao et al supported the view that cholesterol and related sterols
with a smooth and unbroken hydrophobic surface are uniquely suited to interact with acyl
chains to create a liquid ordered state (Miao et al., 2002). Not only is the lipid composition
of detergent insoluble lipid rafts consistent with the existence of a liquid-ordered state, but
also liposomes prepared from a binary mixture of DPPC and cholesterol (2:1) that are in the
liquid-ordered region of the phase diagram were completely insoluble under the conditions
used to define lipid rafts by detergent insolubility (Schroeder et al., 1994a). Experiments by
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Brown and colleagues showed that liposomes with compositions approximately that of lipid
rafts were also largely detergent insoluble (Schroeder et al., 1994a).

Fig. 5: Phase separation of membrane lipids and the involvement of cholesterol
Cholesterol favors phase separation of membrane lipids and probably acts as “glue” in the making
of rigid regions of the membrane. See accompanying text for details. (Adapted from Fantini, 2002)

Cholesterol condenses the packing of sphingolipid molecules by occupying the spaces
between the saturated hydrocarbon chains of the sphingolipids (Edidin, 2003). These
cholesterol-sphingolipid interactions are thought to be strengthened by hydrogen bonding
between the 3´-OH group of the sterol and the amide group of the sphingolipid ceramide
backbone (Simons and Ikonen, 2000). The exoplasmic assemblage of sphingolipids and
cholesterol is thought to be linked to the underlying cytoplasmic leaflet (Simons and
Toomre, 2000). This gives rise to a separate phase, a liquid ordered phase, which is
dispersed in the liquid-disordered phase made up of more loosely packed fluid matrix of the
membrane (Brown and London, 1998b). Cholesterol partitions mainly to the liquid-ordered

University of Konstanz

17

Membrane Microdomains in Leukocytes

phase as compared to the liquid-disordered matrix of the membrane and is critical for the
maintenance of the two lipid phases (Fig. 5). However, studies have also pointed out that
cholesterol independent rafts or microdomains could be present in living cells such as brush
border microdomains (Hansen et al., 2001) which suggest that cholesterol independent but
still liquid ordered raft-like microdomains could exist in living cells.

Methods to investigate microdomains
DRMs are visualized to be “floating” rigid phases on the membrane and hence christened as
rafts (Simons and Ikonen, 1997). These complexes float on a sucrose density cushion during
centrifugation and hence easily isolated as lipid raft fractions or the “floating fractions”
(Edidin, 2001a). This procedure, on the other hand, does not allow to purify all the raft
associated proteins as some raft proteins may be connected to cytoskeleton and hence could
not be isolated on a floating gradient preparation. Several studies have used antibodies and
chemical crosslinking with ganglioside binding lectins and toxins for studying rafts (Simons
and Toomre, 2000). Single fluorophore tracking microscopy (Schutz et al., 2000), photonic
force microscopy (Pralle et al., 2000) , energy transfer studies (Varma and Mayor, 1998)
have been used to study rafts in live cells but a direct visualization or demonstration of rafts
in living cells has been extremely difficult as the size of the rafts poses a serious limitation.
A part of this study also deals with providing convincing evidence that a subset of lipid rafts
could be visualized by microscopic means. Though there has been a number of article s on
lipid rafts and their functions, the nature of these microdomains, their size, composition,
organization and above all, even their existence is questioned (Heerklotz, 2002). This
controversy is, at least in part, due to the artificial way of preparing the lipid microdomains
by detergent extraction procedures and also the side effects of the raft disrupting drugs.
One of the main evidences for the existence of rafts in living cells came from the biophysical
studies of artificial lipid reconstitution systems and by the use of non-ionic detergent
extraction of cells or membranes at low temperatures as the floating fractions as described
above. Since most of the GPI-anchored proteins partitioned in rafts, detection of rafts in
living cells correlated with detection of GPI-anchored proteins and studies lent estimates for
what the raft size could be. These GPI-anchored proteins are insoluble in detergents but
previous usage of conventional immunofluorescence techniques did not reveal any clusters
of the proteins on the cell surface. Now it is understood that since GPI microdomains are
smaller than the limit of the detection of fluorescence microscopy it could not have been
possible to visualize these microdomains as clusters at the surface. Almost a decade ago,
Brown and Rose showed that a GPI-anchored protein could be sorted to the glycolipid
enriched membrane domains during its transport to the apical cell surface (Brown and Rose,
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1992). Single particle tracking techniques (Suzuki and Sheetz, 2001) showed that a fraction
of a sphingolipid, GM1 as well as GPI-anchored protein, Thy-1 were confined to zones of
200-300 nm in diameter. Suzuki and colleagues (Suzuki et al., 2001) used high speed
particle tracking to compare the brownian motion of GPI-anchored proteins with a diunsaturated phosphatidyl choline, DOPC, which should not enter rafts. With a time
resolution of 25 µs they showed that GPI-anchored proteins and DOPC both diffused freely
within compartments around 110 nm in diameter, hopping to a new compartment every 25
µs. From the identical behavior of the two classes of molecules, they concluded that at
steady-state these core lipid rafts consist of only a few molecules and persist for 1 ms or less.
However antibody induced crosslinking of a GPI-anchored protein, CD59 formed larger
rafts with diffusion co-efficient about eightfold smaller than that of core rafts (Edidin, 2003).
Crosslinked CD59 was frequently immobilized and these immobilized rafts might be
associated with actin and other signaling molecule s (Edidin, 2003). Hence membrane rafts
could be smaller and may also be unstable but are capable of developing larger functiona l
structures when their constituents are ligated (Simons and Toomre, 2000). Varma and Mayor
demonstrated that GPI-anchored proteins are clustered on the surface of the cell using a
novel variant of the fluorescence resonance energy transfer (FRET) technique (Varma and
Mayor, 1998). They measured the extent of energy transfer between isoforms of the folate
receptor bound to a fluorescent analogue of its substrate, folic acid in terms of the
dependence of fluorescence polarization on fluorophore densities in the membranes. They
found that the extent of energy transfer for the GPI-anchored folate receptor isoform was
density independent, which is characteristic of organization in sub-pixel sized domains at the
surface of living cells whereas the transmembrane anchored folate receptor isoform was
density dependent which is consistent with a random distribution. With a random
distribution of fluorophore, emission is depolarized because of energy transfer but clusters of
fluorophores should have a constant value of anisotropy in a wide concentration range.
During the same time, studies with chemical cross-linking by Friedrichson and Kurzchalia
showed that GPI-anchored proteins were organized in spatial vicinity on the cell surface
(Friedrichson and Kurzchalia, 1998). MDCK cells expressing a reporter protein bearing a
GPI anchor formed oligomers of up to 15 molecules when crosslinked with bifunctional
reagents. The clustering was specific for the GPI-anchored isoform alone as the two
transmembrane control isoforms bearing the same ectodomain did not form oligomers which
suggested that GPI-anchored proteins were organized in spatial vicinity clustered within the
microdomains (Friedrichson and Kurzchalia, 1998). Evidence for clustering of GPIanchored proteins came from the use of a newly discovered property of green fluorescent
protein (GFP) to change the relative intensity ratio of green fluorescence emitted upon
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excitation by light at 395 nm and 475 nm wavelength at maxima of emission upon
interaction of two GFP molecules (De Angelis et al., 1998). The ratio of fluorescence
intensities at 410 nm/ 470 nm for GPI-anchored GFP was significantly lower than that of
cytoplasmic GFP but much higher if the protein was crosslinked by antibodies against GFP.
De Angelis and colleagues concluded that although clustering caused by GPI anchors was
significant, it must be rather loose or transient (De Angelis et al., 1998).
Using immunogold electron microscopy of plasma membrane sheets coupled with spatial
point pattern analysis, Prior, et al have recently visualized morphologically featureless
microdomains, including lipid rafts, in situ and at high resolution. They found that an innerplasma membrane lipid raft marker displays cholesterol-dependent clustering in
microdomains with a mean diameter of 44 nm that occupy 35% of the cell surface (Prior et
al., 2003). They also reported that activated H-ras and K-ras reside predominantly in non
overlapping, cholesterol-independent microdomains. Hence they proposed that differential
spatial localization within this framework could account for the distinct signal outputs from
the highly homologous ras proteins (Prior et al., 2001; Prior et al., 2003).

Raft size- size does matter
To those who are convinced that rafts do exist, the next major question is what could the size
of a raft be? As suggested in the earlier section, rafts could be very small and dynamic and
hence could be a serious limitation for detection and measurement (Kurzchalia and Parton,
1999). When raft components were crosslinked with antibodies or lectins, they formed
micron sized domains that could be detected even by conventional microscopy (Harder et
al., 1998; Janes et al., 1999). Raft proteins are studied to rapidly diffuse in assemblies of
roughly 50 nm diameter which corresponds to about 3500 sphingolipid molecules (Pralle et
al., 2000). Simons and Toomre suggested that the number of proteins in each raft depends
on the packing density but it is probably not more than 10-30 proteins (Simons and Toomre,
2000). It is not known till date whether individual raft proteins are randomly distributed
between different rafts or they are clustered in specialized rafts. Clusters of up to 15
molecules of the same protein have been observed to occur within the same raft supporting
the notion that some proteins are distributed in a non-random fashion (Friedrichson and
Kurzchalia, 1998). Varma and Mayor suggested that these domains were about 70nm and
were cholesterol dependent (Varma and Mayor, 1998). A study of Kenworthy et al, however
suggested that such clusters may only represent a small population (Kenworthy et al., 2000).
A raft, hence, can statistically contain only a subset of all available raft proteins, which could
suggest a functional compartmentalization of signaling assemblies. Recent studies in
immune systems report the evidence that membrane compartmenta lization occurs and
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subclass of raft resident proteins preferentially assemble in distinct sub domains in order to
perform distinct functions (Balamuth et al., 2001; Schade and Levine, 2002).

Will the real raft please stand up?- Existence of several sets of microdomains
Lipid rafts or detergent resistant membranes (DRMs), caveolae, Triton insoluble floating
fractions (TIFFs) are not just some synonyms of the liquid ordered phase in the membrane.
They seem to have particular physicochemical compositions and properties and also
functions (Simons and Toomre, 2000). DRMs widely cover to mean that there are patches in
the membrane which are resistant to detergent extraction mainly due to the special
composition of lipids (Brown and London, 1998a; London and Brown, 2000). TIFFs or the
floating fractions mainly refer to the fractions which float as low density fractions from cold
extracts of membrane on a sucrose gradient (Edidin, 2001b). Lipid rafts mainly mean the
sphingolipid and cholesterol enriched membrane microdomains and is the term which is
generally used to refer microdomains (Simons and Ikonen, 1997). Caveolae are specialized
DRMs which are mainly characterized by the presence of the constituent protein, caveolin
(Kurzchalia et al., 1992).
Caveolae and caveolins
Caveolae were originally defined as flask shaped plasma membrane invaginations with a
characteristic diameter of around 50 nm to 100 nm in endothelial and epithelial cells (Smart
et al., 1999). Overexpression of caveolin in caveolin/ caveolae-lacking cells initiates
caveolae biogenesis (Fra et al., 1995). Caveolae have also been shown to be flat within the
plane of the plasma membrane or detached vesicles and moreover caveolae can fuse to form
grape like structures or tubules which could exceed more than 100 nm size (Kurzchalia and
Parton, 1999). Caveolae have unique lipid composition apart from its unique protein
constituents, caveolins and are mainly composed of cholesterol and sphingolipids whereas
the non-caveolar DRMs contain also phospholipids. Caveolins can bind cholesterol directly
and the caveolin-cholesterol interaction stabilizes the formation of caveolin homooligomeric complexes (Smart et al., 1999). Functions of caveolae are both diverse and
controversial.
Several key molecules in signal transduction have been shown to be enriched in caveolae
which include the G- protein coupled receptors, heterotrimeric G proteins, receptor tyrosine
kinases, components of the ras- mitogen activated protein (MAP) kinase pathway, src family
tyrosine kinases like Yes, protein kinase C and nitric oxide synthase (NOS). These findings
indicate caveolae could act as signaling scaffolds enriched in essential components.
Moreover, caveolae have been implicated in potocytosis (Razani et al., 2002), endocytosis of
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GPI-anchored proteins (Galbiati et al., 2001b; Nichols and Lippincott-Schwartz, 2001) ,
internalization of viruses (Pelkmans and Helenius, 2002) and also in pathogenesis of
neurodegenerative diseases (Smart et al., 1999). Caveolin knock out mice were characterized
to have vascular defects (Razani and Lisanti, 2001). Caveolin-3, a muscle -specific caveolinrelated protein, is the principal structural protein of caveolae membrane domains in skeletal
muscle and in the heart. Results from caveolin-3 knock-out mice demonstrated that loss of
caveolin-3 leads to mislocalization of the dystrophin complex and in severe alterations of the
T-tubule system (Galbiati et al., 2001a).

Functions of rafts
Trafficking and sorting- proteins moving lipids and lipids moving proteins
The MDCK cells have been used as a model system to study protein sorting as these cells
display distinct apical and basolateral regions. Sphingolipid-cholesterol rafts are
preferentially transported to the apical route. Most of the GPI-anchored proteins (Brown,
1994) and apical transmembrane proteins, N-glycans are thought to be the apical sorting
signals (Simons and Ikonen, 1997). Some proteins may depend mainly on binding to their
N-glycans to raft associated lectins for apical delivery whereas others with membrane
anchors could partition into the rafts directly (Simons and van Meer, 1988). Basolateral
delivery, on the other hand, depends on signals originating from the cytoplasmic domains of
basolaterally targeted proteins. Di-leucine motifs or tyrosine motifs could serve as
basolateral signals (Simons and Toomre, 2000). Since basolateral proteins are also
glycosylated it is possible that most cytoplasmic basolateral signals possess a higher affinity
for their adaptors than do N-glycans for the putative lectins. Also, apical and basolateral
delivery in these cells differ at the stages of vesicular docking and fusion. The basolateral
route uses the same type of machinery as that described for ER-Golgi, intra-Golgi and
synaptic vesicle transport, whereas apical delivery uses a different docking and fusion
mechanism that is not well characterized (Simons and Ikonen, 1997). It seems that local
changes in the physical properties of lipid bilayers allow membrane deformation aiding
vesicle budding and fusion. Preferential localization of specific lipids recruit cytosolic
proteins involved in structural functions or signal transduction (Holthuis et al., 2001; Sprong
et al., 2001). Moreover, GPI-anchored proteins delivered to early endosomes after
internalization are found to recycle to the cell surface more slowly than bulk membrane.
Studies also showed that multiple GPI-anchored proteins (GPI-APs) are endocytosed to the
recycling endosomal compartment but not to the Golgi via a non-clathrin, non-caveolae
mediated pathway (Maxfield and Mayor, 1997). Recent studies demonstrated that the
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different endocytic routes followed by GPI-APs in different cell types depend on the
residence time of GPI-APs in lipid rafts, and hence that raft partitioning regulates GPI-APs
sorting in the endocytic pathway (Fivaz et al., 2002).
The importance of lipid rafts in mediating sorting of axonal and dendritic membrane proteins
in neurons is pronounced by studies on missorting of the axonal Thy-1 but not of a dendritic
membrane protein in sphingolipid-deprived cells (Ledesma et al., 1998). These results
indicated that neurons sort a subset of axolemmal proteins by a mechanism that requires the
formation of protein-lipid rafts. The involvement of rafts in axonal membrane sorting may
also explain the neurological deficits observed in patients with certain types of NiemannPick disease.
Lipid rafts in Insulin signaling
Insulin is known to stimulate muscle and fat cells to take up glucose from the blood through
the intracellular glucose transporter called GLUT4. How the GLUT4 transport to the plasma
membrane is regulated by insulin and the exact signaling pathway remained much less
characterized. Recent studies by Baumann et al, showed that a second insulin signaling
pathway in human cells that may also be required to stimulate glucose uptake, the first
pathway being through the phosphatidylinositol-3-phosphate (PI3K) pathway. The second
pathway involves the recruitment of an adaptor protein called CAP (c-Cbl associated
protein) to the insulin-bound insulin receptor. This ternary complex, in turn, recruits the
ubiquitin ligase, c-Cbl and also interacts with the raft associated protein, flotillin (Baumann
et al., 2000). When c-Cbl gets phosphorylated by the insulin receptor, it is proposed that
flotillin directs the c-Cbl-CAP complex to the lipid rafts or the DRMs. Lipid raft
translocation of this complex is thought to be critical for glucose uptake (Bickel, 2002).
In immune cell signaling
Much of the early evidence for the functional role of lipid rafts came from the studies on
hematopoietic cells. Multichain immune receptors were observed to be translocated into the
lipid domains upon crosslinking by the antigen or by antibody crosslinking with different
degrees of DRM association (Sedwick and Altman, 2002). Since several signaling molecules
such as the src-related protein kinases, GPI-anchored proteins (Ilangumaran et al., 2000),
transmembrane linker and adaptor proteins were shown to be constitutively associated with
signaling domains (Horejsi et al., 1994), it was more than logical to assume that membrane
compartmentalization facilitates transmembrane signaling through the translocation of
antigen receptor to these lipid domains.
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FcεRI signaling
The first and one of the best evidences for the involvement of lipid rafts in signaling came
from the studies on the high-affinity receptor IgE receptor FcεRI, which is highly expressed
on mast cells and basophils. It is implicated in histamine or nor-adrenaline secretion,
prostaglandin and leukotriene synthesis and cytokine expression leading to immediate
allergic reactions and inflammatory responses. Aggregation of FcεRI by binding of antigen
leads to the translocation of the receptor to the membrane patches and activates the
associated src-family kinase Lyn, which initiates a signaling cascade that culminates in
degranulation (Field et al., 1995). FcεRI bound biotinylated IgE was shown to be clustered
with streptavidin generating large, microscopically detectable cell-surface clusters. Field
also showed that a significant fraction of the IgE receptor became detergent insoluble by
associating with the DRMs when clustered and hence showed for the first time a functional
correlation between DRM translocation and activation through DRM associated signaling
molecules (Fig. 6).

Fig. 6: Translocation of immune cell receptors to lipid rafts during activation
DRMs or lipid rafts are enriched in certain signaling molecules and translocation of the multichain
immune cell receptors to these microdomains aids in activation. The FceRI in mast cells and the T cell
receptor (TCR) translocate to the rafts upon receptor engagement. (Adapted from Simons and Toomre,
2000)
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T cell receptor signaling
The T cell receptor (TCR), is a multisubunit immune receptor composed of the α and β
chains, which bind and recognize peptide antigen presented by the antigen presenting cells
(APCs) through the major histocompatibility complex (MHC) (Langlet et al., 2000). Since
the α and β chains do not have the inherent signaling capacity due to the lack of long
cytoplasmic tails, they associate non-covalently with the CD3 transmembrane signaling
chains γ, δ, ε and ζ, some of which contain activating motifs called the immunoreceptor
tyrosine based activation motifs (ITAMs). Upon engagement of the TCR complex by the
antigen, ITAMs get phosphorylated by the doubly acylated non receptor src-like tyrosine
kinases like Lyn and Fyn (Magee et al., 2002). This activation also leads to the recruitment
and activation of the tyrosine kinase Zap-70 to the CD3 complex which in addition with the
src family kinase Lck phosphorylates adaptor molecules such as LAT and Slp-76. Several
GPI-anchored proteins and signaling adaptor molecules assist to amplify the T cell activation
cascades (Ilangumaran et al., 2000). Molecules such as Lck and LAT due to their fatty acid
modifications, at least in part, constitutively associate with lipid rafts (Fig. 6). In the
constitutively raft associated form, Lck is inactive because of the Csk kinase, which is
localized to the rafts by its interaction with the raft resident Cbp protein. The CD45
phosphatase dephosphorylates Lck and thereby renders Lck active (Sedwick and Altman,
2002). The initial steps in the T cell signaling are thought to occur outside of lipid rafts or
may occur is microdomains much smaller to measure (Simons and Toomre, 2000). Recent
evidence shows that TCR is localized constitutively in lipid domains which could be much
smaller than the “macro” rafts (Langlet et al., 2000). Xavier et al reported that membrane
compartmentalization is essential for efficient T cell activation and showed that several
signal transducing molecules of the TCR pathway get enriched in lipid rafts fractionated
from the activated cells (Xavier et al., 1998). Balamuth et al recently showed that Th1 cells,
a subset of the helper T cells, recruited both the TCR and CD45 to lipid rafts following the
stimulation with agonist peptide but stimulation of Th2 subset of the T helper population did
not result in the translocation of both the TCR and CD45. This lack of raft recruitment in
Th2 cells could help to explain the differences in signaling which have been observed in Th2
cells (Balamuth et al., 2001). This suggests that signaling pathways used by Th2 cells may
be distinct from Th1 cells. Functional differences between the mature and immature T cells
have also been explained in the light of raft concept. Recent study by Ebert et al showed that
immature CD4+ and CD8+ thymocytes respond to TCR/ costimulation thr ough CD28 by cell
death instead of proliferation. They showed that though CD4+/CD8+ polarize their actin
cytoskeleton, they fail to recruit lipid rafts to the site of TCR/CD28 costimulation (Ebert et
al., 2000).
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B cell receptor activation
The B cell receptor (BCR) is a multisubunit structure containing an antigen binding
component membrane immunoglobulin (mIg), which is produced through the rearrangement
of immunoglobulin heavy and light chain genes and the non-covalently associated signal
transducing elements, Igα (CD79a) and Igβ (CD79b) chains (Reth et al., 2000; Matsuuchi
and Gold, 2001). The BCR signal is initiated upon binding of the antigen to the receptor
which induces receptor aggregation and subsequent phosphorylation of the ITAMs of the
Igα and Igβ chains (Rolli et al., 2002). Recent studies showed that by crosslinking the
receptor with antigen, BCR immediately translocates to the lipid rafts (Cheng et al., 1999;
Aman and Ravichandran, 2000) and that the translocation is transient (Petrie et al., 2000) .
The translocation of the BCR to the rafts also depends on the presence of cholesterol in the
membrane and presumably on the integrity of lipid rafts themselves (Aman and
Ravichandran, 2000; Cheng et al., 2001a). The translocated BCR gets phosphorylated and
the raft resident Lyn kinase also gets phosphorylated (Dykstra et al., 2001a) (Fig. 7).

Fig. 7: B cell receptor partitions into membrane microdomains during activation
Activation of the antigen receptors either through crosslinking of the receptors or through the
antigen causes the raft partitioning of the BCR where it associates with signaling molecules and
augments activation. (Adapted from Pierce, 2002)

Crosslinking of the receptor has been shown to recruit several proteins such as Syk, Btk,
Vav, SHIP, phospholipase Cγ2, etc to lipid rafts implying that lipid rafts serve as signaling
centers for BCR signaling. A weak association of BCR with rafts even in the absence of
antigen suggests that a survival signal could be propagated through this proportion of BCR
(Pierce, 2002). An excellent observation by Weintraub et al (Weintraub et al., 2000) shows
that in tolerant B cells, the raft translocation of BCR is inhibited which suggests that these
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cells cannot mount an immune response against the tolerated antigen. It is known for a long
time that co-receptors could reduce the antigen threshold for receptor activation many fold
(Fearon and Carter, 1995; Carroll, 1998). Studies by Cherukuri et al elegantly showed that
the B cell co-receptors, CD19 and CD21 when crosslinked together with the antigen
receptor, the complex prolongs the BCR residency in lipid rafts providing a molecular
mechanism for the reduced threshold levels in the presence of co-receptor ligating signals
(Cherukuri et al., 2001a). In immature B cells, the BCR is mainly excluded from lipid rafts
and signaling through the BCR occurs outside of rafts (Sproul et al., 2000). Whereas in preB cells, a subclass of B cells which precede maturation stage in B cell development(Guo et
al., 2000), a significant proportion of the BCR is constitutively associated with rafts. In
contrast to the mature B cell, the ligand for the pre-BCR is still not known. The association
of pre-BCR to the lipid rafts even in the absence of the antigen suggests that in the absence
of the ligand, the raft associated pre-BCR generates survival signals that are required to
drive the cells to maturation (Guo et al., 2000).
Immunological synapse
Despite the availability of several 1000 MHC molecules, only 10-100 cognate peptide-MHC
complexes have to be recognized by the receptors on the T cell to generate the immune
response. This could be possible only because of repeated activation of the TCR which could
take hours before it is completed. Concentration of these complexes in the so called
immunological synapse during the contact with the antigen presenting cell facilitates this
process (Bromley et al., 2001). Several molecules are included in and excluded from the
synapse, which accompanies polarization of the actin cytoskeleton to the contact zone
between the APC and the T cell (Anton van der Merwe et al., 2000). Rafts are implicated to
be essential for this immune synapse formation as they concentrate signaling molecules
essential for the propagation of the immune response by forming the supramolecular
activation clusters (SMACs) (Bromley et al., 2001). It seems that lipid rafts make up at least
a part of the central region of the SMAC since they contain common components. The
compartmentalization of molecules into rafts and SMAC or the immune synapse seem to be
regulated similarly (Leitenberg et al., 2001). Rafts have also been recently implicated to
accumulate MHC class II molecules (Anderson et al., 2000; Kropshofer et al., 2002), loaded
with specific peptides on the APC side of the synapse (Goebel et al., 2002).
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Lipid rafts and pathogenesis
Hijacking lipid rafts – a tale of two viruses and a bacterium
HIV: Human immunodeficiency virus (HIV) makes use of lipid rafts by selectively targeting
T cell lipid rafts as a site of attaching at the cell surface. The fusion of HIV with CD4 T cells
is a highly controlled process. The assembly of the HIV fusion machinery requires a high
affinity receptor, the CD4, low affinity gp120 binding glycerosphingolipids (GM3
ganglioside and the neutral GSL, Gb3) and a fusion cofactor referred to as a HIV coreceptor. In the first step of HIV fusion with CD4 T cells, a trimolecular complex consisting
of gp120, CD4 and GSLs is formed in rafts of the plasma membrane (Campbell et al., 2001)
(Fig. 8).

Fig. 8: Lipid rafts in the fusion of HIV to CD4 + T cells
Binding of HIV-1 to the host CD4+ T cell requires cholesterol and sphingolipid enriched
microdomains. The lipid raft involvement in the initial binding, lateral assembly and fusion is
illustrated in the cartoon. (Adapted from Fantini, 2002)
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After fusion with the membrane and reverse transcribing its viral genome, the provirus
remains latent in the cellular nucleus and only a low level of viral transcription occurs in
resting T cells. Nef, one of the few proteins made during latency, promotes viral
transcription in activated T cells (Zheng et al., 2001). Nef is a myristoylated protein and
hence is found in lipid rafts where it may interact with the src family kinases and many other
early mediators of T cell activation such as PKC-θ (Kiyokawa, 2000). It is therefore possible
that Nef acts through or in cooperation with PKC-θ to induce NF-kB activation in T cells
and thereby activates IL-2 production and HIV replication in HIV-infected T cells (Sedwick
and Altman, 2002). Moreover, HIV has also been shown to use lipid rafts as a virion
assembly and budding site, which enables the viral envelopes to be enriched in cholesterol
and other raft components such as GPI-anchored proteins, CD48 and Thy-1 (Fantini et al.,
2002). Pharmacologic depletion of membrane cholesterol by cholesterol chelating agents
have been shown to inhibit the ability of HIV to enter new target cells (Khanna et al., 2002)
and also, depletion of cholesterol from the membranes of HIV-infected host cells prevents
viral budding (Sedwick and Altman, 2002). These observations encourage the development
of therapeutic drugs based on raft destabilization (Aluvihare, 2000; Liao et al., 2001).
EBV: One of the best studied and excellently characterized example of the viral exploitation
of the membrane architecture is Epstein-Barr virus (EBV) infection of B cells. EBV is a
human oncogenic herpes virus that can readily transform primary B cells in vitro but in most
individuals, establishes a latent infection (Pierce, 2002). A transmembrane protein encoded
by the viral genome is LMP2A which is associated with latency in B cells. LMP2A has a
large cytoplasmic domain that contains an ITAM and a binding site for the src-like kinase,
Lyn and has been shown to inhibit BCR signaling (Dykstra et al., 2001b). BCR signaling
has been shown to induce EBV replication in latently infected cells and so a blockade of
BCR signaling by LMP2A could be necessary to maintain latency (Merchant et al., 2000;
Cherukuri et al., 2001b). LMP2A also seems constitutively to generate signals mainly
through Slp-65 signaling module (Engels et al., 2001). Dystra et al showed recently that
LMP2A is constitutively present in the rafts of latently infected B cells and blocks the
antigen induced translocation of BCR into lipid rafts because of which the BCR could
neither signal nor be internalized (Dykstra et al., 2001b). LMP1, another EBV encoded
integral membrane protein is associated with growth transformation in infected B cells
(Pierce, 2002). It seems to generate signals that mimic those of CD40, a tumor necrosis
factor (TNF) family member. After ligand binding, CD40 has been shown to move into
these signaling domains where it recruits the TNF receptor associated factors (TRAFs) to
initiate signaling. It seems that at least two gene products of EBV co-opt the function of rafts
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in B cells, most probably to generate and maintain the signals required for virus latency and
growth transformation.
Anthracis: Anthrax is caused by Bacillus anthracis and is one of the oldest diseases of cattle
and humans and poses a great threat in the event of bioterrorism. Recent study by Abrami, et
al, showed that anthrax toxin uses lipid rafts as its portal of entry (Abrami et al., 2003). The
heptameric protective antigen (PA) of the anthrax toxin with clustered anthrax toxin receptor
(ATR) caused its association to specialized cholesterol and sphingolipid rich microdomains.
They found that although endocytosis of ATR was slow, clustering it into rafts was
necessary and sufficient to trigger efficient internalization and for the delivery of the lethal
factor (LF) to the cytoplasm. They also found that inhibition of raft integrity prevented LF
delivery and cleavage of MAPK kinases suggesting that lipid rafts could be therapeutic
targets for drugs against anthrax (Abrami et al., 2003).
Alzheimer’s disease
Formation of senile plaques containing the ß-amyloid peptide (Aß) derived from the amyloid
precursor protein (APP) is an invariant feature of Alzheimer's disease (AD) (Mahfoud et al.,
2002). A key study by Ehehalt et al showed that formation of the β-amyloid peptide (Aβ)
which is tightly linked to Alzheimer’s disease depended on the raft association of βsecretase, the enzyme that cleaves the amyloid precursor protein (APP) to release a product
that is processed into Aβ (Ehehalt et al., 2003). Several lines of recent evidence suggested
that cholesterol was linked to the Aβ production. High cholesterol levels are correlated with
an increased likelihood of developing Alzheimer disease. The authors found that both the
proteins were found in lipid rafts and increasing the fraction of APP and β-secretase in lipid
rafts released more Aβ. The small size of lipid rafts make it unlikely that both proteins reside
in the same raft domain but demonstrated that endocytosis was essential for Aβ formation.
They proposed that endocytosis may lead to a clustering of rafts that β-secretase within
striking distance of APP (Ehehalt et al., 2003). Potential therapeutic drugs should therefore
function within raft environments if they are to be successful at preventing amyloid
formation.
Prion Pathogenesis
The cerebral accumulation of a protein of the protease-resistant, misfolded isoform of the
prion protein (PrP), the so-called PrPsc, the scrapie version is the hallmark of the
pathogenesis. The scrapie version is derived from the normal cell surface glycoprotein PrP c,
the cellular version. PrP c and PrP sc have the same composition but differ in the conformation
(Mahfoud et al., 2002). Upon physical interaction with PrP sc, PrP c is converted into PrP sc,
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inducing a continuing chain reaction (Baron et al., 2002). GPI-anchored PrP is naturally
enriched in lipid rafts and both the versions have been recovered from DRMs (Naslavsky et
al., 1997). Also depletion of cellular cholesterol decreased the formation of PrP sc (Marella et
al., 2002). PrP sc has been shown to be inserted into the host cell membranes. Recent
evidence supports the view that lipid rafts provide a protective environment for the
conversion of the cellular PrP c to the infectious PrPsc form (Baron et al., 2002).

Lipid microdomains and cell polarity
Early evidence for the existence of DRMs came from studies in epithelial cell polarity
attempting to account for the differences in certain protein composition in the apical and
basolateral compartments of a polarized cell (Simons and Toomre, 2000; Edidin, 2003).
Simons and colleagues have provided ample evidence that lipid rafts play a major role in the
biosynthetic transport and polarized delivery of certain raft resident proteins (Simons and
Ikonen, 1997). They also recently showed that yeast membrane contain lipid rafts as they
contain ergosterol, the yeast equivalent of cholesterol (Bagnat et al., 2000; Bagnat and
Simons, 2002). These studies showed that raft proteins accumulate in the bud of the budding
yeasts or in the mating projection or the shooms of the yeasts that are treated with mating
pheromone. In mammalian systems, raft domains have been shown to be polarized during
chemotaxis and leukocyte locomotion (Gomez-Mouton et al., 2001; Millan et al., 2002).
Gomez-Mouton described that two different kinds of rafts accumulate at the rear and the
front end separately during lymphocyte chemotaxis showing that lipid rafts have differential
polarization capacities (Gomez-Mouton et al., 2001). Also, in case of the immunological
synapse, when the T cell polarizes to the antigen presenting cell (APC) to the contact site,
lipid rafts are reported to accumulate at the contact site (Bromley et al., 2001). None of these
molecules implicated either in the polarization process or the raft association have been
shown to be involved in providing the guiding signals for polarization. All the molecules
asymmetrically localized only upon polarization cues but here in the thesis, a specific set of
microdomains, herein termed, pre-assembled platforms (PAPs) or flotillae are studied to
play an important role in providing intrinsic cues for leukocyte polarity.

Flotillae- an introduction
Abundant evidence pointed out to the existence of DRMs that are different from caveolae
(Skretting et al., 1999; Johannes and Lamaze, 2002; Sieczkarski and Whittaker, 2002).
While caveolae or caveolins have been studied in detail (Parton et al., 1994; Pelkmans et al.,
2001; Razani et al., 2002) , not much is known about the role of flotillin microdomains. This
subset of microdomains is mainly characterized by the presence of two proteins called
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flotillins-1 and -2. Three groups almost at the same time characterized these proteins.
Epidermal surface antigen (Schroeder et al., 1994b), flotillins (Bickel et al., 1997), reggies
in gold fish (Schulte et al., 1997) - closely related proteins were cloned and characterized by
these groups. Flotillins were originally identified as lipid raft/ caveolae associated proteins
(Bickel et al., 1997) but later research from independent groups proved that flotillins reside
in non-caveolar DRMs (Lang et al., 1998; Solomon et al., 2002). Reggie proteins were
identified as morphogenetic proteins upregulated during regeneration process (Schulte et al.,
1997). Flotillins were also implicated in filopodial formation (Hazarika et al., 1999)
supporting the finding that they were also cloned as growth associated process. They were
implicated in insulin signaling (Czech, 2000; Ros-Baro et al., 2001) as being the raft resident
protein that binds to c-Cbl and CAP to induce signaling from rafts. These proteins were also
implicated in the pathogenesis of alzheimer´s disease (Kokubo et al., 2000; Sawamura et al.,
2000). Flotillins are highly conserved proteins and the antibodies against mammalian cells
recognize in remote species such as gold fish. Flotillin-1 has been shown to be enriched in
lipid raft domains in maturing phagosomes (Dermine et al., 2001) which with the DRM
involvement in internalization gave the idea to follow up the role of flotillins in endocytosis
which is dealt here in the results and discussion section. These proteins were recently
categorized to belong to a novel SPFH (stomatins, prohibitins, flotillins and HflKC) domain
with proteins from evolutionarily distant species such as bacteria (HflKC) (Tavernarakis et
al., 1999; Owczarek et al., 2001). This domain has been implicated to be involved in the
modulation of protease activity after bacteriophage infection in prokaryotes and in the
regulation of membrane associated protein degradation in eukaryotes (Tavernarakis et al.,
1999). Mutations in the C. elegans homologues of the SPFH domain containing proteins
show aberrations in the functions related to mechanical signaling, locomotion, anesthetic and
osmotic sensitivity. Stomatins have been shown to be abundantly present in the lipid rafts of
erythrocytes and platelets (Salzer and Prohaska, 2001; Mairhofer et al., 2002). Recent study
by Kimura et al (Kimura et al., 2001) proposed a domain called sorbin homology (SoHo)
domain as a motif for targeting of proteins to lipid rafts. This domain was reported to be
present in the c-Cbl associated proteins, CAP, vinexin and ArgBP2. The SoHo domaincontaining proteins interact with flotillins and hence are targeted to flotillin microdomains.
This interaction was shown recently to be crucial in insulin signaling pathways. Herein I
introduce the term “flotillae” for the subset of microdomains that are detergent resistant and
could be isolated from caveolae deficient cells like lymphocytes. This thesis also presents
evidence how these distinct subsets of microdomains play an important role in leukocyte
polarity and signaling.
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Aims of the study
The main objective of the thesis is to characterize the function of membrane microdomains
in leukocytes. What is the influence of lipid microdomains on cell pola rity, antigen receptor
signaling and migration of lymphocytes and monocytes? The results and the pertaining
discussion are organized in the following subcategories.
The first category deals with the characterization of a subset of microdomains that
asymmetrically localize to one side of a resting cell. How specific is the asymmetric
localization? This part is also intended to study the participation of these microdomains in
signaling induced by the multichain immune receptors in B lymphocytes and the antigen
receptor in T lymphocyte. What role do they play in lymphocyte signaling? What are the
partners they bind to?
The second part of the work deals with the role of these microdomains in the light of
leukocyte polarization and migration. Upon migratory cues, the leukocytes morphologically
polarize and migrate on extracellular matrix and what is the contribution of the preassembled microdomains on the polarization of these cells.
Several proteins and complexes have been implicated to have a role in internaliz ing surface
receptors and toxins. The last part studies how the microdomains involve themselves in
internalizing receptors and toxins and also how they get degraded themselves.

University of Konstanz

33

Membrane Microdomains in Leukocytes

Materials and Methods
Materials
General Reagents & Materials
10K Dextran-Texas Red

Molecular Probes

2-mercaptoethanol

Merck

A23187 (Calcium ionophore)

Sigma

Acrylamide/ Bisacrylamide (30%T, 2.67%C)

Serva

Agar Agar

Roth

Agarose (LMP)

Gibco BRL

Ammoniumpersulfate (APS)

Sigma

BactoTM Agar

BD Biosciences

BactoTM Tryptone

BD Biosciences

Bacto

TM

Yeast Extract

BD Biosciences

B-Glycerophosphate

Sigma

Bovine Serum Albumin

Gibco BRL

Bromophenol Blue

Merck

Chamber slides (coated with Fibronectin)

BD Biosciences

Chamber slides

Dunn

Cholera Toxin B subunit (FITC conjugated)

Sigma

Cholera Toxin B subunit (HRP conjugated)

Sigma

Complete

TM

Protease inhibitor cocktail

Roche

Cytochalasin B

Sigma

Cytochalasin D

Sigma

DEAE Dextran

Pharmacia

Dimethylsulfoxide (DMSO)

ICN Biochemicals

TM

ESCORT

( Transfection Reagent)

Sigma

Ethanol

Riedel de Haen

Ethylenedinitrotetraacetic acid (EDTA)

Merck

Fetal Bovine serum (FCS)

Linaris

Ficoll-Isopaque

Pharmacia

Formaldehyde (37%)

Merck

Glycerol

Merck

Glycine

Merck

GM-CSF

Leucomax
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HEPES

Gibco BRL

Imidazole

GibcoBRL

Immunopen

Calbiochem

Iscoves modified Dulbeccos medium

Gibco BRL

Isopropanol

Riedel de Haen

Latex beads

Sigma

Metafectine

TM

Biontex

Methanol

Riedel de Haen

Methyl-β-Cyclodextrin

Sigma

Molecular weight markers for SDS Page

Novex

Mowiol (4-88)

Calbiochem

Nonidet P-40 (NP-40)

Sigma

One Shot TOP10F Competent cells

Invitrogen

Paraformaldehyde

Sigma

Penicillin-streptomycin

Sigma

Phalloidin conjugates (Al-488, Rhodamine)

Molecular Probes

Phorbol myristacetate (PMA)

Sigma

Plastic ware for cell culture

TRP

Polyallomer Centrifuge tubes (13 x 51 mm)

Beckmann

Poly-L-Lysine

Sigma

Polyvinylidene-difluoride (PVDF) membranes

Millipore

Ponceau S solution (0.2% in 3% TCA)

Serva

Prolong

TM

Molecular Probes

Propidium Iodide

Sigma

Protein G coupled beads

Dynal

RANTES (Regulated upon activation,

R &D systems

Normal T cell expressed and secreted)
RPMI 1640

Biowhittaker

SDF-1α (Stromal cell derived factor-1α)

Peprtotech

Sodium Chloride

Roth

Sodium Fluoride

Sigma

Sodium Orthovanadate

Sigma

Sucrose

Merck

TEMED (N,N,N´,N´-Tetramethyethylenediamine)

Roth

Transferrin-546

Molecular Probes

Tris

Sigma
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Triton-X-100

Sigma

Trypan Blue

Serva

Tween-20 ( Polyethylene sorbitan Monolaurate)

Sigma

TM

Ultra-Clear

Centrifuge tubes (14 x 89 mm)

Beckmann

Inhibitors used in this Study
Brefeldin A (TGN inhibitor)

Sigma

Chloroquine (Lysosomal acidification inhibitor)

Sigma

Cycloheximide (General protein synthesis inhibitor)

Sigma

LY-294002 (Phophatidylinositol 3- kinase inhibitor)

Sigma

MG-132 (Proteasomal Inhibitor)

Calbiochem

Nocodazole (Microtubule inhibitor)

Sigma

Staurosporine

Sigma

(Protein Kinase inhibitor)

Taxol (Microtubule depolymerization inhibitor)

Sigma

Wortmannin (Phophatidylinositol 3- kinase inhibitor)

Sigma

Y-27632 ( p160 ROCK inhibitor)

Torcis

Antibodies used in this study
Antibodies

Specificity

Source

Goat (Fab´)2 anti-human IgM

Polyclonal

Southern Biotech

Goat (Fab´)2 anti-mouse IgM

Polyclonal

Southern Biotech

Goat (Fab´)2 anti-mouse IgM, Biotin

Polyclonal

Southern Biotech

Goat (Fab´)2 anti-mouse IgM, HRP

Polyclonal

Southern Biotech

Goat anti-CD59

Polyclonal

Santa Cruz Biotech

Goat anti-EEA1

Polyclonal

Santa Cruz Biotech

Goat anti-gamma Tubulin

Polyclonal

Santa Cruz Biotech

Goat anti-human IgM HRP

Polyclonal

Southern Biotech

Goat anti-human IgM

Polyclonal

Southern Biotech

Goat anti-Lyn

Polyclonal

Santa Cruz Biotech

Goat anti-CD44

Polyclonal

Santa Cruz Biotech

Mouse anti-β-tubulin, cy3 conjugated

Monoclonal

Sigma

Mouse anti-c-Cbl

Monoclonal

Transduction Labs

Mouse anti-CD14

Monoclonal

Serotec

Mouse anti-CD3 FITC conjugated

Monoclonal

BD Pharmingen

Primary antibodies
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Mouse anti-CD3

Monoclonal

BD Pharmingen

Mouse anti-CD43

Monoclonal

Santa Cruz Biotech

Mouse anti-CD45

Monoclonal

Transduction Labs

Mouse anti-FLAG M2

Monoclonal

Sigma

Mouse anti-Grb2

Monoclonal

Transduction Labs

Mouse anti-human CD19

Monoclonal

Southern Biotech

Mouse anti-human CD19-Biot

Monoclonal

Southern Biotech

Mouse anti-LAT

Monoclonal

Transduction Labs

Mouse anti-Ubiquitin (mono & polychains)

Monoclonal

Prof. M. Groettrup

Rabbit anti-Lamp-1

Polyclonal

Prof. S. Carlsson

Rabbit anti-actin

Polyclonal

Sigma

Rabbit anti-CAP

Polyclonal

Upstate Biotech

Rabbit anti-Caveolin

Polyclonal

Santa Cruz Biotech

Mouse anti-Phophotyrosine

Monoclonal

Santa Cruz Biotech

Rabbit anti-CD55

Polyclonal

Santa Cruz Biotech

Rabbit anti-CD71

Polyclonal

Santa Cruz Biotech

Rabbit anti-Cholera toxin

Polylclonal

Sigma

Rabbit anti-Clathrin

Polyclonal

Santa Cruz Biotech

Rabbit anti-c-Raf

Polyclonal

Cell signal

Rabbit anti-ERK 1/2

Polyclonal

Cell signal Tech

Rabbit anti-ERM

Polyclonal

Cell signal Tech

Rabbit anti-Lamp-2

Polyclonal

Prof. S. Carlsson

Rabbit anti-MEK 1/2

Polyclonal

Cell signal Tech

Rabbit anti-PERM

Polyclonal

Cell signal Tech

Rabbit anti-phosphotyrosine HRP

Polyclonal

Calbiochem

Rabbit anti-Ubiquitin

Polyclonal

Prof. M. Groettrup

Rat anti-mouse CD19

Monoclonal

ebioscience

Rat anti-mouse CD19, Biotin

Monoclonal

ebioscience

( c-Cbl associated protein)

Secondary antibodies
Donkey anti- Rabbit Cy5 (AP)

(Highly cross absorbed)

Jackson Labs

Donkey anti-Goat Alexa green

(Highly cross absorbed)

Molecular Probes

Donkey anti-Goat Alexa-488

(Highly cross absorbed)

Molecular Probes

Donkey anti-Goat Cy3

(Highly cross absorbed)

Jackson Labs

Donkey anti-Mouse Cy3

(Highly cross absorbed)

Jackson Labs

Donkey anti-Mouse Cy5 (AP)

(Highly cross absorbed)

Jackson Labs
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Donkey anti-Rabbit Cy3

(Highly cross absorbed)

Jackson Labs

Goat anti-Mouse Alexa 488

(Highly cross absorbed)

Molecular Probes

Goat anti-Mouse Alexa-546

(Highly cross absorbed)

Molecular Probes

Goat anti-Mouse Cy2

(Highly cross absorbed)

Jackson Labs

Goat anti-Mouse FITC

(Highly cross absorbed)

Jackson Labs

Goat anti-Mouse HRP (H+L)

Pierce

Goat anti-Rabbit Alexa green

(Highly cross absorbed)

Molecular Probes

Goat anti-Rabbit FITC

(Highly cross absorbed)

Jackson Labs

Goat anti-Rabbit HRP (H+L)
Rabbit anti-Goat, Fab2, Biotin (AP)

Pierce
(Highly cross absorbed)

Jackson Labs

Rabbit anti-Goat HRP (H+L)

Pierce

Streptavidin, HRP

Jackson Labs

Expression Vectors used in this study
EGFP (C2)- D3∆2 ( the control vector), EGFP (C2)- DIII mutant (corresponding to the cterminal domain of FPS15 (+1587/+2700) and EH29 (E∆95/ 295 – deletion mutant of 537
nt) were kindly provided by Dr. Alexandre Benmerah and Prof. Dr. Alice Dautry-Varsat,
Institut Paris, France
pMT2HA-c-Cbl and pGEM4Z-c-Cbl were kind gifts of Dr. Annemieke de Melker and Dr.
Janie Borst, The Netherlands cancer Institute, Netherlands
pCIneo plasmid containing the SH3 conta ining and deletion mutants of CAP ( c-Cbl
associated protein) were kindly gifted by Prof. Dr. Alan R. Saltiel, University of Michigan,
Ann Arbor, USA
Reggie-1-EGFP (Flotillin-2-GFP) containing the rat isoform of Flotillin-2 was kindly
provided by Dr. Ritva Tikannen, University of Bonn, Germany
Cells and Cell lines
Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of
healthy blood donors by Ficoll-Isopaque density gradient centrifugation. Human peripheral
blood T cells and Mouse spleen B cells were isolated by MACS sorting.
B cell lines
The pro-B cell line KM3, the pre B cell line Nalm6, the mature B cell lines Raji, Dakiki and
the plasma cell line HSSultan were maintained in Iscoves modified Dulbeccos medium. The
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mature B cell line, Ramos was kindly provided by Prof. T. Wirth (University of Ulm, Ulm,
Germany) and maintained in 5% FCS containing RPMI. The mouse B cell lines J558 wt and
J558 Igα mutant containing a deletion mutant in the cytoplasmic tail of Igα were kind gifts
of Dr. M. Huber (MPI, Immunologie, Freiburg) and maintained in RPMI with 10% FCS.
T cell lines
Jurkat T leukemic cell line and Molt 4 T cell line were maintained in 5 % FCS containing
RPMI.
Other cell lines
U937 promonocytic cell line was maintained in 10% FCS containing Iscoves medium.
HeLa, CHO, COS-7 and mouse neuroblastoma cell line, N2a (Kindly provided by Prof.
Gopplet-Streube, Erlangen, Germany) were all maintained in 10% FCS containing
Dulbeccos modified essential medium. All the cells were maintained either at 5 % or 7.5%
CO2 .

Methods
Cell culture
Eukaryotic cells were grown in culture flasks at 37°C in a humidified incubator maintained
under sterile conditions. The cells were either maintained either at 5 % or 7.5% CO2
depending on the cell type and the medium chosen. Cells were maintained by feeding with
complete media every 2-3 days until they reached confluency. Suspension cultures ( most of
the lymphocyte and pro-monocyte cultures) were passaged in a ratio of 1:5 to 1:8. Adherent
cells were maintained by seeding them every third day in a ratio of 1:4 and the adherent cells
were detached by Trypsin/ EDTA treatment. Cells were counted using Neubauer
Hemacytometer.
Cells were frozen and stored in liquid nitrogen for long term storage purposes. After
washing with 1x medium, the suspension cells were resuspended in freezing medium (10%
(v/v) DMSO in medium). Cells were transferred into cryovials and the vials were stored in
–70°C for 24 hr and thereafter transferred to a liquid nitrogen container and maintained as
frozen stocks by replenishing liquid nitrogen on a periodic basis.
Lymphocyte Isolation
Peripheral B and T cell purification
Peripheral blood mononuclear cells (PBMCs) were purified from whole blood by ficol
density gradient centrifugation of fresh blood (diluted with an equal volume of PBS) for 20
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min at 2000 rpm without brake. The mononuclear layer in the interface after discarding the
upper layer that contains plasma and most of the platelets is enriched with lymphocytes and
monocytes. B and T cells were enriched by suspending PBMCs in 80 µL of MACS buffer (5
mM EDTA/ PBS, 0.5%FCS). 20 µL of CD3 beads were mixed well with the cell suspension
and incubated for 20 min at 4°C. Cells were washed by adding 10-20 times MACS buffer,
centrifuged at 300g for 10 min, the supernatant removed completely and the cell pellet
resuspended in MACS buffer (500 µL buffer for 108 cells). The suspended cells were added
onto a previously washed separation column placed on a Mini MACS separation unit. The
cell suspension was allowed to run through the column and the effluent collected as negative
fraction. The column was washed 3 x with 500 µL buffer and the total effluent collected as
negative fraction. The column was removed from the separator magnet and placed on a new
collection tube. The positive fraction was collected by adding 1 ml of buffer to the reservoir
column and firmly flushing out the cells using a plunger.
Monocyte preparation
Cultivation and differentiation of monocytes
Peripheral blood mononuclear cells (PBMC) were prepared in cell preparation tubes
(Vacutainer CPT, sodium citrate, Becton Dickinson, Heidelberg, Germany) according to the
manufacturer’s instructions. After centrifugation (20 min, 1650g) the white layer above the
gel containing the PBMC was removed and the cells were washed three times with RPMI
1640 (BioWhittaker, Verviers, Belgium) containing 2.5 IU/ml heparin (Liquemin ,
Hoffmann LaRoche, Grenzach-Whylen, Germany). Cells were resuspended (BioWhittaker,
Verviers, Belgium) in RPMI 1640 + 100 IU/ml penicillin/streptomycin (BioWhittaker) +
10% heat-inactivated FCS (Linaris, Wertheim-Bettingen, Germany), plated on Falcon
Culture Slides (Becton Dickinson) and incubated at 37°C and 5% CO2 for various durations.
Some samples were additionally stimulated with 100 ng/ml GM-CSF (Leucomax 300,
Sandoz, Basel, Switzerland) at the start of incubation. After the incubation the lymphocytes
were removed by washing the culture slides three times with PBS. The adherent monocytederived

macrophages

were

fixed

in

–20°C

methanol

or

4%

PFA/PBS

for

immunofluorescence.
MACS-Isolation of monocytes
CD14-postive cells were isolated from PBMC with EasySep CD14 magnetic beads
(StemCell Technologies, Vancouver, Canada) according to the manufacturer’s instructions.
Achieved purity was checked by flow cytometric analysis of CD14-FITC (Serotec, Oxford,
UK)/CD45-PerCP (Becton Dickinson) staining and reached > 90%.
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Stimulation of T cells
Lipid raft / TCR clustering induced T cell activation
For signaling studies, Jurkat T cells (5 x 107 ) were washed twice with serum free medium
and incubated with 15 µg of CTx-B (Cholera Toxin-B) subunit or anti-CD3 antibodies and
incubated in the cold for 30 min. After washing twice with serum free medium, anti-CTx-B
antibodies or goat anti-mouse antibodies were added and incubated again in the cold for 30
minutes. The excess of antibody was removed by washing twice and the cells were
incubated with 37o C pre-warmed medium, incubated at 37o C for the indicated times and
immediately quenched with 5 volumes of ice-cold serum free medium. The cells were then
spun down, washed and lysed either in 1% NP-40 containing RIPA lysis buffer or 1%
Triton-X-100 containing raft lysis buffer. The lysates were then processed for either
immunoprecipitation or western blotting.
PMA / Ca2+ stimulation
5 x 107 Jurkat T cells were washed twice and activated for different times with PMA (50
ng/ml) and Ionomycin (1 µM) in serum free medium. After spinning down the cells at 800g
in cold, the cells were lysed in 1% NP-40 lysis buffer and an aliquot of each sample was
used for western blotting.
Peripheral Blood T lymphocyte activation and T lymphoblast formation
Purified T cells (1 x 105 ) in 5% FCS containing RPMI were seeded into anti-human CD3
plates and incubated in the incubator for 3-4 days under sterile conditions. The T
lymphoblasts were then used in further stimulation for chemokinesis and migration studies.
Stimulation of B cells
Human Ramos B cells or the J558L (wt or the Igα mutant) were washed twice with serum
free medium and incubated either with full IgG or the Fab2 fragments of IgM for 30 min in
cold. The cells were washed extensively at the end of the incubation to remove the excess of
antibody. In some cases, secondary antibody crosslinking was preformed and in these
instances, the secondary antibody was also incubated for 30 min in cold and washed
extensively to remove the unbound antibody. The cells were then spun, resuspended in 37°C
prewarmed medium and incubated for different times at 37°C. After the end of the
incubation, the cells were then lysed either in the 1% Triton-X-100 containing TNEPPI
buffer or 1% NP-40 containing RIPA lysis buffer and processed for western blotting or
isolation of detergent resistant membranes (DRMs).
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Isolation of Lipid rafts / Detergent resistant membranes
Lipid rafts or DRMs from the lymphocytic and the monocytic cell lines were prepared by
discontinuous sucrose density gradient ultracentrifugation. 108 cells were thoroughly washed
with TNEPPI buffer (10 mM Tris, 150 mM NaCl and 5 mM EDTA with 1 mM sodium
orthovanadate, 100 mM β-glycerophosphate and 50 mM sodium fluoride as phosphatase
inhibitors and protease inhibitor cocktail tablet) and lysed in the same buffer but with 1%
Triton X-100 as the lysing agent and the lysis and the subsequent centrifugation steps were
carried out at 4o C. The lysate was centrifuged at 900 g. The supernatant was mixed with 1
ml of 85% sucrose prepared in TNEPPI buffer and layered at the bottom of a 14 x 89 mm
Beckman centrifuge tube. 6 ml of 35% sucrose was overlaid and on top 3.5 ml of 5%
sucrose was layered to make the gradient. The gradient was run for 18-20 hr at 200,000 g in
a SW41 rotor at 4o C. 12 fractions of 960 µl each were collected from the top of the tube after
centrifugation and an aliquot was heated with SDS Laemmli buffer and processed for SDSPAGE and Western analysis.
In some cases, 107 cells were lysed and the whole volume of the gradient was reduced to 5
ml and 12- 415 µl fractions were collected from the top of the gradie nt and processed as
described above.
Cell surface Biotinylation
108 cells (Jurkat, Raji, Nalm6) were washed completely of the medium with PBS (pH 8.0
with 1 mM Ca2+, 1 mM Mg2+) and 0.5 mg/ml of the Sulfo-NHS-LC-Biotin was added and
incubated for 30 min in the cold. The reaction was quenched by washing the biotinylated
cells with 10 volumes of the quenching buffer (PBS with 100 mM glycine, pH 8.0) and the
cells were washed twice with PBS alone. The viability of the cells was assessed by trypan
blue exclusion and > 95% excluded the dye.
Cyclodextrin Treatment
Cells were treated with 12.5 mM Methyl-β-Cyclodextrin (CDX) for 45 min at 37o C in serum
free medium. At the end of the incubation, cells were washed thoroughly to remove excess
cyclodextrin. Also cells were incubated with trypan blue to check the viability of the cells at
the end of the treatment. Most of the cells excluded the dye. An aliquot was processed for
immunofluorescence and approximately 108 cells were lysed in 1% Triton-X-100 lysis buffer
for preparation of detergent insoluble fractions. Control cells did not receive any CDX
treatment.
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SDS –Polyacrylamide gel Electrophoresis
The samples from either the whole cell extracts or the gradient fractions were boiled with
SDS Laemmli buffer and centrifuged. Supernatants were loaded onto a reducing 4-12%
gradient NuPAGE gel and run according to the protocol specified by the manufacturer.
Briefly, the samples (boiled with or without β-mercaptoethanol) were loaded onto the gel
and run with SDS containing either MOPS or MES buffer for around 1 hr at 180V and
around 110 mA per gel. After the run, the gels were removed and processed either for silver
staining or western blotting.
Silver staining
For silver staining, the gel was removed from the cassette and fixed with 50% methanol,
12% acetic acid and formaldehyde for 1 hr. After fixation, the gel was washed twice with
50% ethanol and treated with 0.02% sodium thiosulphate for 1 min and immediately after
the impregnation step, washed thrice with distilled water and incubated with 0.2% Silver
nitrate and formaldehyde for 20 min followed by washing with water. The bands were
visualized with 6% sodium carbonate with formaldehyde and the reaction was arrested with
methanol and acetic acid.
Western Blotting
In case of Western blotting, the gels were blotted onto a nitrocellulose membrane and
transferred under reducing conditions according to the manufacturer’s protocol (Novex).
After the transfer, the blots were stained with Ponceau-S and blocked with either 1.5% BSA
in TBS with 0.2% Tween-20 (TBST) or with 10% fat-free milk powder in TBST for 1 hr.
After blocking is done, in many cases, the blots were incubated with the primary antibody
for 1hr at room temperature or overnight in cold and washed several times with TBST and
then secondary antibody was added for 45 min and then washed several times with TBST. In
some cases, the blots were incubated with the primary antibody directly coupled to
peroxidase. The blots were developed and the bands visualized by Pierce West Pico Super
signal chemiluminescent kit (Bonn, Germany).
Immunoprecipitation
The CTx-B cross-linked and activated T cells were lysed as described above and the lysate
was pre-cleared with Protein-G coupled magnetic beads (Dynal, Norway) for 2 hr at 4o C.
The pre-cleared lysate was separated from the beads by magnetic separation. Protein G
coupled magnetic beads were incubated with either the anti-flotillin antibodies or the mouse
IgG antibodies as control for 50 min at room temperature. The beads were washed twice
with 0.1% NP40 lysis buffer and added to the pre-cleared lysate and incubated overnight in
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cold. The antibody bound beads were magnetically separated and washed once with 1% NP40 lysis buffer and thrice with 0.1% NP-40 lysis buffer. The immunoprecipitates were
analyzed by western blotting as described below.
Immunofluorescence and Confocal Microscopy
For all fluorescence microscopy experiments, treated or untreated cells were washed and
attached to polylysine coated cover slips (around 105 cells/ slip). The cells were then fixed
either with –20°C methanol for 5 min in –20° C or 4 % paraformaldehyde for 5 min in room
temperature and in some cases, with both. After fixation, the cells were washed three times
with 0.1% Triton-X-100 containing PBS and then the primary antibodies in 1% BSA/ PBS
were added for 1 hr at room temperature. After the primary antibody binding, the cells were
washed four times with 0.1% Triton-X-100 containing PBS and the fluorescent conjugated
secondary antibodies were added for 45 min in room temperature. The cells were washed
thrice with PBS and mounted on microscopic slides using Mowiol (Calbiochem, Bad Soden,
Germany) with n-propylgallate as antifading agent. After 24 hr, the stainings were analyzed
using the LSM 510 image browser software (LSM 510; Zeiss, Oberkochen, Germany)
equipped with a Plan-Apochromat 100 x oil immersion lens.
In case of adherent cells, cells were grown either on non-coated or poly-lysine coated sterile
cover slips and stainings were carried out on the cover slips.
Inhibition treatments
MG-132 Z-Leu-Leu-Leu-CHO (MW 475.6)
MG-132 is a potent, non-specific, reversible, cell-permeable inhibitor of the proteasome.
Also a potent inhibitor of calpains and cathepsins. It reduces the degradation of ubiquitin
conjugated proteins by the 26S complex without affecting its ATPase or isopeptidase
activities. It is effective at micromolar concentrations. Concentration used was 5 µM-10 µM.

Chloroquine (7-chloro-4-(4-diethylamino-1-methylbutylamino)quinoline, or N4(7-chloro-4-quinolinyl)-N1-N1-diethyl-1,4-pentanediamine)
Chloroquine is a lysomotropic drug. It is a weak base, uncharged at neutral pH while it
carries a positive charge at acidic pH. Owing to this property chloroquine is selectively
accumulated inside lysosomes. The uncharged compound rapidly diffuses through the
plasma and lysosomal membranes, while once charged the compound becomes trapped
inside the acidic lysosomal compartment of the parasite. This may lead to the generation of a
concentration gradient of several orders of magnitude. 100 µM was the final concentration
used.
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Brefeldin A (MW 280.4)
It has antiviral, antitumor, antifungal and antimitotic properties. BFA induces DNA
fragmentation and apoptosis in cancer cells. BFA reversibly disrupts the Golgi assembly and
interrupts the transport of proteins from the ER to the Golgi. Brefeldin A causes the contents
of the Golgi stack to be redistributed into the endoplasmic reticulum while the TGN collapse
upon the microtubule organizing center. 1) Blocks protein secretion a) Disrupts Golgi stacks
b) Golgi stacks disappear 2) Golgi proteins redistribute into the ER a) Indicates that
transport between the ER and Golgi is bi-directional 3) BFA effect is reversible: Golgi
reassembles when the drug is withdrawn 4) BFA blocks ER-to-Golgi transport without
affecting Golgi-to-ER transport. Concentration used was 10 µg/ml.
Nocodazole (MW 301.3)
Methyl-(5-(2-thenoyl-2-)-1H-benzimidazol-2-yl)carbamate
Nocodazole disrupts microtubules though it’s binding to β-tubulin and preventing formation
of one of the two interchain disulfide linkages, thus inhibiting microtubule dynamics,
disruption of mitotic spindle function and fragmentation of the Golgi complex. It also arrests
the cell cycle at the G2/M phase. It is known to prevent T cell receptor signaling and to
induce apoptosis in several tumor cell lines. Concentration used was 100 µM.
Wortmannin (MW 428.4)
Wortmannin is a fungal metabolite from Penicillium fumiculosum and a specific, potent
inhibitor of myosin light chain kinase and neutrophil activation by inhibiting F-met-leu phe(FMLP) -stimulated superoxide anion production without affecting intracellular calcium
mobilization. It inhibits FMLP-stimulated phospholipase D activation without direct
inhibition of the enzyme. It also inhibits phosphatidylinositol-3-kinase (PI3kinase) and
blocks IgE-mediated histamine release in rat basophilic leukemia cells and human basophils.
0.5 µM- 2 µM concentrations were used.
Cytochalasin D (MW 507.6)
It is a cell permeant fungal toxin and exerts its effect on the cytoskeleton by interfering with
the polymerization of actin and blocks the formation of contractile microfilaments. While
cytochalasin B inhibits the glucose transport, cytochalasin D does not interfere with the
transport of glucose and specifically inhibits the cytoskeletal contraction. Final concentration
of 20 µM was used.
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Y-27632 (MW 320.26)
trans-4-[(1R)-1-Aminoethyl]-N-4-pyridinylcyclohexanecarboxamidedihydrochloride
It is a selective inhibitor of the Rho-associated protein kinase p160ROCK. It also inhibits the
protein kinase C-related protein kinase, PRK2. It is also shown to relax the smooth muscles.
Concentration used was 10 µM.

Taxol (MW 853.9)
Taxol inhibits disassembly of microtubules and thus prevents normal cell division. Taxol
binds to polymerized tubulin promoting microtubule formation and microtubule stabilization
against disassembly and hence inhibiting mitosis and therefore cancer growth. 5 µM was
used for the final concentration.
During Inhibitor treatments, the cells were pre-incubated with the inhibitors for 15 min
before the activation and continued to incubate along with the inhibitor during activation for
various periods of time. After the inhibitor treatment with or without activation, the cells
were washed extensively and processed either for preparation of DRMs or for
immunofluorescence microscopy.
Chemokine induced migration
T lymphoblasts were plated on 80 kD fragment of Fibronectin (FN80) coated culture slides
for 5, 30 or 60 min in the presence or absence of the chemokines, SDF-1α or RANTES at
37o C. SDF-1α was used in the concentration of 100 ng/ ml and RANTES, 10 ng/ml. After
the indicated periods of incubation, the cells were fixed with methanol at –20°C for 5 min or
4% PFA for 10 min at room temperature and processed for confocal microscopy.
Bacterial Transformation and Plasmid analysis
The plasmids were amplified by transforming competent bacteria (TOP10F´, Invitrogen) by
the heat shock method (42°C for 45 seconds) and propagated according to their antibiotic
resistance. The plasmids were prepared using a QiaFilter Midi Kit and analyzed by the 260
nm/280 nm ratio and by running on 1% Agarose gel.
Transfection and Overexpression analysis
Jurkat T cells Electroporation
Approximately 7 x 106 cells were seeded in tissue culture flask with complete RPMI
medium and incubated for 24 hr so that the number of cells would be around 107 at the end
of the incubation. The cells were washed once with serum free medium and resuspended in
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approximately 400 µl of the same. The cells were mixed with 5 µg of DNA (or in some
cases 20 µg) and incubated on ice for 10min. The contents were then transferred to a 4mm
cuvette and electroporated using a Bio-Rad Gene Pulser™ with pulse volts as 240V,
capacitance as 960 µF and Time constant as 35-40 for 3-5 seconds. After the pulse, the
cuvette was flicked a few times and kept on ice for 5 min and then the contents were
transferred to 5 ml of pre-warmed non-selective medium. Subsequently the cells were
cultured for 24 to 72 hr under standard culture conditions. The expression of the exogenous
gene was monitored either by immunofluorescence or western blotting.
Adherent cell transfection – for HeLa cells and other cell types
1 x 105 cells were seeded per dish in 1ml of fresh DMEM in 12 well tissue culture plates.
The cells were incubated at 37°C in a CO2 incubator until they were almost 50% confluent.
The solutions of DNA and metafectine transfection reagent were vortexed gently and prewarmed prior to use. Serum free medium without any antibiotics was used for all the
transfection conditions. 50 µl medium containing 1.0 µg of DNA was mixed with 50 µl of
medium containing 3-4 µl of transfection reagent and the solutions were carefully mixed by
pipetting gently several times and incubated at room temperature for 25 min. This incubation
results in the DNA-transfection reagent lipid complex formation which is essential for
efficient introduction of genes into the cells. The complex was added to the cells and mixed
gently. In some cases, the cells were incubated initially for 4 hr with serum free medium and
shifted to complete medium later. The cells were incubated at 37°C in a CO2 incubator. The
expression of the introduced gene was analyzed either by western blotting or/ and
immunofluorescence microscopy.
DEAE-Dextran method for COS cells:
The cells were plated at a density to achieve 50% to 75% confluence on the target day for
transfection. On the day of transfection, 2.5% FCS containing medium was prepared and
100 mM (100x) chloroquine diphosphate was added so that a final concentration was 100
µM. The transfection medium was prewarmed to 37°C. Meanwhile, the plasmid DNA was
added to DEAE dextran (10 mg/ml) and incubated for 5 min at room temperature and this
complex was directly added to the 2.5% FCS and 100 µM chloroquine containing prewarmed medium. This complete transfection medium was then added to the cells and
incubated in the incubator for 4 hr. At the end of 4 hr, the transfection medium was removed
from the cells and replaced with 2 to 3 volumes of 37°C pre-warmed 10% DMSO / PBS and
incubated for 4 min. The DMSO/ PBS was then aspirated, replaced with the standard
amount of complete medium and the cells were incubated for 24 to 48 hr. The expression
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was checked again by using the EGFP fluorescence in a fluorescence microscope or/ and by
western blotting.
Endocytic measurements
Internalization assays
COS-7, CHO or neuroblastoma cells were incubated either with Transferrin-546 (10 µg/ml)
or Transferrin-488 (10 µg/ml) for 3 min or 20 min at 37°C and washed extensively and
processed for immunofluorescence. With 10kD Dextran conjugated with Texas Red (1
mg/ml), the incubation was also performed for 3 min and 20 min. CTx-B (cholera toxin-B
subunit) (0.5 µg/ml) uptake was monitored for 20 min at 37°C. Early endocytic
intermediates (3 min) were detected by staining for EEA-1 (Early endosomal antigen-1) and
the late endosomes (20 min) or the recycling compartment either with Golgi markers or the
MTOC marker, β-tubulin.
In case of experiments to decipher the role of clathrin involvement in DRM mediated
endocytosis, cells transfected with dominant negative clathrin mutants (DIII or EH29) were
used and the uptake of tracers was monitored. To rule out the caveolae involvement, cells
(N2 a and Jurkat) were used.
Endosomal Preparation
Confluent cells were removed from the plates, washed extensively with 3 mM imidazole
containing buffer and spun at 100 rpm for 5min in cold. The pellet was then homogenized in
the homogenization buffer (25 mM sucrose, 3 mM imidazole) using a douncer. The
homogenate was then centrifuged for 20 min in the cold and the supernatant was collected
for gradient centrifugation. 1 ml of the homogenate supernatant was mixed with 62% (wt
/wt) sucrose and overlaid with 35%, 25% and 10% sucrose in 14 x 89 mm centrifuge tube
and spun for 1 hr in the cold at 100,000g. After the end of the run, 1 ml fractions were
collected from the top and the 10-25% interface represented the endosomal fraction. The
fractions were stored frozen at –20°C. An aliquot of each fraction was boiled with reducing
SDS buffer and processed for western blotting.
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Results and Discussion
Distinct subclass of microdomains confers inherent polarity to leukocytes
Objective
According to the hitherto accepted view, lymphocytes and monocytes are round, nonpolarized cells (Simons and Toomre, 2000) which become polarized and recruit certain
molecules to the polarized edge only upon activation (Dustin and Chan, 2000; GomezMouton et al., 2001). Several recent studies (Allenspach et al., 2001; Bi et al., 2001;
Roumier et al., 2001) have emphasized the importance of certain proteins in activationdependent cellular polarization and subsequent immunological synapse formation. These
studies also underscored the importance of lipid microdomains in the polarization and the
activation processes (Bi et al., 2001; Gomez-Mouton et al., 2001). Molecules of the ERM
family (Allenspach et al., 2001; Delon et al., 2001; Roumier et al., 2001; Shaw, 2001) ,
PKC-θ (Bi et al., 2001), several signaling molecules like Lck (Holdorf et al., 2002), LAT,
Vav and several co-receptors like CD28 (Holdorf et al., 2002) , CD21 and CD19 (Cherukuri
et al., 2001a) (in case of B cells) have been shown to translocate upon activation to the
supra-molecular activation clusters (SMAC) in a polarized fashion. However, under nonactivated conditions none of these molecules show any preferential localization that could
act as a pre-determined platform for activation.
The existence of these lipid microdomains in live cells has been a subject of dispute since
the demonstration of these microdomains on non-treated cells has been extremely difficult
(Edidin, 2001c). The concept of rafts itself has been very controversial since the definitive
proof for their existence in living cells has been very elusive. Cross-linking (Friedrichson
and Kurzchalia, 1998) and fluorescence resonance energy transfer (Varma and Mayor, 1998)
methods have enabled to visualise certain GPI-anchored proteins in lipid rafts but so far no
microdomain resident protein has been shown to exist as visible stable platforms in the
membrane. This study shows for the first time that the lipid microdomain marker proteins,
Flotillin-1 and –2 form stable, microscopically visible pre-assembled platforms (PAPs) in
hematopoietic cells and possibly serve as scaffolds for activation. Flotillins are highly
related proteins (Malaga-Trillo et al., 2002) which were originally identified as lipid raft
associated (Bickel et al., 1997) morphogenetic proteins (Schulte et al., 1997). Previous
studies on flotillins on their morphogenetic function on neuronal (Schulte et al., 1997) and
epithelial cells (Hazarika et al., 1999) have led to investigate the role of these proteins in
lymphocyte signaling.
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PAPs are present in all the hematopoietic cells
Recent study conducted in our laboratory showed (Solomon et al., 2002) the expression and
the lipid raft association of flotillin-2 in different stages of B cell development. All the cells
expressed both proteins in high amounts (Fig. 9) and the ubiquitous expression of flotillins
suggest a functional importance during evolution.

Fig. 9: Expression of flotillins in different hematopoietic cells.
Lanes 1-9; pro B cell line KM3, pre B cell Nalm6, EBV transformed mature B cell lines Dakiki, Raji,
plasma B cell line HSSultan, peripheral blood B lymphocytes, T lymphocytes, T cell leukemic Jurkat
cells and the promonocytic cell line, U937. M, marker lane. A & B; Detection of flotillin-1 and –2 by
Western blotting. Both flotillins run at 48kDa under reducing conditions and the ponceau stainings
serve as loading controls. Ponceau-S staining of the whole cell lysates shows the amount of whole cell
lysate loaded.

B cells, when stained with anti-flotillin-1 and -2 antibodies, showed a distinct “cap” like
staining (Fig. 10). Since most of the resting B cells exhibited this striking “cap” like
staining, we extended our studies to other cells of hematopoietic origin. Jurkat T cells (Fig.
10), Molt4 T cells and the pro-monocytic U937 cells (Fig. 10) also showed a cap like
staining.

Fig. 10: Flotillins show asymmetric “capped” localization in resting hematopoietic cells
Non activated pre B cell line Nalm6 (A), mature B cell lines Raji (B), Ramos (C), T leukemic Jurkat
cells (D) and promonocytic cell line U937 (E) were stained with mouse monoclonal anti-flotillin-1
(green) and images were obtained with laser scanning confocal microscopy. All the cells exhibited the
“cap” like staining. These cells were not activated by any means the staining was performed after
fixation.
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This striking feature was shown by both flotillins and both proteins showed extensive colocalization in these PAPs. In different stages of B cell development, represented by the
different B cell lines, Nalm6 (pre-B cell stage), Raji and Ramos (mature B cell stage) about
80% and in the Jurkat T cells, around 70% of the cells showed PAPs. In the U937 monocytic
cell line, we observed more than 90% of the cells to exhibit this feature.
Overexpressed flotillins/ reggies are targeted to PAPs
In order to check if flotillins/ reggies could be targeted to the PAPs, we overexpressed
reggie-1-EGFP in Jurkat T cells. Remarkably, we found that overexpressed flotillins were
also targeted to the PAPs (Fig. 11) indicating that flotillins carry a selective PAP targeting
signal. Overexpression also lead to the formation of filopodia and lamellipodia like
structures in accordance with earlier reports on forced expression of flotillins in epithelial
cells leading to enhanced growth of subcellular structures such as filo podia (Hazarika et al.,
1999). As shown in Fig. 11 (lower panel), overexpressed flotillins not only are targeted
polarized to one pole of the cell but also stained the microtubule organizing centre (MTOCs)
which could mean that flotillins either are targeted to the plasma membrane via the
microtubules or their turnover depends on the intact microtubules. It is worthy to mention
that both the overexpressed flotillins and endogenous flotillins localise to the MTOCs (Fig.
11 and Fig. 10) which suggests that plasma membrane targeting/ turnover of flotillins are
microtubule dependent.

Fig. 11: Overexpressed flotillins are
also targeted asymmetrically to pre
assembled platforms (PAPs).
Flotillin-2-EGFP is selectively targeted
to the PAPs. Jurkat cells were
electroporated with the plasmid and the
cells were scanned with laser scanning
microscopy. The overexpressed fusion
protein was also targeted to the PAPs.
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Structure of the PAPS
The PAPs mostly were of 5 –10 µm in size and constituted smaller clusters of around 100
nm-150 nm size each (Fig. 12 & Fig. 13).

Fig. 12: PAPs constitute flotillins in clustered microdomains
Confocal image of a resting Jurkat cells were stained with anti-flotillin (red) antibody. The
image at the right shows a magnification which shows that the pre-assembled platforms
actually are constituted by several small microdomain clusters about 100-200nm size.

The flotillins exist as microscopically visible microdomains (Fig. 13) inside the PAPs. The
Z- stack image through the B cell presented in Fig. 13 shows that the PAPs are three
dimensional large platforms spanning almost half of the cell perimeter.

Fig. 13: PAPs span almost half the perimeter of the cell
Z- Stack image of a mature B cell line, Raji, stained with anti-flotillin antibody (green).
Image shows that flotillins are preferentially localized to one pole of the cell and the PAPs
are constituted of small clusters. The image also shows that the PAPs span almost half the
perimeter of the cell.
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Furthermore, bright field images and actin staining showed that the cells analyzed were
round, intact and morphologically undisturbed (Fig. 14). Fig. 14 also shows the orientation
of these PAPs with respect to the nucleus. In most of the cases, we observed that the caps are
polarized just opposite to the nuclear constriction coinciding with the MTOCs (Microtubule
organizing centers).

Fig. 14: Flotillins and Actins
Confocal microscopy image of Jurkat cells fixed with 4% PFA stained with anti-flotillin-1 (red)
antibodies and co-stained with phalloidin green (green). Intense intracellular staining of flotillins
shows the nuclear morphology (indicated by arrowheads) and helps perceive the orientation of the
PAPs with respect to the nucleus. Bright field images (DIC) show the intact, round morphology of
these cells.

Intensity imaging displayed in the rainbow scale in Fig. 15 shows that the PAPs assemble
flotillins in high concentrations. Rafts have been demonstrated by various means as
reviewed by Simons and Toomre (Simons and Toomre, 2000) but so far a convincing
demonstration for their existence in resting conditions has not been available. For the first
time, this study shows that rafts or the detergent resistant microdomains could be visualized
even under resting conditions.
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Fig. 15: Intensity imaging of PAP associated flotillins
Confocal staining of Jurkat cell stained with anti-flotillin antibody (red) and image processed by
Rainbow intensity imaging program of Zeiss LSM 510. The red and yellow spots indicate a higher
concentration of flotillins and the image clearly shows that PAPs accumulate high concentrations of
flotillins.

Flotillins partition into detergent resistant microdomains of hematopoietic cells
Rafts or the membrane microdomain components could be isolated by cold detergent
extraction methods (Brown and Rose, 1992; Edidin, 2001c) and are defined operationally as
detergent resistant membranes (DRMs) (Brown and London, 1997; Simons and Toomre,
2000). Flotillins are membrane associated proteins (Bickel et al., 1997) and almost all of the
membrane associated flotillins fractionated in the detergent resistant fractions (Fig. 16).
Centrifugation through sucrose gradients indicated that the PAPs were contributed by the
lipid microdomain associated flotillins, which co-fractionated with the lipid raft markers like
Lyn and GM1 and excluded the non-lipid raft proteins like IgM (Fig. 16). Purified plasma
membrane fractions and surface biotinylation experiments also clearly demonstrated that the
membrane associated flotillin-PAPs almost exclusive ly partition into DRMs. To our
knowledge this is the first demonstration with microscopic evidence that lipid rafts which
partition almost exclusively into detergent resistant fractions are polarized under resting
conditions and could be seen without emplo ying any sophisticated techniques.
Flotillins localize almost exclusively to DRMs
As shown in Fig. 16, flotillins exclusively contained themselves to the detergent insoluble
fractions also called as the raft fractions. Lyn, another lipid raft marker also partitions into
lipid rafts but does not exclusively reside in the raft fraction suggesting that flotillins carry
an exclusive raft localization signal. In order to study the specificity of raft partitioning,
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silver staining was performed. The sucrose gradient fractions were run on a denaturing SDSPAGE and stained with silver nitrate as described in the materials section. As shown in Fig.
17 most of the total proteins localize into the soluble fractions under resting conditions.

Fig. 16: Flotillins partition into the detergent resistant membrane fractions/ Lipid raft fractions
Detergent insolubility of flotillins. Cells (A-E as in Fig. 2) were lysed in cold 1% Triton X-100 and a
sucrose gradient was overlaid onto the lysate as mentioned in the methods section. The detergent
insoluble fractions 2-5 were identified by GM1 blotting with CTx-B-HRP and blotting with anti-Lyn
antibodies. Note that the B cell receptor (IgM) under non-activating conditions was excluded from the
detergent insoluble fractions.

In order to estimate the percentage of membrane proteins that partition into raft fractions,
cells were surface biotinylated as described under the materials section. The surface
biotinylated cells were then lysed in the raft lysis buffer and lipid rafts were isolated. As
shown in Fig. 17, very few biotinylated proteins (cell surface proteins) partitioned into lipid
rafts showing that only few membrane and membrane associated proteins partition into the
lipid rafts under non-activated conditions. Several proteins, like the T cell receptor (Xavier
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et al., 1998), B cell receptor (Cheng et al., 2001b), co-receptors such as CD19, CD21
(Cherukuri et al., 2001b) have been shown to be translocated to the lipid rafts only upon
stimulation through the antigen receptors. However, as shown, most of the flotillins reside in
the raft fractions marking them as exclusive markers of the lipid rafts. The results suggest
that very few proteins reside in the raft domains under resting conditions and flotillins are
major components of the lipid raft domains in immune cells. The exclusive raft partitioning
and capped localization in resting cells show that the pre-assembled platform-associated
flotillins are the raft associated flotillins and hence one could visualise flotillin-raft domains.

Fig.
17: DRMs/ Raft fractions
accumulate very little of total protein
but almost all of the total flotillins
a) Silver Staining of sucrose gradient
fractions. 1uL of sample was loaded onto
the gel and stained as explained in the
materials section. Note that most of the
total proteins are localized in the soluble
fractions and the raft fractions accumulate
less than 1% total protein.
b) Western blotting of biotin labeled
membrane proteins separated on a sucrose
gradient. Cells were biotinylated and the
detergent resistant microdomains were
prepared on a sucrose gradient. The
fractions were PAGEd and blotted wit
streptavidin-HRP. Note that less than 5%
of the membrane proteins partition into the
raft fractions.
c) Sucrose gradient fractions blotted with
anti-flotillin-1 and -2 antibodies. Note that
almost all of flotillins are present in the
raft fractions which accumulate less than
1% of total proteins.

Flotillins alone show asymmetric localization in resting cells
We tested for the localization patterns of several of the molecules implicated in raft
association and cellular polarization like CD59, CD71 (Janes et al., 1999), ERM family
proteins, (Allenspach et al., 2001; Delon et al., 2001; Roumier et al., 2001) Lck, (Holdorf et
al., 2002) CD21 (Cherukur i et al., 2001a) (Fig. 18) and flotillins (Bickel et al., 1997;
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Solomon et al., 2002). None of the molecules but flotillins localized extensively to a
circumscript area of the cell surface. We also observed intracellular localization of flotillins
concentrated near the centrosome (Solomon et al., 2002) (Fig. 10). These cells were not
activated by any means. The PAPs seem to exist under resting conditions and conserved
throughout the hematopoietic system.

Fig. 18: Flotillins alone show exclusive asymmetric localization
The first two rows represent non-activated Jurkat T cells stained with flotillin-2 antibody (red) and
with anti-CD59, and anti-CD71 antibodies (green). The third row shows anti-ERM (red) and antiflotillin-2 (green) co-staining in U937 promonocytic cells. The bottom most row represents the B cell
line Raji stained with anti-CD21 (red) and flotillin-2 (green) antibodies. None of the molecules but
flotillin showed a polarized expression.
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Flotillin-PAPs define a subset of DRMs
Lipid rafts defined as detergent resistant membranes (DRMs) are Triton-X 100 insoluble and
are enriched in cholesterol (Brown and London, 1997; Simons and Toomre, 2000). Any
alteration in the cholesterol content leads to instability of these lipid patches in membranes
making most of the raft proteins vulnerable to the Triton solubility (Ilangumaran and
Hoessli, 1998; Kabouridis et al., 2000). Therefore, we have investigated the effect of the
cholesterol disruption on the stability of the PAPs to determine its cholesterol dependency.

Fig. 19: Flotillins form stable cholesterol “independent” pre-assembled microdomains and
platforms.
Upper panel, Confocal staining of untreated (-CDX) and cyclodextrin (12.5mM, 45min, 370 C) treated
(+CDX) Jurkat (A) and U937 (B) with anti-flotillin-1 antibodies (green). The corresponding bright
field images (DIC) are shown. Lower panel, Western blotting of sucrose gradient fractions of
detergent lysed (1% Triton X-100, 4o C) untreated (-CDX) and cyclodextrin treated (+CDX) Jurkat
(A) and U937 (B) cells. “Insol” represents the detergent insoluble fractions and “Sol”, the soluble.
The lysates were processed as described in methods section and blotted with anti-flotillin-1, Lck, Lyn
and LAT antibodies.
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We used methyl-β-cyclodextrin (CDX), an agent known to extract cholesterol through their
core to study the effect of cholesterol disruption on the stability of PAPs. As shown by
sucrose flotation gradients in Fig. 19, the lipid raft marker Lck in Jurkat T cells and the src
kinase Lyn in U937 cells disappeared from the Triton-X 100 insoluble fractions and
appeared instead in the soluble fractions (Fig. 19, lower panel) upon cyclodextrin treatment.
LAT, another lipid raft resident protein in T cells completely moved out of the insoluble
fraction upon CDX treatment and increased ERK phosphorylation (Kabouridis et al., 2000)
accompanied CDX treatment (Fig. 22) substantiating the fact that the cyclodextrin treatment
indeed removes certain proteins out of the cholesterol dependent lipid microdomains. In
contrast, flotillins remained in the insoluble fractions and confocal staining (Fig. 19, upper
panel) showed that the integrity of the PAPs was conserved even after the cholesterol
disruption. Cells starved of cholesterol also retained flotillins in the detergent resistant
fractions and displayed intact PAPs when analyzed through confocal microscopy (data not
shown). It therefore appears that flotillins are enriched in detergent-resistant microdomains
that do not depend very much on cholesterol thereby defining a novel subset of DRMs. Raft
residency requirements have been diverse and controversial (Melkonian et al., 1995;
Ostermeyer et al., 1999; Edidin, 2001a). GPI-anchored proteins, doubly acylated Src-family
kinases, cholesterol linked proteins are known to reside in the cholesterol dependent rafts
(Simons and Toomre, 2000). Flotillins, on the other hand, lack a GPI anchoring signal or
homology to any raft-resident transmembrane or kinase family members. Recent studies
(Morrow et al., 2002) (Neumann-Giesen et al, unpublished data) show that flotillins could
be palmitoylated and/or myristoylated and transported to the membrane via a Golgiindependent pathway.

Fig. 20: Flotillins are enriched in
cell-cell contact during cell division
Jurkat cells were stained with antiflotillin (red) and Phalloidin green
(green) to visualize flotillins and actin
respectively. Note that flotillins are
very much enriched in the contact
region where the cells divide.
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In conclusion, for the first time, these results show that the lipid microdomain resident
proteins, flotillin-1 and -2 form visible, pre-assembled platforms of 5-10 µm size and
localize asymmetrically in resting hematopoietic cells. They may also serve as signaling
scaffolds for activation and participate in relaying the signal. Sometimes we observed that
flotillins were enriched during cell-cell contact but not all contact sites were enriched in
flotillins (Fig. 10). Hence we propose that cell-cell contact during cell division could be
responsible for the enriched localization of PAPs in the division plane (Fig. 20). Moreover,
these PAPs are cholesterol-independent stable microdomains conferring structural as well as
signaling polarity to hematopoietic cells as detailed in the next sections.

The role of Pre-assembled Platforms (PAPs) in lymphocyte signaling
Objective
Efficient immune response demands that the players of the immune system integrate a wide
gamut of signals and proficiently process the message. The multichain immune recognition
receptors (MIRRs) include the T cell receptor (TCR), B cell receptor (BCR) and the high
affinity receptor for IgE. The receptors play a critical role in immune cell signaling (Harder,
2001). Since these receptors lack an inherent kinase activity they associate with src family
kinase members and other signal transducing molecules once the antigen receptors are
triggered either by the antigen or mimicking agents. Recent studies have shown that lipid
rafts or the sphingolipid enriched microdomains act as key platforms in signaling as they
constitutively enrich src-family kinases enabling an efficient and a rapid transmission of
signals through an intricate cascade. These lipid microdomains are proposed to exist in a
liquid ordered phase separated from the liquid disordered phase of the phospholipid
containing plasma membrane. Several recent studies have shown that when crosslinked by
the antibody against the TCR, the receptor moves to the lipid raft domains and initiates the
signaling from the microdomains. Also the first evidence for the role of microdomains in
antigen receptor signaling appeared when studies showed that the IgE receptor in mast cells
translocate to the lipid microdomains upon crosslinking. Recently the TCR and the BCR
have been shown to translocate to the lipid microdomains upon activation representing a
novel means in the antigen receptor signaling. Several reports suggested the role of lipid
rafts as platforms of activation where signaling molecules assemble and concentrate thus
creating a polarized signaling compartment involved in activation. Is the pole of activation
random or is there an intrinsic indication for a polarized localization? The results presented
in this section suggest that a pre-polarized localization of a novel subset of the detergent
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resistant microdomains could play a role in determining the pole of activation. Also the data
shows that these DRMs not only act as structural scaffolds for activation but also participate
in signaling. The role of Fc receptors and the antigen receptors is also discussed in the light
of the influence of these receptors in raft translocation and activation of downstream
signaling components.
Participation of PAPs in T cell signaling
Lymphocyte activation recruits signaling components to PAPs
Here we investigated the possible role of these PAPs in lymphocyte activation and signaling.
Cross-linking with Cholera toxin-B subunit (CTx-B) has been recently employed to study
the influence of raft associated proteins in T cell receptor (TCR) signaling (Janes et al.,
1999; Villalba et al., 2001). Non-cross linked T cells showed uniform cell surface
distribution of GM1, the GPI-anchored protein Thy1, the TCR-CD3 and CD55 (the decay
accelerating factor) but displayed a very polarized localization of flotillins-1 and 2 (Fig.
13a). Cross-linking with cholera toxin B induces patching or capping, a phenomenon
associated with TCR signaling induced by raft clustering (Harder et al., 1998; Janes et al.,
1999; Villalba et al., 2001). CTx-B activation resulted in CTx-B caps which co-localized
extensively with PAPs (Fig. 21a). As an internal control, a minor fraction of cells showed no
GM1 polarization even after CTx-B cross-linking and these cells also lacked polarized
flotillin staining (Fig. 21b). The CTx-B induced caps also co-localized with Thy1, and CD3
(Fig. 21a), confirming earlier studies (Janes et al., 1999; Villalba et al., 2001) that lipid raft
clustering induces recruitment of the signaling components of the TCR machinery. We show
here that these lipid raft clustering induced-caps co-localize with the pre-existing flotillin
platforms but not with CD55, a molecule which is excluded (Gousset et al., 2002) (Fig. 21a).
None of the molecules but flotillins existed polarized before raft clustering.
In addition to an accumulation of cell surface receptors and associated molecules in the
PAPs after activation, we also found a small but significant increase of flotillins in these
structures after activation (Fig. 21a). This is most likely due to a recruitment of flotillins
from more remote sites of the membrane or from the intracellular pool (Fig. 21a) suggesting
a dynamic rearrangement of the flotillins upon activation rather than to provide a mere
polarized scaffold for activation.
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Fig. 21: Lipid raft clustering recruits raft associated signaling molecules to the pre-assembled
platforms.
a) CTx-B cross-linking (red) induces patching and recruits signaling molecules CD3, Thy1 (green) to
PAPs but not CD55. Non cross-linked T cells (left panel) showed uniform distribution of GM1 (CTx,
red), CD3, Thy1 and CD55 (green) but very polarized expressions of flotillins-1 and -2. Upon
crosslinking, the cells display a CTx caps which colocalizes with most of the signaling associated
molecules.
b) Some cells showed uniform distribution of GM1 in CTx-B cross-linked cells (red) and those cells
also lacked flotillin (green) polarization.
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Lipid raft clustering induces T cell activation and ERK phosphorylation
To address the question whether raft clustering resulted in T cell activation, we cross-linked
the T cells with CTx-B. In parallel, we treated T cells with the pan specific activator, PMA
and Ca2+ ionophore. Both CTx-B cross-linking (Gouy et al., 1994) and PMA/ Ca2+
ionophore treatment induced ERK phosphorylation (Fig. 22) while levels of flotillin did not
change. The lipid raft clustering not only increased ERK phosphorylation but also increased
MEK phosphorylation levels (Fig. 22).

Fig. 22: Lipid raft clustering induces ERK phosphorylation and CDX treatment augments
activation
Jurkat T cells were activated with PMA and CTx-B for the times indicated. In the Cyclodextrin
treatment, cells were pretreated with CDX and then crosslinked with CTx. The lysates were run on a
reducing SDS PAGE and blotted with anti-phospho ERK-1/2 antibodies. The blots were stripped and
blotted with anti-flotillin-1 antibodies. Ponceau staining and flotillin levels showed loading of equal
amounts of proteins.

The transmission of extracellular signals into intracellular responses is a complex process
involving the activity of mitogen-activated protein (MAP) kinases (Tsubata and Wienands,
2001). The activation of a MAP kinase involves a three kinase cascade consisting of a
MAPK kinase kinase (MAPKKK or MEKK) which activates a MAP/ERK kinase (MAPKK
or MEK), which then stimulates a phosphorylation-dependent increase in the activity of the
MAP kinase. Upon activation, MAP kinases can phosphorylate a variety of intracellular
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targets including transcription factors, transcriptional adaptor proteins, membrane and
cytoplasmic substrates, and other protein kinases. The MAP kinases extracellular signalregulated protein kinases 1 and 2 (ERK-1/2) were first identified as mitogen-stimulated
phosphoproteins in the early 1980s, and later as insulin and nerve growth factor (NGF)stimulated activities that retained the ability to phosphorylate the model substrates
microtubule -associated protein-2 (MAP2) and myelin basic protein (MBP).
Raft disruption through cholesterol depletion modulates T cell signaling pathways
In the previous section, it was shown that cholesterol depletion through methyl beta
cyclodextrin (CDX) removed certain raft associated proteins like Lck and Lyn out of the
DRMs but did not affect the microdomain residency of flotillins (Fig. 19). CDX is widely
used in membrane research and signaling to disrupt rafts. When we pre-treated the cells with
cyclodextrin and then performed the lipid raft clustering, we observed two important points:
a) Even without any lipid raft clustering induced activation, CDX itself induced T cell
activation as shown by the ERK & MEK phosphorylation levels in the control (0 min) in the
CDX lane (Fig. 22, CDX-CTxL lane). b) CDX treatment augmented the signaling through
lipid raft clustering. As shown in Fig. 22, the levels of the ERK1/2 & MEK1/2 in CDX
treated cells were significantly higher than that of the control cells. During the course of this
study, a study by Pizzo et al (Pizzo et al., 2002), also described the same phenomenon
attributing that cholesterol depletion in T cells modulates the signaling pathway by
interfering with plasma membrane depolarization mechanisms. Our results taken together
with results by Pizzo et al show that the reported inhibition of CTx/ TCR-induced signaling
by ERK activation or Ca2+ influx by M beta CD treatment is mainly due to (a) non-specific
depletion of intracellular Ca2+ stores and (b) plasma membrane depolarization of T cells.
They also proposed that raft disorganization does not alter TCR-dependent Ca2+ signaling
while signaling through GPI-anchored proteins requires lipid raft integrity.
PAPs interact with phosphorylated proteins only upon activation
Immunoprecipitations from activated and non-activated cells showed that flotillins
preferentially interacted with some phosphorylated proteins in activated but not in resting
cells (Fig. 23). Thus, our studies show that flotillin-PAPs not only act as signaling platforms
but also undergo dynamic rearrangement and participate in T cell signaling by interacting
with some phosphoproteins only upon activation. These studies are in agreement with recent
studies on insulin signaling which had shown that (Baumann et al., 2000) flotillin binds to
components of the insulin signaling pathway upon insulin binding to the receptor.

University of Konstanz

64

Membrane Microdomains in Leukocytes

Fig. 23: Flotillins interact with some phosphorylated
proteins only upon activation
Immunoprecipitation with anti-flotillin -1 from CTx-B
cross-linked and non-cross-linked Jurkat T cells.
Immunoprecipitates were blotted with anti-PY-HRP to
probe for tyrosine-phosphorylated proteins. Arrows
represent flotillin interacting phosphorylated protein
bands enriched upon CTx-B cross-linking.

Involvement of microdomain associated flotillins in T cell activation
The lipid rafts have been known to be involved in serving as a scaffold but the actual
participation of the rafts per se has not been studied in detail yet as raft resident lipids are
thought to be more predominant than raft resident proteins. But with the clear polarization
and residency of flotillins in the detergent resistant fractions, we were interested to study the
involvement of flotillin defined DRMs in T cell signaling. As described in the previous
section, lipid raft clustering induces T cell activation. Earlier reports on GM1 crosslinking
showed that Ca2+ mobilization and IL-2 secretion could be induced by the ganglioside
crosslinking. Hence lipid raft associated and raft partitioning receptors were used in the
crosslinking studies. GM1, the ganglioside that concentrates in lipid rafts, Thy-1, a GPIanchored protein present in T cells and involved in T cell development, CD3, a T cell
receptor subunit were crosslinked with the respective toxins and antibodies. In case of the
GM1, cholera toxin subunit was used to crosslink the ganglioside. As explained in the
materials section, Jurkat T cells were crosslinked with cholera toxin, anti-Thy1 antibody and
anti-CD3 antibody. Immunoprecipitation was carried out with anti-flotillin antibody from
the treated and non-treated cells as described. Immunoprecipitates were then stained with
molecules involved in signaling such as c-Cbl. c-Cbl is a signaling adaptor molecule
involved in the negative regulation of signaling (Goh et al., 2002; Rao et al., 2002). c-Cbl is
also known as an E3 ubiquitin ligase involved in ubiquitinating and thereby downregulating
the signaling capabilities of several signaling associated molecules (Liu and Gu, 2002).
PI3K and Lck in T cells are modified and downregulated by c-Cbl and in B cells, Syk, a
signaling adaptor has been recently shown to be ubiquitinated and downregulated by c-Cbl
(Liu and Gu, 2002). Also earlier studies in fibroblasts established the negative regulatory
role of c-Cbl in non-immune cells (Levkowitz et al., 1998).

University of Konstanz

65

Membrane Microdomains in Leukocytes

Fig. 24: Expression patterns of c-Cbl and Grb-2 in different hematopoietic cells
Lanes 1-9; pro B cell line KM3, pre B cell Nalm6, EBV transformed mature B cell lines Dakiki, Raji,
plasma B cell line HSSultan, peripheral blood B lymphocytes, T lymphocytes, T cell leukemic Jurkat
cells and the promonocytic cell line, U937. The whole cell lysates were probed with anti-flotillin-1
and -2 antibodies and the blots were stripped to be probed with anti-c-Cbl and anti-grb2 antibodies
respectively.

Fig. 24 shows the expression patterns of c-Cbl and another signaling adaptor molecule, Grb2. c-Cbl as shown is expressed all through the hematopoietic system and the ubiquitous
expression correlates with the indispensable function of c-Cbl in negative signaling. Fig. 25
shows that upon activation through the receptors, flotillin selectively binds to c-Cbl. The
binding is specific as the mIgG control did not show any binding to c-Cbl and also the
flotillin-c-Cbl interaction happens only upon activation. This suggests that the flotillin-c-Cbl
interaction may have a role in negative regulation during T cell activation. Three plausible
implications for this interaction include; a) c-Cbl might be involved in ubiquitinating the
flotillins- indirectly or directly by acting as an E3 ubiquitin ligase for flotillins – thereby
ubiquitinating the scaffolds themselves thereby representing a novel means of
downregulation of activation, i.e., “raft down regulation” or b) c-Cbl being an adaptor
molecule involved in downregulation of T cell signaling, might gain access to the signaling
machinery by binding to the flotillin defined PAPs as PAPs serve as scaffolds for activation
or c) Flotillin-c-Cbl interaction could define a novel signaling pathway. To test these
hypotheses, we overexpressed c-Cbl and looked for the ubiquitinated patterns of flotillins.
The c-Cbl transfected cells showed an increased expression of c-Cbl (approximately 100
fold) compared to the mock transfected cells (Fig. 26). On the other hand, the modification
pattern of flotillins did not change much from the mock transfected cells. This rules out the
possibility that c-Cbl may act as an ubiquitin ligase for flotillins as over-expression of c-Cbl
did not induce ubiquitination of flotillins.
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Fig. 25: Flotillins interact with c-Cbl only upon activation
Jurkat T cells were activated by CD3, Thy1 and CTx. The cells were lysed after activation
with 1%NP-40 containing buffer and immunoprecipitations were carried out with antiflotillin and anti-c-Cbl antibodies. The first four lanes show the expression of flotillin and cCbl on the whole cell lysates. The next four lanes are immunoprecipitates through antiflotillin antibody and show that c-Cbl binding to flotillin selectively occurs only upon
activation. The blot was probed with anti-c-Cbl antibodies. Figure shows that c-Cbl
immunoprecipitation brings down c-Cbl and only upon activation, flotillin brings down cCbl.

Recent studies (Hawash et al., 2002; Panigada et al., 2002) show that c-Cbl aids in the
ubiquitination of key raft associated signaling molecules and in this light it appears that a
possible working hypothesis could be : c-Cbl interaction with flotillin could possibly serve
as a means of gaining access to the raft and raft associated molecule s to downregulate the
signaling activities of raft associated molecules through ubiquitination.

Fig. 26: Over-expression of c-Cbl does not alter the modification of flotillins
Cells were transfected with pMT2HA-c-Cbl (T) and Empty vector control (E) and the cells
were lysed after 36hr of transfection, The lysates were boiled with the sample buffer and
loaded onto a reducing gel and blotted for anti- HA (a), anti-c-Cbl (b), anti-flotillin-2 (c) and
anti-flotillin-1 antibodies. c-Cbl transfection does not modify flotillin expression.
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The role of microdomains in B cell signaling
Here we investigated the role of detergent resistant microdomains (DRMs) in B cell
signaling. Since the immunoglobulin, IgM, does not posses a long cytoplasmic tails housing
signaling motifs, it associates itself with antigen non-specific signaling molecules, Igα and
Igβ (Matsuuchi and Gold, 2001). These chains each have a single immunoreceptor tyrosine
based activation motif (ITAMs), which enables the antigen receptor to transduce signals
when the receptor gets crosslinked either by the antigen or through different crosslinking
agents (Tsubata and Wienands, 2001). The BCR complex also comprises of a handful of coreceptors such as CD21 (the C3d receptor), CD19, CD81 (TAPA-1) and Leu-13. These coreceptors are studied to be important in reducing the antigen threshold required for the
receptor engagement (Fearon and Carter, 1995; Carroll, 1998). Some of the co-receptors
such as CD19 have been shown to interact with several src-like kinases (Fujimoto et al.,
1999; Cheng et al., 2001b) thereby enabling the BCR complex to transmit the antigen
signals efficiently to the downstream signaling network. Also, antigen receptor or the Fc
receptor (FcR) engagement produce entirely different effects. We were interested to know if
lipid rafts or the detergent resistant microdomains play any differential role in the signaling
capacities through the BCR and FcR.
Both Fab2 and Full IgG signal via ERK/ MEK pathways
In order to know if engagement of receptors by the full IgG, containing the Fc portion, or
the Fab2 induced differences in signaling we treated mature Ramos B cells with Fab2 – antiIgM or the Fc containing anti-IgM antibody as detailed in the materials and methods section
and assessed the activation monitoring the phosphorylation of central signal transduction
molecules. ERK and MEK have been implicated as being central executioners of B cell
signaling (Cheng et al., 2001b; Peyssonnaux and Eychene, 2001). B cells, after stimulation
with either Fab2 or the full IgG for 4 min and 30 min, were lysed and blotted for phospho
forms of ERK-1/2 and MEK-1/2. As shown in Fig. 27, non activated control cells showed
minimal ERK and MEK phosphorylation levels whereas both the Fab2 and full IgG
treatment showed increased levels of phosphorylated ERK and MEK proteins. Longer
durations of activation decreased phosphorylation of MEK by both the forms of IgG. Mature
B cells harbor IgM as well as Fc receptors. While the Fab2 fragments against the IgM can
bind only to the B cell receptor, full IgG against IgM, on the other hand can bind both to the
B cell receptor and to the Fc receptors. Fc receptors play an important role in the destruction
of antibody coated pathogens. Through these receptors, accessory cells such as macrophages
and neutrophils dispose of opsonized microorganisms by phagocytes. FcγRIIB, the Fc
receptor found on the mature B cells, possesses an immunoreceptor tyrosine based inhibitory
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motifs (ITIM) as opposed to the activation motifs found on antigen receptor associated
molecules. Through these ITIMs, the Fc receptors are thought to negatively regulate the B
cell signaling. Then how do the Fc receptors negatively regulate the B cell receptor signal
when both the receptors could send the signal through ERK / MEK pathways?

Fig. 27: Antigen receptor crosslinking induces
signaling in B cells
Human mature B cells, Ramos, were crosslinked
with different Fab2 or Fc containing antibodies
against the B cell receptor. The cells were lysed after
activation and blotted for phosphorylated forms of
ERK-1/2 and MEK-1/2.

Differential recruitment of B cell receptor to the lipid rafts
In order to explain the functional differences between the Fc receptor and the antigen
receptor engagement despite the usage of a common signaling pathway, we hypothesized
that may be there are differences in the microdomain recruitment of the BCR when it is
engaged by the Fab2 or crosslinked together with the Fc receptor through the full IgG. In
mouse B cells, BCR has been shown to be translocated into the raft domains upon antigen
stimulation. So, we treated Ramos cells with Fab2 fragments and full IgG molecules and
looked for the translocation of BCR into the lipid raft fractions.
Isolation of detergent resistant microdomains on sucrose gradient was carried out on
untreated; Fab2 or full IgG treated cells and stained for the BCR. As shown in Fig. 28,
control cells contained the B cell receptor mainly to the detergent soluble fractions whereas
Fab2 treated cells showed translocation of BCR to the detergent insoluble fractions.
However, full IgG treated cells contained the BCR to the soluble fractions and did not show
any translocation of the receptor. These results clearly demonstrate the negative regulatory
role of the Fc receptor engagement on the BCR translocation to the lipid rafts. Our model to
explain the difference is that while both receptors could relay the signals via ERK pathways,
the negative signaling through the Fc receptor mainly occurs by inhibiting the translocation
of the BCR to lipid rafts and inhibiting the signaling from the receptor.
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Fig. 28: B cell receptor (BCR) is recruited to lipid rafts only upon engagement with Fab2
fragments and not with full IgG antibodies
Hu man mature Ramos B cells were activated by either Fab2 fragment of anti-IgM or the full IgG
against IgM. The cells after activation were lysed in 1% Triton-X-100 containing buffer and lipid rafts
were isolated on a sucrose gradient ultracentrifugation. The fractions were blotted for IgM and
flotillin.

B cell receptor translocation to the lipid rafts has been shown to be inhibited in anergic and
tolerant B cells (Weintraub et al., 2000). Epstein Barr virus has been shown to inhibit the
BCR translocation to the lipid rafts by constitutively placing one of its proteins, LMP2a into
lipid rafts and transmitting signals from lipid rafts via a signaling adaptor, Slp-65 (Dykstra et
al., 2001b; Engels et al., 2001).

The role of PAPs in lymphocyte polarization and migration
Objective
Establishment of cell polarity is crucia l for the migration of lymphocytes across vascular
endothelial barriers (del Pozo, 1998 )(Manes, 2000 ](Fong, 2002 ). Directional cues for the
migration of lymphocytes to the sites of inflammation are provided by the chemokine family
members (Luster, 1998) and promptly executed by the chemokine receptors via intricate
signaling pathways. Upon activation induced migration, lymphocytes acquire a motile
phenotype displaying asymmetric localization of certain cell surface associated molecules
(Serrador, 1998) (Dustin, 2000). Several phenotypic changes accompany the polarization
process such as the cytoskeletal reorganization (Serrador, 1999) (Anton van der Merwe,
2000 ), compartmentalization of functional membrane microdomains (Gomez-Mouton,
2001) (Manes, 2001) and redistribution of some cellular proteins (del Pozo, 1998) (Manes,
2000) (Nieto, 1997). Actin cytoskeletal rearrangement during directional migration is a
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highly conserved and well documented process even in the amoeboid cells (Parent, 1999)
(Chung, 2000) (Gerisch, 1993) (Chung, 2001 ) and leukocytes also display the characteristic
leading and the trailing edges (Norberg, 1973) (Veerman, 1975). The leading edge is marked
by the concentration of actin (del Pozo, 1998) (Gerisch, 1999) and chemokine receptors
(Gomez-Mouton, 2001) (Manes, 2001) (Parent, 1998) and the uropod, also termed as the
trailing edge, by the accumulation of several adhesion molecules (del Pozo, 1997) (Serrador,
1998), hyaluron receptor (Ariel, 2000) (del Pozo, 1995) asialoglycoproteins. (Gubina, 2002
#63) (Savage, 2002) (Serrador, 1998 ) and the ERM family of proteins (del Pozo, 1999)
(Serrador, 1997) (Serrador, 2002). New insights into the importance of lipid rafts or the
detergent resistant microdomains in the process of chemokine induced polarization have
been provided by recent studies (Gubina, 2002) (Millan, 2002) (Gomez-Mouton, 2001)
(Manes, 2001). But none of the molecules implicated in chemokine induced polarization
have been documented to be asymmetrically localized under resting conditions. Here we
show that the pre-assembled platforms of lipid microdomain resident proteins, Flotillins-1
and –2 polarize to the uropods upon chemokine induced migration. We also present evidence
for the distinct spatial and temporal regulation of flotillin platforms with respect to the actin
cytoskeleton during the polarization process.

Fig. 29: SDF-1α induces polarized morphology in T cells
T lymphoblasts were treated with SDF-1α and migrated on Fibronectin. The control cells were just
plated on fibronectin without any chemoattractant. The cells were then fixed and stained with βtubulin (red) and DAPI (blue) to stain the microtubules and the nucleus respectively. Note that during
chemokinesis, the microtubules and the MTOCs reorient themselves to the rear end of the cell.

Chemokine induced polarization induces a migratory phenotype in T lymphocyte
The resting lymphocytes are round and morphologically undisturbed. They do not display
any characteristic protrusions or morphologic changes. Upon chemokine induced migration
on extracellular material (ECM) such as fibronectin, these cells exhibit a characteristic
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protrusion at the rear end and a broadened cytoskeleton enriched area called leading edge.
The images of Fig. 29 show the pronounced morphologic changes between the nonmigratory and the migratory phenotypes. Also, as shown by the co-staining with β-tubulin in
Fig. 29, whilst the non-treated cells showed no preferential localization of the microtubule
organizing centre (MTOC), chemokine treated cells localized MTOCs and the microtubules
mainly to the rear end of the migrating lymphocyte. Early studies on lymphocyte locomotion
showed that centrioles are localized to the rear part upon migration and proposed that this
retraction of microtubules might prove to be a strategy for accelerating extravasations
without disassembly of the microtubule -based transport system (Gudima et al., 1988; Ratner
et al., 1997).

Fig. 30: Spatial distribution of actin to the leading edge and flotillins to the uropod upon
polarization
a) Untreated T lymphoblasts show uniform actin distribution but very polarized flotillin staining
(green). But chemoattracted (SDF-1 or RANTES) treated cells show polarized morphology
accumulating actin (red) at the leading edge and flotillins at the uropod.
b) Magnified image of an SDF treated lymp hocyte displaying a clear spatial distribution of flotillins
and actin
c) Even before a morphologic polarization took place, flotillins and actin spatially distribute
themselves.

Spatial and temporal redistribution of actin cytoskeleton and PAPs during T cell
polarization
The asymmetric localization of flotillins-1 and –2 in hematopoietic cells and the exclusive
partitioning of both the proteins into detergent resistant microdomains under resting
conditions was discussed in the earlier sections. The striking pre-polarized localization of

University of Konstanz

72

Membrane Microdomains in Leukocytes

flotillins under resting conditions prompted us to investigate the role of the pre-assembled
flotillin platforms in the light of chemokine induced migration and polarization. Several
adhesion molecules (Serrador, 1998) (Sanchez-Madrid, 1999) and ERM family proteins (del
Pozo, 1999) (Serrador, 1997) are known to be redistributed to the uropods upon chemokine
induced lymphocyte polarization. Hence T lymphoblasts were stimulated with either SDF1α or RANTES and were allowed to migrate on fibronectin. As seen in the Fig. 30a,
unstimulated T lymphoblasts showed uniform actin distribution but displayed a very
polarized flotillin staining. The bright field images also showed that the non-stimulated cells
were round and morphologically non-polarized but upon chemokine induced migration, they
acquired a motile phenotype displaying an extended tube like structure at the rear end,
termed uropod and the broad edge termed the leading edge. Chemokine stimulated cells
showed a motile phenotype with a distinct leading edge with intense actin staining
confirming earlier reports both in lymphocytes and the migrating amoeba (del Pozo, 1998)
(Chung, 2000) (Firtel, 2000). Reorganization of the actin cytoskeleton during migration is an
essential process involving concerted action of several actin binding proteins and the
exclusion of adhesion related molecules to the rear end (Gomez-Mouton, 2001) (Gerisch,
1993) . Fig. 30b shows a magnified image of SDF-1α treated migrating lymphoblasts on
fibronectin. The image shows a pronounced uropod accumulation of flotillins and spatial
distribution with leading edge accumulated actin. A clear spatial distribution of actin and
flotillins occurred as early as 5 minutes of stimulation (Fig. 30c) even before any
morphological separation of leading and the trailing edges which suggest that migration on
fibronectin itself could impart migration cues. Upon prolonged activation, pre-assembled
platforms of flotillins distributed themselves to the morphologically defined uropods and the
actin cytoskeleton to the leading edges. Then the question is if flotillins alone are preassembled and if so, what are the redistributed molecules it colocalizes within the uropod.
Polarization of Membrane microdomain markers during T cell polarization
To address the question if flotillin platforms colocalized with known uropod markers, we
stimulated the T lymphoblasts with SDF-1α or RANTES, allowed them to migrate on
fibronectin and immunostained them for the uropod markers. ERM family members were
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Fig. 31: Flotillin-2 and ERM distribution during chemokine induced migration in T cells
SDF-1α or RANTES treated lymphoblasts were stained with anti-flotillin-2 (green) and anti-ERM
(red) antibodies. DIC images show morphological polarization during migration.

recently characterized to be redistributed to uropods upon chemokine induced polarization.
Hence we performed double immunostaining with anti-ERM antibodies (red) and antiflotillin-1 and –2 antibodies (green). Whilst flotillins existed polarized in pre-assembled
platforms even before any stimulation, ERM proteins were almost uniformly distributed all
over the cell surface (Fig. 31, upper panel). Upon chemokinesis with SDF-1α (Fig. 31,
middle panel) and RANTES (Fig. 31, lower panel and Fig. 32), ERM proteins distributed
themselves mainly to the uropod as indicated by strong immunostaining signal at the rear
end. Both the flotillins accumulated at the uropods colocalizing with the ERM proteins. Fig.
33 shows the Z-stack image of a RANTES treated lymphoblast migrating on fibronectin. As
could be seen in the figure, flotillins localized almost exclusively to the uropods whereas
ERM proteins localized mainly to the uropods but some of the ERM proteins also
accumulated at the leading edge as shown by the faint staining at the leading edge.
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Fig. 32: Flotillin-1 and ERM distribute to the uropods during RANTES induced migration in T
cells
ERM (red) and flotillins (green) stained RANTES treated lymphoblast show that both the molecules
concentrate at the uropod during migration.

Fig. 33: Flotillin is a uropod marker for polarized T lymphoblasts
Peripheral T lymphoblast was treated with RANTES, fixed and stained for flotillins (green) and ERM
(red) proteins. Series of Z-stack images show that flotillins are more contained to the uropods.
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PAPs colocalize with the CD43, CD44 and Plectin in uropods
Chemokine induced uropod distributed flotillins colocalized with other markers such as
CD44 and CD43, which have been implicated to be polarized to the uropods upon
chemokine treatment (Fig. 34).

Fig. 34: T cell uropod markers, CD43 and CD44 localize with flotillins
Chemokine stimulated cells were allowed to migrate on fibronectin and stained with anti-CD43
(upper panel, red), CD44 (lower panel, red) and anti-flotillin antibodies (green). The DIC images
show the contrast image of the polarized lymphoblasts.

Biochemical studies in T lymphoblasts showed that ezrin and moesin coimmunoprecipitated
with CD43 (Serrador et al., 1998). Furthermore, in these cells, the CD43-associated moesin
increased after stimulation through CD43. The interaction of moesin and ezrin with CD43
was specifically mediated by the cytoplasmic domain of CD43, as shown by precipitation of
both ERM proteins with a GST-fusion protein containing the CD43 cytoplasmic tail.
Migration of T cells into extravascular sites of inflammation was shown to be mediated by
cell-cell and cell-matrix adhesion receptors, including the hyaluronan-binding glycoprotein,
CD44. Ariel et al (Ariel et al., 2000) reported that the CD44-dependent adhesion of T cells
to hyaluronan, under static and shear stress conditions requires a T-cell activation of 2-3 hr
and is regulated by the cross-linking of CD3, cytokines (e.g. interleukin-2 and tumor
necrosis factor-alpha), and chemokines (e.g. MIP-1β, interleukin-8, and RANTES). They
also showed that T-cell adhesion was manifested by polarization, spreading and colocalization of cell surface CD44 with a rearranged actin cytoskeleton in hyaluronan-bound
T cells. Hence it seems that cytokines and chemokines present in the vicinities of blood
vessel walls or present intravascularly in tissues where immune reactions take place, can
rapidly activate the CD44 molecules expressed on T cells and regulate the distribution of
CD44 to the uropods of migrating T lymphoblasts. Also, shown in Fig. 35, both the flotillins
localize extensively with plectin at the rear end of the migrating lymphocyte.
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Fig. 35: Plectin colocalizes with flotillins-1 and -2 in T polarized T lymphoblasts
Migrating T lymphoblasts were stained with anti-flotillin-1 (upper panel, green), flotillin-2 (lower
panel, green) and anti-plectin antibodies (red).

Chemokine treatment induces ERK phosphorylation but does not affect microdomain
residency
In order to confirm that the chemokine treatment indeed stimulated the cells, SDF-1α treated
lysates were blotted and probed for the ERK activation. As shown in Fig. 36a an increase in
ERK phosphorylation accompanied SDF-1α treatment. If flotillins were polarized in preassembled platforms even before chemokine stimulation and distributed themselves to the
uropods, was DRM association of flotillins also preserved upon stimulation? Triton-X-100
resistant floating fractions on a sucrose gradient clearly showed that flotillins were mainly
contained to the DRM fractions (Fig. 36b) both before and after stimulation which
corresponds to our microscopic studies that flotillins exist as visible and stable preassembled platforms before and after stimulation but for the fact that the flotillin platforms
organized themselves to the uropods upon chemoattraction. These results implied that
chemokine stimulation induced activation of cells via the ERK dependent cascade but DRM
association of flotillins remained unchanged throwing a novel insight into the inherent
polarity of T cells to migration cues.
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Fig. 36: SDF-1α treatment induces ERK phosphorylation but does not affect DRM localization
of flotillins in T cells
a) Whole cell lysates of SDF-1αtreated cells for various times as indicated were boiled,
electrophoresed and transferred onto a nitrocellulose membrane. The membrane was then probed
with anti-phospho-ERK1/2 antibody. Figure shows that increased ERK phosphorylation
accompanied chemokine treatment for 5 min and decreases with time.
b) DRM fractions isolated from control (left) and SDF-1α treated (right) T cells were blotted for
flotillin-1 (upper panel) and flotillin -2 (lower panel). Note that microdomain residency is not
affected during the treatment.

Modifying a model
Thus it is plausible that a “uropodosome” is assembled in the T cell during the chemokine
induced migration where a network of molecules containing flotillins, ERM proteins, CD44,
CD43 and other markers facilitating the migration of the lymphocyte (Fig. 37).Views on
whether polarity is established only towards extrinsic directional cues or it resides
intrinsically in the cell are still ambiguous (Bornens, 1991) (Chung, 2001). Signaling
(Parent, 1998) and membrane (Pierini, 2001) compartmentalization during cell migration
(Weiner, 2002) and the ability of the cells to respond rapidly to directional cues point out to
the possible existence of innate ability of the cells to compartmentalize certain machinery
necessary for the migration and polarization (Firtel, 2000). Intrinsic asymmetry of
cytoskeletal and associated molecules in certain parts of the cell might assist in a rapid
response to the external stimulus. Recent research in yeast (Bagnat, 2002) pointed out the
importance and accumulation of raft components in the mating tip, called shmoos, during the
cell polarization and mating process. Although in lymphocytes no evidence exists for
intrinsic asymmetry of cytoskeletal components this study encourages us to propose that
lymphocytes do possess intrinsic asymmetry of at least a subset of DRMs in particular, those
defined by flotillins. Our data, in this respect, show that asymmetric concentration of lipid
microdomain associated flotillins in pre-assembled platforms could serve as an intrinsic cue
for directing the migration of lymphocytes.
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Fig. 37: Cartoon representing the chemokine induced polarization of T cells and the
involvement of PAPs.
Uropodosome formation in T cells upon chemokinesis is illustrated with respect to the flotillin-PAPs
and other molecules. Note that whilst the rest of the molecules are uniformly distributed, flotillins are
represented polarized before and after chemokine stimulation.

The role of PAPs in migration and polarization of Macrophages
Objective
Cell migration is a highly organized biological process employing membrane polarization
and cytoskeletal dynamics. Leukocyte migration through blood and the lymph channels is
essential for the homing into lymphoid organs, interaction with antigen presenting cells and
in the inflammatory reaction (Penninger and Crabtree, 1999). Upon migratory signals, cells
acquire a polarized morphology wherein specialized molecules redistribute themselves in
certain compartments (Drubin and Nelson, 1996; Bromley et al., 2001). The leading edge
where the lamellipodia are generated accumulates actin cytoskeleton and certain chemokine
receptors whereas the uropod or the trailing edge accumulates several adhesion molecules
(Serrador et al., 1997) such as the ICAMs -1 and –2 (del Pozo et al., 1997), hyaluron
receptor, CD44 (Millan et al., 2002) and the leukosialin CD43 (Serrador et al., 1998; Gubina
et al., 2002). The ERM family proteins, containing the Ezrin, Radixin and Moesin proteins
are also reported to be concentrated on the uropod of migrating lymphocytes (del Pozo et al.,
1998; Savage et al., 2002; Serrador et al., 2002). Accumulation of signaling and cytoskeletal

University of Konstanz

79

Membrane Microdomains in Leukocytes

associated proteins to the compartmentalized edges generates asymmetry and facilitates
transduction of signals by concentrating signaling molecules (Maghazachi, 2000; Manes et
al., 2000). Morphologic polarity is essential for the migration of leukocytes and is
maintained by events orchestrated by the actin cytoskeleton and signaling molecules. Whilst
the polarization of neutrophils and lymphocytes have been studied in detail (Seveau et al.,
2000; Seveau et al., 2001), less is known about the macrophage polarization and the
importance of specialized compartments in the migration of macrophages. Earlier studies
have suggested that the actin cytoskeleton and the microtubules play an important role in
macrophage adhesion and migration (Cain et al., 1982; Gudima et al., 1988). Studies also
highlighted the importance of colony stimulating factors on the reorganization of actin and
the role of cdc42, rac and rho GTPases in mouse macrophage cell lines (Boocock et al.,
1989; Jones et al., 1998; Ridley et al., 1999). The nature and the role of specific molecules
that partition into specialized compartments during the macrophage polarization process has
not been studied so far.
Recent studies have decked out the importance of lipid rafts or the detergent resistant
microdomains (DRMs) in the light of cell polarization (Gomez-Mouton et al., 2001; Bagnat
and Simons, 2002). Rafts or DRMs are operationally defined as detergent resistant
sphingolipid/ cholesterol enriched liquid ordered phase in the otherwise liquid disordered
plasma membrane (London and Brown, 2000; Simons and Ikonen, 2000). While the
majority of the membrane could be extracted by detergents like Triton-X-100, these
microdomains are resistant to the extraction procedure and could be isolated on a sucrose
gradient through ultra centrifugation (Edidin, 2001b). These microdomains have been
implicated in various biological processes such as signaling, cell polarity, migration and
endocytosis (Brown and London, 1998a; Simons and Toomre, 2000; Pierini and Maxfield,
2001). Though several molecules have been studied to be specifically partitioned into
distinct parts or microdomains during the polarization process, none of them have been
shown to be pre-polarized such that it could provide intrinsic cues for the migration and
polarization processes. The previous sections in this thesis showed that flotillins partition
almost exclusively to the detergent resistant membrane fractions in the lymphocytes and
confer inherent polarity to them because of their asymmetric polarization. Proteomic
analysis also revealed that maturing phagosomes accumulated the raft associated flotillin-1
(Dermine et al., 2001). In this study, we show that primary human macrophages underwent
morphologic polarization during GM-CSF treatment and the pre-assembled platforms of
flotillins polarized to the uropods colocalizing with the ERM family of proteins and
excluding the leading edge concentrated actin cytoskeleton. The cytoskeleton regulated
lamellipodia and the actin fingers confined themselves mainly to the leading edge. We
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present evidence for the distinct spatial and temporal regulation of flotillin platforms with
respect to the actin cytoskeleton during the polarization process. PI3 kinase and the p160
ROC kinase are shown here to be important for the maintenance of macrophage polarity.
Primary human monocytes show asymmetric polarized localization of lipid microdomain
associated flotillins
Flotillins are localized in pre-assembled platforms (PAPs) and participate in relaying the
receptor signal in lymphocytes. In order to study the role of flotillins in the polarization and
migration of macrophages, we purified monocytes using a magnetic separation procedure as
described in the materials section. As shown in Fig. 38a, the untreated monocytes were
round and morphologically intact (DIC images). These monocytes showed uniform
distribution of cell surface associated actin binding- ERM proteins all around the cell but
showed a very distinct polarized localization of flotillins. The monocyte cell line, U937 also
showed a uniform distribution of ERM proteins but showed a very polarized localization of
flotillins. The caps were also present in the non-activated monocyte cells and were confined
to one pole of the cell as shown by the z-stack image in Fig. 38d.
GM-CSF induces macrophage polarization and PAP-associated flotillins polarize to the
uropods
The colony-stimulating factors (CSFs) greatly influence mature macrophage function in
vitro: macrophage (M)-CSF induces maturation of monocytes and enhances differentiated
cell function; granulocyte-macrophage (GM)-CSF stimulates a variety of antimicrobial
functions. In vivo M-CSF is thought to promote differentiation, and GM-CSF is thought to
potentiate the inflammatory response (De Nichilo and Burns, 1993). Laser scanning
microscopy of GM-CSF treated macrophages revealed that GM-CSF treatment induced a
migratory phenotype (Fig. 38). The GM-CSF differentiated macrophages showed a distinct
leading edge characterized by broadened cell protrusions facilitating the adhesion of the
migrating cell to the substratum and a trailing edge which in a synchronized fashion
accumulated certain molecules and participated in retracting the cell from the substratum
(Fig. 38b). In lymphocytes, the trailing edge has been referred to uropods (Veerman and van
Rooijen, 1975) and GM-CSF treated macrophages also showed a migratory phenotype
similar to chemokine treated lymphocytes. As shown in Fig. 38b, both the flotillins
concentrated mainly to the uropods where they colocalized with the ERM proteins. ERM
proteins have been shown to be the uropod marker in polarized T lymphocytes (del Pozo et
al., 1998; Serrador et al., 1998) , but their role in macrophage polarization has not been
studied so far. Fig. 38c shows the polarization induced compartmentalization with respect to
the nucleus.
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Fig. 38: PAPs polarize to the uropod like structures during GM-CSF induced monocyte/
macrophage polarization.
All the stainings were performed with monoclonal anti-flotillin (green) and polyclonal anti-ERM (red)
proteins.
a) Untreated promonocytic U937 cells were stained with flotillin and ERM antibodies. Resting cells
showed polarized localization of flotillins but not of ERM.
b) GM -CSF treatment induces morphologic polarization of macrophages. Peripheral monocytes
unstimulated (upper panel) and stimulated with GM -CSF (middle and lower panels) stained with
anti-ERM (red) and anti-flotillin (green) antibodies. The middle panel shows staining for flotillin1 and the lower panel for flotillin -2.
c) Triple color image to show the polarization process with respect to the nucleus. The nucleus is
stained with DAPI (blue), flotillins with anti-flotillin antibodies (green) and anti-ERM antibodies
(red).
d) The Z-stack images of GM -CSF treated macrophage. flotillin (green) partitions almost
exclusively to the uropods of the polarized macrophage whereas ERM proteins also localize to
the leading edge.

The Z- stack image of a polarized macrophage shows that the rear end or the uropod
accumulated flotillins almost exclusively but ERM prote ins were also found distributed to
the leading edge as they have been reported to have actin binding property (Fig. 38d). ERM
proteins which were uniformly dispersed around the non-treated monocytes redistributed
themselves to the uropods of the polarized macrophage whereas flotillins existed polarized
even under resting conditions but polarized to the uropods. As shown in Fig. 39, tubulin
defined microtubules move towards the rear end whereas the actin cytoskeleton mainly
contain themselves to the leading edge.

Fig. 39: Uropod accumulation of microtubules during macrophage polarization
Microtubules stained with anti-β-tubulin antibodies (green) and the cytoskeleton with anti-actin (red)
show the differential movement during the polarization process. Microtubules mainly move towards
the uropods and the actin cytoskeleton concentrate to the leading edges.

University of Konstanz

83

Membrane Microdomains in Leukocytes

PAP associated flotillins co-localize with rafts during polarization of macrophages
As shown in Fig. 40, flotillin-enriched uropods also accumulated the ganglioside GM1
evident by the intense Cholera-toxin B binding mainly to the rear end of the polarized
macrophages. Gomez-Mouton et al recently showed that different raft associated proteins
differentially accumulated at the leading and the uropod edges of a polarized lymphocyte
(Gomez-Mouton et al., 2001). Similarly in neutrophils, raft associated CD44 and CD43 were
shown to be polarized to the rear end of the chemotactically attracted neutrophils (Seveau et
al., 2001). None of the molecules exhibited any pre-polarization cues for migration. And
also GM-CSF induced polarization of peripheral human macrophages has not been studied
so far. DRM association and polarization of the raft associated proteins to distinct
compartments of a polarized leukocyte represent a conserved mechanism as it is observed in
T lymphocytes (del Pozo et al., 1998; Manes et al., 2000; Gomez-Mouton et al., 2001) ,
neutrophils (Seveau et al., 2000; Seveau et al., 2001) and macrophages (this study). This
study shows that human peripheral macrophages exhibited distinct leading and trailing edges
upon GM-CSF induced migratory signals and pre-assembled platforms of flotillins
distributed themselves to the uropods after polarization.

Fig. 40: Fl otillin PAPs colocalize with GM1 rafts in the uropods during macrophage
polarization
Untreated (upper panel) and GM -CSF treated cells (lower panel) were stained with anti-flotillin
antibodies (green) and anti-ERM (red) antibodies.
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PAP associated flotillins associate with DRMs before and after polarization
Since flotillins were assembled in microdomains and also in a polarized fashion before and
after GM-CSF treatment, we were interested to know if the DRM residency is affected
during the polarization processes. For this, lipid raft fractions were isolated from GM-CSF
treated macrophages and untreated monocytes. Fig.41 shows that flotillins-1 and -2 were
mainly associated with the DRM fractions both before and after GM-CSF treatment which
correlates with the microdomain association and polarized localization of flotillins under
resting and cytokine treated conditions.

Fig. 41: Flotillins are retained in the DRM fractions before and after GM-CSF
treatment
GM -CSF treated peripheral macrophages (right) or the untreated monocytes (left) were lysed
and the DRMs were prepared on a sucrose gradient. The fractions were blotted for antiflotillin-1 (upper) and anti-flotillin-2 (lower) antibodies. Insol represents the detergent
resistant membrane fractions whereas sol represents the soluble non raft proteins.

Compartmentalization of cytoskeletal proteins to the leading edge and the raft associated
proteins to the uropods of the polarized macrophage
Recent studies have emphasized the importance of cell asymmetry, cytoskeletal dynamics,
membrane organization and molecular patterning in setting thresholds for the polarization
process. Cytoskeletal rearrangement is an essential process during migration. It involves
concerted action of several actin binding proteins and the exclusion of adhesion related
molecules to the rear end (Gerisch et al., 1993; Gomez-Mouton et al., 2001). Upon GM-CSF
treatment,
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morphologically defined uropods and the actin cytoskeleton to the leading edges though
some actin was also observed in the trailing edge (Fig. 42 and Fig. 43). Chemokines are
known to induce a motile phenotype in lymphocytes during which the actin cytoskeleton
accumulates in the leading edge facilitating the movement of the cell on the substratum. The
actin cytoskeleton reorganizes to form the membrane ruffles and lamellipodia with the
regulated action of the rac proteins and the small GTPases. Reorganization of the actin
cytoskeleton during migration is an essential process involving concerted action of several
actin binding proteins and the exclusion of ICAM and related molecules to the rear end
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[Gomez-Mouton, 2001 #2][Gerisch, 1993 #129]. Recent studies also established a role for
rho and rac proteins in macrophage chemotaxis using a mouse macrophage cell line as a
model (Allen et al., 1997; Allen et al., 1998). This concerted action facilitates the cell to
polarize and to move towards the chemoattractant.

Fig. 42: Actin cytoskeleton accumulates at the leading edge during macrophage
polarization
GM -CSF treated macrophages were fixed with PFA, stained with Phalloidin green (green)
and DAPI (blue). DAPI shows the position of the nucleus

Kinetics of macrophage polarization
The leading edges of the GM-CSF treated macrophages showed distinct lamellipodia and
also well defined actin fingers (Fig. 44a). The figure shows an extended uropod like
structure with less of phalloidin staining compared to the leading edge which shows that
filamentous actin (F-actin) was mainly concentrated on the leading edges of the
macrophages. Moreover the F-actin staining was observed as stress fibers at the lamellipodia
and also concentrated as the arrowhead actin fingers (Fig. 44a). Actin fingers have been
recently reported to be observed (Servant et al., 2000) at the leading edges of polarized
neutrophils though the nature of these aggregated F-actin fingers is still not clearly
understood.
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Fig. 43: Spatial distribution of flotillins to the uropods and actin to the leading edge
a) GM -CSF untreated (upper panel) and treated (lower panel) macrophages were stained
with anti-actin (red) and anti-flotillin -1 (green).
b) flotillin-2 staining on the cells as described in a).

The 72 hr differentiated macrophages displayed well defined leading edges and polarized
uropods as compared with the 1 hr and 24 hr differentiated cells (Fig. 44). The cytokine
induction and the maturation of macrophages attain the maximum efficiency only after 72 hr
of GM-CSF treatment. We show that the intact morphologic polarity is attained after 72 hr
of the cytokine treatment which suggests a functional correlation between the kinetics of
maturation and kinetics of morphologic polarization. This proposal offers an explanation for
the prolonged kinetics required for the maturation of macrophages in the presence of GMCSF.
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Fig. 44: Kinetics of macrophage polarization
a) Actin fingers stained by Phalloidin green (green) accumulate at the leading edge.
b, c and d) Actin staining on 1 hr (b), 24 hr (c) and 72 hr (d) treated macrophages.

GPI-anchored CD14 localizes to the rear end of the macrophages upon migration
CD14, a 55-kD glycosylphosphatidylinositol (GPI)-anchored protein is found on the surface
of monocytes, macrophages, and polymorphonuclear leukocytes. It is also found in a soluble
form in blood. Both the membrane associated and the soluble forms participate in the serumdependent responses of cells to bacterial lipopolysaccharide (LPS) (Hailman et al., 1994;
Schutt, 1999). Engagement of CD14 by ligands like lipopolysaccharide, intact bacteria or
apoptotic cells results in either pro- or anti-inflammatory responses and to be associated with
lipid rafts (Pfeiffer et al., 2001). So, we were interested to know the localizing patterns of
this LPS receptor during macrophage polarization. GM-CSF treated macrophages were
immunostained with FITC conjugated anti-CD14 antibody at different time points. As
shown in Fig. 45, CD14 is predominantly membrane distributed in the non activated
monocytes, whereas upon GM-CSF treatment the CD14 molecules moved towards the rear
end. The MTOC association of the CD14 molecules is reminiscent of the polarized delivery
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or the emphasized role of microtubules in the sorting of GPI-anchored to microdomains (de
Hoop and Dotti, 1993). As CD14 has also been shown to be associated to lipid rafts (Pfeiffer
et al., 2001; Schmitz and Orso, 2002), it is tempting to propose that membrane
microdomains or microdomain associated proteins are regulated to polarize to specific edges
during macrophage migration.

Fig. 45: GPI anchored CD14 distributes to the rear end of the polarized macrophage
Peripheral monocytes (a) and monocytes treated with GM -CSF for 24 hr (b), 72 hr (c) and 10 days
were stained with anti-CD14-FITC (green) and Phalloidin-rhodomaine (red).
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Involvement of PI3K and ROCK in the regulation of macrophage polarization
In lymphocytes and the social ameba, D. Discoideum, several other factors apart from the
small GTPases were also implicated in the polarization and chemokine induced migratory
process. PI3K (Fruman et al., 1999; Sotsios and Ward, 2000; Stephens et al., 2002) the p160
ROC Kinase (ROCK)(Lou et al., 2001) , LIM Kinase (Lou et al., 2001) and Vav proteins
(Mainiero et al., 2000; Ticchioni et al., 2002), have been shown to be essential signaling
components during lymphocyte polarization.

Fig. 46: PI3K and ROCK maintain macrophage polarity
GM -CSF polarized macrophages were left untreated (control) or treated with PI3K inhibitor,
Wortmannin (Wtm) or with ROCK inhibitor (Y-27632) or Staurosporine (Str). The macrophages
were then fixed and stained with anti-flotillin (green) and anti-ERM (red) antibodies. DIC images
show the morphology.
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Fig. 47: Cytoskeletal changes during inhibition of macrophage polarity
The actin cytoskeleton was stained with Phalloidin green in the inhibitor treated or control
cells DIC image shows the morphology of the macrophages.
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In order to study the factors involved in maintaining the polarity of pre-assembled flotillin
platforms during macrophage migration, we treated the GM-CSF differentiated macrophages
with PI3K inhibitor, Wortmannin. PI3K has been shown to be essential for the thymocyte
development (Sasaki et al., 2000) and chemotaxis of neutrophils (Sotsios and Ward, 2000;
Curnock et al., 2002). Whilst the non-treated cells showed a clear polarization of flotillins to
the uropods, the inhibitor treated cells disturbed the polarized localization of flotillins (Fig.
46) along with the distribution of ERM proteins all over the cell surface. The cells did not
show any migratory phenotype with distinguishable uropod and the leading edge. Also the
actin cytoskeletal reorganization to the defined leading edges and the lamellipodia like
structures were completely abolished by the inhibitor treatment (Fig. 47). The control cells,
however, showed intact polarization of the uropod associated molecules at the trailing edges
and the actin cytoskeleton to the leading edges. Several chemokines such as RANTES, SDF1a and MCP-1, have been previously shown to be able to induce activation of PI3K in
lymphocytes. The results presented here show that GM-CSF mediated polarization of
macrophages involve PI3K signaling pathway and the kinase is crucial in maintaining the
macrophage polarity. Moreover, the polarized localization of flotillins and ERM proteins
were found to be critically dependent on the intact PI3K activity. Previous work on SDF-1α
treated lymphocytes has shown that PI3K has an important role in the regulation of ICAM-3
and moesin redistribution on the membrane (Vicente-Manzanares et al., 1999). This study
also showed that the role of PI3K in lymphocytes was more a selective than a general role in
the regulation of cytoskeletal polarization. Pioneering work on the regulation of
D.Discoideum chemotaxis helped delineating the pathway and the factors involved in
controlling the cell polarity during external stimuli and PI3K was shown to be essential for
maintaining the cell polarity during migration (Firtel and Chung, 2000; Comer and Parent,
2002; Iijima and Devreotes, 2002). Our results show that PI3K plays a very important role in
both maintaining the cell morphology as well as the redistribution of specific molecules to
the specific compartments of the polarized macrophage.
The Y-27632 inhibitor treated cells also showed redistribution of surface associated
molecules and the actin cytoskeleton (Fig. 47). The morphologic polarity of the GM-CSF
treated macrophages was abolished by the inhibitor treatment implying the role of
p160ROCK in the maintenance of the macrophage polarization process. p160ROCK, a rho
associated coiled coil forming protein kinase (Ishizaki et al., 1997) has been characterized to
interact specifically with the GTP-bound RhoA and to aid in the formation of focal
adhesions and stress fiber formation (Narumiya et al., 1997). ROCK exerts its function by
phosphorylating Rho and other downstream substrates such as LIM-kinase, which in turn
phosphorylates and inactivates the actin-depolymerization factor co-filin thus regulating the
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reorganization of actin cytoskeleton during the process (Maekawa et al., 1999). The
coordinated action of rho proteins (Ridley, 2001) and other signaling molecules such as
PI3K in maintaining the polarity of macrophages (Fig. 46 and Fig. 47) defines a new
mechanism in the polarization process in macrophage migration. Recently a study by Lou et
al showed that an intact RhoA/ ROCK/ LIM kinase pathway is essential for actin
polymerization and lipid raft polarization at the immunological synapse between the effector
target interface and the subsequent cell mediated lysis of the target (Lou et al., 2001). In
agreement with the study by Lou et al, our results suggest that a functional ROCK pathway
is required for the lipid microdomain polarization and specific partitioning of raft associated
molecules to the uropods and the reorganization of the actin cytoskeleton to the leading
edge. In NIH3T3 fibroblasts, ezrin has been shown to be critical for the ROCK mediated
transformation (Tran Quang et al., 2000). Inhibition of ROCK has also been shown to
disrupt the interaction of ezrin with cytoskeleton and to affect the phosphorylation of T567
residue which is conserved in all three members of the ERM family (Tran Quang et al.,
2000). These studies provide further evidence for a coordinated regulation of interaction
among cytoskeletal and signaling proteins during polarization. Taken together, our results
suggest a novel role for the pre-assembled platforms of flotillins in imparting intrinsic cues
for the morphologic polarization during macrophage chemotaxis and migration (Fig. 48).

Fig. 48: Artistic rendition of the macrophage polarization process
Upon GM -CSF treatment, the round monocytes (left) undergo morphologic polarization (right), a
process which is accompanied by distribution and partitioning of several proteins. While most of the
proteins are uniformly distributed all over the surface, only flotillins exist as pre-assembled platforms.
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PAPs define a novel caveolin independent, clathrin independent endocytic
pathway
Objective
Several cell surface proteins carry a glycosylphosphatidyl (GPI) anchor at the c-terminal end
which serves as the membrane anchor (Mayor et al., 1998; Chatterjee and Mayor, 2001).
Several toxins and pathogens bind to and internalize into the host cells via the GPI anchor
and hence it is of prime importance to delineate the endocytic uptake of the toxins and that
of the GPI-anchored receptors as well (Skretting et al., 1999; Ricci et al., 2000; Munro et
al., 2001). The by far most accepted mode of receptor mediated endocytosis is through the
clathrin decorated pits (Sandvig and van Deurs, 1991). Alternate modes of endocytosis of
GPI-anchored proteins have been suggested by studies carried out by inhibiting the clathrin
mediated endocytosis (Sandvig and van Deurs, 1991; Benmerah et al., 1999; Nichols and
Lippincott-Schwartz, 2001). Dominant negative dynamin and Eps15 mutants have been
successfully used to inhibit the basic coated pit endocytic mechanism and to study the
alternate pathways involved (Benmerah et al., 1999; Benmerah et al., 2000; Lamaze et al.,
2001). Lack of consensus regarding the alternate pathways in the internalization processes
poses an intricate problem to deal with. Also studies in different cell lines indicate different
internalization pathways (Fivaz et al., 2002). GPI-anchored proteins are documented to be
trafficked to the early endosomes and eventually to the peri-centriolar recycling
compartment to be recycled back to the plasma membrane (Mayor et al., 1998; Sabharanjak
et al., 2002). Recent studies implicate caveolae to be responsible for the routing of GPI-APs
directly to the Golgi (Nichols et al., 2001; Nichols, 2002). Microscopic studies demonstrate
that GPI-anchored proteins are not concentrated either in caveolae or the coated pits but
crosslinking studies show that they could be enriched in the caveolin containing
invaginations only after crosslinking (Mayor et al., 1994). However endocytosis of GPIanchored proteins occurs intact in lymphocytes and neuronal cells which lack both caveolae
and its protein constituent, caveolin (Bamezai et al., 1992; Varior-Krishnan et al., 1994;
Deckert et al., 1996). This striking feature of intact endocytosis of GPI-anchored proteins in
caveolae lacking cells implies the existence of a clathrin and caveolae-independent
endocytosis in these cells. Recently, interleukin-2 receptors have been shown to be
endocytosed employing the detergent resistant microdomains in a non-clathrin, non-caveolae
dependent fashion (Lamaze et al., 2001; Sabharanjak et al., 2002).
Detergent resistant microdomains (DRMs) exist as small dynamic structures in the liquid
ordered phase in the largely lipid disordered plasma membrane (Brown and London, 1997;
Simons and Ikonen, 1997; Edidin, 2001a). Also termed as lipid rafts in the context of
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cholesterol dependency, these structures are implied in various biological processes such as
signaling, cell polarity, migration and endocytosis (Simons and Toomre, 2000; Edidin,
2001b). These structures could be isolated by subjecting detergent lysed cellular extracts on
a sucrose gradient and isolating them as floating fractions as they are resistant to detergents
such as Triton X-100 (London and Brown, 2000). We have recently shown that flotillins
partition almost exclusively to the detergent resistant membrane fractions and involved in
lymphocyte signaling (Solomon et al., 2002)(Rajendran, L et al., 2003). Flotillins were
originally identified as lipid raft associated morphogenetic proteins upregulated during
regeneration process (Schulte et al., 1997). They are also implicated in insulin signaling
(Czech, 2000; Ros-Baro et al., 2001) and pathogenesis of alzheimer´s disease (Kokubo et
al., 2000; Sawamura et al., 2000). In the present study, we have examined the possible
involvement of flotillins and flotillin-defined DRMs in the endocytosis of cell surface
molecules using laser scanning confocal microscopy of endogenous as well as overexpressed flotillins and through biochemical analysis of the DRMs. We found that GPIanchored proteins such as the complement protection factor CD59 and the GM1 binding
cholera-toxin subunit (CTx-B) were endocytosed either to the endosomal recycling
compartment or the Golgi employing the DRM associated flotillins. Moreover, we show that
flotillins themselves can be internalized and a fraction of the internalized flotillins are
ubiquitinated and are excluded from the DRMs thus demonstrating a novel role of
ubiquitination in the internalization and DRM exclusion processes.

Fig. 49: Endocytosis of 10kD dextran – colocalization with flotillins at the Golgi
Caveolae lacking neuroblastoma cells were incubated with 10kD dextran-Texas red as described in
the materials section. Note the good degree of colocalization of the internalized 10kD dextran with
flotillins and Golgi.
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Clathrin independent uptake of fluorescently labeled 10kD Dextran along with flotillins to
Golgi.
Recent studies have shown that endocytosed GPI-anchored proteins are routed to the Golgi
in a caveolae dependent manner (Nichols, 2002). In COS-7 and CV-1 cells, the endocytosed
SV-40 and CTx-B reaches the Golgi along with caveolin (Nichols, 2002). Also, the IL-2R
was shown to be endocytosed independent of clathrin but dependent on dynamin (Lamaze et
al., 2001). But study by Sabharanjak et al (Sabharanjak et al., 2002) challenges this view
where they show that GPI-anchored proteins are endocytosed via pinosomes independent of
dynamin, clathrin and caveolin function. We were interested in knowing if the preassembled platforms of flotillins participated in the uptake of toxins and GPI-APs. In order
to study the role of flotillins in caveolae independent endocytosis, we chose to employ
Jurkat, a lymphocytic cell line and N2a, a neuroblastoma cell line as both of the cell lines
lack expression of caveolins and hence caveolae as well (Fra et al., 1994; Gorodinsky and
Harris, 1995).
In order to study the involvement of flotillins in the uptake of pinocytic markers, N2a cells
were first transfected with flotillin fused with GFP and then labeled with 10kD dextran at
37°C. As seen in the Fig. 49, endocytosed dextran colocalized with internalized flotillins and
Golgi suggesting that flotillin microdomains could be involved in the uptake of 10kD
dextran and routing it to the Golgi apparatus. The neuroblastoma cells lack caveolin and also
morphologically identifiable flask like caveolae (Gorodinsky and Harris, 1995) but has
functional clathrin coated pits. The results show that flotillins are involved in the pinocytic
uptake of molecules in a caveolae-independent fashion. In order to see if the 10kD dextran
endocytosis is independent of clathrin coated pits as well, we exploited the availability of
dominant negative mutants of clathrin (Benmerah et al., 1999). The uptake of 10kD dextran,
was unaffected by the dominant negative clathrin mutant demonstrating that the pinocytic
internalization of dextran is not dependent on the intact clathrin coat assembly (Fig. 50a). On
the other hand, the cells transfected with the wild type construct, D3∆2 showed an increase
in the transferrin uptake but the dominant negative DIII mutant transfected cells showed
much reduced uptake of transferrin (Fig. 50b). Hub, another dominant negative clathrin
mutant was recently shown to affect the transport of transferrin and an alteration in the
mannose-6-phosphate receptor intracellular distribution but no effect on the uptake of FITCdextran (Liu et al., 1998) confirming our results that 10k dextran uptake is independent of
clathrin. After the uptake, the internalized dextran is routed to the Golgi colocalizing with
flotillins suggesting a novel endocytic route employing flotillins. As shown in Fig. 51,
clathrin and flotillin microdomains stain almost exclusively in the caveolin lacking Jurkat T
cell.
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Fig. 50: Internalization of 10kD dextran is clathrin-independent
Caveolae lacking neuroblastoma cells were transfected with either D3∆2-GFP (upper panels) or DIIIGFP mutant of Eps15 (lower panels) and monitored for the internalization of 10kD dextran (10KDex)(a) or transferrin-red (Tf)(b). Note that Tf internalization is affected by expression of the D3∆2
mutant positively and the internalization inhibited by the DIII mutant.
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Fig. 51: Clathrin does not colocalize with flotillin microdomains
Caveolae lacking Jurkat cells were stained with anti-clathrin (green) and anti-flotillin (red) antibodies.
DIC images show the morphology of the cells. Note that flotillin PAPs are comprised of
microdomains and these domains does not colocalize significantly.

Involvement of caveolin and flotillins in 10kD dextran uptake
In order to characterize the role of flotillins in the caveolin containing cells, we performed
10kD dextran uptake studies in CHO cells which contain both caveolin and flotillins and
looked for the involvement of both of the microdomain associated proteins. As seen in Fig.
52, flotillins show less colocalization with caveolins despite both of them being organized as
discrete microdomains (Fig. 52, extreme right).

Fig. 52: Flotillin microdomains are distinct from caveolar domains
Caveolae containing CHO cells were stained for flotillins (green) and caveolin-1(red), an essential
component of caveolae. As shown in the enlarged image (extreme right), flotillin microdomains do
not colocalize with caveolae.
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Fig. 53 (upper panel) shows that during the uptake of 10kD dextran-Texas Red, it initially
accumulates at the plasma membrane preferentially at the flotillin microdomain clusters or
the “flotillae” as seen by the good degree of co-localization of 10kD dextran-Texas red (red)
and endogenous flotillins (green) but not caveolin microdomains (blue) where as the
internalized dextran accumulates in both flotillin and caveolin containing endosomal like
intracellular structures (Fig. 53, lower panel). The caveolin positive intracellular structures
could be either Golgi (Nichols, 2002) or structures reminiscent of caveosomes (Pelkmans et
al., 2001).

Fig. 53: Internalization of 10K Dextran in caveolae containing cells
CHO cells were incubated with 10kD dextran (red) and stained with anti-flotillin-2 (green)
and anti-caveolin-1 (blue) antibodies. Confocal image shows that 10k dextran initially
accumulates at the flotillin microdomains (upper panel) and also partially localizes internally
with caveolin.

The flotillin positive endosomal structures herein termed as “flotillin bodies” or
“flotillosomes” accumulated dextran and also colocalized with intracellular caveolin positive
structures. Flotillins were also identified as caveolae containing and caveolin interacting
proteins (Bickel et al., 1997), but we convincingly find that caveolin microdomains are
organized in the plasma membrane distinct from the flotillin microdomains (Fig. 52) as also
previously reported (Lang et al., 1998). Also flotillins are organized in visible membrane
patches in caveolae lacking lymphocytes (Fig. 51) and neuronal cells (Lang et al., 1998). But
the intracellular co-localization of caveolins and flotillins during the uptake of certain
pinocytic markers could also mean that they could also interact intracellularly during
specific function despite being distributed in different microdomains. Since flotillins were
cloned as caveolae containing and caveolin interacting proteins (Bickel et al., 1997) and
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along with our results it tempts to propose that in cells containing both the proteins , though
distributed in distinct microdomains in the plasma membrane, flotillins and caveolins
colocalize intracellularly during endocytic uptake of certain pinocytic markers. This suggests
that cell employs a novel endocytic pathway involving detergent resistant flotillin
microdomains.
Clustering of CD59 induces its translocation to the flotillin defined pre-assembled
platforms and is internalized along with flotillins
CD59, a GPI-anchored protein belongs to the Ly6 super family and is present on
erythrocytes and T lymphocytes. Also called protectin (Meri et al., 1990), CD59 associates
with the complement factor C9 and interferes with the formation of the membrane attack
complex (MAC) thereby inhibiting the complement mediated cell lysis (Rollins and Sims,
1990). Crosslinking of CD59 resulted in its translocation to the flotillin platforms, which
correlates with the previous studies indicating that CD59 clustering results in its
accumulation in detergent resistant microdomains (Fig. 54). It has been shown in the first
section that flotillins exclusively partition into the detergent resistant microdomains and
correspond to the pre-assembled clusters found in the membrane. As seen in the Fig. 54,
CD59 was distributed uniformly over the cell surface before crosslinking and forms a cap
like structure after crosslinking whereas flotillin existed polarized as caps even under resting
conditions. Immuno-electron microscopic studies have shown that clustered CD59
molecules were enriched in non-coated structures of the lymphocyte membranes (Deckert et
al., 1996) and consistent to the previous finding we show here that clustered CD59-formed
caps colocalize with flotillin pre-assembled platforms and CD59 accumulated in the flotillin
platforms after receptor clustering. Longer periods of incubation at 37°C with the secondary
antibodies resulted in the intracellular accumulation of CD59 which colocalized with
flotillins. Internalized CD59 and flotillins accumulated in intracellular compartment
reminiscent of the endosomal recycling compartment (ERC) or Golgi. Flotillins seem to aid
the uptake of GPI-anchored proteins and facilitate their internalization. Interestingly GPIanchored proteins were reported to be endocytosed in a non-clathrin dependent manner
(Deckert et al., 1996; Nichols et al., 2001; Nichols, 2002) and lymphocytes lack caveolae,
the structures responsible for the uptake of GPI-anchored proteins. Detergent resistant
membranes have been recently implicated as being responsible for the non-clathrin, noncaveolae dependent endocytosis (Nichols and Lippincott-Schwartz, 2001; Johannes and
Lamaze, 2002). Interleukin –2 receptors are also shown to be endocytosed involving DRMs
(Lamaze et al., 2001). Our results in the light of DRM involvement in endocytosis indicate
that detergent resistant flotillin microdomains facilitate in concentrating and enhancing the
internalization of the surface receptors.
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Fig. 54: GPI-anchored CD59 is internalized along with flotillin-PAPs
Jurkat T cells were left untreated (a) and crosslinked with anti-CD59 antibodies for 20 min
(b) and 2 hr (c). Confocal images were taken from cells stained for CD59 (green) and
flotillins (red). Arrows indicate the colocalization of CD59 and flotillins, upon
internalization.

CTx-B and GPI-anchored protein are endocytosed along with Flotillins en route to the
Golgi in a non-caveolar fashion
Cholera toxin subunit B (CTx-B) binds to the ganglioside GM1 and enters the cell similar to
receptor mediated internalization processes (Lencer et al., 1999) but the identity of the actual
partners is still enigmatic (Sandvig and van Deurs, 2002). We studied the CTx-B
internalization in caveolae lacking neuroblastoma cells by incubating the cells with the B
subunit of the toxin as explained in the materials section. The internalized toxin accumulated
at the Golgi staining also positive for flotillins.
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Fig. 55: Internalization of Cholera toxin-B (CTx-B) and GPI anchored proteins involve
flotillin microdomains
a) CTx-B (red) internalization was monitored in caveolae lacking neuroblastoma cells and
stained for Golgi (blue). The flotillin-GFP is shown in green.
b) GPI anchored protein (blue) localizes with flotillin-GFP (green) and β-tubulin at the
MTOCs.
c) Integrity of TGN is essential for the GPI (blue) accumulation at the Golgi along with
flotillins (green). While the control cells (upper panel) shows colocalization at the Golgi,
Brefeldin A (BrfA) treated cells dispersion of the internalized molecules (lower panel).
Note that plasma membrane delivery of the exogenous flotillins is intact even in BrfA
treated cells.

As shown in Fig. 55a, internalized cholera toxin accrued in flotillin positive structures
associated with Golgi. Recent studies characterizing the various endocytic mechanisms
involved in cholera toxin internalization suggested that caveolae and clathrin are not the only
mechanisms utilized by the toxin for its internalization (Torgersen et al., 2001). Previously
cholera toxin has been reported to be internalized by caveolae and routed to Golgi (Nichols,
2002) but our results show that even in cells lacking caveolin, internalization of CTx-B is
unaffected confirming an earlier study (Torgersen et al., 2001) that caveolae do not
contribute significantly to the toxin internalization. These results show that flotillins
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participate in internalizing the membrane bound receptors suggesting a novel pathway.
Disruption of the trans-Golgi network with Brefeldin A (BFA) caused redistribution of the
Golgi associated molecules and also disrupted the flotillin colocalization with the
internalized GPI suggesting that intact Golgi is essential for the delivery process (Fig. 55c,
lower panel). Control cells showed that flotillin colocalized with the internalized GPI near
the Golgi (Fig. 55c upper panel) and the microtubule organizing Centers (MTOCs) (Fig.
55b). Interestingly, we also observed that the plasma membrane delivery of flotillins
remained unchanged (Fig. 55c, lower panel) even when the cells were treated with BFA
suggesting that the flotillins carry a novel Golgi independent plasma membrane targeting
signal, recently characterized by Morrow et al (Morrow et al., 2002).
Internalization of membrane associated flotillins and raft exclusion of ubiquitinated
flotillins
During the course of study, we found that plasma membrane associated flotillins also
underwent internalization which could be a way of recycling as reported for several other
lipid raft markers (Nichols et al., 2001). We starved Jurkat T lymphocytes of serum and
stained for tubulin and flotillin. Fig. 56a shows that the polarized localization of flotillins is
maintained in the control cells and most of the flotillins limited themselves to the plasma
membrane whereas the starved cells showed increased intracellular accumulation of
flotillins. The internalized flotillins accumulated near the tubulin positive reminiscent of the
endosomal recycling compartment (ERC) which are thought to be involved in recycling
GPI-anchored proteins (Chatterjee et al., 2001; Sabharanjak et al., 2002) (Fig. 56b). We
consistently find that the internalized flotillins accumulated near the tubulin positive
MTOCs. Also, the internalized flotillins partially localized with the endosomal marker,
EEA-1 suggesting the internalization of flotillins occurs via early endosomal pathway.
Lipid raft fraction analyses from both the control and starved cells showed that the 48kD
flotillins floated almost exclusively in the raft fractions but some higher molecular bands
appeared predominantly in the starved cells and are subsequently excluded from the raft
fractions. The higher molecular weight bands were 56kD, 70kD and a ladder like band
corresponding to mono- and poly- ubiquitination modification of flotillins. If the
modification was indeed through ubiquitination, is it associated with the plasma membrane
since the modified versions are excluded from the lipid raft fractions?
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Fig. 56: Internalization of flotillins
Control cells (a) and serum starved (b) were stained with anti-flotillin (green) and anti-tubulin
antibodies (red) The internalized flotillins (red) partially colocalized with early endosomal antigen
(green) (c). Proteasomal inhibition induced accumulation of ubiquitinated proteins (red) and flotillins
(green).
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Fig. 57: Surface biotinylation
identifies modified forms of flotillins
Nalm6 (1), Raji (2) and Jurkat (3) cells
were surface biotinylated and the plasma
membrane (M) and cytosolic (C)
fractions were isolated using streptavidin
beads. The fractions were probed with
anti-flotillin-1 (upper panel) and antiflotillin-2 (lower panel)

We surface biotinylated the pre-B cell Nalm6, the mature B cell Raji and T lymphocytic cell
line, Jurkat and affinity purified the plasma membrane with streptavidin beads in order to
separate the plasma membrane from the cytosol containing other membrane fractions as
well. As shown in Fig. 57, membrane fractions contained almost exclusively the 48 kD
protein whereas the cytosolic fraction containing various organelles and intracellular
membranous structures contained both the 48kD and the modified forms. This result with
our lipid raft isolation studies shows that the plasma membrane associated reggie (48 kD) is
mainly raft associated and a fraction of the internalized flotillins are also still associated with
DRMs as even in the cytosolic fraction, the 48kD band appears. This result also confirms
that the cytosol contains lipid rafts and we show that these intracellular structures contain
flotillins as well. But the higher modification of flotillins is found only in the cytosolic
fraction and since it is excluded from the raft fractions, it appears that flotillins upon
internalization, undergo modification for degradation or recycling.

a)

Immunoprecipitates from Nalm6 (1),
Raji (2) and Jurkat (3) cells through
anti-ubiquitin antibody was probed
with anti-flotillin-2 antibodies.
b) Immunoprecipitates from Nalm6 (1),
Raji (2) and Jurkat (3) cells through
anti-flotillin-2 was probed with antiubiquitin antibodies
c) Anti-ubiquitin immunoprecipitates
from the detergent insoluble (I) and
soluble (S) fractions were probed
with anti-flotillin-1 antibody
d) Anti-ubiquitin immunoprecipitates
from the detergent insoluble (I) and
soluble (S) fractions were probed
with anti-flotillin-2 antibody.
Fig. 58: Flotillins are modified through ubiquitination
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Fig. 59: Modified flotillins are excluded from the DRMs
Western blotting with flotillin -1 (upper panel) and flotillin-2 (lower panel) antibodies on
starved cells shows that the upper band is excluded from partitioning into DRMs

In order to confirm if the modification is indeed through ubiquitination, we
immunoprecipitated ubiquitinated proteins through anti-ubiquitin antibody and probed with
anti-flotillin antibody (Fig. 58a). Immunoprecipitation through anti-flotillin and probing for
anti-ubiquitin also confirmed that the modifications of flotillins are indeed through
ubiquitination (Fig. 58b). To know if the modified version that is excluded from the DRM
fractions is ubiquitinated, we also immunoprecipitated flotillins from the DRM and soluble
fractions, and probed for ubiquitin. As can be seen in Figs. 58c and 58d, only the soluble
fraction contains the ubiquitinated flotillins suggesting a role for ubiquitination in removing
a raft associated protein from the DRM fractions (Fig. 59). Moreover, the endosomal
fractions do not contain the ubiquitinated forms of flotillins (Fig. 60) suggesting that
flotillins might be internalized along with DRMs (Fig. 56 and 58).
Fig. 60: Endosomes contain the 48kD
flotillins but not the modified form
Endosomal fractions were isolated from Jurkat
cells and probed with anti-flotillin-2
antibodies. Endosomes accumulated the 48kD
protein whereas the pellet accumulated the
modified forms as well.
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Fig. 61: Flotillin bodies or Flotillosomes in the process of delivery and trafficking
GFP fusion of flotillin-2 was expressed in COS-7 cells and monitored for the GFP dynamics.
The expressed GFP fusion protein mainly accumulates as vesicles and may be on their way
from the plasma membrane to the interior of the cell or their delivery to the membrane.

Expression of a GFP fusion of flotillin-2 showed that endosome like vesicles were formed
Ubiquitination of receptors such as the epidermal growth factor receptor (EGFR) (Levkowitz
et al., 1998) and some of the adaptor molecules in lymphocyte signaling are now known to
be a common mechanism (Rao et al., 2002). Downregulation of this receptor signaling by
ubiquitination of the receptor and the adaptor signaling molecules is a negative regulatory
mechanism by which the cell maintains homeostasis. c-Cbl is a ubiquitin ligase that aids in
ubiquitination of several signaling molecules and receptor-associated proteins and hence
participates in the negative regulatory mechanisms (Waterman and Yarden, 2001; Goh et al.,
2002; Liu and Gu, 2002; Rao et al., 2002). It is worthy to mention that a recent study
identified that flotillins bind to c-Cbl during insulin signaling and our results with T cell
lymphocyte activation through raft clustering suggest that flotillins interact with c-Cbl
probably for negatively regulating the signal strength (Fig. 25). As shown in the earlier
sections, c-Cbl does not ubiquitinate flotillins but the interaction might provide access to the
c-Cbl ubiquitin ligase to ubiquitinate raft associated signaling proteins. Further work is
needed to dissect the exact role of c-Cbl binding to flotillins as c-Cbl-flotillin interaction
might aid in the ubiquitination and hence for attenuating the receptor signal.
Rafts or the signaling microdomains are thought to act as platforms to relay the positive
signal from the lymphocyte or the cell surface receptors. Our results suggest that the cellular
machinery might also chose to down regulate the receptor signal not only by endocytosing
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the receptors through lipid raft associated proteins but also by ubiquitinating the raft
associated proteins themselves and thereby internalizing the whole signaling assembly from
the plasma membrane. If rafts are essential to assemble signaling components and aid in
activation, what happens to the rafts during negative regulatory mechanisms such as
endocytosis and internalization? This work suggest a novel mechanism to address this
discrepancy in the light that our results suggest that the “rafts” as such can get ubiquitinated
and internalized as flotillins-1 and –2 represent the major raft components in the
lymphocytic cells.

Fig. 62. Schematic representation of various modes of endocytosis including “flotillae”
mediated internalization pathway.
Clathrin coated vesicles (CCV), caveolar pathway through the caveosomes and non-clathrin, non
caveolar, flotillins mediated endocytotic pathways have been represented in this figure. (Modified
from Sieczkarski and Whittaker, 2002)

Taken together our data suggest that pre-assembled flotillin platforms participate in the
uptake of several surface receptors and pinocytic markers and serve to direct the
internalization route either to the peri-nuclear endosomal recycling compartment or to the
Golgi suggesting a novel flotillin mediated non-clathrin, non-caveolar endocytic pathway.
Internalization and ubiquitination of flotillins and the exclusion of the latter from the
detergent resistant microdomains provides new insights into the involvement of rafts /
DRMs in the negative signaling through internalization processes.
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General Discussion
This thesis could be categorized into three parts: the role of pre-assembled detergent
resistant microdomains in (i) leukocyte polarity and signaling, (ii) in polarization and
migration of leukocytes and (iii) in endocytic processes. The first part of the thesis dealt with
the finding and characterization of a subset of microdomains that are asymmetrically
localized in resting leukocytes. Hematopoietic cells, particularly the lymphocytes, have long
been defined as round, non-polar cells that show uniform distribution of cell surface
associated molecules. Though several of the studies have reported that multichain immune
receptors and specific signaling molecules translocate into the detergent resistant
microdomains, so far no microdomain resident protein has been shown to be asymmetrically
localized under non activated conditions. For the first time, the work presented here presents
evidence that leukocytes do have inherent polarity by concentrating two microdomain
resident proteins, flotillins-1 and -2 towards one pole of the cell. Furthermore, even the
existence of microdomains is often questioned as these lipid patches are thought to be either
formed during artificial clustering of lipid modified proteins or an artifact of the preparation
methods. These microdomains have been reported to be too small to be visualized by
microscopic methods. This work shows that at least a subset of these lipid rafts assemble as
microscopically visible pre-assembled platforms (PAPs) even without any treatment and
these proteins partitioned into the floating fractions prepared on a sucrose gradient. The
PAPs seem to act as preassembled signaling platforms in lymphocyte signaling. Reports
have suggested that lipid rafts could act as signaling centers as most of the signaling
molecules get concentrated in these microdomains. If rafts are signaling centers for
activation, theh question then is whether they are formed during activation as small
microdomains coalesce or activation itself generates rafts de novo. Asymmetric localization
of Flotillin-PAPs seem to pre-determine the pole of activation and act as signaling platforms
during lipid raft clustering induced T cell activation. In contrast to Lck and Fyn which are
shown to be partially raft-resident, PAPs are a subset of DRMs and interact with specific
phosphorylated proteins only upon activation. It is conceivable that a scaffold for activation
might be present even before any stimulus whereby signaling components could coalesce
with the pre-assembled microdomains and aid in the propagation of the message. The
interaction of c-Cbl with flotillins described in the first part throws novel light in the
regulation of lymphocyte signaling. c-Cbl, being a ubiquitin ligase, has been shown to
negatively regulate signaling by pr omoting ubiquitination of adaptor molecules involved in
transducing the signal. Key signaling molecules and adaptor components in lymphocytes,
Lck, PI3K and Syk are modified and downregulated by c-Cbl, but as shown by
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overexpression studies in this thesis, flotillins are not modified by c-Cbl. In this light it
appears that the c-Cbl interaction with flotillin could possibly serve as a means of gaining
access to the raft and raft associated molecules to downregulate the signaling activities of
raft associated molecules through ubiquitination.
The second part of this work addresses the involvement of the inherent PAP mediated
polarity in establishing polarization and in migration processes. Establishment and
maintenance of cell polarity is crucial for the movement of leukocytes across vascular
barriers. During the inflammation process, migration of leukocytes is critical as they have to
be chemoattracted in order to carry out their anti-inflammatory activities. Migration studies
with calcium influx measurements also illustrated that lymphocytes can be activated only
from certain parts of the cell surface which clearly demonstrated the possibility of inherent
polarity in these cells. Views on whether polarity is established only towards extrinsic
directional cues or it resides intrinsically in the cell are still ambiguous. Signaling and
membrane compartmentalization during cell migration and the ability of the cells to respond
rapidly to directional cues point out to a possible existence of the innate ability of the cells to
compartmentalize certain machinery necessary for the migration and polarization. Intrinsic
asymmetry of cytoskeletal and associated molecules in certain parts of the cell might assist
in a rapid response to the external stimulus. The work presented in this thesis demonstrates
that leukocytes possess inherent polarity and suggests that they provide internal cues for
migration and polarization. Importantly, detergent resistant membranes have been shown to
compartmentalize into specific morphologic partitions of a polarized cell only upon external
stimulus. Pre assembled flotillin platforms seem to act as guiding signals to navigate the
lymphocytes and macrophages during migration.
The third part of the thesis addresses the role of this subset of microdomains in a novel
internalization pathway and how these microdomains themselves could get degraded. It was
shown that GPI-anchored proteins and some toxins do not use coated pits to get endocytosed
but do use the flask shaped caveolae. Lymphocytes do not have caveolae but still display
intact endocytosis of these proteins and toxins which reveals that a coated pit and caveolaeindependent endocytosis exists in these cells. Since PAPs or flotillae are also a distinct
subset of DRMs and were shown to be present in maturing phagosomes, its role in the
internalization of certain proteins and toxins was studied in this work. As shown, they are
involved in pinocytosis and also endocytosis of toxins and proteins establishing their role in
a novel non-clathrin, non-caveolar mediated endocytosis. Since the PAP-associated flotillins
themselves could get ubiquitinated and internalized, their negative regulatory role is
highlighted through these studies. This study also implies that “rafts” or “microdomains”
themselves could get ubiquitinated showing a new mechanism of negative regulation.
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Summary
Detergent resistant microdomains (DRMs) or lipid rafts are liquid ordered structures in the
sea of liquid disordered phase of cell membranes that are resistant to extraction by
detergents. Lipid microdomains do exist in leukocytes and could be fractionated using
centrifugation techniques. A subset of these microdomains is asymmetrically localized to
one pole of the resting cell and these microdomains could be isolated as DRMs. This
asymmetric localization could be easily visualized by microscopic techniques which clearly
illustrates that at least a subset of microdomains could be seen without any cluster- inducing
techniques. These microdomains are also shown here to be important in lymphocyte
signaling as they serve as signaling scaffolds for lymphocyte activation through antigen
receptors. The asymmetric localization of these microdomains as pre-assembled platforms
(PAPs) confers inherent polarity to the leukocytes. The PAPs in resting cells redistribute
themselves to the uropods or the rear-end of the lymphocytes and macrophages upon
migration suggesting that the PAP associated microdomains provide intrinsic cues for cell
migration and polarization. The PAPs themselves get internalized and ubiquitinated. They
also define a novel clathrin-independent, caveolae independent endocytic pathway.

University of Konstanz

111

Membrane Microdomains in Leukocytes

Zusammenfassung
Detergentienresistente Mikrodomänen (DRMs) oder Lipid_Rafts sind fluide geordnete
Strukturen im fluiden ungeordneten Teil der Plasmamembran, die resistent gegen die
Extraktion mit Detergentien sind. Lipid-Mikrodomänen existieren in Leukozyten und
können mit Hilfe von Zentrifugationstechniken isoliert werden. Ein Teil dieser
Mikrodomänen ist asymmetrisch an einem Pol der ruhenden Zelle lokalisiert und kann als
DRMs isoliert werden. Diese asymmetrische Verteilung kann anhand der Mikroskoptechnik
leicht visualisiert werden, was zeigt, dass wenigstens ein Teil der Mikrodomänen ohne
künstliche Clusterungstechniken sichtbar ist. Diese Mikrodomänen sind wichtig für die
Lymphozyten, da sie als Signalzentren für die Lymphozytenaktivierung durch
Antigenrezeptoren dienen. Die asymmetrische Verteilung dieser Mikrodomänen als
vorgefertigte Plattformen (PAPs) definiert Polarität in Leukozyten. Die PAPs in ruhenden
Zellen assoziieren mit den Uropoden oder den entgegengesetzten Enden der Lymphozyten
und Makrophagen bei Migration. Das zeigt, dass die PAP-assoziierten Mikrodomänen
Schlüssel für die Zellmigration und Polarisation sein könnten. Die PAPs selbst werden
internalisiert und ubiquitiniert. Sie definieren einen neuen Clathrin- und Caveolaeunabhängigen endozytischen Pfad.
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