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Lipids were long considered to be passive passengers of

carrier vesicles with the single role of sealing the transport

container. We now know that specific phospholipids are

required for efficient fusion, while others facilitate budding

and fission. Moreover, the various polyphosphoinositides

assist in the recruitment from the cytosol of proteins of the

transport machinery. Finally, the segregation of membrane

lipids into different fluid phases appears to serve as a

‘lipid raft’ mechanism for protein sorting at various stages

of the secretory and endocytic pathways. The current

challenge is to understand how proteins control the

metabolism and subcellular localization, and thereby the

activity, of the various lipids.
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Abbreviations
ER endoplamsic reticulum

GPI glycosylphosphatidylinositol

Introduction
A continuous stream of carrier vesicles interconnects all

the organelles of eukaryotic cells apart from the mito-

chondria and peroxisomes. Membrane vesicles bud from

one membrane, travel through the cytosol and fuse with a

different membrane. They thereby carry membrane com-

ponents and lumenal contents from one organelle to the

next, or secrete the content into the extracellular envir-

onment (Figure 1). The matrix of cellular membranes is

the classic fluid lipid bilayer, and as vesicular transport is

bidirectional and fast as compared to the turnover of

membrane components, one important question is how

cells maintain the identities of the membranes of their

organelles. Cellular membranes contain hundreds of lipid

species that differ in their polar headgroups and fatty tails.

This review addresses the question of how cells utilize

this lipid variety in vesicular transport, and how proteins

control the local lipid composition.

Overview of the relevant properties of lipids
Lipid polymorphism and transmembrane asymmetry

Membrane lipids have unique geometrical shapes

defined by their chemical structures [1,2]. The ubiquitous

phospholipid phosphatidylcholine, which comprises 50%

of the cellular lipids, is cylindrical: the headgroup cross-

sectional area equals the cross-sectional area occupied by

the fatty acyl tails. By contrast, the second most abundant

lipid, phosphatidylethanolamine, is a cone, as is the

endosomal lysobisphosphatidic acid [3�]. A monolayer

of a cone-shaped lipid will adopt a negative curvature,

as the headgroup ends pack more tightly than the tail

ends. The same tension is created when the reversed

cone lysophosphatidic acid is acylated [4,5], or, to an even

greater degree, when its phosphate headgroup is removed

by a phospholipase C to yield diacylglycerol [6]. Large

headgroups, as in lysophospholipids, create positive

monolayer curvature. Lysophospholipid concentrations

can be (locally) increased by phospholipase A2. Clearly,

tension will only yield membrane curvature when the two

membrane leaflets in the bilayer do not contain the same

lipids. Curvature is also induced by minimal increases in

the number of lipids in one leaflet as compared to the

other [7]. Spontaneous lipid translocation across model

membranes is slow but phosphatidic and lysobisphospha-

tidic acid translocation is induced by low pH (see [3�,7].

Besides inducing curvature, cone lipids strongly facilitate

fusion and fission (which also includes a fusion step),

whereas the cylindrical lipid phosphatidylcholine and

the cylindrical combination of sphingomyelin plus choles-

terol resist bending and fusion [8].

Lipid sorting by lateral heterogeneity and

protein recruitment

Lipids in eukaryotic membranes are fluid. Lipids in the

endoplamsic reticulum (ER) are generally unsaturated,

whereas the saturated lipids in the other membranes

are fluidized by cholesterol. Remarkably, the different

mutual affinities of lipids can yield coexisting lipid

phases of different fluidity (i.e. liquid-ordered versus

disordered). Segregation occurs in liposomes with a

plasma membrane lipid composition and, amazingly,

one phase can spontaneously bud away from the other

(Figure 1; [9]). In vesicular traffic, such buds would then

need to contain specific proteins to target them to the

correct organelle. The thickness of membranes matches

the hydrophobic length of transmembrane domains [10�]
and saturated and unsaturated lipid anchors localize pro-

teins to different areas on the cytosolic plasma membrane
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surface. Still, it remains essentially unknown what mole-

cular properties determine the specific interactions

between proteins and different lipid phases. Cytosolic

proteins of the transport machinery are recruited in a

highly regulated fashion via the various phosphoinosi-

tides, whose synthesis and degradation is time- and

position-dependent [11], a topic not discussed here.

Different lipid combinations act at the
various organelles
Aminophospholipid flip and budding

Because of its high levels of unsaturated lipids and low

levels of sphingolipids and cholesterol, the ER mem-

brane is highly flexible with a high rate of spontaneous

transbilayer lipid translocation. Curvature in this mem-

brane is generated by COPII coats. In the retrograde

pathway, the COPI complex causes budding from Golgi

membranes, and the complex is also able to bud vesicles

from liposomes [12,13]. However, in the yeast Golgi,

members of the Drs2p family of P-type ATPases appear

to be essential for forming anterograde and retrograde

transport vesicles [14]. In addition, inactivation of Drs2p

ATPases at the Golgi and plasma membrane dramatically

affects endocytosis [15]. Originally, the Golgi P-type

ATPase Drs2p itself was tentatively identified as the

aminophospholipid translocator maintaining the cyto-

solic orientation of phosphatidylserine and phosphati-

dylethanolamine at the plasma membrane, but new

evidence ascribes this function to the two plasma mem-

brane members of the family [15]. There are over a dozen

Drs2p-like P-type ATPases in humans; their involve-

ment in vesicular transport (Figure 2) supports the idea

that translocation of lipid mass to the cytosolic surface

may drive curvature and budding [7]. Lately, ABC

transporters have also been found to be involved in lipid

translocation, but in the opposite, exoplasmic direction.

Whether ABC transporters affect budding is presently

unclear.

Sphingolipid/cholesterol domains and sorting

Glycerophospholipids, cholesterol and the sphingolipid

backbone ceramide are synthesized at the ER. Whereas

ceramide reaches the first enzyme of glycolipid synthesis,

glucosylceramide synthase, in the early Golgi by vesicular

transport, its transport to the Golgi sphingomyelin syn-

thase, which was recently identified as SMS1 [16�,17�],

Figure 1
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Vessicular transport. (a) Vesicular transport involves curving of the donor membrane, fission, transport through the cytosol, docking and fusion

with a target membrane. (b) In some cases tubes are formed from a membrane. The tubes may fuse with a target membrane (the ER/Golgi [20]

or the plasma membrane [41]). In endosomes, tubulo-vesicular structures bud from the end of the tube [6]. (c) The budding vesicle may have a

different lipid composition from the rest of the membrane, and its content may differ from that of the original compartment. (d) In the case that a

vesicle buds from an asymmetric membrane, both inner and outer leaflet of the budding vesicle may have a composition different from that of

the original membrane leaflet. Lateral lipid segregation in each leaflet may be determined by the physical immiscibility of lipids alone or may

require stabilization by protein oligomerization or curvature.
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occurs by an independent pathway via the ceramide

transfer protein CERT [18��]. SMS1 colocalized with

the trans-Golgi marker sialyltransferase [16�], which posi-

tions the major site of sphingolipid synthesis in the trans-

Golgi. Considering the bidirectional vesicular connection

between the ER and the plasma membrane (Figure 3),

the most remarkable feature of the lipid organization in

mammalian cells is the enrichment of sphingolipids and

cholesterol in the late Golgi, plasma membrane and

endosomes. Cholesterol spontaneously moves between

and across membranes as a monomer. Its location is

determined by its high affinity for sphingolipids and

saturated glycerophospholipids. A key issue, then, is

what drives the sphingolipid/cholesterol complex to-

wards the plasma membrane. The lumenal orientation

of the sphingolipids forces the conclusion that the com-

plex must be specifically included in the forward pathway

or excluded from retrograde vesicles (Figure 3). Indeed,

COPI-coated Golgi vesicles had reduced levels of sphin-

gomyelin and cholesterol [19]. These vesicles may bud

from pre-existing domains. Alternatively, the generation

of curvature (e.g. by coats) may induce large-scale sorting

by specifically including the unsaturated lipids in the

forming bud. In this way, highly curved retrograde

tubules [20] could also release unsaturated lipids from

the Golgi. Whether a similar sorting reaction occurs on

the cytosolic surface, excluding the cytosolically oriented

phosphatidylserine from the retrograde pathway, re-

mains to be determined, as the lipid organization on

the cytosolic side of lumenal sphingolipid-cholesterol

domains is unknown.

Figure 2
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Lipid translocators may induce curvature. Different P-type ATPases

at specific locations are involved in the translocation of

aminophospholipids towards the cytosolic leaflet of cellular

membranes and may provide the driving force for the budding

reaction in rigid membranes. Because the lateral pressure will be

felt all along the closed membrane, the translocator does not have to

reside in the bud itself. PM, plasma membrane. The blue and green

boxes indicate two different P-type ATPases that translocate

aminophospholipids from the exoplasmic membrane leaflet (red lines)

towards the cytosolic leaflet (blue lines) and thereby generate lateral

pressure in the cytosolic leaflet (double-headed arrows). The

difference in lateral pressure between the two leaflets may be the

driving force behind budding.

Figure 3
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Ceramide Glucosylceramide Putative bidirectional translocator

Cholesterol Sphingomyelin MDR1 P-glycoprotein CERT

ER cis-Golgi Golgi trans-Golgi PMER

Lipid transport between ER and Golgi. A bidirectional vesicular transport pathway connects the ER and Golgi, although tubulation is also

observed [20]. Cholesterol spontaneously exchanges between membranes. Ceramide can be transported by the transfer protein CERT [18��],
which is required for reaching the sphingomyelin synthase 1 in the trans Golgi [16�,17�]. Glucosylceramide synthesized on the cytosolic surface

of the cis-Golgi, which utilizes a different pool of ceramide, spontaneously translocates across the membrane to be converted to lactosylceramide

and the ganglioside GM3. Translocation to the lumen of the trans-Golgi via the ABC transporter MDR1 may be specific for a glucosylceramide

pool destined for the synthesis of neutral glycolipids [42]. PM, plasma membrane. Rafts (red lines, indicating sphingolipid/cholesterol composition)

in lumenal leaflets of organellar membranes (blue lines, indicating glycerophospholipid composition) serve to sort sphingolipids, cholesterol and

proteins towards the plasma membrane.
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Sorting of lipid-anchored proteins

A special class of plasma membrane proteins are those

anchored to the membrane by a lipid tail. What is the

molecular mechanism that enriches glycosylphosphati-

dylinositol (GPI)-anchored proteins on the outer plasma

membrane surface and acylated and prenylated proteins

at the inner plasma membrane surface? GPI-anchored

proteins are apparently excluded from retrograde trans-

port, probably because they distribute with the sphingo-

lipids. Still, whether GPI-anchored proteins are clustered

on the cell surface is a matter of debate [21–23]. As GPI-

anchored proteins are mainly sorted in the Golgi and

endosomes, it seems relevant to study local clustering

in these organelles. Acylated and prenylated proteins

occupy different areas on the cytosolic surface that prob-

ably reflect ordered and disordered lipid domains, respec-

tively [24]. Therefore, lipid rafts are likely to mediate

the sorting of lipid-anchored proteins to the plasma

membrane.

Lipid-binding proteins and vesicle flux

Unexpectedly, anterograde transport at the Golgi is

exquisitely sensitive to changes in the cholesterol con-

centration [25,26], possibly because this leads to improper

segregation of lipids and proteins [27] or to incorrect

disposition of proteins on the cytosolic surface. In yeast,

membrane flux through the exocytic pathway is regulated

by cytosolic Sec14 [28], a family of cytosolic phosphati-

dylcholine/phosphatidylinositol transfer proteins that via

their dual specificity may act as sensors of lipid composi-

tion and adapt lipid metabolism. Whereas one mamma-

lian phosphatidylinositol transfer protein, PITPa, may

have a related function and reports back to the nucleus

[29], the highly homologous Golgi-associated PITPb is

essential for growth [30]. PITPb binds sphingomyelin,

which is unexpected as this lipid is thought to be confined

to the Golgi lumen.

Selective endocytosis

Endocytosis (Figure 4) may be driven by lipid transloca-

tion and actin-based mechanisms, but the primary

machinery for protein sorting utilizes (clathrin) protein

coats. By contrast, the preferential uptake of glycolipids

by caveolae [31] requires lipid-based aggregation [32].

Glycolipids are used as endocytotic receptors by toxins,

viruses and bacteria. Lipid rafts seem to play a major role

in receptor signaling and endocytosis (not necessarily via

caveolae), a process possibly regulated by integrins [33].

The glycolipid rafts appear to concentrate in the path-

ways from the early endosomes to the recycling endo-

somes and to the late endosomes, whence the rafts reach

the Golgi [34], a transport pathway followed by glycoli-

pid-binding toxins en route to the ER [35]. Transport of

both sphingolipids and cholesterol to the Golgi is inter-

rupted under conditions of lipid storage in endocytotic

organelles (as seen in many lysosomal storage diseases)

[36]. Cholesterol removal from the endosome depends

on the NPC1 protein, which contains a sterol-sensing

domain. Like its plasma membrane counterpart NPC1L1

[37�], it transports cholesterol (and possibly sphingolipids

[38]) towards the cytosol by a mechanism that is unclear

but may involve vesiculation. Cholesterol also modulates

vesicular traffic at and after the early endosomes via

annexin II [39,40].

Conclusions
Eukaryotic cells use the physical properties of their

individual membrane lipid classes at specific steps in

vesicle traffic. The local concentration of these lipids is

regulated by an army of enzymes and translocators and

appears to be one parameter in regulating the membrane

flux through the various pathways. In addition, the spon-

taneous segregation of lipid mixtures into different

phases appears to be one of the basic mechanisms

by which proteins and lipids are sorted towards their

Figure 4
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Endocytic lipid sorting. Glycolipids (with probably sphingomyelin and

cholesterol) aggregate in the plasma membrane and the endosomes,
and recycle to the plasma membrane via recycling endosomes and

partially via late endosomes and Golgi [34]. Sphingolipids and

cholesterol may be present as sizeable domains only when stabilized,

e.g. by curvature. However, the lateral localization of the sphingolipids

and cholesterol in the endocytic membranes is unknown. Lateral

sphingolipid sorting in transcytosis maintains the enrichment of

(glyco)sphingolipids in the apical membrane of epithelial cells [43]. The

nature of the transport intermediates is not known. Vesicles bud into late

endosomes by a process requiring the conical lipid lysobisphosphatidic

acid, LBPA [3�]. Both LBPA and cholesterol are enriched in the internal

membranes. However, whereas LBPA is enriched in lysosomes,

cholesterol is depleted [44]. In some cases, these vesicles fuse back

with the outer membrane [45]. Plasma membranes and endosomes

contain P-type ATPases of the lipid translocator family. Sphingolipids

travel from endosomes towards the Golgi and the plasma membrane.

This must involve rafts (red lines).
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destinations. How the concentrations of lipids in each

organelle, the sizes of organelles and the lipid fluxes

between them fit in with the complex spatial and tem-

poral network of lipid metabolism is a challenge that can

only be addressed by combining our present molecular

approaches with the integrative power of systems biology.

This field, which may be termed cellular lipidomics, will

greatly benefit from the rapid development of sensitive,

high-throughput and lipid-wide methodology for lipid

quantitation that is to be expected as a consequence of

similar developments in genomics and proteomics over

the last decade.

Update
The occurrence of two GPI-proteins in separate plasma

membrane domains of different lipid composition [47]

and the finding of lipid-anchored proteins in cholesterol-

independent microdomains on the cytosolic surface

(see [48]) illustrate that the reality of the organization

of biomembranes is not explained by the mere notion

of sphingolipid/cholesterol rafts. A specific function of

sphingolipids on cytosolic surfaces is suggested by the

fact that the cytosolic protein FAPP2, which contains a

glycolipid binding domain, plays a role in regulating

membrane flow between the Golgi and the plasma mem-

brane [49]. Finally, whereas cholesterol is assumed to

move passively across and between membranes, this

transport appears to be mediated by intricate machi-

neries. Cholesterol transport out of endo-/lysosomes

requires both the soluble cholesterol-binding NPC2 pro-

tein in the lumen and the putative cholesterol transporter

NPC1 in the membrane, which turn out to work in

concert [50]. Lipids and proteins have been well-studied,

but a lot remains to be learnt about how they team up in

cell membranes.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
��of outstanding interest

1. Sprong H, van der Sluijs P, van Meer G: How proteins move
lipids and lipids move proteins. Nat Rev Mol Cell Biol 2001,
2:504-513.

2. Kooijman EE, Chupin V, de Kruijff B, Burger KN: Modulation of
membrane curvature by phosphatidic acid and
lysophosphatidic acid. Traffic 2003, 4:162-174.

3.
�

Matsuo H, Chevallier J, Mayran N, Le Blanc I, Ferguson C, Faure J,
Blanc NS, Matile S, Dubochet J, Sadoul R et al.: Role of LBPA and
Alix in multivesicular liposome formation and endosome
organization. Science 2004, 303:531-534.

The biologically active 2,20-stereoisomer of lysobisphosphatidic acid has
the intrinsic capacity to drive vesicle budding and fission into acidified
liposomes, a situation resembling late endosomal structures. Paradox-
ically, the cytosolic LBPA-binding protein Alix, also found in exosomes,
inhibits invagination in vitro, but is required for the biogenesis of multi-
vesicular endosomes in vivo.

4. Modregger J, Schmidt AA, Ritter B, Huttner WB, Plomann M:
Characterization of Endophilin B1b, a brain-specific
membrane-associated lysophosphatidic acid acyl transferase
with properties distinct from endophilin A1. J Biol Chem 2003,
278:4160-4167.

5. Nardini M, Spano S, Cericola C, Pesce A, Massaro A, Millo E,
Luini A, Corda D, Bolognesi M: CtBP/BARS: a dual-function
protein involved in transcription co-repression and Golgi
membrane fission. EMBO J 2003, 22:3122-3130.

6. Shemesh T, Luini A, Malhotra V, Burger KN, Kozlov MM: Prefission
constriction of Golgi tubular carriers driven by local lipid
metabolism: a theoretical model. Biophys J 2003, 85:3813-3827.

7. Farge E, Ojcius DM, Subtil A, Dautry-Varsat A: Enhancement of
endocytosis due to aminophospholipid transport across the
plasma membrane of living cells. Am J Physiol 1999,
276:C725-C733.

8. Chernomordik LV, Kozlov MM: Protein–lipid interplay in fusion
and fission of biological membranes. Annu Rev Biochem
2003, 72:175-207.

9. Baumgart T, Hess ST, Webb WW: Imaging coexisting fluid
domains in biomembrane models coupling curvature and
line tension. Nature 2003, 425:821-824.

10.
�

Munro S: Lipid rafts: elusive or illusive? Cell 2003,
115:377-388.

A thorough discussion of the limitations of the various methods to study
lipid rafts. The author challenges cell biologists to develop adequate tools
for assessing the existence of cellular rafts. Unfortunately, the compelling
evidence on lipid sorting in vesicular traffic [31,32,43] does not receive
proper credit from the author.

11. Czech MP: Dynamics of phosphoinositides in membrane
retrieval and insertion. Annu Rev Physiol 2003, 65:791-815.

12. Bremser M, Nickel W, Schweikert M, Ravazzola M, Amherdt M,
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