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Abstract

The endomembrane system of eukaryotic cells uses membrane-enclosed carriers to move diverse
macromol ecules among different membrane-bound compartments, a requirement for cellsto
secrete and take up molecules from their environment. Two recycling pathways—biosynthetic and
endocytic, each with specific lipid components—make up this system, with the Golgi apparatus
mediating transport between the two. Here, we integrate lipid-based mechanismsinto the
description of this system. A partitioning model of the Golgi apparatus is discussed as aworking
hypothesis to explain how membrane lipids and proteins that are segregated based on lateral lipid
partitioning support the unique composition of the biosynthetic and endocytic recycling pathways
in the face of constant trafficking of molecular constituents. We further discuss how
computational modeling can allow for interpretation of experimental findings and provide
mechanistic insight into these important cellular pathways.
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INTRODUCTION

Eukaryotic cells have evolved a complex endomembrane system that uses membrane-
enclosed transport carriers to move diverse molecules among membrane-bound
compartments involved in the cell’ s secretory, endocytic, and degradative processes. The
various organelles comprising this system, both exocytic [endoplasmic reticulum (ER),
Golgi apparatus and secretory vesicles] and endocytic (endosomes and lysosomes), have
distinct identities and functions (12,13,41,45). Moreover, the organelles are dynamic, being
generated and maintained in the face of continual exchange of protein and lipid components.
Thisresultsin their disappearance and reformation in response to specific conditions and
during particular phases of the cell cycle (4,43,90). To understand how cells regulate this
complex, intercommunicating array of membrane structuresisamajor goal of cell biology.
Current thinking derives primarily from work that has examined, at a mechanistic level, how
endomembranes operate and are organized overall. These studies have demonstrated an
essential role for protein-based machinery, including coat proteins and their adaptors, small
GTPases, tethering factors, and fusion proteins (12,13,22,23,45,78,92). This machinery
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hel ps change the membranes’ overall shape, sorts proteins into differentiated subdomains
within membranes, and permits membrane carriers to translocate through the cytoplasm and
fuse with specific acceptor membranes, a process critical for the emergence of distinct
compartments. More recent studies have revealed that endomembranes are differentially
populated by specific classes of lipids with distinct physical properties, which make the
bilayer stiff or flexible, and which prefer association with tubular or vacuolar membrane
elements (37,79,86,87). It now appears that through intimate collaboration with embedded
proteinsin the bilayer and cytosolic proteins that insert into membranes, these lipids help
drive the underlying complex pattern of membrane organization and the associated
circulation of molecular species. These processes are essential for the generation and
maintenance of the endomembrane system as awhole.

Here we focus primarily on how lipid sorting and trafficking can help account for transport
of proteins along exocytotic and endocytic pathways of the endomembrane system. We
begin by providing a general overview of the recycling pathways of the endomembrane
system. These build and maintain the Golgi apparatus, the central sorting station within the
system. We then discuss the lessons from a perturbant of membrane trafficking, which by
disrupting membrane flow pathways causes the Golgi and other organelles to disassemble.
An important role for lipid mixing regulated by coat proteinsin maintaining organelle
structure is suggested by these studies. Next, we examine the basic lipid species found in
endomembranes, the interplay among them, and how their interaction may lead to protein
sorting. Finally, we consider at the mechanistic level how the properties of lipids can be
integrated with live cell imaging and biochemical findings to describe protein sorting and
transport, particularly within the Golgi apparatus. Our overal goal isto summarize how
three disciplines—protein trafficking, computational cell biology, and the biophysics of
membrane lipids—hold great promise for collaborative work to explain transport within and
between the exocytic and endocytic pathways.

OVERVIEW OF THE ENDOMEMBRANE SYSTEM

The endomembrane system serves two fundamenta roles: export of secretory cargo and
import of endocytic material. Export involves vectora delivery of newly synthesized
secretory proteins from the ER to the Golgi apparatus and then to the plasma membrane
(PM) (41); import involves uptake of macromolecules from the PM into endosomes and then
to lysosomes (21,54). For the cell to continually export and import molecules, the
endomembrane system must engage in extensive membrane recycling to retrieve functional
components of organelles that are redistributed during the export and import processes. This
permits organelles to maintain their identity amid constant flow of material. At the same
time, the recycling permits bidirectional exchange of components between organelles. The
endomembrane system thereby develops synergistic, functional connections among its
various elements, enabling the cell to respond to different physiological conditions through
changes in secretory and/or endocytic activities.

Notably, there are two major membrane recycling pathways within the endomembrane
system (reviewed in Reference 73): (8 the biosynthetic membrane recycling pathway,
whose trafficking routes interconnect ER, the ER/Golgi intermediate compartment (ERGIC)
and early Golgi (12,73); and (b) the endocytic recycling pathway, whose trafficking circuit
interconnects the late Golgi, PM, and an ever-growing collection of named endosomes,
lysosomes, and the endocytic recycling compartment (ERC) (21,54) (Figure 18. The
biosynthetic and endocytic recycling pathways are morphologically and functionally
symmetric. Each is composed of pleiomorphic, highly dynamic membrane-bounded
structures that transport molecules from compartment to compartment in the pathway.
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Situated at the midpoint of these two recycling pathways, and ideally placed to mediate
communication and control between them, isthe Golgi apparatus. With an elaborate
morphology of flattened saccuoles with surrounding tubules and vesicles (44,66), the Golgi
operates as a carbohydrate factory for the processing and modification of proteins and lipids,
and serves as the central sorting station of the endomembrane system (40,41,69). Movement
through the Golgi isthe only way that integral membrane proteins generated or modified in
one recycling pathway can passinto the other. Thisisillustrated in Figure 15, which shows
the trafficking of newly synthesized vesicular stomatis viral G protein (VSVG) after release
from the ER by temperature shift.

In both biosynthetic and endocytic recycling pathways, work involving membrane
recruitment of cytosolic coat proteins and their adaptorsisinvolved in theinitial membrane
outgrowth from the membrane source comprising each pathway (i.e., ER for secretory
recycling pathway and PM for endocytic recycling pathway). The coat complexes bind in an
energy-dependent, reversible manner to the cytosolic surfaces of the ER or PM, producing
transport intermediates shaped as vesicles or tubules and enriched in specific types of
proteins and lipids. The transport intermediates fuse together in a homotypic fashion,
creating larger structures that, in turn, merge with more downstream structures to convey
cargo along either exocytic or endocytic routes.

To preserve the identity and function of the ER and PM during this process, resident
proteins and lipids of the ER or PM inadvertently sorted into transport intermediates are
returned back to their target organelle by membrane retrieval routes. This process plays an
important role in refining the contents of transport intermediates after they have budded off
from the ER or PM. Thus, within transport intermediates moving from ER toward the Golgi,
ERGIC proteins recycle back to the ER while PM-directed proteins are retained (20,73).
Likewise, within endocytic structures derived from the PM, endocytosed ligands are retained
for degradation in lysosomes while their receptors are retrieved back to the PM (21,54,55).

CURVATURE-BASED SORTING WITHIN THE ENDOMEMBRANE SYSTEM

As mentioned above, the transport intermediates comprising the endomembrane system are
highly pleiomorphic, exhibiting tubular and vacuolar morphologies. The opposite surface-to-
volume ratio of these elements (with tubules having a high surface-to-volume ratio and
vacuoles having alow surface-to-volume ratio) makes them adapted for carrying either more
membrane material or more lumenal material. Consequently, tubules convey mostly integral
membrane proteins and lipids, whereas vacuolar portions of an organelle tend to carry
soluble content (73,85). This adaptation greatly facilitates the sorting of membrane and
lumenal content carried within transport intermediates. Both biosynthetic and endocytic
recycling pathways utilize this geometry-based sorting. In the biosynthetic recycling
pathway, transmembrane cargo receptors recycle back to the ER in tubules while soluble
secretory cargos move within vacuolar elements toward the Golgi (13). Similarly in the
endocytic recycling pathway, endocytosed membrane-bound receptors sort into narrow
tubules that recycle back to the PM while their dissociated ligands remain in vacuolar
structures that ultimately fuse with lysosomes (54).

In addition to facilitating the sorting of soluble and integral membrane proteins as described
above, the tubule/vacuolar geometry of endomembranes leadsto lipid sorting. Thisis
because highly curved membranes, such as tubules, attract different lipid components
relative to less curved bilayer surfaces, such as vacuoles, to accommodate the changesin
bilayer compression and bending arising from high curvature (5,9,10,70,79). For example,
when narrow membrane tubules are pulled from giant unilamellar vesicles, lipid molecules
having high bending rigidity [e.g., sphingomyelin and sphingolipids (SL)] are largely
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excluded from the tubules, whereas lipids with low bending rigidity [e.g.,
glycerophospholipids (GPLS)] readily enter the tubules (79,53). Lipid sorting in this system
isamplified in the presence of lipid clustering proteins such as choleratoxin (79,53). In this
way, the tubule/vacuol e geometries of transport intermediates play an important rolein
driving both lipid and protein sorting within the endomembrane system.

MEMBRANE DEFORMATION BY CYTOSOLIC COAT PROTEINS

Given that different geometric membrane shapes (e.g., tubular versus vacuolar) can cause
segregation of soluble proteins, lipids, and integral membrane proteins, it isimportant to
ascertain what controls the formation of these shapes. The major contributors appear to be
cytosolic proteins that bind to membranes. These consist of coat proteins (e.g., COPI,
CORPII, and clathrin) and their adaptors, small GTPases (e.g., Arfl and Sarl), lipid-
modifying enzymes such as phosphatidylinositol kinases and phospholipases, “tethering
factors,” and fusion proteins (12,13,17,23,32,49,59,77,78). Together, these molecules
collaborate to produce coated buds on membranes that give rise to vesicle/tubule carriers
and/or partitioned domains on membrane surfaces (4,6).

Coat proteins, in particular, have the capacity to deform membranes (46,56). This occurs
through their ability, in conjunction with other proteins, to induce membrane curvature
(6,56). In the case of COPII coats, the N-terminal amphipathic helix of Sarlp is able to bend
membranes (6). For clathrin-coated vesicles, some curvature inducers/stabilizers contain
BAR superfamily domains that form dimeric coiled-coil modules, while others contain
Epsin N-terminal homology (ENTH) or C2 domains (56). The latter two domain types, in
addition to Sarlp, insert an amphiphatic helix or bulky hydrophobic residue into the bilayer
causing nearby lipid headgroups to splay apart, and thereby inducing membrane curvature
(56). BAR domains have a banana shape that acts as a scaffold to stabilize a curved
membrane. The BAR domain can aso sense membrane curvature. The ALPS motif, found
in anumber of proteinsinvolved in trafficking in the early secretory pathway, is another
type of membrane curvature sensor (6). It is unstructured in the absence of alipid bilayer,
but forms an amphipathic helix upon contact with a highly curved membrane (25). Proteins
containing the AL PS motif are adapted to bind to the surface of lipid membranes as a result
of defectsin lipid packing, arising in response to changes in membrane curvature or lipid
composition (6). Proteins that have the capacity to sense membrane curvature are very
important, in that the cell can use membrane shape as a signal to trigger downstream events.
For example, the ALPS motifs within ArfGAPL, which inactivates Arf1 (59), ensures that
release of the COPI coat and vesicle tether, GMAP210, occurs only on highly curved
membranes (11,25). To extend curvature over awide distance across a membrane surface,
proteins containing these modul es often oligomerize or cluster with other proteins by avidity
interactions.

The cytosolic coat proteins work in conjunction with other factors to stabilize and
dynamically modulate membrane shape changes. Binding of cytoskeletal motor proteins, for
example, can help stabilize domains and cause extension of long tubules (3). Lipid-based
partitioning of transmembrane proteins into tubule or vacuolar portions of amembrane, in
turn, can induce further cytosolic protein recruitment (through binding motifs on their
cytosolic tails) that through subsequent lipid clustering could drive further lipid sorting and
cytosolic protein recruitment (4,13). Thus, a complex interplay of protein-protein
interactions can synergistically drive protein sorting: Cytosolic proteins initiate the
membrane deformation process by binding to membrane and driving geometric shape by
inducing membrane curvature. This leadsto lipid sorting; partitioning of transmembrane
proteins into sorted lipid domains can then induce further lipid sorting and cytosolic protein
recruitment.
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Although cytosolic coat complexes and their effectors play an essential role in membrane
deformation and sorting within the endomembrane system, as described above, they do not
explain how the endomembrane system emerges as a steady-state system nor why it
comprises two distinct recycling pathways intersecting at the Golgi apparatus. To help
clarify these questions, it is useful to begin by considering the effects of awidely studied
cause of perturbation of membrane traffic, brefeldin A (BFA).

LESSONS FROM BREFELDIN A

A hallmark of the morphological effects of BFA isthe rapid and dramatic induction of
tubules derived from the Golgi, endosomes, lysosomes, and trans-Golgi network (43,75).
The morphological changes within the organelles are significant. Within seconds of BFA
treatment, the stack of cisternae that form the Golgi converts into atubule network and then
fuses with the ER leaving no recognizable Golgi structure behind (75). Both biosynthetic
and endocytic recycling systems transform as well, becoming highly tubular with little or no
vacuolar elements (43). Remarkably, membrane transport, although altered, still continuesin
the presence of BFA. However, only specific membrane transport pathways are allowed.
Newly synthesized secretory proteins that normally would move to the plasma membrane
remain confined to the ER and its recycling system. Endocytosed transferrin receptor can
still recycle to and from the plasma membrane, but now other receptors follow the same
route, including the mannose-6-phosphate receptor, which normally recycles between late
endosomes and Golgi (43). The main effect, therefore, is that under BFA treatment
trafficking involves only mixing of tubular membranes within a particular recycling
subsystem (i.e., biosynthetic or endocytic), in which the targets of fusion of tubules depends
on the site of origin of the tubule. For example, Golgi tubules uniquely find ER and ERGIC,
whereas endosomal tubules mix only with the PM and ERC. Neither tubule system,
however, can “transfer’ components from one system to another.

What can explain these effects? The extraordinary progress made in elucidating the
biochemical characteristics of cytosolic coat proteins, and their regulation and rolein
membrane traffic provides some clues. BFA acts as an uncompetitive inhibitor to GBF1
(61), the exchange factor at the Golgi that activates Arf1, asmall GTPase (68). By
preventing Arf1 binding to membrane, BFA leads to dissociation of downstream cytosolic
effectors of Arf1, which includes the coat complexes of COPI (localized on Golgi and
biosynthetic recycling membranes) and GGA (localized on late Golgi and endosomal
recycling membranes). The resulting absence of coat activity leads to the loss of vacuolar
elements of transport intermediates and the Golgi. Thus, it may be by displacing coats that
drive curvature changes in the endomembrane system that BFA disrupts membrane flow
patterns and membrane geometry, which in turn leads to organelle disassembly. The
morphological and functional states of endomembrane organelles, therefore, are at afine
balance maintained by the assembly of Arf1, coats, and their numerous downstream
effectors.

At the same time, because the membrane trafficking occurring in the absence of Arf1-
dependent coatsis limited to tubular networks that communicate with the ER or plasma
membrane, but not with each other (43), the Arf1-based coat system may also provide the
mechanistic basis for “jumping” between biosynthetic and endocytic recycling subsystems.
But what could the Arf1-based coat system be doing to serve such a structural and
regulatory role in trafficking between biosynthetic and endocytic recycling systems? As
discussed below, we suggest the answer relates to the lipid composition of the two recycling
systems, which bestows distinct physical properties that coat activity modulates to serve a
variety of structural and regulatory roles, including the generation and maintenance of Golgi
apparatus function.
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All eukaryatic cells use three major types of lipid in their endomembranes: GPLs, SLsand
sterols (e.g., cholesterol) (37,76,86). When embedded within a membrane bilayer, these
lipids have self-associative properties that facilitate selective overall lateral segregation of
lipids and proteins in the membrane. GPLs are composed of fatty acyl chains attached to a
glycerol backbone. Different GPLs include neutral (e.g., phosphatidylcholine and
phosphatidylethanolamine) and anionic (e.g., phosphatidylinositol, phosphatidylglycerol and
phosphatidylserine) forms that vary in their hydrophilic head moiety, degree of fatty acid
unsaturation, and fatty acid length. Because the fatty acyl chains of GPLs are mostly
unsaturated, the bilayers in which they are enriched are highly flexible, or liquid disordered
(Lg) (Figure 28. SLs are composed of sphingosine with anonpolar tail of fatty acid chains
and a headgroup of phosphocholine (found in sphingomyelin) or different sugar structures
(found in glycosphingolipids). The fatty acid chains of SLsare usually saturated and can
associate with themselves in the plane of the membrane through extensive inter- and
intramolecular hydrogen bonding, packing more tightly and extending deeper into the
bilayer than GPLs. Asaresult, bilayers enriched in SLs are more ordered and are stiffer and
thicker than those enriched in GPLs (Figure 24). Cholesterol contains a four-membered ring
structure, a hydroxyl group, and a short hydrophobic tail. Itsrigid, flat steroid backboneis
readily stabilized between SL’s saturated hydrocarbon chains owing to van der Waals
attraction. When present in the same bilayer as SLs, cholesterol is attracted to SLs and forms
lateral lipid assemblies or microdomains enriched in these lipids (1,2,29,30). Bilayers
enriched in SLs and cholesterol are often called liquid-ordered (L) because they are more
ordered. These properties of GPL, SL, and cholesterol lead to an overall nonrandom lipid
distribution within the bi-layer of an organelle. This helps organize integral membrane
proteins, since each seeks a membrane domain with a bilayer thickness that matches the
length of its transmembrane segments (42) (Figure 25).

GPL, SL, and cholesterol are not distributed at equivalent levels among the organelles of the
endomembrane system. Instead, there is a gradient in concentration, with the ER having a
low concentration of SL and cholesterol (relative to GPL), the Golgi having an intermediate
concentration, and the PM having the highest concentration (37,86) (Figure 20).

One reason why eukaryotic cells maintain this variability in lipid content within the
biosynthetic and endocytic recycling pathways and Golgi is to generate lipid environments
within organelles that are compatible with their distinct cellular functions (14,37). Owing to
low levels of SLs and cholesterol, the membranesin the ER and the biosynthetic recycling
pathway are composed mainly of GPLs whose flexible acyl chains are loosely packed and
deformable. This provides alipid environment suitable for insertion and folding of proteins
in the ER bilayer. In the PM and endocytic recycling system, by contrast, the high
concentrations of SLs and cholesterol make the membranes thicker and less permeable to
small molecules. This allows the PM to act as an impermeable barrier between the
cytoplasm and cell exterior. On the other hand, the intermediate concentration of sterols and
SLsin the Golgi makeit ideal to serve as a transition station between the biosynthetic and
endocytic cycling pathways.

Because integral membrane proteins always seek alipid bilayer with athickness that
matches the length of its transmembrane segments (42), the presence of a gradient of lipids
having different bilayer thicknesses within the endomembrane system leads to integral
membrane proteins differentially distributing acrossit. For example, membrane proteins
with short transmembrane segments (~15 amino acids) typically reside in the biosynthetic

Annu Rev Biophys Author manuscript; availablein PMC 2012 June 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lippincott-Schwartz and Phair Page 7

recycling pathway, whereas those with longer segments (~20—25 amino acids) reside in the
endocytic recycling pathway (14,20).

Given the significance of having alipid gradient across the endomembrane system, how do
cells generate and maintain it? Three characteristics of GPL, SL, and cholesterol are likely
involved: (g the self-organizing properties of these lipids (i.e., they tend to partition into
distinct SL/cholesterol- and GPL -enriched domains when residing in the same bilayer), (6)
the differential sites of synthesis of these lipids (GPLs and cholesteral are synthesized in the
ER, whereas SL s are synthesized in the Golgi), and (¢) their different preferences for curved
or less curved bilayers. These characteristics lead GPLs, SLs, and cholesterol to follow
different overall circulation routes within the endomembrane system. Specifically, GPL and
cholesterol are synthesized in the ER, and forward secretory transport conveys these lipids
into the Golgi system. Once cholesterol reaches the Golgi, it binds to SLs and partitions into
domains depleted of GPLs. Whereas a significant fraction of GPLs traffic back to the ER
(vianarrow tubules), the SL and cholesterol do not (18). Instead, they traffic out of the
biosynthetic recycling pathway into the endocytic recycling pathway, moving toward the
PM in large pleiomorphic structures. After arriving at the PM, SL and cholesterol circulate
within the endocytic recycling pathway, including back to the Golgi (64), resulting in high
levels of these lipids within the pathway (55,89). Anionic GPLs (Pl and PS) are enriched in
membrane structures of the endocytic recycling pathway and Golgi (22) owing to their
affinity for SL and cholesterol (47). This helps high curvature intermediates (i.e., tubules)
form within the endocytic recycling pathway despite the presence of elevated levels of SL
and cholesterol.

A central step in producing the lipid gradient across the endomembrane system described
above isthe sorting of GPL, cholesterol, and SL within the Golgi apparatus. The next
section describes amodel for how such sorting may occur within the elaborately stacked
cisternal system of the Golgi and its consequences for Golgi trafficking and function.

SORTING IN THE GOLGI APPARATUS AND THE MEMBRANE
PARTITIONING MODEL

For decades, the focus of Golgi membrane trafficking studies has been on membrane
proteins and cytosolic regulatory machinery. This was the natural initial approach because
post-translational processing and sorting of proteins to their correct destinations are major
functions of the secretory pathway in general, and the Golgi apparatusin particular.
Moreover, it was thought that control of sorting would be mediated entirely by protein-
protein interactions. Gradually, however, it became clear that lipids were potent regulators
of the secretory pathway and lipid composition gradients and specialized membrane
microdomains were functionally significant. This shift isreflected in a number of recent
reviews (4,27,35,36,85).

A new model of the Golgi, called the rapid partitioning model, incorporates lipid trafficking
pathways and the self-organizing properties of lipids as an integral part of the organelle (60).
A key assumption of the model is that the self-associative properties of GPL, SL, and
cholesteral in Golgi membranes lead to phase partitioning of these lipids into two types of
domains: one having low SL/cholesterol levels and thin bilayer thickness, and one having
high SL/cholesteral levels and thick bilayer thickness. This, in turn, facilitates the selective
lateral segregation of integral membrane proteins residing in or passing through the Golgi
because the integral membrane proteins sort by their transmembrane domain thickness (14).
Various new technologies support these assumptions regarding self-organization of lipids
and proteins (50). Indeed, dual-color imaging of long transmembrane-spanning secretory
cargo and short transmembrane-spanning resident Golgi enzymesin the Golgi reveals the
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two proteins never fully overlap (60,91), consistent with their phase partitioning at all levels
of the Golgi.

In addition to having two classes of membrane domains within every cisternaformed by
partitioning, the partitioning model assumes bidirectional trafficking of protein and lipid
between Golgi cisternae and that cargo can exit the Golgi from all cisternae. These
assumptions are supported by prior observations. In particular, morphological studies have
shown rapid movement of proteins and lipids throughout the Golgi (19,38,60,91) and cargo
exiting the Golgi from both ¢isand franssides (88). The model also assumes that cargo and
enzymes have an optimal lipid environment with which they preferentially associate within
the Golgi. Thisis consistent with previous data on the sorting of resident enzymes by their
transmembrane thickness (14,42,57).

A spatially resolved version of the membrane partitioning model, shown in Figure 3, was
generated to test whether the model could account for key characteristics of Golgi transport
and organization (including cisto-transgradientsin GPLs and SLs, differentia cidtrans
distributions of resident enzymes, and exponential release of cargo) (60). In the model, two
classes of Golgi membrane domains are present in all Golgi cisternae. One class of domains,
called Golgi-Processing Domains (GPDs), are enriched in Golgi-resident proteins and
enzymes and contain less cholesterol and SL than do the second class of domains, the Golgi
Exit Domains (GEDs). GEDs are enriched in cargo proteins destined for post-Golgi target
membranes (e.g., plasma membrane and lysosomes) as well as cholesterol and SLs. Both
domains contain GPLs. Molecules in each domain follow different trafficking routes: Those
in GPDs (which are GPL rich) either return to the ER or circulate to other GPDs, whereas
those in the GEDs (which are SL-rich) either are exported to the plasma membrane or
continue to circulate in the Golgi.

Simulation and experimental testing of the rapid partitioning model revealed it could explain
many of the major features of the Golgi apparatus (60). The model generated a gradient in
SL/GPL compositions across the stack at steady state, with the ratio lowest in the ¢is
cisternae and highest in the franscisternae. Resident proteins with different SL/GPL
preferences were enriched in different Golgi cisternae despite their rapid movement between
cisternae. Cargo exited the Golgi with exponentia kinetics, afinding consistent with
experimental measurements of cargo export in living cells. Finally, a cargo wave pattern
across the Golgi stack was observed in response to simulation of a short, low-temperature
block and release of membrane traffic, consistent with prior electron microscopy
experiments (82). Thus, the rapid partitioning model generates, through a self-organizing
mechanism, all of the well-known asymmetries of cellular membrane lipid and protein
composition in the Golgi. These are a consequence of lipid partitioning in concert with
bidirectional vesicular/tubule trafficking of molecules between cisternae achieved by the
simultaneous activity of many intracellular membrane trafficking pathways.

A deeper understanding of the mechanisms and consequences of membrane partitioning is
necessary for the rapid partitioning model to expand its explanatory potential by accounting
for new information about Golgi structure and function. Coats and membrane trafficking
machinery are envisioned to play an essential role in partitioning by inducing geometric
shape changes (i.e., membrane curvature) that enable protein and lipid sorting, and thus must
be specifically integrated into the model. In addition, the role of particular lipid species
passing through the Golgi needs further consideration. Below we discuss the possibility that
cholesterol plays aspecial rolein this system by serving as the lipid driver of membrane
partitioning and regulator of protein traffic.

Annu Rev Biophys Author manuscript; availablein PMC 2012 June 4.
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SPECIAL ROLE OF CHOLESTEROL/STEROLS IN MEMBRANE SORTING

In parallel with the increasing interest in membrane lipids, and beginning with the classic
membrane thickness hypothesis (14), there has been unwavering interest in the role of
cholesterol in membrane trafficking. Recently, cholesterol-SL-rich rafts have been
intensively studied (31,37,50,76). Cholesterol is uniquely capable of prompting the
formation of segregated lipid domainsin artificial bilayers. Equimolar mixtures of
phospholipid, sphingomyelin, and cholesterol form domains that do not form in the absence
of cholesterol (24). Biochemical evidence for SL-rich domainsin the Golgi has been
published from several groups (33). Cellular cholesterol content is exquisitely regulated
(15,16,50,76). Precise regulation is necessary, in part, because cholesterol is necessary for
export from the Golgi (63,89), but overloading cellular cholesterol pools with cyclodextrin-
delivered cholesterol aso resultsin asignificant inhibition of Golgi export to the plasma
membrane and other organelles (93). Cholesterol also regulates caveolin trafficking through
the Golgi [though, in contrast to other studies, not vesicular stomatitis viral G (VSVG)] (62),
to promote dynamin-dependent Golgi vesiculation, and to control intra-Golgi protein
transport (80). Recently, cholesterol regulation of VSV G export from the ER has been
examined in detail (71). A model in which cholesterol modulates entry of cargo into ER exit
sites was found consistent with the data and is, in turn, consistent with a requirement for
cholesterol in protein export to transport intermediates (67).

Despite this progress, it is not yet clear how cholesteral is trafficked or whether lipid transfer
proteins mediate net cholesterol transport or even how steady-state lipid gradients are
established and maintained. This may be an areain which computational cell biology or
systems biology can accelerate progress. By integrating cholesterol traffic with models of
protein, GPL, and SL traffic, one could not only provide quantitative tests of many
mechanistic hypotheses, but also link membrane traffic with the ER/Golgi-based sterol
regulatory element-binding protein (SREBP) control system. SREBP-based transcription
regulation of genes has been elegantly described (15,16), but we do not yet understand why
evolution has chosen a cholesterol-based regulator, SREBP1-c, to control the genes of
glycerolipid synthesis. Understanding the mechanistic rationale for this evolution-sel ected
feedback systemislikely to have profound implications for lipid metabolism, especially in
cells that secrete plasma lipoproteins or accumulate tri-acylglycerols and cholesteryl esters
in cytosolic lipid droplets. The Golgi isthe final decision and control center for all of these
processes. SREBPs will never reach the nucleus, even if they have been released from the
ER by low cholesterol, unless the Golgi-resident proteases are active (28,74). Consequently,
an understanding of cholesterol’ s role in membrane traffic is broadly important.

One working hypothesis, emerging from this literature, is that cholesterol is the membrane
component that drives partitioning and thus controls protein sorting and export from the
Golgi. Thisisillustrated in Figure 4. Thisideais based on the dramatic demonstration that
cholesteral initiates domain formation (9,10) and the dynamic demonstration that cholesterol
oxidase destroys such domains (72). The next step isinitiated by membrane proteins
stochastically exploring the Golgi membrane and the idea (6) that the minimum free energy
state of a membrane protein is achieved when the length of its hydrophobic transmembrane
domain matches the bilayer thickness. Thisidea has been experimentally tested (26) and the
results are consistent with that shown in Figure 4..

In the above hypothesis, cholesterol is an efficient solution to two important unanswered
guestions about Golgi function. First, it provides adriving force for partitioning. Second, it
offersaphysical chemical explanation for the observed ability of the Golgi to export cargo
proteins at arate proportional to their Golgi abundance (38,60) (assuming transmembrane
cargo proteins, by virtue of their bilayer thickness preference, help stabilize partitioned
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domains). Testing this hypothesisin the context of the full endomembrane system requires a
more detailed examination of what is known about intracellular cholesteral traffic. Thisis
because the dominant current view of intracellular cholesterol transport is that the vast
majority of cholesterol is transported from the ER to the PM independent of the Golgi
apparatus (76). Moreover, the involvement of the Golgi in retrograde traffic of endocytosed
or lysosomal cholesterol is based on studies of Niemann-Pick cells (83), and an alternative
pathway, independent of the Golgi, has been identified (51).

There is an enormous literature on intra-cellular cholesterol processing. One important
review (76) summarizes 87 publications covering 26 distinct cholesterol trafficking
pathways. Thisisthe sort of complexity for which modeling is a natural approach. The most
prominent fact, however, about cellular cholesterol delivery fromits site of synthesisin the
ER to the PM isthat the literature is essentially unanimous in concluding that the majority of
cholesterol traffic from ER to PM isindependent of the secretory pathway (51,76). Based on
biosynthetic radiotracer studiesinvolving various means of halting secretory traffic, the
dogma has been established that most cholesterol reaches the PM by a Golgi-bypass route
mediated by cytosolic lipid transfer proteins (LTPs) (8). Unlike GPLs and SLs, cholesterol
can be transported between intracellular membranes by well-documented nonvesicular
pathways, so a Golgi-bypass route cannot be excluded. On biophysical grounds, however, it
appears entirely feasible to explain the tracer data by invoking a model in which LTPs
mediate high-flux bidirectional transport between ER and PM, but with the net cholesterol
flux returning to, not exiting from, the ER.

Alternatively, it might be hypothesized that this Golgi-bypass pathway evolved to allow the
Golgi to regulate its cholesterol content independent of the need to transport large amounts
of ER-synthesized cholesterol to the PM. If the partitioning model is correct and Golgi
cholesterol content is a controller of Golgi export, this hypothesis makes teleological sense.
If, however, LTPs and other cytosolic cholesterol-binding proteins such as the Golgi-
targeted oxysterol-binding protein (OSBP) are only able to equilibrate cholesterol among L
domains of organelles (asis currently thought), the ER-Golgi-cholesterol control system,
discovered by Brown and Goldstein, can have little influence on the cholesterol content of
Lo domains. Mass action will still increase or decrease cholesterol in Lo domains, but
changes relative to L4 will necessarily be controlled by local processes. In thissense, Lq
domains act as cholesterol buffers. Thus, the ER portion of the SREBP control system can
only control L4 cholesterol within an unknown factor. It isintriguing that, depending on the
informatics tool chosen, the transmembrane domains of SREBP cleavage-activating protein
(SCAP) are between 21 and 23 amino acids long, likely targeting this cholesterol sensor to
Golgi L, regions. Whether this has functional consequences for the Golgi is currently
unknown.

Clearly, there are many potential cholesterol transport pathways and regul atory mechanisms
acting simultaneously (34). Thisis exactly the kind of situation in which the tools of
computational cell biology are most useful. It should be possible, for example, to simulate a
simple cholesterol trafficking model for awide range of L TP abundances with binding
constants in the reported range of 50-300 nM and provide a quantitative test of the
hypothesis that net transfer of cholesterol on LTP isfrom the PM to the ER while remaining
consistent with the classical data (84) that established the L TP-anterograde paradigm. Such a
model must also predict the somewhat greater PM—specific activity obtained in the presence
of BFA (84). This seems possible because L TPs could carry very large forward and reverse
fluxes of cholesterol no matter which direction the net flux is traveling, and the biosynthetic
tracer (3H-acetate) may have traced primarily the anterograde pathway.
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Given that the mechanism of L TP interaction with membranesis only beginning to be
understood and given the likelihood of accessory proteins and differing lipid compositions
of the target membranes, it would be important to explore the influence of the LTP-
cholesterol-binding constants at both membranes. Simulation should address this question
easily. If it turns out that L TPs must carry a PM—directed flux of cholesterol, total
cholesterol delivery to the PM could not exceed the rate of cholesterol synthesis. Because
membrane traffic carries perhaps tenfold more lipid than is synthesized, such an outcome
would require another retrieval pathway, such as caveolin (52), to accommodate the
substantial changesin secretory pathway cholesterol traffic that must necessarily accompany
changesin cell function.

Any theory of cholesterol trafficking must also account for cellular cholesteral efflux (7,81)
and also for the well-documented sterol gradients across the endomembrane system.
Because mammalian cells express no enzymes capable of catalyzing cholesterol breakdown,
amechanism for cholesterol efflux isessential. Otherwise a steady statein cellular
cholesterol content would be impossible. A classic result in this area of research is that
cellular cholesterol efflux to an extracellular acceptor is at least biexponential (58). Again, it
should be possible to test various models of cholesterol traffic against these data by
simulating the presence of an extracellular cholesterol acceptor such as apolipoprotein A-I
or methyl-beta-cyclodextrin or by examining the steady-state sterol gradients established by
each model.

A computational cell biology approach could raise the intriguing possibility that LTPs are
the long-sought cholesterol retrieval pathway that supports constitutive and acute traffic
through the secretory pathway while maintaining a steady state of organellar and PM
cholesterol composition. Moreover, because the ER and Golgi together constitute the control
center for cellular cholesterol metabolism, thisretrieval mechanism is essentia to
maintaining a*“ closed loop” for the SCAP:SREBP controller. The Brown & Goldstein (15)
SREBP controller can only sense ER cholesterol, but it needs to regulate cellular cholesterol.
From amodeling perspective, LTPs seem alikely mechanism to feed back the PM-
cholesteral signal (where the vast majority of cellular cholesterol resides) to the ER and
Golgi-resident SREBP control system.

The above examples focus on steady-state tracer kinetics and on acute responses to
perturbations of membrane traffic, such as BFA. Brief mention must be made of longer-term
experiments, if only because so much of the scientific interest in cholesterol is driven by
disease-related research in which experimental durations are often days or weeks. To relate
the simple cholesterol models discussed above to these more protracted experiments, a
reasonable hypothesis is that ER-based cholesterol sensors monitor only cholesterol in the
liquid disordered (Ld) domains of membranes. Several reports suggest the possibility that
cytosolic lipid transfer proteins equilibrate these high-chemical-potential pools of
cholesterol. Thiswould alow the ER to regulate total cell cholesterol while still allowing the
lipid and protein composition of each membrane to determine the cholesterol content of its
liquid ordered (Lo) domains. This hypothesis derives from the Maxfield-Menon (55) and
Lange-Steck (72) models and explicitly interfaces with the Brown-Goldstein SREBP control
system (34). Although it should be possible to test simple models of cellular cholesterol
trafficking against radiotracer data or data collected using fluorescent anal ogs of cholesterol
such as BODIPY -cholesterol (39,48), longer-term experiments will require models that
include the SREBP transcription control system in order to account for changesin gene
expression that commonly mediate longer-term responses. Thisis still well within the ambit
of computational cell biology and represents a fertile area for biophysical approaches to
membrane trafficking.
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Computational cell biology is anatural tool for the analysis of complex systems and
membrane trafficking is demonstrably complex. Let us close by returning full circle. An
initial model of the endomembrane system described here or by Saraste & Goud (73) could
focus on any one, or even several, of the major membrane constituents. The approach would
be to write ordinary differential equations for each molecular speciesin each cellular
location. The cellular locations would be ER, ER exit sites, the several (typically seven)
Golgi cisternae [perhaps divided into lipid domains as in Patterson et al. (60)], the
biosynthetic recycling compartment described by Saraste & Goud (73), the fransGolgi
network, vesicular and tubular transport intermediates, the PM (perhaps subdivided into
liquid-ordered and liquid-disordered phases based on local lipid composition), specialized
membrane domains such as coated pits and caveolae, early endosomes, recycling
endosomes, late endosomes, and the endocytic recycling compartment. It is naturally easier
to list the places than it is to list the processes by which molecules and information are
transferred from one place to another. Places can be seen; processes must be inferred. We
close by recalling a point alluded to earlier—that more scientific attention must be paid to
retrograde trafficking, that is, to recycling. Correct kinetic models of cellular systems must
be capable of steady states. In the case of cholesterol traffic, abundant experimental results
demonstrate that cholesterol entering the cell by endocytosis, whether initially a component
of the PM or entering as low-density lipoprotein cholesteryl esters, by some means, is
transported to the ER. It is, of course, possible that this processisin part mediated by lipid
transfer proteins (65), but there is also evidence for involvement of endosomes, lysosomes,
ERC, PM, and possibly Golgi (51,58). Membrane trafficking moves cholesterol at arate far
in excess of the rate at which cholesterol is synthesized. This means recycling pathways
carry just as much cholesterol as anterograde pathways. A thoughtful, biophysically inclined
cell biologist, interested in this field, might be well advised to pursue identification,
characterization, and quantification of these essential retrograde pathways and the
mechanisms that control them.
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Figure 1.

(8 Diagram of endomembrane system showing biosynthetic and endocytic recycling
subsystems. (6) Time-lapse images showing movement of ts045 vesicular stomatitis viral G
protein tagged with green fluorescent protein as it moves vectorially through the secretory
pathway after release from the endoplasmic reticulum (ER) by temperature shift (courtesy of
George Patterson, NIH). PM, plasma membrane.
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Figure2.

Lipid gradient across the secretory pathway, and its role in membrane partitioning and
protein sorting. (8 Diagram illustrating the differential distribution of lipids across the
endomembrane system. The endoplasmic reticulum (ER) is enriched in
glycerophospholipids (GPL) (ye//low), which are carried into the Golgi through secretory
membrane trafficking. In the Golgi, sphingolipids (SL, 6/ué) are synthesized. Due to
interactions with cholesterol, SL s form phase-partitioned domains, referred to as export
domains (b/ue), from which transport intermediates bud out to deliver cargo to the plasma
membrane. Golgi domains enriched in GPL are referred to as processing domains (yel/ow)
because enzymes involved in modifying the carbohydrate side chains of proteins reside here.
(b) Thelipid composition of ER/Golgi processing domainsis similar in being poor in SL
and cholesterol. This makes their bilayer thicknesses thinner (/eff) than that of plasma
membrane/Golgi export domains (right), which are enriched in SL and cholesterol. (o)
Because of the differential bilayer thicknessesin Golgi processing versus export domains,
transmembrane proteins sort in the Golgi. Proteins with long transmembrane domains (i.e.,
plasma membrane cargo) sort into thick bilayers enriched in SL and cholesterol (b/ug),
whereas proteins with short transmembrane domains (i.e., Golgi enzymes) prefer residing in
thinner bilayers enriched in GPLs (yé&//ow). Abbreviations: ER, endoplasmic reticulum,;
GPL, glycerophospholipids, PM, plasma membrane; SL, sphingolipids.
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Figure3.

The rapid partitioning model of the Golgi. Each cisternae of the Golgi stack is modeled asa
partitioning unit having one component consisting of glycerophospholipids (GPL, ye//ow)
and another component consisting of cholesterol and sphingolipids(SL, b/ug). These
components correspond to processing domains (ye//ow) and export domains (b/ue) as
described in Figure 2. Transmembrane cargo proteins (reg) move between both lipid
environments but concentrate in the export domain, whereas transmembrane Golgi enzymes
(green) are excluded from export domains and diffuse within the processing domain. The
steady-state ratio of SL and GPL levels upon simulation givesrise to alipid gradient across
the stack with SL concentrations highest in the fransmost cisternae (i.e., bottom cisternae of
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stack) and lowest in the cismost cisternae (i.e., top cisternae of stack). Colored arrows
indicate the circulation pathways of lipids and proteins comprising this system.
Abbreviations: ER, endoplasmic reticulum; GPL, glycerophospholipids, PM, plasma
membrane; SL, sphingolipids; VSV G, vesicular stomatitis virus G protein.
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Figure 4.

Working hypothesis concerning the role of cholesterol in Golgi membrane trafficking. For
clarity, only one Golgi cisterna (the fourth) is represented. Golgi processing domain 4 and
Golgi export domain 4 represent Golgi Processing and Export domains in the 4th Golgi
cisterna. Processing and export domains are hypothesized in all cisternae. Cholesterol binds
to sphingolipid and becomes part of a cholesterol and sphingolipid-enriched export domain.
Cargo proteins [represented here by the widely studied prototype, vesicular stomatitis virus
G (VSVG) protein] partition into exit domains because of the free-energy gradient inherent
in moving to a sphingolipid:cholesterol-rich bilayer environment whose thickness matches
the length of their transmembrane domains. Cargo proteins are thus concentrated in exit
domains.
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