Lipid Rafts As a Membrane-
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Cell membranes display a tremendous complexity of lipids and proteins designed to perform the
functions cells require. To coordinate these functions, the membrane is able to laterally
segregate its constituents. This capability is based on dynamic Liguid-biguid immiscibility and
underlies the raft concept of membrane subcompartmentalization. Lipid rafts are fluctuating
nanoscale assemblies of sphingolipd, cholesterol, and proteins that can be stabilized to coalesce,
forming platforms that function in membrane signaling and trafficking. Here we review the
evidence for how this principle combines the potential for sphingolipid-cholesterol self-assembly
with protein specificity to selectively focus membrane bioactivity.

lipid bikayer is not a strecturally passive

golvent, but that the peeferential associa-
proicins bostorws coll membrancs with baderal sep-
svssment by mdiroct means, leading o guestions
of fact or anifact (1), The resistance of sphingo-
lipad, cholesterol, amd a subclass of membranc
protcins o cold docrpeni exiraction () or me-
chamnical disraption (3) has boea widcly wsed as
an index for rafl associstion with litthe of no e
gand for e atifscts induced by these methods.
Thiogeh the saquisition of resistaned to disnuplion
may point o physiologically relovant biases in
lateral composition (), this disrupdive mcasure
iclls ue lithe about mative membrane organtzaton
Support from light mecrossopy was aleo missing
bocsmesc, with the cxooption of ofgasization into
spocialiand mcmbeanc donvin such 25 civoolss of
microvilli, putstive raft conmponcnts—spoaifically
ghyeosylphospleatidy linositol (GPD-anchoned pro-
feins, fuorczeent lipsd analops, rafl transmemibranc
a homogenoons destnbndion at the el surfase (5).
Morcover, carly iwvestigations nto submdcron
mcimnbeanc ofganizstion oficn yickdod conflicting
evidema: regarding the distribution or motson of
s constimucnts in the livingg cell (1), Tday, how-
cvar, the advancamant of iochnoksey b peoducesd
coimpelling data et sclfForganization of lipids amd
protcing can indwce subsompantmentalization o
organize bicactivity of cell membeancs.

Origins of the Lipid Raft Concept

Bischemically, it is clear that lipids ane sorted
within the ccll (6} This is particularly notablc
in polatiand cpithclia where glyveosphingolipads
(GSLs) arc corichod at the apical surface (7).
Lipid rafis were onginally proposced as an cx-

Th:l'q‘-id raft lypothcsis proposes that the
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planation: Scli-essecative propoitics unigue o
sphingolipid and cholestenol in vito could facils-
tate scdoctive kateral sepepation in the el
plane aid scrve as a bagis for lipad sorting in vivo
(7). This proposal for comparmentalization by
lipnd rafts sugpested a monrandom meinbrane ar-
chitecture specifically pearcd o organizae fume-
tionality within the bilayer This function was
mnitially thought to be mcmbranc teafickng, ow-
cver, rafis could influcnce ofganization of any
mcavbranc bicactivity (Fig. 1) Here, we highlight
advances i tochnology et point o e cxistoms:
of raft-based moembrane helcropensty i living
cells and discuss the levels of prefercntsal asso-
ciatsion undedying dynamic domain strectere and
biodogical function](z)

Lipid Interactions in Model Membranes
biomcmbranss s a fGscinating propeity chafae-
teristic of ligids. Lomng thowght to be incapable of
colcreit ateral structure (8), it s pow appacnt
thest principles of lipid scli~association can also
coifor organization beyomd momspecific measuncs
of fluidity. An impontant advance m model-
mcmbrane sysiems was the discovery of phase
soparation in wlolly Bagud bilsyers (9, /). Itis a
cholestcrol-depemndent biceal scpropation, whone-
in the plamanty (moloculsr Meteess) of the mgid
storol ringe favors interaction with strasphiter, stiffer
hydrocarbon chains of saturated lipids and dis-
favors indcraction with the more bulky unsshe-
raod |apad spocics (1) Inicraction with cholesenl
abko forces neaghboring hydrocarbon chains inko
thwough pdroplobic msmatch (£7). In purnificd
kipid sysioms, fhe combinod cffoct i a pleysical
sopropation in the mombrane planc: A thicker,
bquid-ordensd, Lo plase cocxists with a thinner,
bquid-disordensd, [d phese (79 Sphingolspds
feand B0 displey longer amd mose satursed lndeo-
carbon clonns, thues poteniiatiee  indcedig itstion
betwosn leaflcts (F4) and Bvonng inkoraction with
cholcstenol. Moicover, unlike glyocrophospholi-

pids, fhe region of chemscal linksee betwoen the
hcad group amd sphingosanc base containg ot
acooplors amd domors of hydrogen bomds, thus
nCiciing asociative potcatial, both wath cho-
lesterod and other sphingolipids (17, Other
caplanations for cholesiorol scloctivity  include
the proposed umbrclla offect, in which cholotcnol
Inydrophobicity B preforentially shicldad by the
strongly hydrated hosd proups of sphingolipid
(15} of stoschiomctric, but reversible, complox
formation betworn cholesterol and sphingolipid
of satugated glyccrophospholipid (/6)
Inmiscibde bguid phase cocxistones in vitio
ezt boean sugpepestod @ the phiysical prnciple wdo-
bying rafis in wvivo (07, OF contral importance is
the demonstration of scloctivity in asseciation be-
tweccn cortamn lipids. howeser, phase separation m
simphe systcms at thermaod yamee caquilibriom in
vitre cannot be translated inko peoofl for mem-
branc dogvsin formsation i livieg adls (). Tnetesd
modelHmcmbrance work amphasicoes e et that
coitain lipids cxhibit prefonontial association amd
prowides a feamcwork for undorstandiing low het-
crogencity n cell membrancs may anise (/8L In
this respoct, the torms Lo and Ld should sot be
appliad to the living ccll, & they refer only o the
biquid-ordercd and ligquid-disordered phasces of
mdcl-membrane systoms where  paraimcions
relating to translatonal order (kateral diffusion)
and conformational order (trans/ganche ratio n
the acyl chaing) can be accurately nasasarcad (177,

Glimpses of Nano-Assemblies in Living Cells
Cumenthy, lipid eafls arc viewad 3 dynamic namo-
seale assemiblics cnnched in sphingolipsd, choles-
terod, and GiPl-anchored protcins (/9) (Fig. 2A).
To reach fhis vicwpoant, membeane rescanch los
e 1o comitesnd weith the observers offoct, akin to
Haisenlens s uneertainty primciphs: We can change
anlfor inchuc: boteropcncity in monbeanss anply
by g i olscrve i Dnitsslly, this roquired moyv-
ing away from delergent cxirsction 3 & means io
imfor mativee ofgantestion. In a first siop, delerpent-
fro, chomscal eross-linking of CGiPl-anchored pro-
teins at the plasma membeance sugpestod tesl the
imtrinses hetoropencity by rafls was present in
manoscals complezac bolow the optical esolulion
limit =ct by the diffrsction of light (/9. This
isaicter-size scalc was later supportad by vis-
coug drag mcsuncs of antibody-bound raft peo-
tims (21) and clodnon mecroscopic obscrvation
of mmmunopgold-tabeled raft andigons (0 Tndeod,
pocent msar-ficld scanming oplical micrescogy as
confirmiad a mamscale bias in the distibution of
rafi-ssociating proteing in fixed cells (27). Less
porturbing mcasuics of spatial and tomporal dy-
maimics in living cclls lave also providod come-
lating data. For cxample, sngle-particle tracking
of colloidal pobd—talsslad GP-anchonod roosptons
rewcals “stimulation-induced iemporary anest of
lateral diffusion,” or STALL, im shon-lived (-05-5)
S0-nm arcas as a bioactive fosture of rocopltor
fumction (27). Paralld advasoes in miceescogey and
spectoseopy have revealod similsr hetorogcimsity
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croscopy. This shady revealad

1970s b b that, wnlike ghyccrophospholipids,
: _ : S plasma-memibranc  sphingolipids
dl_?;g._{ "LE_‘":_; wl?ﬁzw display transicnt cholesterol-
3 7 T N seff-associal dependent confinciment in ancas
R Ton '“}': " hydrogen bonding of <20 nm (20). In this casc,
} differcmses m diffusson wone at-
+ Giycerolipids Sphingoiplos tribwted o differential ydrogen-
bomding capascities of glycoral-
9805 vorss sphingosinc-based lipads,
*** 1 Huvaaver, apin-labeled lipid probes
r | i Intuerze | at the coll surface have also ne-
| R e vealod hotorogencity in mombranc
Apical membranes | Thesterod  [if] | ﬁﬂfl'.e“i Ld :fniimmm.'lmqmnmﬁm:
and budded viral | dependen Lo dUEaEGl time scade (20). _
envelopes reveal ’ N phase is S 4 Diffrcar iechniquos ane yickd-
selective sorting of ‘ | discoveredin 2 au_,‘:,-T-" e ing a range of valses for different
sphingolipid in -ﬁ | model ";‘“ nﬂ [1“1 miolocular constieciis in diverse
polarized epithelia VEV I membiranes Iq "“ l!,H el types. However, these meth-
e ods all point to the existenoe of
gimall, dymamic and scloctive
cholestorol -nelaiod hetcnossmsty
in the plasmma membrancs of
1990s living cells. Recent data point 1o
[ critical behavior as a podcnizal
m“ [ M physical basis for the cxistenc: of
ranes suggest b [F1MS Muctuating nanoscale asseniblics
Elerﬂ-depatdert i | i
rid and : Antibody e e in plasma mombrancs {(340).
protein association E ' E'EF‘E&’EE*IE““*E'EW" " Functionalization of
in cell membranes - -f 11 Gt - dependent coalescence i
'n-emt’h- 5 \\D \ the call suriace S e
e s Antibody cross-linking at the
-i* Nl I coll surface causes raft proteins
and lipads 0 co-patch and cxchade
non-Efl peodcing (1), The soos-
3 2000s tivity in peiching & cholesorol
: = dependent and can be transmiticd
Hm::qﬂﬂphmea E: H & seroas the plasma-mensbeane keaf-
Eml . '{:ﬂﬂcﬂ I L | Lr “STall” lats (371 The nonrandom coales-
| :!l- I ' gAY cemse bohavior obscrved in these
| - | i 100 nm artifactual cross-linking studics
mz Advances in microscopy and wontisl noy be fimctionaliasd o
! Lipidomics reveals that | speciroscopy (e.g. SPT. FCS larget, more physiologically rele-
| sphingolipids and sterol are | FRET, STED, FPALM) reveal vani temporal and spatial scales
- Plasma | sorted in the TGN during | dynamic nancassemblies of steml, (Fig. ZB)L. A contemtion of the
transgort 10 the plasma sphingolipid, and protein m living lipid raft hypothesis & that dy-
memibrane cells nanic nanoacle hofesopencty can
b stabileeod o cosletoc wnito barper
Fig. 1. Evolution of the raft concept for subcompartmentalization in cell membranes. A bold H indicates hydrogen bonding. raft domains by specific lipid-Tipid,
VSV, vesicular stomatitus wines; DRMs, detergent-resistant membranes; GUY, giant mnillamellar veside; miz, mass‘charge protcin-lipid, and protcin-protcin

ratic; SPT, single-particle tracking; FCS, fluorescence correlation spectrascopy; FRET, fluorescence resonance ensngy
transfer; 5TED, stimulated emission depletion; FPALM, fluorescence pholpactivation localization microscopy.

for maft mokooubes m uncross-linked, “resting”™ con-
ditions. For CiPl-anchored protoins, vanable waist
fuorcsconcs corrclation spoctioscopy points 1o
<l M- assemblapes that fluctsate on a sub-
socoiud timne scale {24). High spatial and teimporal
resolution Flusofcocies retoikancs Ciucrey ransicn
(23) has gencrated a more conscrvative stac o8-
timate with GPManchorod rooeplons residing in
o iemporally stable dusders of —10 . Assem-
bly fomsation s always cholesterol-dependent,
andl, in some crses, an actin roquircimcil has also
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bocn zoxn (23, 250 However, other tochniques
have indscated that nanoheicrogencity 1= actin
independent (20). The silsation for T protcins
i mol yot clear. However, fluorcsecnee pholo-
activation localizstion micanscopy las revealod a
dymamically cleserod nanossale distribution of
hemaps hutinin (27), a TMW protcan previously de-
seribad as mftasociating (20). The mole of fhe
il in azsembly formation has been amalyzed
roccitly by stimulated cmission depletion mi-

inderactions (2T In this sonse, ool
micimbranc: would possess an un-
bz conmoctivity that can be activaied to clusicr
prcinbean: bicoctivity with lifhe encrey cost. Tndeod,
mualtimcnzston promotcs the sortinge of GPI-
anchored proteins into sphingolipid/cloletenal-
canichad carmicrs during clathrin-indepemndent
codocyiozis (3L Along similar lincs, cluster-
ing of cell surfacce Cibs or GM1 (both GSLs) by
thoir respoctive ligands Shiga toxin and clholera
toxin induces energy-independent tubular in-
vaginations of sphingolipid-ased membranc
composition {34, 5} Similar behavior has
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also boen roporicd dunng the mulis-
valent binding of SWAQ virus to is
GMI recoptor (350 Tiviagination
froim the plasma mombeanc was
doprendont o having lomgs noocplon
hydrocarbon clains, which anc com-
mon o sphingolipid, and susgests
that the cffod & modisted by linc
fcnzion arising between membranc
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domeains of different compositional
ofder (75 Coalescence of dymaimic
hcicrogencity also oosurs duning sip-
naling, for cxample, during the for-
mation of B cdl ressplor (BCR) or
T cell recopion (TCR) foci. Antigen
bamcing indwccs the dysamsc asso-
ciation of BCR o s sgnaling of
foctor Lyn kinesc and beads fo i
formation of an Immunc Synpase.
The indceaction 8 dependent on the
nature of Lyn lipsd anchoeage, with
mcinbranc osdor—derupiting bulloy -

- -

tion with the BCR (36). Duning TCR
sctivation, raft componcnis of this
roceplor complex (c.g-, GPF- anchosod
proteins) become selectively immo-
bileeed in mamoscale clusters (7]
socding the sccumulstion of choles-
tcrol, sphingomycling and samradid
aid bong-chain plospleatidy] cholin:
intor the syimapse, cifoctively soning
protcing according to thewr affimity
for raft domains (35). Rafls in this
“activaicd” or coalesecd condition
constifulc a more ordored assem-
bzec: a fusd membrance covirommcni

l_.l—'_
'4.I||.'| 'l:l, ||

in which proteans can be modulaied
spocifically (39), yot thet cxists aopa-
rabcdy from the surrouiding meimbranc
rich i unssturatod g lyccrophiospho-
lipil Raft activation is oficn stalk-
lizcd or mucleated by scaffolding
clomoents such a2 cortical actin (A7)
and may bocome dominsting when
the mole fraction of splingolipids
and cholesterol incrcases, as B the
caze in the apical membranc of
opithelial el (47

Phase Separation in

Cell Membranes

Drezpite their sclective co-palching
with raft markcrs af the coll surfac:, rafi T™
protcins ane dopletad from the tehily packod Lo
plexse whon reconstituted in modd sysiems (42, 49)
Thisz, the Lo phase & it cxists in simple modd
micinbranc s unldcly to be identical to raft-based
hetcrogencity in platina membeancs that schoc-
tivaly imcludes TM protcing (44, 45). Giant
plasma-membran: vesicles igolated by a chem-
ical membranc blebbing procedurn: can be
cooded to phass separade o Lo- and Ld-like
phascs (47), and here also, raft TM proteins arc
tvpically cxeludod from the onderad mcnbranc
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please (47 Remsarkably, this phase cocxistones
indicaics that afier chomical modification of
profcin (e, formaldehyde cross-linking, thiol
trcatmcnl), the capacity for physical or lipsd-
based Hguid-liguid phase scparstion can be
ramfestnd by the plasma mombranc, despile s
coinposiaonal complexity, Mow the question i
bow mighi phasc lenpgih-scale scparation take
plase in plens membrancs & physiological
temporabmes?

Some inseeht s come from a cell-swelling
procoduic i soparate plasma-membranc spherces

Fig. 2. Heerarchy of raft-based heterogeneity in cell membranes. (A) Fluctuating nanoscale assemblies of sterol- and

sphingolipid-related biases n lateral composition. This sphingotipid/sterel assemblage potential can be accessad
and/or modulated by GPl-anchored proteins, certain TM proteins, acylated cytosolic effectors, and cortical actin.
Gray proteins do not passess the chemical or physical specficity to associate with this membrane connectivity and
are considered nonraft. GPL, ghycerophospholipid; SM, sphingomyetin. (B} Nanoscale heterogeneity & fundctionatized
o larger levels by bpid- andfor protein-mediated activation evemts {e.q., multivalent ligand binding, synapse for-
mation, proten olgomenzation) that tngger the coalescence of membrane order—forming hipads wath their acoom-
pamying selective chemical and physical specificties for protein. This level of lateral sorting can also be buttressed
by cortical actin. (€} The membrane basis for heterogeneity as revealed by the adivation of raft phase coalescence
at equilibrium in plasma-membrane spheres. Separated from the influence of cortical actin and in the absence of
membrane traffic, multivalent clustering of raft lipids can amplify the functional level to a2 microscopic membrane
phass. Membrane constituents are laterally sorted according to preferences for membrane order and chemical
mnieractions.

from the influcnee of cyimskeletal, cndocytic, or
cxocylic processes in a cell line ennched in the
raft gangloside GM 1. Pontavalent clusiering by
cholera toxin resulicd in sierol-depemndont coales-
coences of a micron-scale raft “phase™ st 37°C,
sebectively roofganicing the lateral distribution of
protcinsg amd lipids socording to their prodscted
affimity for raft domasns (449) In this case, selec-
tive mcorporation of TM protcing was achicwead
at a lipsd-ordering bevel far boedow that obseraod
in modekmembrane Lo pheses (43). Thus, whene-
as prcforcatial ligad-lipid associations do under-
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