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Summary

The fundamental mechanisms of protein and lipid organization at the plasma membrane have 

continued to engage researchers for decades. Among proposed models, one idea has been 

particularly successful which assumes that sterol-dependent nanoscopic phases of different lipid 

chain order compartmentalize proteins, thereby modulating protein functionality. This model of 

membrane rafts has sustainably sparked the fields of membrane biophysics and biology, and 

shifted membrane lipids into the spotlight of research; by now, rafts have become an integral part 

of our terminology to describe a variety of cell biological processes. But is the evidence clear 

enough to continue supporting a theoretical concept which has resisted direct proof by observation 

for nearly twenty years? In this essay, we revisit findings that gave rise to and substantiated the raft 

hypothesis, discuss its impact on recent studies and present alternative mechanisms to account for 

plasma membrane heterogeneity.
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Introduction

The concept of membrane rafts is one of the most heatedly discussed topics in membrane 

biology. Part of this debate comes from a confusion about what a membrane raft actually is. 

Under the umbrella of the raft hypothesis, a vast variety of findings have amassed that are - 

to different degrees - compatible with its main postulation: that there is lipid-mediated phase 

separation in the plasma membrane serving to compartmentalize proteins and thus cellular 

functions [1] (see the Glossary in Box 1 for a more detailed explanation of key concepts 

described in this essay). On the one hand, these findings include protein and/or lipid 

assemblies on various length and time scales: nanometer [2–4] to micrometer [5,6], 

microseconds [7,8] to milliseconds [9] and seconds [10]. On the other hand, they span a 

broad range of cell biological, biochemical and biophysical observations: the cholesterol 

dependence of cellular processes [11], detergent insolubility of certain proteins and lipids 

[12], phase separation in model membranes composed of synthetic lipids [13], phase 

partitioning of proteins in plasma membrane vesicles [14], and differential sorting of 
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proteins in polarized cells [15]. In general, the raft hypothesis seemed to offer an attractive 

explanation for a variety of functional cell biological data. So far, however, unequivocal 

proof for the postulated connection between these observations is missing: Numerous 

studies have shown that local and temporal heterogeneity of proteins and lipids exists in 

biological membranes, but while many of the observed phenomena could qualify as rafts, to 

day no study has yielded unambiguous evidence. In fact, in many cases segregation 

mechanisms other than lipid-mediated phase separation were identified [9,16–24].

Moreover, we know today that important pillars that led to the proposition of the raft 

hypothesis are either outright artifacts [25], or at least ambiguous [26–30]. These new vistas, 

however, have had surprisingly little impact on the model itself. This is not necessarily cause 

for concern; as George E.P. Box famously wrote: “Essentially, all models are wrong, but 

some are useful” [31]. The question is: is the raft hypothesis right enough to be useful? In 

this essay we approach this question by separating it into two parts: 1) How right is the raft 

hypothesis? Here, we take a look at the past as we examine “milestones” that gave rise to or 

substantiated the raft hypothesis, and assess their validity in the light of evidence that we 

have today. While these milestones together represent the basis of the raft model today, we 

will attempt here a non-chronological dissection of its major tenets. 2) How useful is it? 

Over the years, new insights on plasma membrane organization and dynamics have been 

interpreted in view of the raft hypothesis. In the second part of this essay we will thus 

examine how the raft hypothesis itself has been shaping our view of the plasma membrane.

Part 1: The history of rafts revisited

Milestone 1: Detergent resistant membranes

Upon extraction of the plasma membrane with cold non-ionic detergents, sphingolipids, 

cholesterol, and glycosylphosphatidylinositol-anchored proteins (GPI-APs) remain insoluble 

[12,32]. Fueled by observations of lipid phase-separation in model membranes and apical 

sorting of GPI-APs, the idea seemed compelling that these detergent-resistant membranes 

(DRMs) reflect actual lipid-protein assemblies in living cells, which compartmentalize 

membrane proteins to functional domains [1]. It also sparked a huge amount of studies, 

resulting in the categorization of membrane proteins into raft and non-raft proteins based on 

their detergent-solubility (reviewed e.g. in [11]). However, problems with this classification 

system became apparent rather quickly: the group of proteins isolated in DRMs depends on 

the detergent and the conditions used [33]. Further, a generalization of the results was often 

not possible: for example, not all GPI-APs are actually found in DRMs [34]. Ultimately, a 

calorimetric study by Heerklotz suggested that the detergent Triton X-100 promotes growth 

of pre-existing liquid ordered (Lo) domains [35] and can even create ordered domains in an 

initially homogeneous, fluid model membrane. The latter finding, however, was challenged 

in a subsequent spectroscopic study [36]. In a 2006 Keystone Symposium on lipid rafts and 

cell function, DRM formation was considered as “an artificial and highly subjective 

approach that can induce the formation of membrane domains and hence does not provide 

physiologically relevant information” [25].

Conclusion: DRM experiments cannot be used to predict the protein or lipid composition of 
putative domains in live cell membranes.
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Milestone 2: Apical sorting of GPI-APs

Intertwined with studies on their solubility in detergents, sphingolipids, cholesterol and GPI-

APs were also found to follow specific secretory pathways [15,37]. It was argued that 

sphingolipids and cholesterol could form ordered domains in the Golgi apparatus, and 

recruit GPI-APs due to preferential lateral association with the long, saturated acyl chains of 

the GPI-moiety. Together, these components were thought to be sorted into specific vesicles 

for delivery to the apical membrane in polarized epithelial cells [12]. This view was not 

unchallenged: N-glycosylation of the protein, but not its GPI-anchor, was found to be 

responsible for apical targeting [38,39], and DRM-association did not necessarily correlate 

with apical sorting [39–41]. Today, the picture is still unclear, but it is known that the apical 

sorting of GPI-APs depends on their oligomerization [40,42]. This oligomerization, 

however, does not necessarily rely on the presence of cholesterol [42,43]; even when it does, 

GPI-APs with unsaturated lipid anchors are delivered to the plasma membrane just as 

efficiently [44]. Thus, depending on cell type and protein, GPI-APs can be sorted in an 

anchor-dependent or -independent manner to the apical or basolateral membrane.

Conclusion: Partitioning of GPI-APs into ordered domains in the Golgi apparatus is not a 
plausible mechanism for their sorting to the apical membrane in polarized cells.

Milestone 3: Phase separation in model membranes

In a bilayer, the presence of cholesterol can lead to phase separation of lipid components, 

producing a cholesterol-rich Lo phase and a cholesterol-poor liquid disordered (Ld) phase. 

The more pronounced the differences between the lipids’ physicochemical properties, the 

more pronounced is the phase separation [13]. Several observations indicated that a similar 

phase coexistence could also occur in cell membranes [12,37,45]. Indeed, the live cell 

plasma membrane seems predestined for phase separation as it contains all the necessary 

ingredients: saturated and unsaturated lipids, as well as cholesterol.

But how valid is the translation of findings in model membranes to the situation in a live 

cell? Due to chemical heterogeneities of the acyl chains, the headgroups, and the 

glycosylation patterns, a cell has the potential to produce up to 100,000 different lipid 

species [46]. Predicting the according phase diagram is virtually impossible. From Gibbs’ 

phase rule we know that – in equilibrium – a mixture of C components may produce up to C

+1 coexisting phases, all of them containing a characteristic composition of lipids [47]; 

under non-equilibrium conditions there may be even more. In addition, the phase diagram 

contains regions which correspond to the coexistence of C phases, C-1 phases, etc. The 

enormous amount of different coexistence regions makes their size in the respective phase 

diagram fairly small. Essentially, the whole phase diagram consists of boundaries to the next 

coexistence region, and only marginal changes in the overall lipid composition lead to a 

transition to a different phase coexistence region. In general, this counteracts the formation 

of well-defined phases.

But the plasma membrane not only comprises a complex mixture of lipids, it is also subject 

to influences absent in model membranes: A substantial part of the plasma membrane area is 

occupied by proteins [48] that potentially act as direct binding partners for certain lipids, 
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such as sphingomyelin, cholesterol or charged lipids [49–51]. In addition, hydrophobic or 

hydrophilic lipid-protein interactions result in slower lipid exchange from the protein-lipid 

interface; thereby, many proteins are surrounded by a shell of annular lipids that behave 

differently than bulk lipids [52]. Such lipids were found to be affected in their movement 

and their order parameter up to 3-4 nm away from the surface of a single Kv1.2 voltage 

gated ion channel [53]. In that study, the authors estimated that 50-100 lipid molecules 

diffuse in one dynamic complex with a single protein molecule, suggesting that virtually no 

unperturbed lipid molecule exists in the plasma membrane. Furthermore, lipids are 

continuously processed by enzymes and shuffled between the two leaflets of the plasma 

membrane. Anionic lipids in the inner leaflet can give rise to charge-mediated segregation, 

which has implications for protein clustering and many cellular processes [21,54,55].

In addition, proteins can interfere with phase separation simply by their abundance: steric 

pressure arising from collisions between proteins was found to destabilize Lo/Ld phase 

separation in model membranes, resulting in an optically homogeneous distribution of 

proteins and lipids over the membrane surface [56]. Also cortical actin has been shown to 

have a profound influence on overall membrane properties but also on protein and lipid 

dynamics [57,58]. Considering this complexity, it is not surprising that many observations, 

which were initially perceived as manifestations of raft-mediated phase separation in 

biological membranes, have today been identified to be of a different origin 

[3,4,17,19,33,43,59].

Conclusion: The presence of Lo/Ld phase separation in synthetic model systems does not 
provide conclusive evidence for its existence in cells.

Milestone 4: Cholesterol dependence

During the seventies, eighties and nineties of the past century, studies on DRMs, on lipid and 

protein sorting, and on phase-separated bilayers seemed to converge on one fundamental 

principle: the differential self-organization of lipids and membrane proteins based on their 

raft affinity. From the beginning, cholesterol was suggested to be a sine qua non component 

of rafts. In fact, the raft hypothesis has highlighted cholesterol in view of its influence on 

lipid phase separation, thereby creating an equivalency of the terms cholesterol-dependent 

and raft-dependent. A standard raft-experiment involves the alteration of cellular cholesterol 

levels, which is typically performed by addition of either methyl-β-cyclodextrin (MβCD), 

saponin or cholesterol oxidase. These treatments often resulted in dramatic changes of 

plasma membrane observables such as the organization of proteins in clusters [57,60,61], the 

dimerization of mobile components [9,10], and the immobilization of GPI-anchored proteins 

or lipids [4,62]. Functional consequences of cholesterol depletion were also frequently 

observed and attributed to dissolution of rafts [28].

Cholesterol depleting agents, however, are not very specific. MβCD extracts cholesterol, but 

also other lipids such as sphingolipids and phospholipids [63], removal of cholesterol using 

the detergent saponin can leave holes in the plasma membrane [64] and cholesterol oxidase 

produces cholestenone, which is membrane active by itself [65]. In addition to this, 

cholesterol has a profound influence on general lipid bilayer properties such as bilayer 

fluidity as well as permeability for ions and small non-ions [66–68]. The effects of 
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cholesterol on proteins and their functions are manifold. The formation of supramolecular 

clusters of syntaxin, for instance, requires cholesterol, however, the association mechanism 

is mediated by homophilic SNARE-motif interactions and not by phase separation [69]. 

Cholesterol depletion has been found to affect the amount of key phospholipids regulating 

various steps of membrane transport pathways and PIP2 levels in the plasma membrane 

[70,71]. Cholesterol levels influence actin organization and dynamics [70,72], which in turn 

affects protein organization [73]. A direct and specific effect of cholesterol on protein 

function has been described for the β2-adrenergic receptor [74]. Apart from this, cholesterol-

sensing domains have been identified in several transmembrane proteins, reviewed in [50], 

including caveolin-1 [75] and many scaffold proteins with key roles in protein networking 

[76,77]. For a more detailed discussion of this, we refer the reader to [27].

Conclusion: The importance of cholesterol for cellular processes cannot be reduced to its 
ability to induce Lo/Ld phase separation.

Milestone 5: Crosslinking and co-patching

Diffraction-limited fluorescence microscopy experiments show a rather homogeneous 

distribution of GPI-APs in the plasma membrane [78], yielding no direct support of raft-type 

segregation to membrane domains. This is why researchers used antibodies to crosslink GPI-

APs to generate larger, optically resolvable platforms, and determined the recruitment of 

other membrane proteins [45]. The finding that crosslinking of DRM components induces 

cholesterol-dependent co-patching of other DRM-associated proteins and lipids – but not 

detergent-soluble proteins – was taken as indication for the consistency of the raft hypothesis 

[45]. Another intriguing effect of crosslinking of GPI-APs was the induction of T cell 

receptor signaling, which was thought to be mediated via the formation of Lo-like domains 

and concomitant recruitment of effector molecules [79].

One problem of these studies is a lack of coherence, as different cell types, proteins and/or 

experimental conditions yielded different results: While Mitchell, et al. [80] found co-

patching of the GPI-AP CD59 with the sphingolipid GM1, Mrowczynska and Hagerstrand 

[81] did not; different viral glycoproteins showed co-patching, but only some of them were 

found in DRMs, and cholesterol-depletion did only slightly affect co-patching efficiency 

[82].

But why would proteins associate with other, crosslinked proteins? A clue for this comes 

from a study, where streptavidin attached to the plasma membrane via different lipid anchors 

was used to mimic GPI-APs [59]. As expected, streptavidin with fully saturated lipids as 

anchors was isolated in DRMs, whereas the unsaturated construct was not. Interestingly, the 

authors observed co-patching of their streptavidin constructs with DRM components 

irrespective of whether the lipid anchors were saturated or unsaturated. Also, crosslinking of 

either the saturated or unsaturated constructs led to activation of signaling events in Jurkat T 

cells, indicating that it is not phase partitioning of GPI-APs that is responsible for cell 

activation, as previously proposed [79]; in contrast, it seems to be a generic property of 

lipid-anchored proteins in the outer leaflet of the plasma membrane. Another study found 

that the ability to induce membrane curvature was critical for efficient co-patching of 

putative raft markers with the structure protein Gag [83]. Indeed, mere addition of short-
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chain phospholipids induced cellular extensions and filopodia that recruited the sphingolipid 

GM1 [84]. These observations suggest that the observed copatching may be based on 

phenomena related to the ectodomain rather than the membrane anchor, e.g. molecular 

crowding and induction of local membrane curvature. Such effects can easily be 

misinterpreted as local enrichment of membrane constituents: FRET measurements on 

Jurkat T cells revealed that the apparent recruitment of the raft markers GFP-GPI and 

Cholera toxin to sites of antibody-induced T cell receptor signaling was actually an imaging 

artifact caused by localized membrane ruffling [85].

Conclusion: The observed co-patching of proteins does not imply their co-partitioning to 
ordered membrane phases.

Milestone 6: Giant Plasma Membrane Vesicles (GPMVs)

GPMVs can be formed from the plasma membrane of live cells by treatment with 

formaldehyde and DTT, or N-ethylmaleimide. At low temperature, phase separation in 

optically resolvable more ordered and more disordered phases can be induced [14,86]. 

Protein and lipid partitioning into these phases often correlates with their detergent 

solubility. This was taken as an indication that the plasma membrane is actually poised 

towards large scale phase separation, which is actively prevented by cells resulting in 

nanoscopic phase separation [87].

There are several important differences between GPMVs and the live cell plasma membrane: 

First, lipid asymmetry between the two membrane leaflets is lost in GPMVs. Both head 

group charge and degree of acyl chain saturation are substantially different in the inner and 

outer leaflet of the plasma membrane [88]. Mixing of inner and outer leaflet lipids therefore 

may well affect the propensity of the new membrane for phase segregation. Second, in the 

plasma membrane a substantial fraction of proteins – and thus of the associated annular 

lipids – is immobilized to the cortical actin skeleton; those molecules do not participate in 

the equilibration of the live cell system, but they do equilibrate in the GPMVs. Third, 

membrane tension imposed by the cytoskeleton is lost, which can have consequences on 

lipid phase separation [89–91]. It should be noted that the specific conditions used to form 

GPMVs influence the phase partitioning of the studied proteins, partly due to different 

degrees of protein depalmitoylation during GPMV preparation [92,93].

The observation that large-scale phase separation can be induced in the plasma membrane by 

chemical treatment and temperature decrease per se is intriguing. It represents an 

amendment to DRM studies as it shows that phase separation can indeed occur and that 

proteins can be sorted in a context resembling the live cell plasma membrane in many ways. 

As DRMs, GPMV studies show what is biophysically possible, but the a priori assumption 

that observed phenomena also occur in a live cell does not seem justified.

Conclusion: The observation of microscale phase separation in GPMVs cannot give direct 
evidence for its existence on the nanoscale in living cells.
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How right is the raft hypothesis?

For our first question “How right is the raft hypothesis?” we cannot provide a definite 

answer, as the existence of an undetectable phenomenon can neither be proven nor 

disproven. In view of the discrepancies and ambiguities associated with the milestones 

discussed above, however, it seems no longer empirically supported to suggest lipid-

mediated phase separation in the plasma membrane as a fundamental basis for current cell 

biological models. The assumption that rafts exist does not seem more justified than the 

opposite.

Part 2: Alternative views on the plasma membrane

More than one mechanism for heterogeneity

Among mechanisms accounting for heterogeneity of lipids and proteins in the plasma 

membrane, the raft-model is unrivaled in popularity. There are, however, several viable 

alternative mechanisms for phenomena currently attributed to rafts (Figure 1). One 

prominent example proposes that, conceptually analogous to hydration shells around 

proteins in aqueous solution, proteins are surrounded by a shell of annular lipids [52]. 

Favorable hydrophobic or hydrophilic lipid-protein, lipid-lipid, and/or lipid-glycan 

interactions can result in longer dwell times of certain lipids in the vicinity of proteins 

leading to the formation of dynamic lipid-protein complexes comprising up to 100 lipids 

[53,94]. A single protein molecule can thus affect the movement and order parameter of 

lipids up to 3-4 nm away from its surface, suggesting that virtually no unperturbed lipid 

molecule exists in the plasma membrane [53]. This motional restriction can be unspecific, 

but some proteins preferentially recruit lipids of a certain headgroup or acyl chain length 

[52]. The latter phenomenon is caused by a discrepancy in the length of a protein 

transmembrane domain and the thickness of the bilayer hydrophobic core. The energy 

penalty resulting from this ‘hydrophobic mismatch’ can thus lead to the recruitment of a 

suitable lipid environment but also cause membrane deformation, and/or promote protein 

clustering [95,96]. Some lipids engage in even stronger interactions with proteins by binding 

to specific recognition motifs in protein transmembrane regions and can be co-crystallized 

[49]. These lipids, often cholesterol, sphingolipids and phosphatidylinositols, can act as 

allosteric regulators of protein function, stabilizers or “molecular glue” between subunits of 

protein complexes [49–51].

Anionic lipids such as phosphatidylinositols or phosphatidylserines were found to 

profoundly influence protein organization via charge-mediated segregation. Divalent ions, 

membrane depolarization or interaction with positively charged proteins can result in the 

formation of nanodomains independently of cholesterol or lipid phases [20,21,55].

Anionic lipids are also key elements in endo- and exocytosis, such as clathrin-mediated 

endocytosis or synaptic vesicle fusion [97,98]. In all processes involving budding or fusion 

of vesicles, areas of high membrane curvature will be generated, which can be associated 

with the local enrichment of non-lamellar lipids such as phosphatidic acid or diacylglycerols 

that are formed by lipid-modifying enzymes [98,99]. Considering the abundance of proteins 

in the plasma membrane, it is quite conceivable that membrane bending can be caused 
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merely due to lateral pressure generated by collisions between transmembrane as well as 

lipid-anchored membrane proteins [48,100]. This, in turn, will entail curvature-mediated 

sorting of lipids and proteins [101]. Of note, deviations from planar membrane topology can 

also lead to perceived clustering that is actually artefactual [85].

Also, other organelles can influence plasma membrane organization: the endoplasmic 

reticulum (ER) has been found to form tight contacts with the plasma membrane, facilitating 

non-vesicular exchange of lipids [102]. In addition, a phosphoinositide phosphatase located 

in the ER can, for instance, regulate phosphatidylinositol levels in the plasma membrane 

[103].

Last but not least, cortical actin can act to compartmentalize proteins and lipids in the 

plasma membrane, as proposed by the ‘fence and pickets’ model [73,104]: the diffusion of 

transmembrane proteins can be restricted directly by the actin cytoskeleton ‘fence’; proteins 

anchored to this fence can, in turn, impede the diffusion of other proteins and lipids due to 

steric hindrance at these obstacles. In addition to such actin corrals, dynamic actin 

assemblies were proposed to function as anchoring sites for protein and lipid clusters [18].

This is certainly not an exhaustive discussion of sources of plasma membrane heterogeneity, 

but offers a glimpse of the variety of influences proteins and lipids are subject to. These 

alternative models may have their own sets of limitations, but have to be integrated into the 

explanatory repertoire of cell biology. For more detailed information, we refer the reader to 

excellent reviews addressing one or more of the above-mentioned mechanisms [96,97,105–

108].

What if there were no rafts?

We invite the reader to follow us on a thought experiment: If rafts had not been proposed 

twenty years ago, how would that change today’s picture of membrane biology? In a few 

recent high-impact studies high-resolution and ultrasensitive microscopy techniques were 

used to investigate plasma membrane organization; large parts of the scientific community 

understood those results under the premise of existing membrane rafts. It is, however, 

increasingly difficult for non-experts – as well as peer-reviewers – to judge a study [109]. 

We thus revisited four of these studies with respect to the experimental findings and their 

presentation, and tried to find consistent interpretations while avoiding the assumption of 

rafts (see BOX 2).

Of two recent studies on the homo-association behavior of GPI-APs, one identified 

ectodomain interactions as the main underlying cause (BOX2 – Finding 1) [9], while the 

second proposed transient transbilayer interactions with actin assemblies (BOX2 – Finding 

2) [18]. Both studies provide significant contributions to our understanding of membrane 

organization, but the connection to rafts is not obvious. Indeed, GPI-APs have frequently 

been reported to form homodimers or oligomers, but the findings are equivocal: For GPI-

anchored monomeric GFP (mGFP-GPI) alone, lifetimes of the observed associates range 

from 70 ms [9] to seconds [10]; in some studies, the association has been found to require 

actin [2,57,110], others did not reveal any actin-dependence [9]; concentration dependence 

was observed [9,10] or not [57], and associates were found to be mobile [9,10] or immobile 
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[57]. All studies agree on the cholesterol-dependence of the detected homo-association, but 

as discussed above, the disappearance of a phenomenon upon depletion of cellular 

cholesterol cannot give conclusive evidence. The observed discrepancies may reflect 

experimental limitations, idiosyncrasies of the cellular systems or GPI-anchor species used, 

as well as the multifaceted properties of the life-cycle of GPI-APs. It seems that a 

generalization of the association behavior of GPI-APs and the establishment of a relation to 

membrane rafts is currently not possible.

In a recent study, Eggeling, et al. [4] found that the diffusion behavior of sphingolipids and 

GPI-APs was characterized by transient cholesterol-dependent halts (BOX2 – Finding 3). 

Although the authors themselves were rather cautious about interpreting their findings, the 

community perceived the study as supportive of the raft hypothesis [87,107,111]. In more 

recent publications Eggeling and coworkers had extended their methodology and reported 

that the diffusion behavior of their probes was not determined by the degree of saturation of 

the lipid anchor [16,112]. Instead of partitioning into nanoscale more ordered domains, the 

authors thus proposed transient binding to immobile proteins and plasma membrane 

topology as possible explanations for the observed halts.

These studies highlight a general problem associated with the majority of raft studies: the 

experimentally determined parameters do not interrogate the presence of lipid-mediated 

phase separation, but merely report on the behavior of a putative raft- or non-raft molecule 

under specific conditions. Recalling that this dichotomous classification is problematic per 
se, it seems doubtful whether such studies can be employed to draw conclusions on raft 

properties.

A different approach was taken by Gaus and coworkers, who used the environment-sensitive 

dye Laurdan as a direct probe of lipid bilayer properties (BOX2 – Finding 4) [113]. Their 

study revealed a coexistence of nanoscopic ordered and disordered domains in the plasma 

membrane. In this case, however, the complexity of the plasma membrane compared to a 

simple lipid bilayer makes unequivocal conclusions very difficult: The detection of 

nanoscopic regions of different order could just as easily be explained by the mere presence 

of proteins, lipid shells around proteins, differences between inner and outer leaflet lipids 

and/or charge-mediated segregation of lipids and proteins [114,115].

Recent studies not in line with the raft model

Several recent studies have come up with results that are in outright discrepancy with major 

tenets of the raft hypothesis. Strong experimental evidence against the presence of 

cholesterol-enriched nano-domains in the plasma membrane came from studies using high-

resolution secondary ion mass spectrometry. Kraft and coworkers indeed found that 

sphingolipids were clustered in 200 nm-sized domains in fixed fibroblasts [23], however, the 

distribution of cholesterol was homogeneous [22]. The authors concluded that favorable 

interactions between sphingolipids and cholesterol do not dictate their distribution in the 

plasma membrane. Using fluorescence cross-correlation spectroscopy, Groves and 

coworkers observed that the co-diffusion of lipid-anchored proteins at the inner leaflet of the 

plasma membrane followed complex and heterogeneous schemes incompatible with the 

simple phase separation model of the raft hypothesis [19].
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Recently, our own group designed a study to specifically address the role of lipid-mediated 

phase separation in the organization of GPI-APs [24]. We immobilized GPI-anchored 

monomeric GFP (mGFP-GPI) in the plasma membrane of live cells within micrometer-sized 

patterns and used single-molecule tracking to determine the effect of mGFP-GPI enrichment 

on the local membrane properties. We did not find evidence, however, for the formation of a 

connective ordered membrane phase nor did we observe any enrichment of nanoscopic 

ordered domains within the mGFP-GPI micropatterned regions. Thus, our findings indicate 

that the association behavior of GPI-APs is governed by their ectodomains (as proposed in 

[9]) but does not involve phase partitioning.

How useful is the raft hypothesis?

This brings us to our second question: "How useful is the raft hypothesis?” Indeed, the 

postulate of lipid rafts has boosted research on biomembranes in general, and on the role of 

lipids in membrane protein interactions in particular. On the coat-tails of rafts, model 

membranes drew the attention of cell biologists, who started appreciating membranes as 

being more than just a matrix for protein interactions. In fact, current membrane biology 

would be incomplete without the concept of coexisting ordered and disordered phases, and 

without biophysicists who dive deeper into the mechanisms behind the formation of even 

nanoscale phases.

Moreover, the difficulty to verify the presence of membrane rafts in the live cell context 

drove the development of new high-resolution imaging techniques, which in turn have 

helped us to discover the nature of membranes at the nanoscale. For many years, it appeared 

to be just a matter of time until rafts would finally be proven.

After twenty years without clear-cut evidence, however, it seems that - instead of facilitating 

new insights - the dominance of the raft hypothesis rather obstructs an unbiased scientific 

approach. Often, straightforward interpretation and presentation of new data within the raft 

paradigm is accepted more easily by the community than alternative models, making it 

difficult for more detailed concepts to receive the appropriate attention. As a matter of fact, 

it was the broad scope of the raft model which set a foundation for its success and generated 

a plethora of functional studies that in turn could consistently be interpreted within the 

framework of rafts. But many of these studies were specifically tailored to the raft model, 

and actually did not attempt to put it to the test. To us it therefore does not seem reasonable, 

if one considers the sheer amount of consistent studies as additional justification of the 

model.

A remarkable feature of rafts is the flexibility towards new data: whenever fundamental 

conflicts between new observations and the raft hypothesis arose, amendments to the model 

allowed to incorporate the new findings. Expressed positively, continuous refinements of the 

model will indeed ultimately yield a fairly reasonable approximation of the truth. For 

scientific communication, however, we need to keep track of the version of the raft model: a 

3.0 raft from 2016 will likely be incommensurable with the 2.0 Keynote raft from 2006, or 

the original 1.0 launch from 1997.
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Concluding remarks

As we have tried to convey in this essay, a thorough re-examination of previous milestone 

experiments does not yield sufficient evidence for the a priori assumption that membrane 

rafts exist and function to compartmentalize cellular processes. Certainly, there are DRM-

associated proteins, Lo-phase-partitioning proteins, or cholesterol-dependent protein 

clusters, but these observations cannot be condensed into the one underlying principle of 

membrane organization the raft hypothesis suggests. Beyond that, we think that the 

unparalleled popularity of the raft model has generated an unwanted side-effect: there is a 

tendency to interpret one’s results within the raft context, while alternative explanations are 

neglected. There are, however, no obvious grounds for treating the raft model differently to 

other proposed membrane models, until advanced methods can provide conclusive evidence. 

Until then, as we continue to unravel more and more aspects of plasma membrane 

organization and dynamics, it seems conducive to welcome them in an unbiased manner, 

instead of reshaping the raft hypothesis to accommodate new findings.
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Box 1

Glossary

Raft hypothesis: The raft hypothesis distilled observations from biochemistry, cell 

biology and biophysics into a biological concept: sphingolipid and cholesterol clusters 

(rafts) are segregated from unsaturated lipids in the exoplasmic leaflet of the plasma 

membrane [1]. Proteins will segregate according to their affinity for raft and non-raft 

lipid phases. Rafts can act as sorting platforms for membrane traffic and relay stations for 

cell signaling.

Membrane raft: At a 2006 Keystone meeting, a new definition for rafts was adopted: 

“Membrane rafts are small (10–200 nm), heterogeneous, highly dynamic, sterol- and 

sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can 

sometimes be stabilized to form larger platforms through protein-protein and protein-

lipid interactions”[25]. According to the raft hypothesis, the underlying mechanism of 

this phase separation is based on liquid-liquid immiscibility of certain lipid species. 

Lipid-protein assemblies arising from alternative phenomena, such as charge-mediated 

sequestering or specific binding of lipids to recognition sequences in proteins would thus 

not qualify as rafts.

Liquid ordered (Lo)/liquid disordered (Ld) phase separation: Lipid bilayers above 

the phase transition temperature exist in a fluid phase characterized by disordered lipid 

acyl chains and high lipid mobility. The presence of cholesterol has an ordering effect, 

leading to a more extended conformation and a tighter packing of the hydrocarbon 

chains, which results in a lower lateral mobility of lipids and an increase in membrane 

thickness [116]. Some synthetic lipid bilayers composed of a mixture of cholesterol, fully 

saturated lipids (e.g. sphingolipids), and unsaturated lipids show macroscopic phase 

separation into cholesterol-rich liquid ordered (Lo) and cholesterol-poor liquid disordered 

(Ld) domains [117]. This segregation is critically dependent on cholesterol, which, due to 

its rigid sterol backbone, disfavors interactions with the more bulky unsaturated lipid 

species and preferably associates with saturated lipids [118,119].

Glycosylphosphatidylinositol-anchored proteins (GPI-APs): In GPI-APs, the protein 

moiety is attached to the outer leaflet of the plasma membrane via a 

glycosylphosphatidylinositol lipid anchor. Often, the GPI-anchor contains two saturated 

acyl chains, but it can also feature unsaturated chains at the sn-2 position or even a third 

acyl chain [120]. The significance of the GPI-anchor is not yet fully understood; 

functions as an apical sorting signal and mediator of signal transduction have been 

proposed [32,121]. Based on the fact that GPI-APs are frequently isolated in detergent-

resistant membrane (DRM) fractions and sorted to apical membranes, they have been 

considered to be archetypical “raft markers” [1].

Detergent-resistant membranes (DRMs): Upon extraction of the plasma membrane 

with cold non-ionic detergents such as Triton X-100, only a subset of its components gets 

solubilized. The remaining material (termed detergent-resistant) was found to be enriched 

in a characteristic set of proteins (e.g. GPI-APs), cholesterol and sphingolipids 

[15,32,122]. Likewise, Triton X-100 does not solubilize gel- or Lo-phase model 
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membranes, but extracts lipids and GPI-APs from fluid membranes [12]. These 

similarities were taken as indication that – also in cell membranes – lipid phase 

separation occurs and that proteins segregate according to their Lo/Ld partition 

coefficients [12].

Giant plasma membrane vesicles (GPMVs): Upon treatment with formaldehyde and 

DTT, or N-ethylmaleimide, the plasma membrane is induced to produce blebs that can 

detach to form vesicles. At low temperature, phase separation into more ordered and 

more disordered phases can occur [14]. The difference in order and packing density 

between these membrane regions is not as high as in model membranes [86]. GPI-APs as 

well as most palmitoylated proteins have been shown to partition to the ordered phase in 

GPMVs [123]; it is assumed that this is mediated by their saturated lipid anchors.

Plasma membrane lipids: The most abundant lipid constituents of the mammalian 

plasma membrane are glycerophospholipids, sphingolipids, and cholesterol. The former 

two are categorized into distinct lipid classes defined by their headgroup, and further 

classified according to their acyl chain length and degree of saturation; this provides the 

potential of generating more than 100,000 different species [46]. Lipids and lipid-

anchored proteins are distributed asymmetrically across the plasma membrane: the inner 

leaflet contains anionic, typically unsaturated phosphatidylserines and –inositols as well 

as phosphatidylethanolamines and palmitoylated proteins, whereas saturated 

sphingolipids and GPI-APs reside in the outer leaflet [124]. Among sphingolipids, 

gangliosides like GM1 take a special place as they have large carbohydrate headgroups 

and have a role in cell recognition, cell-to-cell contact formation, receptor binding and 

modulation and signal transduction [125]. The implications of this enormous 

compositional complexity for membrane-associated processes are unknown.
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Box 2

Recent studies reinterpreted

Finding 1

Kusumi and coworkers analyzed the diffusion behavior of single proteins with respect to 

the appearance of transient homo- or hetero-association events [9]. GPI-APs were shown 

to transiently co-diffuse for 50 to 300 ms. Colocalization lifetime decreased upon 

cholesterol depletion and increased with concentration, but was independent of protein 

N-glycosylation or the presence of actin. The replacement of the GPI-anchor with a 

transmembrane protein domain reduced the colocalization lifetime. When the GPI-APs 

CD59 and DAF were individually crosslinked with antibodies, these entities showed 

prolonged hetero-association.

Rafts: Protein ectodomain interactions are responsible for homodimer formation that 

serve as basic units for raft organization and can coalesce to larger hetero-associates via 

raft lipid interactions.

No rafts: Transient homo-association of GPI-APs is mediated by interactions of their 

ectodomains. Membrane anchoring of proteins per se has an effect on the binding 

constants by altering ectodomain orientation and accessibility. Indeed, GPI anchors were 

found to influence the conformation and structure of the protein to which they were 

attached. For example, antibodies to GPI-APs exhibit greatly reduced affinity toward the 

same proteins lacking the lipid tail [126,127]; for different GPI-APs the glycan moiety 

was found to be buried inside the protein, to assume an extended conformation on the 

bilayer surface or to pull the protein into close contact with the bilayer [128–130], all of 

which can have an impact on protein-protein interactions.

Comment: Quantifying brief molecular interactions via the analysis of co-diffusion times 

can be challenging [131]. Prolonged co-diffusion times may not only indicate the 

presence of an interaction between two entities, but could also reflect the increased 

duration of incidental co-diffusion of the two entities due to their reduced mobility. Since 

the diffusion of an antibody-crosslinked CD59 is almost three times slower than that of a 

single CD59 molecule labeled with a Fab fragment [132], a concomitant 3-fold increase 

in the co-diffusion times of antibody-crosslinked GPI-APs could in fact be expected. It is 

thus difficult to disentangle specific interactions and incidental co-diffusion of the 

fluorescent probe molecules.

Finding 2

In a series of studies on the clustering of GPI-APs, Mayor and coworkers determined the 

proximity of their fluorescent probes by measuring the decrease of fluorescence 

anisotropy due to homo-FRET [18,57,58]. They found that GPI-APs formed transient 

clusters of a few molecules that were immobile, concentration-independent, but actin- 

and cholesterol-dependent [2,57]. Theoretical work indicated that dynamic actin 

assemblies could induce clusters of transiently associated transmembrane proteins, but 

also GPI-anchored proteins by an unknown link [58]. Clustering was absent in cells 
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expressing a GPI-AP with short or unsaturated acyl chains, and required the presence of 

long-chain phosphatidylserine on the inner leaflet of the plasma membrane [18].

Rafts: Transbilayer coupling of saturated long chain lipids within raft domains is the 

source of GPI-AP nanoclusters. These nanoclusters have Lo-like properties, and are 

maintained by the cortical actomyosin network in the cell.

No rafts: The observation of transbilayer coupling in the case of C16:0 and C18:0 lipids 

– but not in the case of C18:1 lipids – is not necessarily related to nanoscopic Lo phases. 

Unsaturated lipids are generally much more resistant to interdigitation and would thus be 

inefficient in inducing transbilayer coupling [133,134]. Indeed, in an earlier publication, 

the authors suggested that the observed effects upon cholesterol depletion may well arise 

from effects on the organization and dynamics of cortical actin [57].

Finding 3

Eggeling and co-workers used stimulated emission depletion fluorescence correlation 

spectroscopy (STED-FCS) to monitor the diffusion behavior of fluorescently labeled 

molecules on length scales down to 30 nm [4]. They found sphingomyelin, GM1, and 

GPI-APs to be transiently trapped within areas <20 nm in the plasma membrane in a 

cholesterol-dependent fashion. The trapping events lasted for 10-20 ms and were not 

observed for phosphatidylethanolamine lipids.

Rafts: The transient halts of GPI-APs and sphingolipids can be explained by dynamic 

partitioning into more ordered and slowly diffusing rafts with a size <20 nm.

No rafts: Sphingolipids are both donors and acceptors of hydrogen bonds [135], and can 

engage in interactions with each other, with cholesterol, and with proteins [136,137]; a 

recognition motif specifically for C18 sphingomyelin has been identified in several 

transmembrane proteins [49]. For GPI-APs, association to transient actin asters via lipid 

interdigitation has been proposed [18]. Other interpretations include trapping by transient 

binding to immobilized proteins, partitioning to lipid shells around proteins, or trapping 

at sites of crowding or of endocytosis.

Finding 4

Gaus and coworkers analyzed fluorescence lifetime decays of the environment-sensitive 

membrane dye Laurdan, which displays a decreased fluorescence lifetime in less 

hydrated environments [113]. Laurdan showed double-exponential fluorescence decays in 

the plasma membrane of live HeLa cells, indicative of two distinct membrane 

environments. Upon addition of 7-ketocholesterol, the environment featuring shorter 

Laurdan fluorescence lifetimes became more prevalent.

Rafts: Due to the tighter packing of lipids in ordered compared to disordered phases, the 

lipid-water interface region is less hydrated, which can be sensed by Laurdan. 

Quantitative analysis of Laurdan fluorescence lifetimes data suggests that the plasma 

membrane of HeLa cells consists of a mixture of nanoscopic Lo (76%) and Ld domains 

(26%).

No rafts: Laurdan lifetime does not directly report on lipid packing but on the hydration 

of the interface region [114]. Nanoscale domains of increased Laurdan fluorescence 
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lifetimes could thus originate from e.g. annular lipids that exhibit slower rotational and 

lateral mobility [115]. Since ~20-30% of the plasma membrane area is occupied by 

proteins [48], the observed heterogeneity in hydration levels is not surprising. Even at far 

lower concentrations the presence of peptides has a pronounced effect on Laurdan 

fluorescence characteristics [115]. Further, Laurdan is expected to flip-flop rapidly in 

membranes [138] and could thus report on inhomogeneous distribution of charged lipids 

and proteins in the inner leaflet [54,55].

Comment: In this study, cholesterol extraction with MβCD had a very moderate effect 

and reduced the percentage of Lo phase from 76±6 to 70±3%, whereas addition of 7-

ketocholesterol reduced it to 23±11%. There are indications, however, that the effect of 7-

ketocholesterol is actually more related to lipid mobility than to the proposed conversion 

of an ordered state to a disordered: In a bilayer composed of 90% palmitoyl-oleoyl-

phosphatidylcholine and 10% cholesterol, exchange of cholesterol for 7-ketocholesterol 

significantly decreased Laurdan fluorescence lifetimes while not decreasing the order 

parameter in the hydrophobic core [139,140].
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Figure 1. Possible mechanisms for generating protein and lipid heterogeneity in the plasma 
membrane.
(1) Specific binding of lipids to recognition motifs in membrane proteins. (2) 

Transmembrane proteins surrounded by a shell of annular lipids. (3) Protein-protein 

interactions. (4) Charge-mediated sequestration of proteins and lipids. (5) Membrane 

bending induced by protein crowding. (6) Recruitment of specific lipids and proteins to 

endo- or exocytosis sites. (7) Protein and lipid diffusion confined by the cortical actin 

skeleton. (8) Hydrophobic mismatch between protein transmembrane domains and the 

hydrophobic core of the lipid bilayer. (9) Protein interactions and lipid transfer at contact 

sites between the ER and the plasma membrane.
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