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Have we become overly reliant on lipid rafts?

Talking Point on the involvement of lipid rafts in T-cell activation
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During the past decade, the lipid-raft hypothesis has focused atten-
tion on the role of membrane domains in controlling cellular func-
tions. Among the best-studied roles of lipid rafts is the regulation 
of T-cell signalling. In particular, a model has emerged in which 
lipid rafts regulate protein–protein interactions during signalling 
in a cholesterol-dependent manner. Does this model provide the 
best description of what is happening in living cell membranes? 
Alternatively, has our ability to evaluate this question critically 
become compromised by the influential nature of the lipid-raft 
model itself? Here, this issue is explored in the context of two of the 
major tenets of the lipid-raft model. 
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Introduction
Since it was first proposed in 1997, the lipid-raft hypothesis has focused 
attention on the role of membrane domains in controlling cellular 
functions (Simons & ikonen, 1997). Building on biochemical evidence 
for the interactions of glycosylphosphatidylinositol (gpi)-anchored 
proteins and protein tyrosine kinases with glycosphingolipids and 
cholesterol (Stefanova et al, 1991; Brown & rose, 1992), the term lipid 
rafts was developed to convey the idea that these molecules form small 
platforms within the plane of the membrane, in which they function 
as transport and signalling organizers (Simons & ikonen, 1997). the 
earlier discovery that purified lipids can be used to generate detergent-
resistant membranes (DrMs) that equate with lipid rafts (Schroeder  
et al, 1994), and the subsequent proposal that the lipids that comprise 
the rafts are in a liquid-ordered (lo) state (Brown & london, 1998), 
pointed to a crucial role for cholesterol in raft formation.

among the best-studied functions of lipid rafts is their role in 
the regulation of signalling in immune cells, especially through the  
t-cell receptor (Harder & Engelhardt, 2004; He et al, 2005; Horejsi, 
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2005; Kabouridis, 2006; zeyda & Stulnig, 2006; Jury et al, 2007). 
in these and other signalling pathways (pike, 2003), a general 
model has emerged in which lipid rafts regulate protein–protein 
interactions in a cholesterol-dependent manner (Sidebar a). yet, 
despite the now-pervasive nature of the lipid-raft hypothesis, its 
validity has been questioned (Munro, 2003; Shaw, 2006). criticism 
stems largely from concerns about the detergent-based assays 
that are widely used to define raft-associated proteins and events 
(lichtenberg et al, 2005; Munro, 2003; Shaw, 2006). in addition, 
biophysical studies indicate that raft domains are typically small and 
short-lived under steady-state conditions (He et al, 2005; Hancock, 
2006; Marguet et al, 2006; Jacobson et al, 2007). therefore, cur-
rent models evoke a requirement for crosslinking or stabilization  
of small rafts to facilitate their function (Kusumi et al, 2004; Mayor 
& rao, 2004; Hancock, 2006).

the companion to this talking point article discusses evidence 
in support of a role for lipid rafts in t-cell receptor signalling (He & 
Marguet, 2008). Here, i discuss evidence that indicates that we 
should not be so quick to ascribe this and other cellular functions to 
lipid rafts. i frame this discussion in the context of two of the major 
tenets of the lipid-raft model.

Tenet 1: lipid rafts require cholesterol
lipid–lipid interactions are thought to provide the underlying basis 
for lipid-raft formation, with cholesterol having a crucial role in this 
process (Brown & london, 1998). in particular, lipid-raft domains 
are thought to be composed of lipids that exist in a cholesterol-
enriched lo state and that coexist with cholesterol-poor liquid- 
disordered (ld) domains within the plane of the membrane. 
therefore, in cells, cholesterol manipulations have become a 
standard tool for studying the structure and function of lipid rafts 
(Simons & toomre, 2000; zidovetzki & levitan, 2007). Specific 
treatments include acute or chronic cholesterol depletion (for 
example, through the use of methyl-β-cyclodextrin; Xavier et al, 
1998; ike et al, 2003; Monjas et al, 2004; zidovetzki & levitan, 
2007), cholesterol-sequestration agents such as saponin and fili-
pin (Xavier et al, 1998; Sharma et al, 2004; chichili & rodgers, 
2007), cholesterol oxidase (Drevot et al, 2002; lenne et al, 2006) 
and depletion of serum lipoproteins in conjunction with inhibition 
of cholesterol biosynthesis (Shvartsman et al, 2006). 
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using these manipulations, numerous studies have described 
the functional consequences of cholesterol depletion in a range 
of signalling pathways. in many cases, the effects of cholesterol 
depletion are consistent with a model in which depletion causes 
loss of raft domains and, subsequently, misregulated signalling 
(Kabouridis et al, 2000).

perhaps even more interesting, however, are those studies in 
which unexpected cellular responses to cholesterol depletion 
have been observed. For example, cholesterol depletion causes 
plasma-membrane depolarization and non-specific depletion 
of intracellular ca2+ stores in t cells (pizzo et al, 2004), and the 
induction of autophagy (cheng et al, 2006). intriguingly, choles-
terol depletion can also slow the diffusion of both raft and non-raft 
proteins at the cell surface, and/or induce protein immobiliza-
tion, as well as increase membrane stiffness (Kwik et al, 2003; 
Kenworthy et al, 2004; Vrljic et al, 2005; Shvartsman et al, 2006; 
Sun et al, 2007).

given these findings, many recent reviews have rightly pointed 
out the need to interpret the results of cholesterol-depletion 
experiments with caution. However, these data also beg the ques-
tion of whether we can learn something new about the way in 
which cholesterol influences membrane structure and signalling 
transduction from these phenotypes. although the mechanisms 
underlying these changes are not yet fully understood, at least 
some of these effects could occur as a result of changes in actin 
organization, some from the mobilization of phosphatidylinositol-
4,5-bisphosphate and others from perturbed cell-division cycle 42 
recruitment to the plasma membrane (ike et al, 2003; Kwik et al, 
2003; chadda et al, 2007). intriguingly, there are indications that 
some of these effects might not be owing to cholesterol removal 
(Shvartsman et al, 2006), raising further questions about the way 
in which cells sense and respond to these treatments. therefore, 
efforts to define raft structure and function by changing choles-
terol might have inadvertently given us clues about other ways  
that cells regulate signalling, if we are willing to explore these 
alternative mechanisms further.

Tenet 2: rafts regulate protein interactions
one of the main attractions of the lipid-raft model is that it provides 
a mechanism for regulating protein–protein interactions (Sidebar a). 
Early studies in t-cell signalling postulated that lipid rafts function 
to concentrate certain proteins within rafts, as well as to segregate 
raft and non-raft proteins, based on the association of some proteins 
with DrMs (Montixi et al, 1998; Xavier et al, 1998; zhang et al, 
1998; lin et al, 1999). Moreover, many of the proteins involved in  
t-cell signalling are palmitoylated, which has led to the intense study 
of the role of palmitoylation in targeting them to DrMs and their 
ability to signal correctly (Sidebar B). However, as the limitations 
of biochemical assays for rafts have been increasingly recognized 
(lichtenberg et al, 2005), new strategies to examine raft structure 
and dynamics, and in turn to infer their function, have evolved.

one such approach has been to explore the process of lo/ld 
domain formation in artificial membranes (Veatch & Keller, 2005). 
as lipid domains are often micrometre-sized and can be easily visu-
alized by doping them with fluorescent lipid probes, the preference 
of purified peptides or membrane proteins for an lo or an ld environ-
ment can be investigated with these in vitro systems (Shogomori  
et al, 2005). in support of this model, the presence of coexisting lo 
and ld domains in polarized epithelial cells was inferred from recent 
fluorescence-recovery after photobleaching (Frap) measurements 
(Meder et al, 2006). Furthermore, visible fluid–fluid phase coexist-
ence was recently shown to occur in plasma-membrane blebs, and 
these lipid domains have the ability to sort proteins (Baumgart et al, 
2007). in intact cells, however, lipids rarely exhibit this large-scale 
lipid-domain separation. it has therefore been proposed that in cells, 
lo domains are normally small and transient, but can be stabilized 
when captured by proteins (Hancock, 2006). the formation of large 

Sidebar A | Examples of proposed mechanisms by which lipid rafts 
regulate T-cell signalling

Regulated assembly of incomplete signalling pathways
On ligation, the T-cell receptor is translocated to lipid rafts, where the linker 
for activation of T cells (LAT) and LCK are located (Montixi et al, 1998; 
Xavier et al, 1998; Pizzo et al, 2004). 

Requirement for raft association for protein function
The association of LCK with lipid rafts is required for its function 
(Kabouridis et al, 1997; Stulnig et al, 1998; Hawash et al, 2002).
The association of LAT with lipid rafts is required for its function (Zhang 
et al, 1998; Lin et al, 1999; Zeyda et al, 2002; but also see Zhu et al, 2005; 
Tanimura et al, 2006).

Regulation of protein activity within a raft
LCK activity is downregulated in detergent-resistant membranes compared 
with non-raft fractions (Rodgers & Rose, 1996; Kabouridis et al, 2000).

Segregation/sequestration of signalling pathway components
CD45, which is a transmembrane tyrosine phosphatase, is sequestered 
in non-raft regions of the membrane, leading to hyperphosphorylation 
and, hence, inactivation of LCK in raft fractions (Rodgers & Rose, 1996); 
this sequestration occurs in a cholesterol-dependent and actin-dependent 
manner (Chichili & Rodgers, 2007).

Sidebar B | Palmitolyation of LAT and T-cell signalling: evidence  
for rafts?

One of the main mechanisms by which proteins are thought to be targeted 
to lipid rafts is through palmitoylation, which is the covalent attachment 
of the 16-carbon saturated fatty acid palmitate to a cysteine by a thioester 
linkage (Brown, 2006). Palmitoylation is thought to help increase the affinity 
of transmembrane proteins for lipid rafts, as transmembrane domains are 
predicted to pack poorly within the ordered environment of a lipid raft 
(Brown, 2006). The functional consequences of palmitoylation have been 
well studied for linker for activation of T cells (LAT), which is palmitoylated 
on two cysteines close to the cytoplasmic face of the membrane. Several 
early studies documented a role for palmitoylation in targeting the protein 
to DRMs that were isolated from cell extracts, and a requirement for raft 
association for LAT function (Zhang et al, 1998; Lin et al, 1999). However, 
palmitoylation is not sufficient to enable targeting of the LAT transmembrane 
domain to either liquid-ordered domains or detergent-resistant membranes 
in vitro (Shogomori et al, 2005). In addition, more recent studies indicate 
that palmitoylation of LAT is required for the protein to be transported to 
the plasma membrane and that, in the absence of palmitoylation, LAT is 
susceptible to degradation (Tanimura et al, 2006). The low abundance of a 
LAT palmitoylation mutant on the cell surface was also noted in another study 
(Douglass & Vale, 2005). Furthermore, when a LAT fusion protein that is 
targeted to non-raft domains was used to replace LAT in LAT-deficient Jurkat 
cells or LAT –/– mice, many functions of the native protein were restored (Zhu 
et al, 2005). These data raise the possibility that at least some of the signalling 
defects observed for a LAT palmitoylation mutant might result from defects 
in its delivery to the plasma membrane, rather than its mislocalization from 
plasma membrane lipid rafts.
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lo domains might be prevented by an active, energy-dependent proc-
ess (Hancock, 2006). However, others have questioned whether lo/ld 
phase separation is a good model for the basis of domain formation 
in cell membranes (Mayor & rao, 2004; Jacobson et al, 2007).

in fact, biophysical studies in cells indicate that the distribution 
of putative raft proteins in cells is more consistent with a random 
distribution or a model of active organization than with passive par-
titioning into lo domains (glebov & nichols, 2004; Sharma et al, 
2004; Hess et al, 2005; plowman et al, 2005). in one such study, 
fluorescence-resonance energy transfer (FrEt) was used to test the 
hypothesis that raft-associated proteins are concentrated within 
lipid rafts in t cells, and showed that they are instead randomly dis-
tributed (glebov & nichols, 2004). However, another FrEt study 
in fibroblasts provided strong evidence of the presence of a small 
but significant fraction of gpi-anchored proteins in small (~4–5 nm) 
cholesterol-sensitive clusters (Sharma et al, 2004). remarkably, 
although the clusters coexist with a large monomer fraction, the 
two populations are not in equilibrium with each other, indicating 
that the fraction of clustered proteins is actively regulated by the cell 
(table 1). this provides a view of rafts as pre-existing and actively 
maintained structures that can be organized into larger and more 
stable structures, for example by crosslinking (Mayor & rao, 2004; 
Sharma et al, 2004). interestingly, measurements of protein diffusion 
by fluorescence-correlation spectroscopy (FcS) have also provided 
evidence for the dynamic lateral confinement of gpi-anchored  
proteins within cholesterol-dependent domains (lenne et al, 2006).

given such findings, several recent reviews indicate that lipid rafts 
are normally small and dynamic structures, and evoke mechanisms 
by which cells organize and stabilize these small domains on an 
‘as-needed’ basis (Harder & Engelhardt, 2004; Kusumi et al, 2004; 
Mayor & rao, 2004; Hancock, 2006; Viola & gupta, 2007). By doing 
so, they address a crucial assumption of the model: the idea that lipid 
rafts need to have a finite size and lifetime to bring proteins together 
or to keep them apart in a functionally meaningful way.

How do lipid rafts do this? given differing opinions about the 
definition of a lipid raft, this is not a trivial question. the lipid-shell 
model, the lo/ld phase coexistence model and the actively main-
tained domains model make substantially different predictions 
about what drives domain formation, how the number of proteins 
that associate with a given raft is regulated and how proteins interact 
with one another within a raft (table 1). recent studies also vary in 
their depiction of how proteins diffuse within and between raft and 
non-raft domains (Kenworthy et al, 2004; Douglass & Vale, 2005; 

lenne et al, 2006; Meder et al, 2006). Even the area fraction of rafts 
within the plasma membrane is debated (Shaw, 2006). it is also clear 
that rafts cannot be doing all the work themselves, especially in 
immune-cell signalling during which protein networks and the actin- 
binding proteins also have an important role (Harder, 2004; Douglass 
& Vale, 2005; Viola & gupta, 2007). therefore, although models of raft 
function abound, the details of how these events are accomplished 
remain far from certain.

Looking beyond rafts
the lipid-raft field has reached a crucial juncture. there is a pleth-
ora of biochemical and functional data in support of the lipid-raft 
model. yet, much of this evidence comes from assays, such as DrM-
isolation and cholesterol-depletion assays, the validity of which is 
increasingly being questioned. at the same time, models of how 
rafts function are growing progressively more complex, reflecting 
fundamental uncertainties about the nature of rafts. this has placed 
the field in a tenuous position in which the relevance of the model 
has been strongly criticized (Munro, 2003; Shaw, 2006). Much 
emphasis has been placed on the importance of developing new 
tools with which to study rafts, in order to address some of these 
concerns. indeed, it was recently proposed that the lipid-raft field is 
at a technical impasse ( Jacobson et al, 2007).

i propose that the field has also reached a conceptual impasse by 
becoming overly reliant on the lipid-raft model itself. Most recent 
studies have focused on determining whether lipid rafts are involved 
in a particular process. However, much less effort has been devoted 
to considering alternative models. indeed, the absence of a strong 
competing model might be the main reason why we are so reluctant 
to reject the lipid-raft model altogether, despite its clear limitations. 
Further investigation of the physiological origin of the effects of chol-
esterol depletion would be an excellent starting point for identifying 
alternative mechanisms. another approach that shows great promise 
is the direct visualization of signalling in action (Bunnell et al, 2002; 
ike et al, 2003; Douglass & Vale, 2005; larson et al, 2005; chen et al, 
2006; Sohn et al, 2006; Suzuki et al, 2007). By doing so, one can take 
an unbiased view of the movements and interactions of various pro-
teins in a pathway. Such experiments have already begun to reveal 
viable alternatives to the lipid-raft model, such as the formation of 
microdomains by protein–protein networks through a diffusional 
trapping and exclusion mechanism (Douglass & Vale, 2005).

the fluid nature of the lipid-raft model has also made it diffi-
cult to evaluate critically, as the definition of a lipid raft is still in 

Table 1 | Comparison of specific predictions of three major models of lipid rafts

L
o
/L

d
 phase coexistence model Lipid-shell model Actively maintained domains model

Basis of domain formation Lipid–lipid interactions sufficient Protein–lipid interactions Might involve lipid–lipid interactions

Proteins distribute by partitioning Raft proteins act as nucleation sites Might involve protein–lipid interactions

– Can be targeted to other domains Additional cellular machinery required

Number of proteins per raft Depends on protein concentration Single protein/shell Depends on number of available sites

Depends on partition coefficient Can interact in regulated manner Might be saturable

Protein interactions in raft Non-competitive Non-competitive Possibly competitive

Predictions are extrapolated from published descriptions of the liquid-ordered (L
o
)/liquid-disordered (L

d
) phase-coexistence model (Meder et al, 2006), the lipid-shell model (Anderson 

& Jacobson, 2002; Jacobson et al, 2007) and the actively maintained domains model (Mayor & Rao, 2004).
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flux (table 1). of the current raft models in the literature, the lo/ld 
model is the most clearly defined, owing to the ease of generating 
and characterizing the properties of these domains in artificial and 
well-controlled systems. However, this does not necessarily mean 
that this model provides the best description of what occurs in cell 
membranes. More work is needed to determine the robustness of the 
various models of lipid rafts reported in the literature. the properties 
of ‘non-raft’ domains also deserve much greater attention than they 
currently receive (Shaikh & Edidin, 2006).

Finally, to validate or dispute the lipid-raft model, more efforts are 
needed to develop mechanistic models linking raft structure and func-
tion. a good place to begin would be to evaluate systematically how 
a particular set of structural and dynamic features of lipid rafts theo-
retically influence protein diffusion or reaction kinetics. Some efforts 
in this direction are under way (nicolau et al, 2006). ultimately, one 
would like to be able to put current understanding of the relationship 
between raft structure and function directly to the test by building 
quantitative models and validating their predictions experimentally 
(tian et al, 2007). More quantitative efforts of this type are desperately 
needed to move the field beyond simple descriptions of the actions of 
lipid rafts (that is, “lipid rafts are involved in…”) towards a mechanistic 
understanding of how they act.
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