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Lipids and the exocytotic machinery of eukaryotic cells
Vytas A Bankaitis® and Andrew J Morris

The molecular machines that drive protein transport through the
secretory pathway function exert their activities on the surfaces
of membrane bilayers. It is now clear that the various lipid
components of these bilayers play direct and versatile roles in
modulating the activity of proteins that either themselves
constitute core components of the membrane trafficking
machinery, or represent proteins that regulate such core
components.
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Abbreviations

ARF ADP-ribosylation factor

CAPS calcium-activated protein for secretion
DAG diacylglycerol

DCV dense core vesicle

ENTH epsin amino-terminal homology
GAP GTPase-activating proteins
IEV intracellular enveloped virion
OSBP oxysterol-binding protein

PC phosphatidylcholine

PE phosphatidylethanolamine

PH pleckstrin homology

PI phosphatidylinositol

PIP, Pl 4,5-bisphosphate

PITP phosphatidylinositol transfer protein
PKD protein kinase D

PLD phospholipase D

phosphatidic acid

PS phosphatidylserine

SCAP SREBP-cleavage activating protein
SLMV synaptic-like microvesicle
SREBP sterol regulatory element binding protein

TGN trans-Golgi Network

Introduction

The past 30 years have witnessed remarkable advances
that arrive at a detailed molecular understanding of how
cells regulate and execute the myriad of membrane
trafficking reactions. The sum of these reactions defines
a major pathway for how cells generate and maintain their
highly complex internal organization. Throughout this

period, the discovery and characterization of proteins
required for specific membrane trafficking steps along
the secretory pathway was emphasized [1,2]. Our under-
standing of the roles played by lipids in this process has
evolved more slowly.

The first clear demonstration that lipids are not passive
constituents of the membrane trafficking mechanism, but
are active and intimate partners that regulate these mole-
cular events, came from studies in yeast. [t was demon-
strated that a phosphatidylinositol (PI) transfer protein
(PT'TP; Secl4p) is essential for protein trafficking from
the yeast #ans-Golgi network (TGN) [3], and that this
essential requirement could be overcome by inactivation
of a specific pathway for phosphatidylcholine (PC) bio-
synthesis [4]. The explicit discussion that proper coordi-
nation of the metabolism of both inositol- and choline-
containing lipids is essential for TGN-derived vesicle
biogenesis was thereby initiated [4,5]. Since then, the
accumulated evidence clearly makes the case that several
lipids enter into intimate collaborations with proteins to
drive specific stages in membrane transport. In this regard,
the involvement of phosphoinositides in membrane traf-
ficking has been discussed at length in several recent
reviews [6,7]. To broaden discussion of this topic, here
we review recent evidence emphasizing the roles of other
lipid species in regulating secretory pathway function.

Lipids and sorting of cargo at the
endoplasmic reticulum

The first step in the membrane trafficking itinerary of
secretory cargo is packaging into ER-derived vesicular
carriers that ferry material from the ER to the Golgi
complex. Although it is appreciated that there is an active
quality control mechanism that ensures only properly
folded protein cargo is incorporated into these vesicles
[8], the popular view has long held that properly folded
proteins are packaged into common vesicular carriers at
the level of the ER, irrespective of the ultimate destina-
tion of the cargo molecules. Recent studies indicate that
this view is too simple, and that specific lipids play novel
and determining roles in cargo sorting/packaging reac-
tions at the level of the ER.

Sterol regulatory element binding proteins (SREBPs) exit
the ER as a complex with SREBP-cleavage activating
protein (SCAP), and this complex is a substrate for Golgi-
localized proteases that cleave SREBP in two steps, to
generate a transcription factor that activates expression of
lipid biosynthetic genes [9,10]. Recent work demon-
strates trafficking of SCAP from the ER is regulated by
sterols 772 vivo and in vitro [11]. Specifically, sterol depletion
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stimulates the packaging of SCAP into ER-derived ves-
icles and impressive stimulatory effects are also recorded
when SREBP packaging into vesicles is scored in the
presence of SCAP under conditions of sterol depletion.
Because this sterol effect is specific (i.e. trafficking of other
secretory cargo proteins is unaffected), a general effect on
ER-derived vesicle biogenesis is unlikely.

Although it remains possible that SCAP-SREBP is mobi-
lized from the ER by a dedicated class of vesicle (sece
below), it seems more plausible that sterols either bind
SCAP and prevent its association with the vesicle bud-
ding machinery or that sterols stabilize the association of
SCAP with an ER component that prohibits incorporation
of SCAP into transport vesicles [11]. One attractive
mechanism for such a retention is sterol binding effecting
a conformational change in SCAP so that itis registered as
an inappropriate cargo for transport from the ER by the
resident quality control machinery. In support of this
possibility, SCAP undergoes a conformational change
when cholesterol is introduced into ER membranes [12].

Another example of metabolic control of protein exit from
the ER comes from the study of the egress of lipid-
modified proteins from the ER. Glycosylphosphatidyli-
nositol (GPI)-anchored proteins exit the yeast ER in
vesicular carriers that are biochemically distinct from
those employed by other secretory cargo [13°°]. A specific
requirement for this particular ER exit pathway is the
active biosynthesis of sphingoid bases that serve as meta-
bolic precursors to ceramide [14]. Thus, ceramide (or one
of its precursors) is somehow required for the packaging
of GPI-linked cargo into a dedicated class of transport
vesicles. It remains unresolved whether this sphingoid
base requirement reflects a signaling pathway required for
assembly of vesicle coat components in a coupled cargo
selection/vesicle budding reaction, or whether sphingoid
bases help form a lipid microdomain that functions as a
physical platform for the coalescence of cargo with vesicle
coat components.

Lipids and biogenesis of transport vesicles
from Golgi membranes

The essential involvement of the major yeast PI'TP
(Secl4p) in coordinating the interface between lipid
metabolism and biogenesis of TGN-derived vesicles is
clear [2-4]. A combination of genetic and biochemical
data now suggest that Sec14p controls lipid metabolism to
activate an essential pair of ADP-ribosylation factor
(ARF) GTPase-activating proteins (GAPs; Geslp and
Age2p) essential for budding of vesicles from yeast
TGN [15°%,16]. The GAP activities of Geslp and Age2p
are stimulated by diacylglycerol (DAG) and phosphatidic
acid (PtdOH) and inhibited by PC iz vitro, a pharmacol-
ogy consistent with that predicted by genetic studies
[17-19]. Interestingly, these ARF-GAPs are not activated
by phosphoinositides, and the pleckstrin homology (PH)

domains of Geslp and Age2p are dispensable for iz vivo
function [15°]. The lipid activation of Geslp and Age2p
could be imposed by an allosteric mechanism, or it might
reflect lipid-driven recruitment of these ARF GAPs to
their site of action on TGN membranes.

The proposed role for ARF GAPs in the vesicle budding
process departs from the long-held view that ARF GAPs
play alate role in the vesicle cycle (i.e. at the level of vesicle
uncoating before fusion) [1]. However, newly designed 7z
vitro vesicle budding assays that employ GTP in the
budding reaction, rather than nonhydrolyzable G'TPYS,
as had been classically employed, indicate that the rate of
vesicle formation is highly stimulated by ARF GAPs and
that ARF GAP activity is critical for loading of cargo into
nascent transport vesicles [20,21,22°%]. One interpretation
of these data are that ARF-GTP recruits ARF GAPs to
membranes so that vesicle budding can occur, a scenario
that represents a significant departure from popular mod-
els. In the case of the reconstituted ARF-GAP1-dependent
mammalian vesicle budding system, it is also worth noting
that ARF-GAP1 activity is stimulated by DAG and inhib-
ited by PC [23]. Thus, ARF GAPs represent a new set of
candidate effectors for lipid regulation of vesicle budding
in mammals and yeast. In this regard, discovery of the
Golgi-associated ARAP (ARF and Rho G'T'Pase-activating
protein) family of GAPs that exhibit both ARF GAP and
Rho GAP activity, and whose ARF GAP activity is potently
stimulated by PI 3,4,5-trisphosphate, foreshadow key roles
for phospholipids in coordinating ARF and Rho GTPase
signaling pathways [24,25].

PI 4-phosphate has been implicated as a key stimulatory
lipid for Golgi function on the basis that inactivation of the
yeast Pik1p PI 4-kinase levies a measurable, but modest,
defect in protein transport from the Golgi complex [26,27].
What proteins are effectors of PI 4-phosphate in Golgi
membranes? T'wo lines of inquiry indicate that members of
the ubiquitous and enigmatic oxysterol-binding protein
(OSBP) family bind PI 4-phosphate on Golgi membranes,
and that this binding is a necessary (but insufficient)
component of the mechanism by which these OSBP
homologs are targeted to the Golgi [28°,29]. What role is
discharged by these OSBP homologs in the Golgi mem-
brane trafficking program? One of these PI 4-phosphate-
binding proteins, Keslp, exerts an inhibitory effect on
vesicle budding from the yeast Golgi complex, as illu-
strated by the demonstration that loss of Keslp function
restores Golgi secretory activity and viability to Secl4p-
deficient yeast mutants [30]. While the precise function of
Keslp remains to be determined, present data suggest that
Keslp interfaces with the ARF cycle, perhaps by regulat-
ing ARF GAP function [28°]. The demonstration that PI
4-phosphate is a key molecular cofactor in the activity of a
negative regulator of Secl4p-dependent Golgi secretory
function indicates the biology of PI 4-phosphate function
on Golgi membranes is more complex than anticipated.
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The involvement of protein kinase D (PKD) in stimulat-
ing vesicle budding from mammalian TGN provides a
strong example where DAG provides a platform for
recruitment of a component of the vesicle budding ma-
chinery, thereby creating a spatial protein landmark for a
cascading recruitment of additional transport factors. PKD
is a multidomain protein consisting of two cysteine-rich
domains (Cla and C1b), a PH domain and a catalytic
domain. The level of TGN vesicle budding activity is
directly proportional to PKD activity, indicating a central
involvement of PKD in this process [31,32]. PKD is a
DAG-binding protein, and DAG represents a major cue
for PKD recruitment to Golgi membranes [33°°]. Once
positioned on T'GN membranes, PKD probably catalyzes
recruitment of other signaling molecules via protein—
protein interactions. These include PI 4-kinase, PI
4-phosphate 5-kinase, protein kinase C (PKC) n and ¢
isoforms, and heterotrimeric G-protein By subunits. The
presence of other lipid-modifying enzymes on the roster
of PKD interacting proteins suggests that a cascade of
lipid modifications comes into play as one progresses
through the vesicle biogenesis program.

A new twist on the relationship between lipids and the
exocytotic machinery is apparent from demonstrations
that putative aminophospholipid translocases, or ‘flip-
pases’, play a role in vesicle budding from yeast mem-
branes. Yeast express five members in this protein family,
and one of these (Drs2p) is implicated in clathrin function
at the level of yeast TGN [34]. Multiple deletions of
genes within this family result in defects in late secretory
pathway and endosomal function, consistent with a mem-
brane trafficking function for these proteins [35,36]. The
finding that phosphatidylethanolamine (PE) leaflet asym-
metry in plasma membrane is compromised in yeast
mutants with multiple deficiencies in this protein family,
when coupled with the ability of these proteins to cata-
lyze flipping of short-chain NBD-phospholipid analogs
in vitro, suggests that these proteins are authentic flip-
pases [36]. These data suggest that the aminophospho-
lipid (i.e. PE and PS) content of the cytoplasmic leaflet of
Golgi, endosomal and plasma membranes contributes to
the vesicle budding competence of these membranes.

Phospholipase D

PLD catalyzes hydrolysis of the phosphodiester bond of
PC to generate PtdOH and free choline. PtdOH itself
exhibits signaling properties, and it is also a substrate for
dephosphorylation to another signal-active lipid DAG. In
mammals, there are two PLLD isoforms, PLD1 and PLD2,
both of which are subject to complex regulation by lipid
cofactors, protein kinases and GTP-binding proteins of
the ARF and Rho families [37]. Yeast exhibit one PLLD
and this enzyme plays a pivotal role in distinguishing
between constitutive and developmentally-regulated (i.e.
sporulation-specific) membrane trafficking events in bud-
ding vyeast, although it is nonessential for membrane

trafficking in vegetative yeast cells except under unusual
circumstances [38—41]. Both mammalian and yeast PLLDs
are potently and obligatorily stimulated by PI 4,5-bispho-
sphate (PIP;) through interaction with a conserved poly-
basic motif positioned close to the catalytic core of these
enzymes [42°]. This activation in vegetative yeast cells is
coupled to the action of four nonessential PI'TPs that
share structural homology with Secl4p [43].

While there is considerable circumstantial evidence to
suggest an essential role for PLD in mammalian vesicle
trafficking, convincing proof that this is indeed the case
remains elusive. Recent localization experiments indicate
the existence of pools of both PLLD1 and PLLD2 on Golgi
membranes, with a broad distribution of PLLD1 through-
out the organelle and a concentration of PLLD2 at the rims
of Golgi cisternae [44,45]. One interpretation of these
data is that PLLD1 plays an essential housekeeping role in
maintaining structural integrity of the Golgi complex,
whereas PLLD2 plays a direct role in vesicle biogenesis.

Support for a role of PLLD in vesicle budding from the
Golgi is provided by recent studies of pox virus replica-
tion and packaging [46-49]. These viruses replicate in
the cytoplasm of infected cells to form mature intracel-
lular enveloped virions (IEVs) wrapped in Golgi-derived
membranes. IEVs then travel along microtubules and
fuse with the plasma membrane. Two virally encoded
proteins required for the membrane-wrapping step are
associated with IEV membranes and one of these (F13L)
exhibits a single variant PLLD catalytic motif. While the
catalytic activity of this putative PLLD has not yet been
demonstrated and its substrate selectivity remains
uncharacterized, mutation of residues within this motif
that produce what are expected to be inactive alleles
yield immature and non-infectious virions with wrapping
defects [47]. In addition, F13L with an intact catalytic
motif stimulates formation of post-Golgi vesicles in a
manner sensitive to challenge with primary alcohols [48].
These collective data suggest F13L is not a PLLD acti-
vator but a viral phospholipase that subverts the Golgi-
derived vesicle budding process to allow the production

of IEVs.

Lipids and vesicle fusion

Studies elucidating the mechanism of how neurotrans-
mitter-loaded vesicles dock and fuse to the presynaptic
plasma membrane contribute significantly to our under-
standing of how cells control the consumption stage of the
transport vesicle cycle. The clear involvement of lipids in
this process was first described using a permeabilized
neuroendocrine cell assay that reconstitutes dense core
vesicle (DCV) fusion in two stages, preparation for fusion
(priming) and a subsequent Ca”*"-dependent fusion step
[50]. Priming depends on the action of a PI'TP and a PI 4-
phosphate 5-kinase, whereas fusion requires a novel cyto-
solic neuron-specific factor termed ‘calcium-activated

www.current-opinion.com

Current Opinion in Cell Biology 2003, 15:389-395



392 Membranes and organelles

protein for secretion’ (CAPS) [51,52]. The case for a
fundamental role for CAPS in neurotransmission is amply
made by the demonstration that CAPS insufficiencies in
Drosophila result in deficits in DCV and synaptic vesicle
release [53].

CAPS exhibits two membrane-binding domains, each
essential for CAPS activity in neurotransmission. One
is a central PH domain that binds acidic phospholipids,
binds PIP; in a stercoselective manner, and is essential for
CAPS binding to the plasma membrane but not to DCVs.
The second is a carboxy-terminal domain required for
CAPS binding to DCV membranes by an as yet unknown
mechanism. This configuration suggests that CAPS acts
as a tether that positions a dense core vesicle in apposition
to the plasma membrane and facilitates Ca®"-dependent
fusion [54]. The presence of a PH domain on CAPS
suggests a coupling between CAPS engagement with
phosphoinositides generated during priming and fusion.
Detailed analyses of the role of the CAPS PH domain in
this coupling reveal that PH-domain mutations that inac-
tivate CAPS as priming factor preferentially and unex-
pectedly compromise phosphatidylserine (PS) binding
rather than PIP, binding [54]. These findings suggest a
role for PS (perhaps in addition to PIP,) in facilitating the
long-range membrane—-membrane interactions that pre-

cede DCYV fusion.

The murine Munc13 proteins (like CAPS) belong to a
conserved family of metazoan proteins that facilitate
neurotransmission and are defined by the Caenorhabditis
elegans protein Unc-13. Munc13s localize to the neuronal
presynaptic zone and activate syntaxins so that the core
vesicle fusion machinery can engage [55,56]. Genetic
analyses in worms demonstrate a DAG requirement for
Unc-13-dependent neurotransmission [57,58]. New evi-
dence indicates that Munc13 represents the major DAG-
activated component on the mammalian presynaptic
plasma membrane [59°]. DAG binding is mediated via
the Muncl3 Cl-domain, and this interaction effects
Muncl3 recruitment from the cytosol to the plasma
membrane so that new sites for vesicle priming and fusion
are created [59°].

Lipids and endocytosis

In yeast, the internalization step of endocytosis is sensi-
tive to defects in the synthesis of sphingoid base [60].
Recent findings now indicate this sphingoid base
requirement underlies a novel signal transduction path-
way. This signaling cascade works through the action of
two partially redundant -base-activated kinases (Pkhlp
and Pkh2p) that phosphorylate yeast PKC, an important
component of the yeast endocytic machinery [61]. Also,
overproduction of dihydrosphingosine phosphate lyase
in yeast compensates for defective endocytosis of the
yeast v-SNARE (soluble N-cthylmaleimide-sensitive
factor attachment protein receptor) proteins Snclp and

Snc2p that are required for fusion of post-Golgi secretory
vesicles to the plasma membrane [62]. In this case,
however, the data suggest that modulation of sphingoid
base metabolism results in altered sorting in the late
stages of the secretory pathway so that some other protein
replaces Snclp/Snc2p as the operative v-SNARE of
secretory vesicles.

The idea that vesicle coat proteins bind membranes and
then deform them to initiate vesicle budding is a long-
standing one. Structural data now suggest that members
of the epsin family, accessory proteins that collaborate
with clathrin and the APZ adaptor complex in the budding
of clathrin-coated vesicles, do just that. Epsins contain an
epsin amino-terminal homology (ENTH) domain that
constitutes a PIP,-binding domain where the basic resi-
dues that form the phosphoinositide-binding site are
distributed among several o helices. The net result is
that PIP, binding induces a conformational change in the
ENTH domain that effects surface bending of liposome
membranes [63°°]. Because epsin binds clathrin and the
AP2 complex, which also binds PIP,, an attractive model
linking membrane bending to cargo recruitment via mul-
tivalent protein-lipid interactions presents itself.

Cholesterol is also suggested to act as a co-factor in a
protein-lipid interaction-mediated membrane deforma-
tion pathway during the biogenesis of synaptic-like
microvesicles from the neuroendocrine plasma mem-
brane. Synaptic-like microvesicles (SLMVs) are choles-
terol-rich structures, and their biogenesis is exquisitely
sensitive to cholesterol deprivation. Synaptophysin, a
major integral membrane component of these vesicles,
is specifically labeled by a cholesterol photoprobe when it
is uncaged in the context of an intact neuroendocrine cell
[64]. Although there is no direct evidence that polymer-
ization of synaptophysin—cholesterol complexes is suffi-
cient to induce membrane bending, the interpretation of
the data is a reasonable one that is amenable to experi-
mental scrutiny.

A second mechanism for membrane deformation involves
the enzymatic remodeling of lipids to effect shape changes
that support vesicle budding. Endophilin, which exhibits
a lyso-PtdOH acyltransferase activity, has been suggested
to play such a role in the fission of vesicles from the Golgi
complex [65,66]. Iz vive studies confirm that endophilin is
essential for clathrin-mediated endocytosis in living
synapses [67°°,68]. Analysis of endophilin-null mutants
in Drosophila surprisingly demonstrates that such animals
survive into the second or early third instar larval stage
and that such larvae manage to sustain significant levels
of neurotransmission during high frequency stimulation
[67°°]. The data suggest that ‘kiss-and-run’ fusion/fission
mechanisms of neurotransmitter release account for the
endophilin-independent regeneration of synaptic ves-
icles that sustains neurotransmission in these mutants.
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Interestingly, dynamin insufficiencies result in failure to
sustain high-frequency stimulation and indicate a role for
dynamin in the ‘kiss-and-run’ vesicle cycle [69,70].
Because endophilin is dispensable for formation and
fission of exocytotic vesicles and for the fission step of
the ‘kiss-and-run’ cycle [67°°], this raises the question of
whether the lipid-remodeling activity of endophilin is
directly relevant to fission of clathrin-coated vesicles in a
physiological setting.

Conclusions and perspectives

As the lipid requirements for membrane trafficking are
progressively unraveled, it is becoming abundantly clear
that many lipid species play important and diverse roles in
the exocytotic program. These functions are apparent at
every stage of the secretory pathway and involve an
impressive variety of lipids. In particular, the involvement
of members of the more abundant lipid classes such as PS,
PC and cholesterol in addition to minor and more spe-
cialized species, for example the phosphoinositides, in
this process blurs classical distinctions between which
lipids are considered signaling lipids and which are con-
sidered houschold lipids. Finally, emerging data only
further emphasize the fact that an intimate interface must
exist between activity of the secretory pathway and the
regulation of lipid metabolic pathways that produce and
consume lipids that regulate exocytotic functions. A large
challenge for the future is elucidation of the mechanisms
by which eukaryotic cells execute a temporal and spatial
coordination of the essential interface between lipid
metabolism and activity of the secretory pathway.

Acknowledgements

The authors are supported by grants from the National Institutes of Health.

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

® of special interest
®e of outstanding interest

1. Rothman JE: Lasker basic medical research award. The
machinery and principles of vesicle transport in the cell.
Nat Med 2002, 8:1059-1062.

2. Schekman R: Lasker basic medical research award. SEC
mutants and the secretory apparatus. Nat Med 2002,
8:1055-1058.

3. Bankaitis VA, Aitken A Jr, Cleves AE, Dowhan W: An essential role
for a phospholipid transfer protein in yeast Golgi function.
Nature 1990, 347:561-562.

4. Cleves AE, McGee TP, Whitters EA, Champion KM, Aitken JR,
Dowhan W, Goebl M, Bankaitis VA: Mutations in the CDP-choline
pathway for phospholipid biosynthesis bypass the requirement
for an essential phospholipid transfer protein. Cell 1991,
64:789-800.

5. Cleves AE, McGee TP, Bankaitis VA: Phospholipid transfer
proteins: A biological debut. Trends Cell Biol 1991, 1:30-34.

6. Simonsen A, Wurmser AE, Emr SD, Stenmark H: The role of
phosphoinositides in membrane transport. Curr Opin Cell Biol
2001, 13:485-492.

7. Cockroft S, De Matteis MA: Inositol lipids as spatial regulators of
membrane traffic. J Membr Biol 2001, 180:187-194.

8. Ellgaard L, Molinari M, Helenius A: Setting the standards: quality
control in the secretory pathway. Science 1999, 286:1882-1888.

9. Brown MS, Goldstein JL: The SREBP pathway: regulation of
cholesterol metabolism by proteolysis of a membrane-bound
transcription factor. Cell 1997, 89:331-340.

10. Brown MS, Goldstein JL: A proteolytic pathway that controls the
cholesterol content of membranes. Proc Nat/ Acad Sci USA
1999, 96:11041-11048.

11. Nohturff A, Yabe D, Goldstein JL, Brown MS, Espenshade PJ:
Regulated step in cholesterol feedback localized to budding of
SCAP from ER membranes. Cell 2000, 102:315-323. [Author:
This is outside the two-year highlighting period, so | have
removed the bullets and annotation, according to house style
rules.]

12. Brown AJ, Sun L, Feramisco JD, Brown MS, Goldstein JL:
Cholesterol addition to ER membranes alters conformation of
SCAP, the SREBP escort protein that regulates cholesterol
metabolism. Mol Cell 2002, 10:237-245.

13. Muhiz M, Morsomme P, Riezman H: Protein sorting upon exit
ee from the endoplasmic reticulum. Cell 2001, 104:313-320.

The authors exploit an in vitro ER budding assay to demonstrate that GPI-
anchored proteins exit the yeast ER in a vesicle population that is
physically distinguishable from those employed by other secretory cargo.
These findings demonstrate a fundamental sorting of GPIl-anchored
proteins from other cargo at the earliest stages of the secretory pathway.

14. Horvath A, Sutterlin C, Manning-Krieg U, Movva NR, Riezman H:
Ceramide synthesis enhances transport of GPl-anchored
proteins to the Golgi apparatus in yeast. EMBO J 1994,
13:3687-3695.

15. Yanagisawa L, Marchena J, Xie Z, Li X, Poon PP, Singer R,

e Johnston G, Randazzo PA, Bankaitis VA: Activity of specific
lipid-regulated ARFGAPs is required for Sec14p-dependent
Golgi secretory function in yeast. Mol Biol Cell 2002,
13:2193-2206.

Contrary to established models, ADP-ribosylation factor (ARF) GTPAse-
activating proteins (GAPSs) are shown to be positive regulators for vesicle
budding from the yeast trans-Golgi network. A combination of genetic
and biochemical data suggest specific ARF GAPs (Gcs1p and Age2p)
respond to Sec14p-mediated regulation of lipid metabolism to drive
vesicle formation, and that the ARF GAP activity of these proteins is
essential for this function. The Ges1p and Age2p pleckstrin homology
domains are not essential for this function and phosphoinositides are not
robust activators of these ARF GAPs in vitro.

16. Poon PP, Nothwehr SF, Singer RA, Johnston GC: The Ges1 and
Age2 ArfGAP proteins provide overlapping essential function
for transport from the yeast trans-Golgi network. J Cell Biol
2001, 155:1239-1250.

17. Rivas MP, Kearns BG, Guo S, Xie Z, Sekar MC, Hosaka K,
Kagiwada S, York JD, Bankaitis VA: Relationship between altered
phospholipid metabolism, diacylglycerol, ‘bypass Sec14p’, and
the inositol auxotrophy of yeast sac1 mutants. Mol Biol Cell
1999, 10:2235-2250.

18. Phillips S, Sha B, Topalof L, Xie Z, Alb J, Klenchin V, Swigart S,
Cockcroft S, Luo M, Martin T, Bankaitis V: Yeast Sec14p deficient
in phosphatidylinositol transfer activity is functional in vivo.
Mol Cell 1999, 4:187-197.

19. Xie Z, Fang M, Bankaitis VA: Evidence for an intrinsic toxicity of
phosphatidylcholine to Sec14p-dependent protein transport
from the yeast Golgi complex. Mol Biol Cell 2001, 12:1117-1129.

20. Antonny B, Madden D, Hamamoto S, Orci L, Schekman R:
Dynamics of the COPII coat with GTP and stable analogues.
Nat Cell Biol 2001, 3:531-537.

21. Lanoix J, Ouwendijk J, Stark A, Szafer E, Cassel D, Dejgaard K,
Weiss M, Nilsson T: Sorting of Golgi resident proteins into
different subpopulations of COPI vesicles: a role for ArfGAP1.
J Cell Biol 2001, 155:1199-1212.

22. Yang J-S, Lee SY, Gao M, Bourgoin S, Randazzo PA, Premont RT,

ee Hsu VW: ARFGAP1 promotes the formation of COPI vesicles,
suggesting function as a component of the coat. J Cell Biol
2002, 159:69-78.

Using a cell-free vesicle budding assay that employs GTP, rather than the

widely used non-hydrolyzable analog GTPyS, the authors demonstrate a

www.current-opinion.com

Current Opinion in Cell Biology 2003, 15:389-395



394 Membranes and organelles

stimulatory role for ADP-ribosylation factor (ARF) GTPase-activating
protein 1 (GAP1) in formation of COPI vesicles. The data suggest that
the function of ARF-GTP is to recruit ARF GAP1 to the site of vesicle
budding, where it acts in a cargo-concentration cycle and may also serve
as an integral component of the vesicle coat. It is suggested that use of
GTPyS and physical fragmentation of Golgi membranes in classical
vesicle formation assays obscured this central requirement for ARF GAPs
in vesicle biogenesis.

23. Antonny B, Huber I, Paris S, Chabre M, Cassel D: Activation of
ADP-ribosylation factor 1 GTPase-activating protein by
phosphatidylcholine-derived diacylglycerols. J Biol Chem 1997,
272:30848-30851.

24. Miura K, Jacques KM, Stauffer S, Kubosaki A, Zhu K, Snow Hirsch
D, Resau J, Zheng Y, Randazzo PA: ARAP1: A point of
convergence of Arf and Rho signaling. Mo/ Cell 2002, 9:109-119.

25. Krugmann S, Anderson KE, Ridley SH, Risso N, McGregor A,
Coadwell J, Davidson K, Eguinoa A, Ellson CD, Lipp P et al.:
Identification of ARAP3, a novel PI3K effector regulating both
Arf and Rho selective GTPases by capture on phosphoinositide
affinity matrices. Mol Cell 2002, 9:95-108.

26. Walch-Solimena C, Novick P: The yeast phosphatidylinositol-4-
OH kinase pik1 regulates secretion at the Golgi. Nat Cell Biol
1999, 1:523-525.

27. Hama H, Schnieders EA, Thorner J, Takemoto JY, DeWald D:
Direct involvement of phosphatidylinositol 4-phosphate in
secretion in the yeast Saccharomyces cerevisiae. J Biol Chem
1999, 274:34294-34301.

28. Li X, Rivas MP, Fang M, Marchena J, Mehrotra B, Chaudhary A,
° Feng L, Prestwich GD, Bankaitis VA: Analysis of OSBP homolog
Kes1p function in regulation of Sec14p-dependent protein

transport from the yeast Golgi complex. J Cell Biol 2002,

157:63-77.
The authors demonstrate that one effector of phosphatidylinositol 4-
phosphate on Golgi membranes is a member of the oxysterol binding
protein family, Kes1p. Genetic data demonstrate that Kes1p functions
as an antagonist of vesicle budding from the yeast trans-Golgi network.
The data suggest that phosphatidylinositol 4-phosphate plays a negative
role in Golgi-derived vesicle biogenesis, as well as potential positive
roles.

29. Levine TP, Munro S: Targeting of Golgi-specific pleckstrin
homology domains involves both Ptdins 4-kinase-dependent
and-independent components. Curr Biol 2002, 12:695-704.

30. Fang M, Kearns BG, Gedvilaite A, Kagiwada S, Kearns M, Fung
MKY, Bankaitis VA: Kes1p shares homology with human
oxysterol binding protein and participates in a novel regulatory
pathway for yeast Golgi-derived transport vesicle biogenesis.
EMBO J 1996, 15:6447-6459.

31. Jamora C, Yamanouye N, Van Lint J, Laudenslager J, Vandenheede
JR, Faulkner DJ, Malhotra V: Gpy-mediated regulation of Golgi
organization is through the direct activation of protein kinase
D. Cell 1999, 98:59-68.

32. Liliedahl M, Maeda Y, Colanzi A, Ayala I, Van Lint J, Malhotra V:
Protein kinase D regulates the fission of cell surface destined
transport carriers from the trans-Golgi network. Cell 2001,
104:409-420.

33. Baron CL, Malhotra V: Role of diacylglycerol in PKD recruitment
ee to the TGN and protein transport to the plasma membrane.
Science 2002, 295:325-328.

The authors demonstrate that diacylglycerol (DAG) is an essential lipid for
vesicle budding from mammalian trans-Golgi network (TGN) and that it
fulfils this role by recruiting protein kinase D (PKD) to the TGN from the
cytosol. PKD then is poised to initiate a cascade of recruitment of
signaling proteins to the TGN via protein—protein interactions. DAG
appears necessary and sufficient for localization of PKD to mammalian
TGN membranes.

34. Chen CY, Ingram MF, Rosal PH, Graham TR: Role for Drs2p,
a P-type ATPase and potential aminophospholipid
translocase, in yeast late Golgi function. J Cell Biol 1999,
147:1223-1236.

35. HuaZ, Fatheddin P, Graham TR: An essential subfamily of Drs2p-
related P-type ATPases is required for protein trafficking
between Golgi complex and endosomal/vacuolar system.
Mol Biol Cell 2002, 13:3162-3177.

36. Pomorski T, Lombardi R, Riezman H, Devaux PF, van Meer G,
Holthuis JCM: Drs2p-related P-type ATPases Dnf1p and Dnf2p
are required for phospholipid translocation across the yeast
plasma membrane and serve a role in endocytosis. Mol Biol Cell
2003, 14 in press.

37. Liscovitch M, Czarny M, Fiucci G, Tang X: Phospholipase D:
molecular and cell biology of a novel gene family. Biochem J
2000, 345:401-415.

38. Rose K, Rudge SA, Fronman MA, Morris AJ, Engebrecht J:
Phospholipase D signaling is essential for meiosis. Proc Nat/
Acad Sci USA 1995, 92:12151-12155.

39. Rudge SA, Morris AJ, Engebrecht J: Relocalization of
phospholipase D activity mediates membrane formation during
meiosis. J Cell Biol 1998, 140:81-90.

40. Xie Z, Fang M, Rivas MP, Faulkner A, Sternweis PC, Engebrecht J,
Bankaitis VA: Phospholipase D activity is required for
suppression of yeast phosphatidylinositol transfer protein
defects. Proc Natl Acad Sci USA 1998, 95:12346-12351.

41. Rudge SA, Zhou C, Engebrecht J: Differential regulation of
Saccharomyces cerevisiae phospholipase D in sporulation
and Sec14-independent secretion. Genetics 2002,
160:1353-1361.

42. Sciorra VA, Rudge SA, Wang J, McLaughlin S, Engebrecht J,

e  Morris AJ: Dual role for phosphoinositides in regulation of yeast
and mammalian phospholipase D enzymes. J Cell Biol 2002,
159:1039-1049.

The authors show that weak but selective binding of phosphatidylinositol

4,5-bisphosphate underlies a unique membrane-targeting role for the

pleckstrin homology domain of yeast and mammalian phospholipase D

(PLD) enzymes. The pleckstrin homology domain works in concert with a

previously identified polybasic phosphoinositide-binding motif to coor-

dinate PLD function in secretion and sporulation.

43. Li XS, Routt S, Xie Z, Cui X, Fang M, Kearns MA, Bard M, Kirsch D,
Bankaitis VA: Identification of a novel family of nonclassical
yeast PITPs whose function modulates activation of
phospholipase D and Sec14p-independent cell growth. Mo/ Biol
Cell 2000, 11:1989-2005.

44. Freyberg Z, Sweeney D, Siddhanta A, Bourgoin S, Frohman M,
Shields D: Intracellular localization of phospholipase D1 in
mammalian cells. Mol Biol Cell 2001, 12:943-955.

45. Freyberg Z, Bourgoin S, Shields D: Phospholipase D2 is localized
to the rims of the Golgi apparatus in mammalian cells. Mo/ Biol
Cell 2002, 13:3930-3942.

46. Sung TC, Roper RL, Zhang Y, Rudge SA, Temel R, Hammond SM,
Morris AJ, Moss B, Engebrecht J, Frohman MA: Mutagenesis of
phospholipase D defines a superfamily including a trans-Golgi
viral protein required for poxvirus pathogenicity. EMBO J 1997,
16:4519-4530.

47. da Fonseca FG, Wolffe EJ, Weisberg A, Moss B: Characterization
of the vaccinia virus H3L envelope protein: topology and
posttranslational membrane insertion via the C-terminal
hydrophobic tail. J Viro/ 2000, 74:7508-7517.

48. Husain M, Moss B: Vaccinia virus F13L protein with a conserved
phospholipase catalytic motif induces colocalization of the
B5R envelope protein in post-Golgi vesicles. J Viro/ 2001,
75:7528-7542.

49. Husain M, Moss B: Similarities in the induction of post-Golgi
vesicles by the vaccinia virus F13L protein and phospholipase
D. J Virol 2002, 76:7777-7789.

50. Hay J, Martin TFJ: Phosphatidylinositol transfer protein is
required for ATP-dependent priming of Ca2*-activated
secretion. Nature 1993, 366:572-575.

51. Hay J, Fisette PL, Jenkins GH, Fukami K, Takenawa T, Anderson RA,
Martin TF: ATP-dependent inositide phosphorylation required for
Ca®*-activated secretion. Nature 1995, 374:173-177.

52. Berwin B, Floor E, Martin TF: CAPS (mammalian UNC-31) protein
localizes to membranes involved in dense-core vesicle
exocytosis. Neuron 1998, 21:137-145.

53. Renden R, Berwin B, Davis W, Ann K, Chin CT, Kreber R, Ganetzky
B, Martin TF, Broadie K: Drosophila CAPS is an essential gene

Current Opinion in Cell Biology 2003, 15:389-395

www.current-opinion.com



Lipids and the exocytotic machinery of eukaryotic cells Bankaitis and Morris 395

that regulates dense core vesicle release and synaptic vesicle
fusion. Neuron 2001, 31:421-437.

54. Grishanin RN, Klenchin VA, Loyet KM, Kwalchyk JA, Ann K,
Martin TF: Membrane association domains in Ca?>"-dependent
activator protein for secretion mediate plasma membrane and
dense-core vesicle binding required for Ca?*-dependent
exocytosis. J Biol Chem 2002, 277:22025-22034.

55. Augustin I, Rosenmund C, Siidhof TC, Brose N: Munc13-1 is
essential for fusion competence of glutamergic synaptic
vesicles. Nature 1999, 400:457-461.

56. Brose N, Rosenmund C, Rettig J: Regulation of neurotransmitter
release by Unc-13 and its homologous. Curr Opin Neurobiol
2000, 10:303-311.

57. Lackner MR, Nurrish SJ, Kaplan JM: Facilitation of synaptic
transmission by EGL-30 G,o and EGL-8 PLCp: DAG binding to
UNC-13 is required to stimulate acetylcholine release.
Neuron 1999, 24:335-346.

58. Miller KG, Emerson MD, Rand JB: Goa. and diacylglycerol kinase
negatively regulate the Gya pathway in C. elegans. Neuron 1999,
24:323-333.

59. Rhee J-S, Betz A, Pyott S, Reim K, Varoqueaux F, Augustin |, Hesse
. D, Sudhof TC, Takahashi M, Rosenmund C, Brose N: p-Phorbol
ester- and diacylglycerol-induced augmentation of transmitter
release is mediated by Munc13s and not by PKCs. Cell 2002,
108:121-133.
The authors generate ‘knock-in’ mice that express a mutant Munc13-1
variant that is incapable of binding diacylglycerol (DAG) or B-phorbol
ester. They demonstrate that mutant neurons fail to sustain DAG stimula-
tion of transmitter release and that this failure is not an indirect down-
stream effect of reduced protein kinase C function. The mutant mice die
2-3 h after birth, and this phenotype recapitulates that of Munc13-1-null
mice. Thus, stimulation of Munc13-1-mediated synaptic vesicle priming
by DAG is an essential aspect of use-dependent synaptic efficacy.

60. Zanolari B, Friant S, Funato K, Sutterlin C, Stevenson BJ, Riezman
H: Sphingoid base synthesis requirement for endocytosis in
Saccharomyces cerevisiae. EMBO J 2000, 19:2824-2833.

61. Friant S, Lombardi R, Schmelzle T, Hall MN, Riezman H: Sphingoid
base signaling via Pkh kinases is required for endocytosis in
yeast. EMBO J 2001, 20:6783-6792.

62. Grote E, Vlacich G, Pypaert M, Novick PJ: A snc1 endocytosis
mutant: phenotypic analysis and suppression by
overproduction of dihydrosphingosine phosphate lyase.
Mol Biol Cell 2000, 11:4051-4065.

63. Ford MGJ, Mills IG, Peter BJ, Vallis Y, Praefcke JK, Evans PR,
ee  McMahon HT: Curvature of clathrin-coated pits by epsin.
Nature 2002, 419:361-366.

The crystal structure of the epsin amino-terminal homology (ENTH)
domain complexed to inositol 3,4,5-trisphosphate (the soluble headgroup
derived from Pl4,5P,) was solved. An amino-terminal helix of the ENTH
domain becomes structured upon interaction with inositol 3,4,5-trispho-
sphate and generates a hydrophobic surface essential for the ability of the
ENTH domain to tubulate membranes. It is suggested that this hydro-
phobic surface intercalates into the cytoplasmic leaflet of the plasma
membrane and increases the area of this leaflet, thereby driving mem-
brane bending.

64. Thiele C, Hannah MJ, Fahrenholz F, Huttner WB: Cholesterol
binds to synaptophysin and is required for biogenesis of
synaptic vesicles. Nat Cell Biol 2000, 2:42-49.

65. Weigert R, Silletta MG, Spano S, Turacchio G, Cericola C,
Colanzi A, Senatore S, Mancini R, Polishchuk EV, Salmona M et al.:
CtBP/BARS induces fission of Golgi membranes by acylating
lysophosphatidic acid. Nature 1999, 402:429-433.

66. Huttner WB, Schmidt A: Lipids, lipid modification and lipid-
protein interaction in membrane budding and fission - insights
from the role of endophilin A1 and synaptophysin in synaptic
vesicle endocytosis. Curr Opin Neurobiol 2000, 10:543-551.

67. Verstreken P, Kjaerluff O, Lloyd TE, Atkinson R, Zhou Y,
ee Meinertzaghen IA, Bellen HJ: Endophilin mutations block
clathrin-mediated endocytosis but not neurotransmitter
release. Cell 2002, 109:101-112.
The authors characterize the in vivo effects of ablation of endophilin
function in Drosophila and report two major unanticipated findings. First,
endophilin-null mutants develop much farther than expected, to second
and third instar larval stages. Second, neurotransmission in response to
intense stimulation is depressed but not abolished in endophilin-deficient
neuromuscular junctions. The evidence shows that slow clathrin-
mediated processes for vesicle retrieval is dependent on endophilin
function, and strongly contributes to maintenance of neurotransmission,
but that endophilin-independent kiss-and-run vesicle fusion and rapid
retrieval also represents a significant mechanism for neurotransmission.

68. Gad H, Ringstad N, Loéw P, Kjaerluff O, Gustafsson J, Wenk M,
Di Paolo G, Nemoto Y, Crum J, Allisman MH et al.: Fission and
uncoating of synaptic clathrin-coated vesicles are perturbed
by disruption of interactions with the SH3 domain of endophilin.
Neuron 2000, 27:301-312. [Author: This is outside the two-year
highlighting period.]

69. Artalejo CR, Henley JR, McNiven MA, Palfrey HC: Rapid
endocytosis coupled to exocytosis in adrenal chromaffin cells
involves Ca2*, GTP, and dynamin but not clathrin. Proc Nat/
Acad Sci USA 1995, 92:8328-8332.

70. Delgado R, Maureira C, Oliva C, Kidokoro Y, Labarca P: Size of
vesicle pools, rates of mobilization, and recycling at
neuromuscular synapses of a Drosophila mutant, shibire.
Neuron 2000, 28:941-953.

www.current-opinion.com

Current Opinion in Cell Biology 2003, 15:389-395



	Lipids and the exocytotic machinery of eukaryotic cells
	Introduction
	Lipids and sorting of cargo at the endoplasmic reticulum
	Lipids and biogenesis of transport vesicles from Golgi membranes
	Phospholipase D
	Lipids and vesicle fusion
	Lipids and endocytosis
	Conclusions and perspectives
	Acknowledgements
	References and recommended reading


