
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Review

2 Rafting through traffic: Membrane domains in cellular logistics

3Q2 Blanca Diaz-Rohrer a, Kandice R. Levental a, Ilya Levental a,b,⁎
4 a University of Texas Health Science Center at Houston, 6431 Fannin St, Houston, TX 77030, USA
5 bQ3 Cancer Prevention and Research Institute of Texas, USA

a b s t r a c t6 a r t i c l e i n f o

7 Article history:
8 Received 28 May 2014
9 Received in revised form 28 July 2014
10 Accepted 31 July 2014
11 Available online xxxx

12 Keywords:
13 Membrane domain
14 Lipid raft
15 Subcellular traffic
16 Sorting
17 Endocytosis

18The intricate and tightly regulated organization of eukaryotic cells into spatially and functionally distinct
19membrane-bound compartments is a defining feature of complex organisms. These compartments are defined
20by their lipid and protein compositions, with their limiting membrane as the function interface to the rest of
21the cell. Thus, proper segregation of membrane proteins and lipids is necessary for the maintenance of organelle
22identity, and this segregation must be maintained despite extensive, rapid membrane exchange between com-
23partments. Thus, sorting processes of high efficiency and fidelity are required to avoid potentially deleterious
24mis-targeting and maintain cellular function. Although much molecular machinery associated with membrane
25traffic (i.e. membrane budding/fusion/fission) has been characterized both structurally and biochemically, the
26mechanistic details underlying the tightly regulated distribution ofmembranes between subcellular locations re-
27main to be elucidated. This review presents evidence for the role of ordered lateralmembrane domains known as
28lipid rafts in both biosynthetic sorting in the late secretory pathway, as well as endocytosis and recycling to/from
29the plasma membrane. Although such evidence is extensive and the involvement of membrane domains in
30sorting is definitive, specific mechanistic details for raft-dependent sorting processes remain elusive.

31 © 2014 Elsevier B.V. All rights reserved.
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54 1. Introduction

55 The self-organization of cellular macromolecules into structurally
56 and functionally distinct subcellular compartments is one of the most

57intriguing and complex questions in biology. Most eukaryotic cell
58organelles are delimited by a lipid and protein membrane, which sepa-
59rates the cytoplasm from a topologically disconnected aqueous lumen.
60Because these membranes are the interface between the organelles
61and the rest of the cell, their molecular identities (i.e. protein and lipid
62composition) play a key role in defining the function of a given compart-
63ment as a whole. Therefore, the efficient and accurate sorting of mem-
64brane molecules between organelles underlies much of subcellular
65organization. (See Table 1.) Q4
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66 Recent decades have seen the discovery and characterization of the
67 extensive proteinaceous machinery responsible for intracellular mem-
68 brane transport. One general theme is that membranes are sorted and
69 transported by small (i.e. less than 100nmdiameter) vesicular intermedi-
70 ates produced by the action of a “coat protein”, which are actually large,
71 multiprotein complexes. The classic examples of such “coatomers” are
72 the COat Protein complexes (COPI and COPII) thatmediate vesicle forma-
73 tion and transport between the endoplasmic reticulum (ER) and early
74 Golgi, and the polymerized clathrin cages in the late secretory pathway
75 and endocytosis. An alternative vesicle-producing apparatus – that does
76 not proceed via a coated intermediate – is the ESCRTmachinery responsi-
77 ble for lumen-directed vesiclefission in endocytosis [1], virus budding [2],
78 and membrane repair [3]. These machines are responsible for the gener-
79 ation and fission of transport vesicles, but all require additional factors for
80 targeted, vectorial vesicle transport to the appropriate cellular compart-
81 ment and fusion with the target membrane. These functions are served
82 in part by the famous SNARE (Soluble N-ethylmaleimide-sensitive-
83 factor Attachment protein REceptor) proteins [4], which determine
84 where and when a given transport vesicle will fuse. In addition to this
85 coremachinery, hundreds of ancillary proteins regulate subcellular traffic,
86 including the vital sorting function servedbyAdapter Proteins (AP1-4 [5])
87 to selectively recruit specific proteins into the transport carriers, and the
88 Rab GTPases that act as “address labels” for the various organelles [6].
89 In contrast to thewealth of information available for subcellular pro-
90 tein sorting, amechanistic understanding of how lipids are distributed in
91 cells remains elusive. Organellar membranes have distinct lipid compo-
92 sitions (though clean, detailed data to this point are scant) that are likely
93 required for their function and cannot be accounted for solely by enzy-
94 matic production/turnover [7–9]. However, how the cells achieve this
95 steady-state heterogeneity despite active and rapid exchange of lipids
96 between compartments remains unclear, in part because the rules for
97 sorting lipids and proteins are quite different:

98 (1) lipids are not sorted absolutely, i.e. all membranes contain broad-
99 ly similar lipid classes (e.g. phosphatidylcholine), but the specific
100 molecular identities and, more importantly, relative concentra-
101 tions of the lipids vary between compartments.
102 (2) lipids are not covalently linked into membranes, but are orga-
103 nized by weaker intermolecular interactions which give rise to
104 the fluid matrix of the bilayer
105 (3) whereas proteins are often sorted by specific intermolecular cou-
106 pling between a cargo protein and the coatomer, lipids are gener-
107 ally too numerous and too small for such one-by-one selection
108 (although there are important exceptions [10–12]).

109 Because of these unique features, specific mechanisms are required
110 for intracellular lipid sorting. Membrane lipid monomer transport
111 through the cytoplasm does not occur on cell-relevant time scales
112 (though cholesterol transport may be an exception [13]), because de-
113 spite lipids not being covalently incorporated into the bilayer, the entro-
114 pic penalty for hydrating their aliphatic regions makes spontaneous
115 diffusion of lipid monomers into the cytoplasm extremely unfavorable
116 [14]. In some cases, carrier proteins facilitate monomeric lipid transport
117 by providing a hydrophobic cavity [10–12]. Additionally, physical con-
118 tact sites between the ER and other organellar membranesmay provide
119 channels for direct lipid transfer between organelles [15]. However,
120 these mechanisms are insufficient for the whole lipidome sorting
121 observed in subcellular organelles; thus, membrane lipids, like proteins,
122 are generally traffickedby vesicular intermediates, begging the question
123 of how such vesicles “choose” the lipids destined for a particular
124 compartment.
125 Lateralmembrane domains of distinct compositions provide an ideal
126 platform for lipid sorting. The archetype of such domains aremembrane
127 rafts, defined as lipid and protein assemblies whose formation is depen-
128 dent on the preferential interactions between specific lipids (sterols,
129 glycosphingolipids, and saturated lipids) that drive the formation of
130 a liquid-ordered membrane state that coexists with a relatively

131disordered state as fluid, lateral domains [16]. It is important to empha-
132size that the conception of rafts as long-lived, large, stable domains is
133imprecise and probably incorrect — rafts in the PM are believed to be
134small and highly dynamic [17], and there remains active controversy
135about the physical properties, compositions, and mechanistic conse-
136quences of raft domains. However, several recent observations – most
137notably, microscopically observable liquid–liquid phase separation in
138biological membranes [18–22] – have provided strong evidence for
139their existence and biological relevance. Moreover, the proposed size
140of such domains (tens to hundreds of nm [17]) and their capacity to se-
141quester both lipids and proteins provide raftswith ideal features for act-
142ing as sorting mechanisms in membrane trafficking.
143This review focuses on evidence supporting the central role of raft
144domains in subcellular membrane sorting. We start with a discussion
145of the genesis of the raft hypothesis to explain the distinct membrane
146compositions of apical and basolateral plasma membrane (PM) do-
147mains in polarized epithelia, and expand on the general utilization of
148these domains in secretory sorting and trafficking to the PM in both
149polarized and non-polarized cells. Next, we summarize the robust
150literature describing raft domains in endocytosis and sorting in the
151endocytic system, before briefly reviewing the scant information on
152the protein machinery that supports raft-mediated trafficking. As with
153much of the raft field, there remain more questions than answers
154about themechanistic details of how these domainsmediate trafficking;
155however, this review is intended to provide a primer to the topic, while
156highlighting the abundant evidence in support for the hypothesis that
157rafts are a key mediator of the specific membrane compositions of sev-
158eral subcellular organelles.

1592. Rafts in secretory traffic

160The Golgi Apparatus (GA) is the intermediate between the site of
161most lipid synthesis (the endoplasmic reticulum — ER) and other
162membrane-bound organelles, thusmaking it amajormembrane sorting
163station in the cell. More specifically, while the “cis” portions of the GA
164(i.e. those associated with bi-directional membrane exchange with the
165ER) are responsible for the post-translational modification and refine-
166ment of membrane proteins, the most “trans” cisterna of the organelle,
167termed the trans-Golgi network (TGN), is the site of selection for export
168of membrane (and luminal) components via newly assembled trans-
169port carriers destined for their final cellular location (Fig. 1). In some
170cases (e.g. the mannose-6-phosphate receptor for lysosomal delivery
171[23]), the sorting determinants are simple and clear. However, for
172most membrane lipids and proteins, themechanisms of distribution re-
173main unresolved. In epithelial cells, this problem is further complicated
174by the existence of a highly specialized plasma membrane domain, the
175apical PM, coexisting contiguously with a basolateral PM. These do-
176mains must be compositionally distinct because their functional re-
177quirements are very different: the apical PM must often provide a
178robust barrier between the cell and a harsh and inhospitable environ-
179ment (e.g. gut or kidney lumen), whereas the basolateral is responsible
180for exchanging information and nutrients with the rest of the body.

1812.1. Genesis of the raft hypothesis

182An early observation in epithelial cell biology was that not only the
183protein, but also the lipid composition of the apical PM is highly differ-
184entiated from the basolateral, most notable in the enrichment of glyco-
185sylated sphingolipids (GSLs) and cholesterol, and relative depletion of
186glycerophospholipids (see studies cited in Ref. [24]). The sorting of
187both glycosylated proteins [25] and lipids [26] to the apical surface
188seemed to occur simultaneously in the TGN, suggesting a membrane-
189mediated mode of action, which was confirmed by the isolation of dis-
190tinct vesicle subtypes originating at the TGN and containing either api-
191cal or basolateral cargo [27]. To explain these observations, a model
192based on the known propensity for sphingolipids to self-associate via
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