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ABSTRACT: Increasing evidence suggests that biological membranes can be laterally subdivided into domains
enriched in specific lipid and protein components and that these domains may be involved in the regulation of
a number of vital cellular processes. An example is membrane rafts, which are lipid-mediated domains
dependent on preferential association between sterols and sphingolipids and inclusive of a specific subset of
membrane proteins. While the lipid and protein composition of rafts has been extensively characterized, the
structural details determining protein partitioning to these domains remain unresolved. Here, we review
evidence suggesting that post-translation modification by saturated lipids recruits both peripheral and
transmembrane proteins to rafts, while short, unsaturated, and/or branched hydrocarbon chains prevent raft
association. The most widely studied group of raft-associated proteins are glycophosphatidylinositol-
anchored proteins (GPI-AP), and we review a variety of evidence supporting raft-association of these
saturated lipid-anchored extracellular peripheral proteins. For transmembrane and intracellular peripheral
proteins, S-acylation with saturated fatty acids mediates raft partitioning, and the dynamic nature of this
modification presents an exciting possibility of enzymatically regulated raft association. The other common
lipid modifications, that is, prenylation and myristoylation, are discussed in light of their likely role in
targeting proteins to nonraft membrane regions. Finally, although the association between raft affinity and
lipid modification is well-characterized, we discuss several open questions regarding regulation and
remodeling of these post-translational modifications as well as their role in transbilayer coupling of
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membrane domains.

As membranes comprise a large proportion of cellular bio-
mass, it is perhaps not surprising that 25—40% of eukaryotic
cellular proteins are membrane associated (/). Membrane pro-
teins require specialized structures, which can be either protei-
naceous or lipidic, to allow them to embed in the hydrophobic
environment of the lipid bilayer. Membrane spanning (or in-
serting) protein domains are typically o-helices or S-sheets with
hydrophobic surfaces serving as the interface to the hydrocarbon
core of the lipid bilayer. In addition to, or as a replacement
for, hydrophobic protein domains, membrane association can be
mediated by lipidic anchors, which can either be permanent
cotranslational additions or post-translational modifications
under dynamic enzymatic control. These lipid modifications include
(1) glycophosphatidylinositol (GPI)' anchors; (2) N-terminal
myristic acid tails; (3) cysteine acylation; (4) isoprenylation; and
(5) the addition of C-terminal sterol moieties.
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Significant evidence has been generated over the last two
decades to suggest that the lipids and proteins of the eukaryotic
plasma membrane are not homogeneously distributed, but that
they can segregate into dynamic subdomains, the most prominent
example of which are membrane rafts. In eukaryotic cells, these
rafts are the biological result of preferential interactions between
sphingolipids and sterols that manifest themselves as small and
dynamic domains that can cluster and segregate specific mem-
brane components (2). Underlying the functionality of mem-
brane rafts is their selectivity for proteins effectors including
receptors, scaffolding molecules, and secondary signal transdu-
cers. In this review, we summarize evidence supporting the
hypothesis that lipid modifications are an important determinant
of protein partitioning between raft and nonraft domains, with
saturated hydrocarbon chains and sterols promoting raft asso-
ciation while short, branched, and/or unsaturated acylations
prevent protein partitioning into the tightly packed raft micro-
environment (Figure 1).

GPI-ANCHORS: RAFT-ASSOCIATING MODIFICA-
TION FOR EXTRACELLULAR PROTEINS

Perhaps the most well-characterized examples of lipid mod-
ifications determining protein association with membrane rafts
are GPI-anchored proteins (GPI-APs). GPI-APs are a widely
expressed class of proteins that are involved in a variety of cellular
functions including adhesion, membrane trafficking, immune
system signaling, and nutrient uptake (reviewed in refs 3 and 4).
The GPI-anchor consists of a conserved core oligosaccharide
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FiGure 1: Examples of lipid modification of proteins. Various lipid
anchors play important roles in protein trafficking, membrane
partitioning, and proper function, likely mediated by their affinity
for lipid rafts. The general paradigm is that anchoring by saturated
fatty acids (as for GPI-anchored proteins and palmitoylated intra-
cellular and TM components) and sterols (for Hh proteins) targets
proteins to the more tightly packed environment of lipid rafts, while
unsaturated and branched hydrocarbon chains tend to favor the less
restrictive nonraft membranes.

covalently coupled to a phosphoinositide moiety that is em-
bedded in the lumenal/exoplasmic leaflet through at least two
(sometimes three) glycerol-linked acyl or alkyl chains. This
anchor is added in toto in the lumen of the ER to soluble
polypeptides, thereby confering membrane association (4, 5).
Detergent-Resistant Membranes - The Genesis of the
Raft Hypothesis. During the latter steps of the secretory
pathway, GPI-APs acquire the detergent resistance that was
the original biochemical hallmark of raft association (6, 7). These
proteins were the first ones identified to possess affinity for
detergent-resistant membranes (DRMs) and remain the most
widely studied group of raft-associated proteins. The fact that
their detergent resistance is acquired during trafficking through
the trans-Golgi network (TGN) suggests that this biochemical
distinction is a consequence of the association of GPI-APs with a
specific membrane environment, rather than some inherent
property of the protein or anchor (6). The proposed physiological
function of raft partitioning of GPI-APs was to aid in sorting of
these proteins to the apical membrane of polarized epithelial
cells (7), first demonstrated in Madin-Darby canine kidney
(MDCK) cells, a widely used model epithelial cell line that
polarizes into distinct, well-separated apical and basolateral
domains when cultured on porous filters. In MDCKs (&) and
several other cell types (9), GPI-APs are apically directed and the
addition of a GPI anchor can reroute normally basolaterally
targeted proteins to the apical domain (/0). Apical trafficking and
detergent resistance of GPI-APs could be disrupted by treatments
that deplete either membrane cholesterol or sphingolipids (both
of which disrupt membrane rafts), further supporting the notion
that raft association mediates apical trafficking for this subset of
proteins (//—13). Similarly, the lipid structure of the GPI anchor
was shown to be critical for detergent resistance of GPI-APs, as
shorter hydrocarbon chains (C14), which would not be expected
to be raft preferring, failed to confer DRM association (/4).
Importantly, detergent resistance of GPI-anchored, and in-
deed most other, proteins is strictly dependent on the solubiliza-
tion conditions; for example, the same GPI-APs (7) and
lipids (15) that are resistant to Triton X-100 (TX100) are soluble
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in another nonionic detergent, CHAPS. This discrepancy high-
lights an important consideration for the interpretation of
detergent resistance experiments, that is, that detergent resistance
of membrane fractions is in itself an inherently artifactual
phenomenon (/6) and therefore great care must be taken in
assigning biological meaning to findings relying strictly on
detergent resistance for assigning raft association. While deter-
gent resistance has been and remains a useful tool for membrane
fractionation and analysis, more biologically appropriate meth-
ods have been devised that have confirmed and extended many of
the important predictions of the raft hypothesis (17, 18).

Micropatching of GPI-APs and Intracellular Raft Proteins.
Key results confirming GPI-AP enrichment in specific membrane
domains were provided by a set of experiments measuring the
coclustering of membrane components following antibody cross-
linking of specific components on live-cell membranes. Treat-
ment of live cells with primary antibodies against plasma
membrane components, followed by secondary antibody cross-
linking, leads to microscopically observable clusters enriched in
the protein of interest (19). Strikingly, clusters induced by cross-
linking the GPI-AP placental alkaline phosphatase (PLAP)
exhibited significant overlap with patches of other putative raft
components (i.e., influenza hemagglutinin (HA) and the gang-
lioside glycolipid GM1), while excluding both transferrin (TfR)
and low density lipoprotein receptor (LDLR) patches (20). Anti-
body-induced patching was sensitive to the depletion of plasma
membrane cholesterol, confirming that the observed patches
were the result of coalescence of existing, selective protein and
lipid assemblies that are below the resolution of light microscopy
in the absence of cross-linking. Similar copatching behavior
observed for the GPI-AP Thy-1 and the raft glycolipid GMI in
immune cells confirmed the general nature of this phenomenon
and specific enrichment of GPI-APs in raft domains of various
cell types. Perhaps most importantly, patches induced by cross-
linking PLAP (whose lipid anchor is embedded in the extra-
cellular leaflet of the plasma membrane) accumulated the Src-
family kinase (SFK) Fyn (which interacts with the PM only
through acylations embedded in the intracellular leaflet) without
patching of the cytoplasmic protein (20). This result confirmed
the possibility of signal transduction through raft microdomains
by interaction and coenrichment of proteins anchored to oppos-
ing leaflets, though the mechanism of this interaction remains to
be defined. Further work revealed that patched rafts could serve
as signaling hotspots for phosphorylation and cytoskeletal
rearrangement (2/), confirming their importance in lymphocyte
cell biology (reviewed in ref 22).

The resting state association of GPI-APs implied by the
copatching experiments was confirmed by an elegant nanoscopic
study measuring the fluorescence resonance energy transfer
(FRET) between folate molecules bound to their GPI-anchored
receptors. Cholesterol-dependent nonrandom clustering of GPI-
anchored folate receptor was observed, in contrast to homoge-
neous arrangement of the same receptor anchored to the PM by a
transmembrane (TM) polypeptide (23), and these studies were
subsequently extended to define the size, trafficking, composition,
and abundance of these clusters (24). These results were con-
firmed by chemical cross-linking analysis, which showed that
cross-linked oligomers of a model protein could only be formed
when membrane anchoring was accomplished with GPI (25).

Confirmation of GPI-AP Raft Association with High
Resolution Microscopy and Purified Membranes. Recent
advancements in microscopy and preparation of model membranes
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have allowed high resolution measurement of GPI-AP distribu-
tion and dynamics that have confirmed and extended the original
results associating GPI-APs with raft subdomains. For example,
a nanoscopic fluorescence method, single-molecule microscopy,
was recently used to image GPI-APs arranged in hierarchical
clusters proximal to clustered integrin receptors that can be
activated inducing coalescence into preoligomerized sites for
adhesion (26). Microscopic confinement on a similar length scale
was also observed by dynamical tracking of single GPI-APs on
the surface of live cells, demonstrating that 30—40% of both
Thy-1 and the raft glycolipid GM1 were transiently retained in
regions of cell-dependent sizes of 30—230 nm (27—29). These
zones were shown to recruit cytosolic leaflet signaling pro-
teins (30), confirming earlier copatching results, although the
relative involvement of the lipid environment and cytoskeletal
scaffold to this constrained diffusion remains under debate (37).

An important and direct measure of component partitioning
between coexisting fluid domains has been provided by observa-
tions of reconstituted proteins in model membranes with micro-
scopic phase coexistence. The original experiments of this type
used mixtures of synthetic lipids reconstituted to form mem-
branes in which fluid—fluid phase separation can be observed for
a range of concentrations and temperatures (32). Thy-1 recon-
stituted into a supported monolayer containing a phase separat-
ing mixture of raft lipids (sphingomyelin, an unsaturated
phosphatidylcholine, and cholesterol) partitioned significantly
into the model raft domain, and this affinity was enhanced in a
natural lipid mixture derived from the brush border mem-
brane (33). Similar results were obtained when PLAP was
incorporated into a model bilayer prepared by electroformation;
here PLAP partitioned into the ordered phase (although was not
enriched there), and this partitioning could be greatly enhanced
by antibody-mediated oligomerization (34). This paper specu-
lated that the lack of enrichment of the protein in the ordered
phase was due to an unphysiologically tight packing of the model
membrane Lo phase (recently confirmed by biophysical measure-
ments (35)), and this was confirmed by convincing evidence of
GPI-AP enrichment in ordered phases of biological mem-
branes (36). An exciting new direction in membrane research is
the observation of coexisting fluid phases in either cell-derived
plasma membrane vesicles (GPMVs) (37) or inflated plasma
membranes spheres of whole cells (PMS) (38). In both cases,
pronounced enrichment of GPI-APs was observed in the phase
enriched in GM1 (among other raft components) and depleted of
disordered phase markers (37—39).

Progress in the field has led to the evolution of experimental
techniques for defining the molecular composition of lipid rafts
from a strict reliance on differential detergent resistance to nano-
scopic measurements of interprotein distance and dynamics to,
most recently, observation of microscopic phase separation in
biological membranes. The general conclusion of all these studies is
that GPl-anchored proteins, at least mature proteins containing the
most common saturated lipid anchors (reviewed in refs 4 and J),
are constitutively enriched in raft domains at the cell surface.

CYSTEINE PALMITOYLATION - RAFT-ASSO-
CIATING MODIFICATION FOR INTRACELLULAR
PROTEINS

Novel isolation techniques combined with high-throughput

proteomics have recently identified the wide extent of intracellular
protein S-acylation (typically termed “palmitoylation” because
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FiGuRre 2: Lipid modification of proteins is suggested to play an
important role in their association with the immunological synapse.
Resting T cells contain small, dynamic lipid rafts, each with a limited
number of associated molecules, which cluster upon activation to
form a functional raft domain — the immunological synapse. Many
of the proteins that form the IS are lipid modified and this modifica-
tion is crucial for their partitioning to the IS. Model adapted from
refs 55 and 56.

the “palmitic”, that is, C16:0, is the most commonly observed,
though not only, S-acylation) (40—42). For many important
signaling second messengers without a proteinaceous membrane
anchor, including members of the Src-family of kinases (SFKs)
and the Ras family of small GTPases, acylation is required for
membrane attachment and function. However, in the case of
integral membrane proteins embedded in the membrane through
their hydrophobic polypeptides, a clear role for lipidic modifica-
tion remains elusive. In contrast to the other common lipid
modifications mentioned in this review (GPI, myristoylation,
and prenylation), S-acylation is the only one that can be dynami-
cally regulated by enzymes, that is, the lifetime of the modification
is shorter than the lifetime of the protein it is modifying.
Additionally, significant biochemical evidence points to cysteine
modification by saturated fatty acids as a potential mechanism for
raft localization for a variety of proteins. Thus, for both otherwise
soluble and membrane embedded proteins, palmitoylation may
act as a dynamically regulated control mechanism determining
raft domain association in a variety of physiological contexts.
Immune Cell Signaling. In physiological analogy to exo-
genous antibody cross-linked clusters discussed above, recogni-
tion by the T-cell receptor (TCR) of its cognate ligand presented
on major histocompatibility class (MHC) molecules leads to the
condensation of signaling molecules into a microscopic plasma
membrane domain (known as the immune synapse (IS)). This
structure, important for cell attachment and subsequent down-
stream signaling, is enriched in several components present in
DRMs, leading to the hypothesis (reviewed in refs 43 and 44) that
coalescence of pre-existing membrane rafts is an important driver
of IS assembly (Figure 2). In support of this model, it was shown
that the SFK Lck (45) and its substrate Fyn (46) are DRM-
associated, but only when acylated by saturated palmitic
acid (47). These molecules are critically involved in signal
transduction following TCR engagement, and when palmitoyla-
tion was either inhibited (47) or replaced by unsaturated fatty
acylation (48), T-cell signaling was abrogated concomitant with
the loss of detergent resistance for these proteins, correlating
SFK raft localization and activity. Palmitoylation-dependent raft
localization was also inferred for the T-cell transmembrane
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coreceptor CD4, through both DRM association (49, 50) and
antibody-induced cross-linking (57), while interaction with the
palmitoylated SFK Lck was required for its raft aggregating (517)
and T-cell stimulatory activity (52). Analogously palmitoyla-
tion (53) and DRM association (50) were shown for the cytotoxic
T-cell coreceptor component CD8f. Palmitoylation-dependent
CD4 raft-association is challenged by findings that detergent-
resistance depends on a short sequence of positively charged
residues in the membrane proximal cytosolic domain (54) in-
dependent of palmitoylation, highlighting the notorious varia-
bility of detergent resistance experiments and the necessity of
confirmatory experiments using more direct methods.

The integral involvement of palmitoylated and raft-associated
proteins has led to a model of raft-dependent activation of T-cell
signaling wherein Lck is either palmitoylated or released from
inhibitory binding upon ligand-binding-initiated interaction of
CD4 with the T-cell receptor. Lck then translocates to raft
domains due to its palmitoyl anchor (and a specific C-terminal
sequence (55)) and phosphorylates Fyn, initiating downstream
signaling (for details, see excellent review in ref 56).

Downstream of TCR engagement and phosphorylation, one
of the best studied immune system proteins in signaling through
lipid rafts is the transmembrane adaptor, linker for activation of
T cells (LAT). Phosphorylation of LAT downstream of Lck
activation leads to the recruitment of a variety of effectors
including Grb2, PI3K, and PLC-yl leading to T-cell signal-
ing (57). Palmitoylation of LAT at two juxtamembrane cysteines
was shown to be required for both detergent resistance and
functionality, as palmitoylation-deficient mutants were not en-
riched at the IS, hypophosphorylated in response to TCR
stimulation (58), and failed to induce the calcium fluxes indicative
of T-cell activation (59). Intriguingly, a selective defect in LAT
palmitoylation was observed in anergic T-cells (60), connecting
palmitoylation-dependent raft association with a physiological
function in moderating the immune response. Recent attempts to
clarify the role of palmitoylation and raft association in LAT
signaling have revealed that PM arrival of LAT is impaired by the
palmitoylation defects and that nonpalmitoylated PM-targeted
domains can restore LAT functionality irrespective of DRM
association (61, 62). These findings suggest a role of LAT raft
partitioning in regulating intracellular trafficking and raise
important questions about the necessity of raft localization for
LAT’s function in T-cell signal transduction, although the
activity of nonraft associated LAT has recently been shown to
be dependent on the level of fusion protein expression (63).

Analogous to raft-dependent T-cell signaling, involvement of
palmitoylation-dependent raft localization was observed for
signaling through the IgG antibody receptor FcRylIla. Activa-
tion is accomplished by cross-linking and patching of the receptor
and downstream signaling components by antibody-coated
foreign particles (64) and leads to phagocytosis of the particle
by neutrophils and macrophages. Palmitoylation and DRM
association of both the receptor (65) and its critical SFK
Lyn (64) are required for cell activation and function.

The findings summarized above strongly support the hypoth-
esis that condensation of raft domains containing both intracel-
lular and TM proteins targeted to the ordered phase by saturated
acylation facilitate immune system signaling through spatiotem-
poral control of concentration and molecular interactions in the
plane of the plasma membrane (reviewed in refs 44 and 43). This
hypothesis has been critically questioned (66, 67), largely due to
the reliance of key supporting data on detergent resistance. In line
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with these criticisms, it is important to emphasize that the
presence of a certain protein in a detergent-resistant fraction
does not necessarily imply its preference for, or even association
with, a subdomain of the plasma membrane, nor even that
detergent-resistant membranes translate directly to the presence
of such subdomains (68, 69). Nevertheless, detergent resistance
has been an important tool for assigning raft association, and
many of the conclusions drawn from those experiments have
been validated by more sophisticated methods. For example,
specific immuno-isolation and lipid analysis of the IS showed
enrichment of raft lipids (70). Similarly, palmitoylation-depen-
dent detergent resistance of LAT correlating with its ability to
support signaling implicate protein selective ordered lipid do-
mains as an important component of immune signaling. LAT
was also observed to enrich in the condensed phase of plasma
membrane spheres (as was a doubly palmitoylated model protein),
confirming its preferred association with ordered phases (38). This
finding was in contrast to the observation that a palmitoylated
LAT peptide does not partition to the ordered phase of synthetic
raft-model liposomes (71), possibly due to the exaggerated order/
packing differences between the two phases (35) or the lack of
compositional complexity in pure lipid model systems.

Viral Assembly and Infection. Enveloped viruses exiting
from infected host cells must organize native plasma membrane
lipids and exogenously expressed viral proteins to form a specific
envelope. It has been hypothesized that lateral sorting and
enrichment mediated by membrane rafts can facilitate this pro-
cess, and that some viruses, including influenza (72), HIV (73),
measles (74), ebola (75), and Rous sarcoma (76), co-opt PM raft
machinery for both assembly and entry (reviewed in refs 77
and 78). Evidence for this hypothesis was initially generated, as
for many raft-related phenomena, by detergent-resistance experi-
ments. Both external components of the influenza virus mem-
brane, the spike glycoproteins hemagglutinin (HA) (7), and
neuraminidase (NA) (79) were shown to be resistant to TX100
solubilization. Enrichment of raft lipids was confirmed in influ-
enza virus envelope by lipid analysis and fluorimetric polarization,
which showed that the envelope of the raft virus FPV (fowl plague
virus, a member of the influenza family) was less fluid than for
similar nonraft viruses (80).

For influenza HA, palmitoylation at three highly conserved
membrane proximal cysteines (8/) is important for both DRM
association (82) and viral assembly (83). Intriguingly, a recent
investigation suggests that the cysteine buried in the TM domain
(TMD) is specifically modified with a stearic (18-carbon
saturated), rather than a palmitic (16-carbon saturated) acid (84),
a feature that appears to be common to viral glycoproteins (85)
whose functional consequences remain to be clarified. The
speculated link between palmitoylation-dependent raft associa-
tion and HA function has been confirmed by electron microcopy,
where enrichment of palmitoylated HA in 200—300 nm domains
compared to random PM distribution of the nonraft associating
mutant was observed and shown to be required for viral
fusion (86). Similarly, HA was observed to diffuse slowly and
cluster with acylated raft markers (by fluorescent recovery after
photobleaching (FRAP) and fluorescence lifetime FRET (FLIM-
FRET), respectively) only when palmitoylation sites were pre-
served (87). Recent observations of HA partitioning in GPMVs
have microscopically confirmed the potential for HA association
with an ordered phase (39).

Analogous to influenza HA, palmitoylation-dependent
DRM association and function was observed for the envelope
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FiGURE 3: Palmitoylation in Ras partitioning, trafficking, and activity. (A) Although all Ras proteins are prenylated, this modification is not
sufficient for their association with the plasma membrane. K-Ras4B contains a polybasic stretch of amino acids in its carboxyl terminus, and this
isoform seems to be exclusively present in nonraft domains of the plasma membrane (/72). Doubly palmitoylated H-Ras can partition to lipid
rafts, while singly palmitoylated N-Ras has been observed at domain boundaries (/56); for both, this localization is palmitoylation dependent. (B)
When depalmitoylated by PPT enzymes, H and N-Ras cycle back to Golgi membranes, where they are repalmitoylated by Golgi resident PAT
enzymes. Palmitoylation leads to recycling to the plasma membrane (/74). (C) Activation of H-Ras leads to exchange of GDP to GTP and a
conformational change in the membrane proximal domain of H-Ras, driving it out of membrane rafts and activating its downstream effector

proteins (e.g., Raf) (113).

glycoprotein gpl160 of the human immunodeficiency virus (HIV-
1) (88). DRM association correlates with evidence suggesting that
HIV budding (89) and infection (90) is mediated by interaction
with PM rafts. Infectivity of HIV requires interaction of viral
gp120 with its cellular receptor CD4 (discussed in the immune
signaling section above) leading to clustering of gpl120-CD4-
CCRS (an HIV coreceptor) complexes (91). This process has been
proposed to be raft-mediated (90), and in support of this model, a
chimeric CD4 construct targeted to nonraft membranes by
exchange of its TMD for the TMD of the low density lipoprotein
receptor (LDLR) (though not through inhibition of palmitoyla-
tion (54, 92)) failed to support HIV infection (93).

Trimeric GTPase a. Subunits. Although rafts are normally
thought to be mediated by interaction between sterols and
sphingolipids in the exoplasmic leaflet of the plasma bilayer,
transbilayer coupling between leaflets leading to raft signaling in the
intracellular leaflet has been proposed (94), inferred by antibody
patching (20), and most recently demonstrated directly in a lipid raft
model system (95). An important class of intracellular proteins
whose raft association appears to be mediated by palmitoylation is
that of the GTP-binding switches, including both trimeric G-pro-
teins (reviewed in ref 96) and the small GTPases of the Ras family
(reviewed in ref 97). For example, the o subunit of the hetero-
trimeric G, protein associates with detergent-resistant membranes,
but only when it is palmitoylated (98), its raft localization possibly
explaining the distinct functions of Gy, and the homologous Gy3s.
Similarly, palmitoylation (together with N-terminal myristoylation)
of a widely conserved MGC motif (99, 100) was required for
efficient partitioning of Gyo to detergent-resistant membrane
fractions (99, 101). These results were extended to model systems
in which G-protein subunits were reconstituted into synthetic

lipid vesicles. In these experiments, modification of the MGC motif
with saturated (but not unsaturated) fatty acids was necessary not
only for model membrane association, but also for resistance to
TXI100 solubilization (/02) of the Ga subunits, whereas the
farnesylated Sy subunits remained detergent labile.

Interestingly, it has been documented that palmitate turnover
of Gou subunits is regulated by agonist stimulation of the
G-protein coupled receptors (GPCR). This was the case for
Gsa association with the f-adrenergic receptor (103, 104) as well
as Ggji; linked to activation of the gonadotropin-releasing
hormone receptor (105). A possible mechanism to explain these
results and the functional relevance of palmitoylation-dependent
raft association of G-protein o subunits is that when the o
subunits are associated with the Sy proteins, the nonraft asso-
ciated branched/unsaturated fatty acid modifications of those
subunits retain the complex in nonraft membranes (as observed
in ref /02). Following agonist-induced receptor activation, Gat is
released and proceeds to the raft domain due to the preference
of the long, saturated palmitic acid for ordered domains (102),
where it can encounter a raft-associated thioesterase (e.g.,
PPT1 (106)), which removes the palmitoylation leading to Gau
release from the plasma membrane (/03). Alternatively, palmi-
toylated and raft-associated regulators of G-protein signaling
(RGS) could activate inherent Ga. GTPase activity, thereby
inactivating signaling (e.g., RGS-16 (107)). This putative func-
tion of Ga palmitoylation is in addition to its recognized role in
G-protein trafficking, where it appears necessary for Golgi-to-
PM transport of the intact trimer (/08). Although the involve-
ment of rafts in this process has yet to be investigated, it may be
analogous to the palmitoylation-dependent trafficking of the
Ras-GTPases described below.
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Src-Family Kinases. The functional relevance of palmitoy-
lation and raft-association of several SFKs (including Fyn, Lck,
and Lyn) were discussed above in their involvement in immune
system signaling, and several other SFK members including
hek (109) and yes (82) are palmitoylated and DRM associated.
Although Src itself is not palmitoylated and excluded from rafts,
introduction of an exogenous palmitoylated cysteine into the
sequence induced its mis-sorting to rafts (//0), emphasizing the
strong relationship between this lipidation and raft association.
Palmitoylation is thought to play a role in the regulation of these
important signaling intermediates through a palmitoylated, raft-
associated transmembrane adaptor phosphoprotein associated
with glycosphingolipid-enriched microdomains, or PAG. This
protein associates with rafts (as inferred from its DRM
localization) and interacts with the major negative regulator of
SFKs, C-terminal Src kinase (Csk) (111).

Ras GTPases. Similarly, raft-association is mediated by
palmitoylation of the Ras GTPases, most clearly illustrated by
the differential detergent resistance of the three ras isoforms, H-,
N-, and K-Ras (Figure 3A). In an elegant set of experiments
combining detergent resistance, nondetergent fractionation, anti-
body patching, and electron microscopy, it was shown that the
doubly palmitoylated H-Ras was raft associated, whereas the
nonpalmitoylated isoform (K-Ras) was excluded from these PM
microdomains (772, 113). Importantly, H-Ras was only raft-
resident when in the GDP-loaded inactive state, while activation
by GTP led to expulsion from rafts that was required for
activation of its downstream kinase raf (Figure 3C). Addition-
ally, as is the case for G-proteins, the trafficking of H-Ras is
strongly dependent on palmitoylation and raft localization (114)
(and reviewed in refs 115 and 116). Palmitoylated (raft associated)
H-Ras is trafficked from the Golgi to the PM, where depalmi-
toylation (loss of raft association) targets it for return to the Golgi
(where repalmitoylation occurs), while signaling is maintained at
both locations (//7) (Figure 3B). Additionally, recent experi-
ments suggest that the two palmitoylation sites serve distinct
roles in both trafficking and GTP-dependent raft-targeting of
H-Ras (118), emphasizing that though palmitoylation appears to
be an important determinant of raft association and activity
regulation, the story does not end there and signaling regulation
of this important class of proteins is likely accomplished by
several independent and well-regulated mechanisms.

Palmitoylation, Rafts, and Disease. There are several disease
states associated with proper protein palmitoylation where
improper raft partitioning of the modified protein may be related
to the etiology of the disease. An important subtype of these is
oncogenic transformation mediated by aberrant signaling either
through the Ras (/19) or Src (120) family of proteins. Addition-
ally, palmitoylation has an extensively characterized role in
neuronal function and development (reviewed in ref 1217), while
misregulation of protein palmitoylation has been observed to
lead to neurological disorders (122—124). These effects may be
mediated by proteins such as GAP-43 (125) and PSD-95 (126),
which require palmitoylation for interaction between the neuro-
nal plasma membrane and the cytoskeletal cortex to allow the
proper morphological remodeling necessary to neuronal func-
tion, in analogy to the role of palmitoylated stomatin in
erythrocytes (/27). Another instance of the possible involvement
of palmitoylation-dependent raft localization in neuropathogen-
esis 18 Alzheimer’s disease. Palmitoylation is necessary for
raft association of the f-secretase (BACE) that generates the
plaque forming A peptide thought to be involved in disease
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progression, and this domain partitioning has been proposed to
be important for BACE activity (reviewed in ref /28), though
this link remains inconclusive (/29). An exciting potential direc-
tion in the treatment of this disease, and potentially others
whose pathogenesis requires raft association, is the synthesis
of raft-targeting inhibitor compounds whose reduced dimen-
sionality (i.e., two-dimensional rather than three-dimensional
diffusion) and subcompartmental targeting greatly enhance their
efficiency (130).

THE MANY FACES OF PALMITOYLATION-
DEPENDENT RAFT ASSOCIATION

Only some of the cellular mechanisms relying on palmitoyla-
tion for proper raft association have been discussed at length
here, while several others have been investigated and well-
characterized. For example, the extensive role of palmitoylation
in axonal targeting and neuronal development was reviewed in by
El-Husseini and Brendt (/21). Also, it was recently discovered
that palmitoylation was required for efficient apoptotic signaling
through both the Fas (/37) and TRAIL receptors (132). Finally,
the role of lipid rafts in the regulation and compartmentalization
of palmitoylated endothelial nitric oxide synthase and other
enzymes involved in redox signaling has been documented
(reviewed in ref 133).

Palmitoylation of TM Proteins in Raft Targeting: Neces-
sary but Not Sufficient? It is important to emphasize that while
palmitoylation is almost certainly important and possibly even
necessary for most TM protein partitioning into ordered mem-
brane domains, it is neither sufficient nor absolutely required
(Figure 4). Numerous studies on the TM domain requirements
for raft partitioning have demonstrated that residues interacting
with the exoplasmic leaflet are required for detergent insolubi-
lity (72, 86) and raft partitioning (87) of palmitoylated proteins.
Additionally, there are many known palmitoylated proteins that
are not believed to be associated with membrane rafts, including
the canonical marker of nonraft membranes, the transferrin
receptor (134) and the spike glycoprotein in vesicular stomatitis
virus, VSVG (135). For several raft-associated palmitoylated
proteins, the modification seems to be redundant, as is the case
for the canonical raft protein caveolin, which is multiply palmi-
toylated, but remains detergent-resistant when the palmitoylated
cysteines are mutated (/36). Finally, a recent report suggests that
while palmitoylation is required for detergent resistance of the
anthrax toxin, it actually inhibits the raft association of its
receptor (137).

While the general principle of raft targeting by modification
with saturated fatty acids appears to hold for a number of protein
involved in a great variety of important signaling pathways, it is
neither always applicable nor sufficient to explain the submem-
brane compartmentalization of the many proteins modified in
this way. The chemical nature of the transmembrane polypeptide
has already been shown to be important for DRM association
and apical trafficking (72, 138), although the molecular details of
these determinants remain unclear.

RAFT TARGETING IN PARACRINE SIGNALING -
CHOLESTEROL MODIFICATION OF HEDGEHOG

A unique lipid modification has been described to potentially
target extracellularly secreted morphogens to membrane rafts as
a component of paracrine signaling. The Hedgehog (Hh) family
of proteins regulates spatial patterning in animals from insects
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FIGURE 4: Palmitoylation of transmembrane proteins does not guaran

tee their association with membrane rafts. Examples of known

palmitoylated single-span membrane proteins, which either do or do not associate with rafts. For the raft associated proteins at least double
palmitoylation seems to be a prerequisite for raft partitioning. Palmitoyl-modified cysteines may be part of the transmembrane region, lie
at the membrane interface, or in proximity to the transmembrane fragment and the palmitoyl groups are attached on Cys residues that are close to
each other (n+2). However, there are some exceptions, for example, in GP160 the lipid modified Cys residues are separated from each other
in the sequence and are not membrane proximal. For the nonraft palmitoylated proteins these are either monopalmitoylated (VSVG) or

as observed for the TFR the acyl-modified Cys are separated by four resi
HVI1H2 strain.

to mammals. During synthesis, Hh undergoes autocatalytic clea-
vage that adds a cholesterol moiety to the carboxy-terminal
glycine of the signaling-active N-terminal Hh fragment (739) (this
study also observed sterol modification of other proteins, but
these have yet to be identified so the Hedgehog family remains the
only known sterolated protein). It was found that this modifica-
tion confers detergent resistance (/40), suggesting its inclusion in
raft domains where it presumably associates with its detergent-
resistant receptor, Patched (/47). In addition to its C-terminal
sterolation, Hh is modified with the saturated palmitic acid on its
N-terminal cysteine (/42), although it is important to note that
the mechanism and enzymology of this palmitoylation is very
different from palmitoylation of intracellular proteins, which
generally have the fatty acid linked through an S-linked thioester,
rather than Hh’s N-linked amide (/43). Palmitoylation was
also observed to be required for the function of several other
important secreted signaling molecules, including Spitz (the
epidermal growth factor homologue in flies) (/44) and wingless
(Wnt) (145), which was found to be detergent resistant (/46). In
the case of Hh, both sterol modification (/47) and palmitoyla-
tion (/48) were required for the formation of high mole-
cular weight complexes necessary for efficient signaling. The
most recent model of Hh signaling is that its long-range diffusion
is mediated by transport on plasma lipoproteins (/49), and

dues. *HA - H7N1- Fowl plague virus/Rostock/8/1934; **GP160 -

whether raft domains are involved in this process remains to be
studied.

POLYUNSATURATED AND BRANCHED FATTY
ACIDS - NONRAFT ASSOCIATING LIPIDATIONS

While the case for GPI-anchors and palmitoylations targeting
proteins to raft domains is strong, it is not without exceptions. On
the other hand, the data appears largely consistent that mod-
ification of proteins with branched and/or unsaturated fatty acids
strongly restricts them from association with lipid rafts. The
strongest evidence for this assertion comes from studies where
normally saturated fatty acid modifications were replaced with
polyunsaturated fatty acids (PUFAs) by exogenous metabolic
labeling. In this set of experiments, it was shown that the
incorporation of both monounsaturated and especially PUFAs
into the normal S-acylation sites of Fyn and LAT significantly
reduced the association of these normally raft-resident molecules
with detergent resistant fractions (48). Importantly, loss of raft
localization led to signaling changes, as PUFA-incorporating
T-cells were deficient in kinase activity downstream of activa-
tion of the T-cell receptor, both confirming the role of raft-
association in immune system signaling and suggesting a me-
chanism for the immunosuppressive effects of PUFAs (47, 150).
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Similar effects were observed for the Gag protein of HIV-1,
which lost both raft association and the ability to mediate viral
particle assembly upon modification with unsaturated fatty
acids (151), and the o subunit of a heterotrimeric G; protein (102).

A similar role was observed for protein prenylation, which
involves the addition of a branched, unsaturated isoprenyl group
as a thioether to free intracellular cysteines. These usually take
the form of 15-C or 20-C aliphatic chains (farnesyl and geranyl-
geranyl, respectively) added to the protein cotranslationally,
which remain with the protein until it is degraded (reviewed in
ref 152). Proteins carrying this modification were found to be
constitutively excluded from DRMs, in line with the expected
difficulty of packing these branched, bulky hydrocarbons into the
ordered environment of a lipid raft (82). In vitro reconstitution
and lack of detergent-resistance of the farnesylated Sy subunits of
a heterotrimeric G-protein confirmed this result (/53). This
observation was extended by a high-resolution study of clustering
of lipid anchored fluorescent proteins which showed that model
proteins bound to the membrane by isoprenyl (and myristoyl)
anchors were less clustered in undisturbed plasma membranes
than palmitoylated (presumably raft localized) ones (154). This
general principle is illustrated best by a specific example: the
differential raft affinity of Ras isoforms. Whereas palmitoylated
versions of the protein (especially the doubly acylated H-Ras
discussed above) are strongly raft-localized, the prenylated
K-Ras4B s generally excluded regardless of activation state (173),
despite strong sequence similarities. The multiple different lipida-
tions of these important signaling molecules generate an exciting
hypothesis: that proteins (specifically H- and N-Ras) modified
with neighboring lipid modifications of different raft affinities
(e.g., prenylation and palmitoylation) would preferentially target
to the edges of raft domains and behave as lineactants (two-
dimensional analogues of surfactants) to stabilize these rafts (155).
Clear data supporting this possibility has yet to emerge, although
recent findings using high-resolution spatial detection suggest that
N-ras does localize to raft boundaries and perhaps stabilizes the
domains by decreasing the interfacial energy between the domains
and the bulk lipid phase (156, 157).

An important cotranslational lipid modification that has not
been discussed in detail in this review is N-terminal myristoyla-
tion, the addition of a C14 saturated acyl chain to the N-terminal
glycine of several proteins, typically those without a TM polypep-
tide (reviewed in ref /58). Generally speaking, a single myristate is
not enough to direct the modified protein to a raft domain and
another, longer, saturated acylation is required. This is the case for
¢-Sre (159) and Blk (120) in comparison to several homologous,
palmitoylated SFKs (/10), and the DRM partitioning of these
homologues has been recently implicated in their transforming
capacity (120). However, the data implicating myristolation as an
obligate nonraft targeter are not entirely consistent as c-Src was
also found in DRMs isolated from a neuronal cell line (/60),
although these results must be evaluated with a consideration to
possible detergent resistance artifacts. Additionally, the myristoy-
lated neuronal protein NAP-22 is targeted to ordered domains in
model monolayers (/61), although its cholesterol binding capacity
is likely important for this function.

PERSPECTIVES

Post-translational lipid modifications are critical regulators of
affinity for membrane domains for both soluble and membrane
embedded proteins, with the general paradigm being long (= C16),
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saturated acyl chains (i.e., GPI-anchors and palmitoylations in
the extracellular and intracellular leaflet, respectively) conferr-
ing raft affinity while unsaturated, short, and branched lipidic
moieties prevent raft association. While these principles appear to
be generally applicable, many outstanding issues remain regard-
ing the specific regulatory functions of particular protein modi-
fications.

For example, palmitoylation is not sufficient for raft partition-
ing of TM proteins, so the other determinants of raft affinity
remain to be fully characterized. One clear feature is that
mutation of bulky hydrophobic residues in the exoplasmic
leaflet-interfacing part of the TMD of the HA spike glycoprotein
of influenza strongly inhibit raft partitioning (72, 86, 87). The
specific residues important for this requirement and the under-
lying physical mechanisms are currently unknown. Similarly, the
function of heterologous S-acylation with saturated fatty acids
longer than palmitic (e.g., such as stearic acid (84, 162)) and the
effect of their location in the protein relative to the PM have yet to
be identified and are likely to play important roles in determining
the raft affinity of modified proteins (see Figure 4).

In addition to the raft-regulatory function of palmitoylation
on individual proteins, important general questions remain
regarding spatial and temporal regulation of protein palmitoyla-
tion in general. The data presented above suggest that this
regulation will likely prove an important mechanism for control
of raft-related signaling pathways. Although recent studies have
begun to address some of these questions (reviewed in
refs 163—165), a lack of a suitable experimental framework
currently limits investigation. The most specific limitation is that
while several methods exist to determine which proteins are
palmitoylated (e.g., metabolic labeling of cells with radioactive
palmitate and acyl-biotinyl exchange (41)), these are generally
not quantitative, nor do they allow determination of the fraction
of palmitoylated protein. An exciting potential direction in this
field would be the development of lipid modification-specific
antibodies which can be used to quantify ratios of lipidated-to-
unmodified protein and begin to address outstanding issues of
the location and regulation of protein palmitoylation.

Definitive quantification of lipid-dependent phase partitioning
can be achieved using model systems that incorporate labeled
proteins of interest. Phase separation in synthetic GUVs (32) and
cell-derived PMS (38) and GPMVs (37, 166) comprise a novel
experimental framework for direct quantification of membrane
protein partitioning between coexistent liquid phases. While
saturated lipid anchored proteins have been shown to partition
to raft domains across the model systems (33, 36, 38, 161, 167),
few if any transmembrane proteins have been observed to prefer
the tightly packed environment of the ordered phase in
GUVs and GPMVs (34, 36, 39, 167, 168), in contrast to strong
enrichment of TM raft components in the raft phase of PMS.
Although this discrepancy remains to be clarified, it may involve
loss of relatively labile thiol-linked palmitates during protein
isolation or purification. An additional limitation of these
experimental model systems is the loss of the asymmetric lipid
composition that is characteristic of the eukaryotic plasma
membrane and the effect of this asymmetry on coupling of raft
domains across the two leaflets of the lipid bilayer (20, 30, 169).
Several novel techniques have been developed to produce asym-
metric membranes (95, 170, 171), however the mechanisms of
induction of raft domains in the cytoplasmic leaflet of the
PM (172) and coupling of peripheral signaling proteins across
the bilayer remain unexplained.
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Other outstanding issues include, for example, heterogeneity
of GPI-anchors (e.g., addition of a third acyl chain to the inositol
backbone (173)), their role in regulating domain preference, and

the

regulation/specificity of this heterogeneity. Additionally,

incorporation of PUFAs as modifications into proteins, and
their subsequent exclusion from raft domains, remains a largely
unexplored topic. To summarize, despite a significant amount of
research and insight into the role of protein lipidation in targeting
to different membrane domains, many specific and general
questions remain in this active and thriving field. The introduc-
tion of novel methods such as the preparation of intact cellular
membranes and high resolution microscopy and particle tracking
promises to unlock the details of a layer of regulation likely to
play a critical role in cellular signaling.
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