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Abstract

The integrated interplay between proteins and lipids drives many key cellular processes, such as signal transduction, cytoskeleton

remodelling and membrane trafficking. The last of these, membrane trafficking, has the Golgi complex as its central station. Not only does

this organelle orchestrates the biosynthesis, transport and intracellular distribution of many proteins and lipids, but also its own function and

structure is dictated by intimate functional and physical relationships between protein-based and lipid-based machineries. These machineries

are involved in the control of the fundamental events that govern membrane traffic, such as in the budding, fission and fusion of transport

intermediates, in the regulation of the shape and geometry of the Golgi membranes themselves, and, finally, in the generation of bsignalsQ that
can have local actions in the secretory system, or that may affect other cellular systems. Lipid–protein interactions rely on the abilities of

certain protein domains to recognize specific lipids. These interactions are mediated, in particular, through the headgroups of the

phospholipids, although a few of these protein domains are able to specifically interact with the phospholipid acyl chains. Recent evidence

also indicates that some proteins and/or protein domains are more sensitive to the physical environment of the membrane bilayer (such as its

curvature) than to its chemical composition.

D 2004 Elsevier B.V. All rights reserved.
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Protein–lipid interactions serve many different purposes,

such as: (i) recruitment of cytosolic proteins that remain

peripherally associated to the membranes or may be inserted

into the lipid bilayer; (ii) allosteric modulation of protein
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functions; (iii) modification of the geometry of the bilayer;

(iv) modification of the membrane–lipid composition (as in

the case of lipid-transfer proteins, flippase, phospholipases

and acyltransferases); and (v) generation of lipid-bound or

soluble messengers. In this review, we will analyze some of

the protein–lipid interactions that occur at the Golgi

complex, with particular reference to those involving

proteins that possess curvature-sensing domains, and those
ta 1666 (2004) 264–274
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that bind the phosphoinositides (PIs) and 1,2-sn-diacylgly-

cerol (DAG), two lipid species with recognized roles in the

physiology of this organelle. For more general information,

we refer the reader to recent and comprehensive reviews on

the lipid-binding modules [1–3] and the general role of the

PIs in membrane trafficking [4–8].

The first evidence that DAG and the PIs might have

fundamental roles at the Golgi complex derived from the

observation in the early 1990s that SEC14 (the gene

encoding the major yeast PI-transfer protein; PITP)

mutants have a defect in the secretory pathway at the

level of the Golgi complex [9]. SEC14 is a phosphatidy-

linositol (PtdIns) and phosphatidylcholine (PtdCho) trans-

fer protein; as a PtdIns transfer protein, it can increase the

rate of PIs metabolism at the Golgi, and as a PtdCho

transfer protein, it negatively regulates the rate of DAG

consumption via the CDP–choline pathway (see below).

Thus, in yeast, a defect in SEC14 induces a late secretory

defect that impairs Golgi-to-plasma membrane transport

[10]. In mammals, the PIs and DAG are also actively

synthesized in the Golgi complex (see below), and many

PI- and DAG-binding proteins localize to this organelle,

and especially at the TGN, where they (co-)operate in the

generation of transport intermediates directed to different

final destinations.
1. Membrane-curvature-sensing proteins

Recently, two different classes of proteins that are

localized at the Golgi complex have been found to associate

with membranes in a curvature-dependent manner: ARF-

GAP1 and the BAR-domain-containing proteins.

The small GTPase ARF1 is a key regulator of structure,

function and composition of the membranes of the Golgi

complex. At the Golgi, ARF1 has multiple effectors,

which include different kinds of coat proteins (e.g., COPI,

APs, GGAs) and phospholipid-metabolizing enzymes [e.g.,

phospholipase D (PLD), PI kinases], and Golgi-associated

proteins (e.g., ARFaptins and FAPPs) (see below), and

many others [11]. ARF itself cycles between an inactive

cytosolic GDP-bound form and an active membrane- and

GTP-bound form. The nature, tasks and requirement for

ARF of the different effectors are disparate: for some

(such as the phospholipid-metabolizing enzymes), the

absolute level of active ARF directly determines their

level of activity, while for others (such as the coats, which

are involved in cargo sorting and/or in membrane

deformation), it is the rate of turnover of the ARF cycle,

and thus not the absolute level of active ARF, that

determines their function. This ARF cycle relies on ARF

activators (GTP-exchange factors; GEFs) and deactivators

(GTPase-activating proteins; GAPs). ARF-GAP1 is a

Golgi-localized GAP for ARF that resides mainly in the

cis- and medial Golgi compartments [12]. In vitro, ARF-

GAP1 binds preferentially to liposomes containing conical
lipids rather than cylindrical lipids, and this marked

preference for conical lipids correlates with its activity

on ARF1-GTP [13]. Recently, using time-resolved assays

for COPI dynamics on liposomes of controlled sizes, it has

been shown that the rate of ARF-GAP1-catalysed GTP

hydrolysis on ARF1 and the rate of COPI disassembly

increase by over two orders of magnitude as the curvature

of the lipid bilayer increases and approaches that of a

typical transport vesicle (about 35-nm diameter) [14].

Thus, membrane curvature might serve as a timer for

ARF1-GTP hydrolysis. Although the structural details of

this process have not yet been defined, with a consid-

eration of the preference of ARF-GAP1 for conical lipids,

a reasonable hypothesis is that the conformation of ARF1-

GAP1 in curved membranes favours its interaction with

ARF1-GTP. Interestingly, not only ARF1, but also coat-

omer is released much faster as membrane curvature

increases. ARF1-GAP1 and coatomer form a trimeric

complex. According to the model proposed by Bigay et

al. [14], while these ARF-ARF-GAP1-COPI complexes

associate with flat membranes, they are relatively stable

(as no GTP hydrolysis occurs on ARF1). Since coatomer

can polymerize, this leads to progressive bending of the

membrane, and thus provides a favourable enviroment for

ARF-GAP1 to activate GTP hydrolysis on ARF, thence

promoting ARF1 release. This release of ARF1 changes

the conformation of the coat components, and this would

induce an even more curved shape of the membrane.

Afterwards, the absence of ARF1-GTP and the high level

of membrane curvature would dissociate coatomer [14].

Furthermore, since membrane curvature at the periphery of

a coated area is negative, a ring of ARF1-GTP molecules

should be protected from ARF-GAP1, and hence may

make the coat more stable, although still ready to

disassemble as membrane fission occurs.

In addition to ARF-GAP1, other proteins (some of which

are associated with the Golgi complex) have been charac-

terized recently according to their abilities to recognize and/

or induce membrane curvature. These proteins possess a

BAR domain. The BAR domain was originally identified in

amphiphysin (Bin and Rsv15 are the Drosophila and yeast

homologues of amphiphysin, respectively), and contains

around 200 amino acids in the form of two monomers, each

of which contributes three a-helices to the final structure

[15,16]. The BAR domain is bbanana shapedQ, and its

curvature fits to that of membrane buds (bends) of around 30

nm in diameter. The N-BAR domain of amphiphysin is able

to tubulate liposomes in a concentration-dependent manner:

at low concentrations it induces small buds, at intermediate

concentrations it induces tubules, and at still higher concen-

trations it causes the vesiculation of the liposomes [17]. In

addition, the amphiphysin BAR domain is also required to

recruit and polymerize clathrin into uniform patches or caps.

While the best-characterized isoforms of BAR-containing

proteins are localized at the plasma membrane (amphiphysin

I, endophilin A), where they act in controlling the clathrin-
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mediated endocytic process, some of them, such as

amphiphysin IIb and endophilin B, act at the Golgi complex

[15,18]. Amphiphysin IIb regulates the transport of G-

protein-coupled somatostatin (SRIF) receptors from the

TGN to the plasma membrane, while the role of endophilin

B at the Golgi remains to be defined.

The ARF-binding proteins ARFaptin1 and ARFaptin2

represent further Golgi-localized proteins that are able to

recognize and/or induce membrane curvature. The ARFap-

tins share 80% homology and both have a domain that is

structurally identical to, but has a very weak sequence

homology with, the BAR domain [17,19,20]. Both the BAR

domain and this BAR-like domain of ARFaptin are thus

banana-shaped helix bundles with positive charges at their

extremities and on their concave surface. This similarity to

amphiphysin might explain why ARFaptin can bind to

membranes directly, a property that is not necessarily related

to its ability to bind to small GTPases (including not just

ARF, but also Arl and Rac [20,21]). Full-length ARFaptin2

can bind liposomes containing PtdIns 4,5-bisphosphate

(PtdIns45P2) [17]. ARFaptin also binds the PtdIns phos-

phates PtdIns4P and PtdIns3P on nitrocellulose filters, and

in vivo it localizes to the Golgi complex. In vitro, ARFaptin

tubulates liposomes. Mutations of the positive charges on

the concave surface of the BAR-like domain of ARFaptin

that prevent liposome tubulation in vitro also prevent

ARFaptin association with the Golgi complex in vivo

[17]. While ARFaptin1 has been found to negatively control

PLD activity and endoplasmic reticulum (ER)-to-Golgi

transport (possibly by interfering with ARF1 [22]), the role

of ARFaptin2 at the Golgi, as well as the existence of Golgi-

receptors for ARFaptin 2 that might specify its distribution

and site of action, remains unknown.

Interestingly, ICA69, an islet cell autoantigen that is

localized at the Golgi complex, has recently been identified

as an ARFaptin-like molecule, possessing a domain that is

structurally and compositionally very close to the BAR-like

domain of ARFaptin [23]. ICA69 appears to be enriched at

the TGN, but also present on immature (but not mature)

secretory granules. To date, the role of ICA69 remains

undefined, but it is thought that it may be involved in the

generation of immature secretory granules at the TGN in

insulin-secreting cells.
2. PI-binding proteins

The PIs represent an important class of cellular phos-

pholipids; they have the unique feature of undergoing rapid

phosphorylation/dephosphorylation cycles on the different

positions of their inositol headgroup, thus generating

distinct molecules with different properties [24]. Therefore,

they constitute important spatial and temporal signals that

are involved in a wide range of cellular processes, such as

signal transduction, actin cytoskeleton remodelling, and

membrane trafficking.
The phosphorylated PIs exert their different functions

through interactions with a large number of downstream

effector proteins and via specific PI-binding modules,

including the PH, FYVE, PX, ENTH and ANTH domains.

These lipid-binding interactions are generally of low affinity

and, hence, are reversible. This allows fast cycling between

the membrane-bound and cytosolic pools of such lipid-

binding-module-containing proteins. For an exhaustive

treatment of the structures, lipid specificities and character-

istics of these PI-binding modules, we refer the reader to

recent reviews [1,25,26]. Here, our aim is rather to discuss

the recent advances in our understanding of the roles of PI-

protein interactions at the Golgi complex.

The metabolism of the PIs is highly compartmentalized

in cells, and each organelle is characterized by the presence

of specific PI kinases (PIKs) and PI phosphatases, which

can thus generate and maintain their characteristic PI

species. The Golgi complex has been shown to contain:

(i) PIKs that are able to phosphorylate the parental PI

species, PtdIns (which is synthesized in the ER), in the 3V
(Vps34) and the 4V (the PI4Ks: PI4KIIa and PI4KIIIh)
positions of the inositol ring; (ii) a PtdIns phosphate kinase

(PIPK) that phosphorylates PtdIns45P2 in the 3V position

(PI3KCIIa); and (iii) PIP-phosphatases that can remove the

5V (OCRL-1) or 3V (PTEN1,2) phosphates of the inositol

ring of PtdIns45P2 and PtdIns345P3 (Fig. 1).

Among the three yeast PI4Ks, Pik1p is the one that is

localized at the Golgi. Here, it is required for the transport of

secretory cargo from the Golgi complex to the plasma

membrane. Pik1 mutant strains (which have a 50%

reduction in PtdIns4P levels) show accumulation/conversion

of Golgi in(to) aberrant structures, known as Berkeley

bodies [27–29]). Since the only yeast PtdIns4P 5-kinase

(PI4P5K), Mss4p, gives no secretory phenotype when

mutated, it is PtdIns4P itself that should directly control

the structure and function of the Golgi complex, rather than

it just acting as a precursor for PtdIns45P2. In yeast, one of

the possible targets for PtdIns4P at the Golgi complex is the

oxysterol-binding protein (OSBP) Kes1p; it is known that

Kes1p binds to PtdIns4P and that this PtdIns4P-binding

property is essential for its localization on Golgi membranes

[30,31]. KES1, which was originally identified as a gene

that elicited a bSec14p-bypass phenotypeQ on its inactiva-

tion, exerts a negative regulation on SEC14-dependent

secretory function. Recently, the mechanism of action of

Kes1p at the Golgi complex has been investigated and

shown to involve regulation of the activation-deactivation

cycle of the small GTPase ARF [32].

As in yeast, PI4K activity is required for maintenance of

the structural and functional organization of the Golgi

complex in mammals. It has been shown that PI4K activity

is enriched in a Golgi fraction, and that three of the

mammalian PI4Ks, PI4KIIIh, PI4KIIIa and PI4KIIa, are

localized to this organelle [33–36]. PI4KIIIh is recruited to

the Golgi complex in response to ARF activation. Interfer-

ing with PI4KIIIh activity through the use of a dominant-



Fig. 1. The PI cycle and PI-binding proteins at the Golgi complex. Schematic representation of the phosphorylation/dephosphorylation cycles of the PIs

occurring at the Golgi complex. The steps catalysed by the different PI kinases and PI phosphatases are indicated by grey and black arrows, respectively. The

proteins and the PIs they bind to are in the same colour. Dotted lines indicate further potential pathways that have yet to be demonstrated for the Golgi.
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negative mutant induces structural changes in the Golgi

complex [33] and impairs the exit of basolateral membrane

proteins from the Golgi complex in polarized cells [37]. For

PI4KIIa, the knock-out inhibits transport to both endosomes

and the plasma membrane [38].

Recently, two important targets for PtdIns4P in the Golgi

in mammals have been identified: the FAPP proteins FAPP1

and FAPP2 [39]. Both FAPP1 and FAPP2 possess a PH

domain that binds PtdIns4P with high selectivity over the

other PI species [40]; in addition, only FAPP2 contains a

glycolipid-transfer-protein-like domain. The FAPPs localize

mainly at the TGN, and more specifically, to the TGN exit

sites where transport carriers destined to the plasma

membrane are formed [39]. This specific localization of

the FAPPs is due to their PH domain, and their PH domain

by itself is sufficient to target them to the Golgi, as has been

revealed using reporter proteins (such as GFP and GST). In

this respect, the PH domain of FAPP (FAPP-PH) behaves in

a similar way to two closely related PH domains, those of

OSBP and Goodpasture antigen-binding protein (GPBP;
also known as the ceramide transport protein, CERT), which

also bind PtdIns4P and localize to the Golgi complex

[30,41,42].

The molecular mechanisms responsible for the selective

Golgi localization of FAPP-PH have been clarified recently,

and involve its ability to bind the small GTPase ARF in

addition to PtdIns4P. At TGN exit sites, where FAPPs

localize due to the binding properties of their PH domains,

FAPPs have an important role in the generation of transport

carriers destined to the plasma membrane. Interfering with

the endogenous FAPPs, by either displacing them or

knocking them down with siRNAs, inhibits the transport

of the reporter membrane protein VSVG and of soluble

cargo (such as glycosaminoglycan chains) from the Golgi to

the plasma membrane [39]. Interestingly, the overexpression

of FAPP-PH (which displaces the endogenous proteins)

induces the transformation of forming transport intermedi-

ates into long tubules that are unable to detach from the

donor membrane (TGN) and to fuse with the acceptor

membrane (plasma membrane). This effect is consistent
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with a role for FAPPs in coupling the budding and the

fission reactions during the formation of transport inter-

mediates (see below) [39].

While FAPPs selectively control the TGN-to-plasma

membrane pathway, other PtdIns4P-binding proteins are

involved in other Golgi-exit pathways, mainly to the

endosomal system. These include epsinR, an AP-1 acces-

sory protein [43,44], and AP-1 itself. AP-1 association with

the TGN, which is also regulated by ARF [45], requires its

binding to PtdIns4P since siRNAs for PI4KIIa dramatically

reduce PtdIns4P levels in cells and decrease the association

of g-adaptin (a subunit of the AP-1 complex) with Golgi

membranes [38]. The region of AP-1 involved in this

PtdIns4P binding has not been identified to date. EpsinR has

an N-terminal ENTH domain that has been shown to bind

PtdIns4P better than PtdIns5P and PtdIns35P2 in vitro

[43,44]. Since, this protein localizes to the TGN in vivo,

where PtdIns4P is enriched, a reasonable proposition is that

the physiological substrate for ENTH binding is indeed

PtdIns4P. This epsinR association with Golgi membranes is

sensitive to brefeldin A and GTPgS, suggesting its

regulation by ARF [43], but it does not require AP-1.

Although it is not clear how ARF might control epsinR

binding to membranes, it could be indirect, by controlling

the PtdIns4P levels at the TGN (see above), or more direct,

via binding to epsinR itself. If the latter turns out to be the

case, we would again find a two-component docking

mechanism (PI4K-generated docking lipids and ARF-

generated docking proteins) in operation, which would

resemble those used to tightly anchor many low affinity

PI-binding modules to membranes [1]. In most cases, the

initial docking mediated by the PIs will also increase the

probability of binding between the truly specific binding site

elsewhere in the protein and that in the membrane. However,

an interesting, and still open, question relates to different PI-

binding proteins that share the same motif and binding sites

for their association with the same membrane: how are they

differently regulated and recruited? The mechanisms that

govern the spatial and temporal recruitment of various PI-

interacting proteins with respect to transport events will be

important challenges for future studies.

PtdIns4P is not the only PI present at the Golgi

complex. Indeed, different enzymes involved in PI metab-

olism have been found associated with this organelle, and

proteins with different PI-binding specificities have been

identified on Golgi membranes. For instance, PtdIns45P2,

which is enriched at the plasma membrane and is also

present in low amounts in the Golgi complex [24,46],

appears to be essential for the correct functioning of this

organelle. It has been reported to be involved in ER-to-

Golgi transport, in the formation of post-Golgi transport

carriers, and in the maintenance of Golgi structure [47,48].

PtdIns45P2 might exert these functions through controlling,

for example, the spectrin- and dynamin-based machineries

(the former is required in ER-to-Golgi transport [49], and

the latter in release of transport carriers from the TGN
[50,51]), or by stimulating the activity of PLD, and thus

controlling the levels of phosphatidic acid (PA) in the

membranes [52].

Potential effectors of PtdIns3P have also been identified

in the Golgi complex, where different isoforms of the

PI3Ks are localized [53–55]. However, while the role of

this 3V-phosphorylated PI in Golgi-to-vacuole transport in

yeast is very well established, the evidence for a functional

role of PtdIns3P, PtdIns35P2 or PtdIns345P3 is less solid

in mammals. Different proteins with FYVE domains have

been localized both in the Golgi and the endocytic

compartments (see Fig. 1), and overexpression of

PI3KCIIa induces the redistribution of the mannose 6-

phosphate receptor (M6PR) from the Golgi to the cell

periphery, and inhibits endocytosis, suggesting that the

balance of the 3V-phosphorylated PIs is important for

clathrin-dependent sorting events at the TGN [53]. In

agreement with this, recent evidence reporting the identi-

fication of a novel protein, named WIPI49 (WD40 repeat

protein interacting with PIs; 49 kDa; [56]), that binds

preferentially to PtdIns3P (and to lesser extents to PtdIns5P

and PtdIns35P2) supports a role for the 3V-phosphorylated
PI species in Golgi-to-endosome traffic. WIPI49 localizes

to and cycles between trans-Golgi and endosomal mem-

branes, following the recycling pathway of the M6PR.

However, WIPI49 appears not just to be a passenger, but

rather to be a regulator of this pathway: overexpression of

WIPI49 impairs the exit of the M6PR from the TGN, and

causes its accumulation in perinuclear structures, while

knock-down of WIPI49 changes the structure and compo-

sition of the early endosomal compartment [56].
3. DAG-binding proteins

There are three different possible sources for DAG in the

Golgi complex (see Fig. 2). DAG can be generated through

(i) PA phosphatase: by dephosphorylation of PA, which is

itself produced from PtdCho by PLD action; (ii) sphingo-

myelin (SM) synthase: a Golgi enzyme that interconverts

PtdCho and SM (two phospholipids that have the same

headgroup, choline, but that have different backbones—

DAG in PtdCho and ceramide in SM), by consuming

PtdCho and ceramide and producing SM and DAG [57];

and (iii) phospholipase C (PLC): by hydrolysis of

PtdIns45P2 (or PtdIns4P), which generates both DAG and

inositol 1,4,5-trisphosphate (Ins145P3) (or Ins14P2).

Three main pathways could be responsible for DAG

clearance: (i) the conversion of SM to PtdCho (that

consumes DAG and SM and generates ceramide and

PtdCho); (ii) the phosphorylation of DAG to PA (via

DAG kinase; DAGK); and (iii) the CDP-choline pathway

for PtdCho biosynthesis (which also consumes one DAG for

every PtdCho molecule synthesized) [57].

The balance between DAG-generating and DAG-con-

suming pathways is fundamental for the function of the



Fig. 2. DAG generation pathways and DAG-binding proteins at the Golgi

complex. Schematic representation of DAG generation via the three

different pathways in the Golgi complex: phospholipase C (PLC),

sphingomyelin-synthase (SM synthase) and phosphatidic acid phosphatase

(PAP) (see text). DAG acts as a binding site in the Golgi complex for

cytosolic proteins, such as the RAS-exchange factor GRP1, the Rac-

GTPase activating protein chimaerin, DAG kinase g (DAGK g) and PKD.
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Golgi complex, and PITP is a key player in this, as

highlighted by the PtdCho/DAG imbalance reported in yeast

strains defective in SEC14 (the yeast PITP).

Among the different metabolic pathways of generation/

consumption of DAG at the Golgi, those involving the PA/

DAG cycle might, in principle, be the most important from

the quantitative point of view, considering the abundance of

PtdCho. Indeed, it has been shown that PA phosphatase

inhibitors induce the release of DAG-binding proteins (such

as PKD, see below [58]) from Golgi membranes. The PA/

DAG cycle pathway is centred on the activity of PLD (and

DAG kinases). While there is evidence that PA may have a

functional role in the Golgi and several Golgi-localized PA-

binding proteins have been identified [59], the extent of the

local generation of PA through PLD as an absolute

requirement for the function of the Golgi complex is still

uncertain. The evidence in favour of a functional role of

PLD in the Golgi relies mainly on the use of primary

alcohols that divert the PLD-mediated production of PA into

that of the phosphatidyl-alcohol. The primary alcohols (but

not the tertiary ones, which are not substrates for PLD)

induce changes in the structural organization of the Golgi

complex and inhibit the generation of transport vesicles at

the TGN. However, the observation that yeast strains

defective in PLD show no secretory defects [60], and that

PLD1 and PLD2 are localized at the Golgi complex in only

some cell types, while in others they are mainly localized at

the perinuclear endolysosomal compartments, on secretory

granules (PLD1) or at the plasma membrane (PLD2)

[61,62], casts some doubt on the importance of the local

generation of PA through PLD in the Golgi.

On the other hand, since the SM content of Golgi

membranes is also high (more than 10% of the total Golgi

lipids), a large DAG pool may be generated through the SM
synthetic pathway. Finally, the PLC-mediated generation of

DAG from PIs in the Golgi complex has also to be

considered, as both the substrates (PtdIns45P2 and PtdIns4P)

and the enzyme (PLC) of this pathway are present in this

organelle [63,64].

The best characterized DAG-binding module is the C1

domain. It is a 50/51-amino-acid domain with a cysteine-

rich compact structure that contains five h strands, a short a

helix, and two zinc ions [65]. C1 domains were initially

identified in protein kinase Cs (PKCs) and, later, in non-

kinase proteins. Indeed, the Golgi complex hosts several C1-

containing proteins belonging to the kinase (such as PKD,

[66,67]) and non-kinase (such as chimaerin [68], Ras GRP1

[69,70] categories, and also a still unspecified phorbol-ester-

binding protein at the TGN [71]). These DAG-binding

proteins are involved in different processes in the Golgi:

some of them, such as PKD and the still unspecified Golgi

phorbol-ester receptor, directly or indirectly control basic

transport mechanisms (like the generation of transport

carriers), while others, such as Ras-GRP1 and, possibly,

the chimaerins, participate in signalling cascades that initiate

at the plasma membrane, but that involving the participation

of endomembrane signalling pathways.

The chimaerins were the first non-PKC DAG/phorbol-

ester receptors to be discovered [72]. These arise from two

different genes, each of which has two splice variants [65].

The regulation and function of the chimaerin isoforms are

still unclear. Although they are able to accelerate the

hydrolysis of the GTP on Rac in in vitro assays, the

evidence in favour of their Rac-GAP activity in cellular

models is so far limited. h2-Chimaerin translocates from a

cytosolic compartment to the plasma membrane and Golgi

membranes after phorbol-ester treatment [68,73]. This

translocation is dependent on an intact C1 domain;

however, it involves not only DAG, but also a protein

binding site in the Golgi. This has been identified in

Tmp21-I (p23), a transmembrane protein that is localized

in the cis-Golgi network and is involved in ER–Golgi

membrane trafficking [73]. The C1 domain in h2-
chimaerin is required for its interaction with Tmp21-I,

thereby implying a function for this domain also in

protein–protein association (in addition to its role in

DAG binding). The precise role of Tmp21-I binding is

unclear; it might be limited to specifying the positioning of

h2-chimaerin at the cis-Golgi, and/or it might regulate the

h2-chimaerin availability for Rac, thus ultimately regulat-

ing the activation state of this GTPase.

Another GTPase, Ras, is activated by a DAG-binding

protein associated with the Golgi complex (and the ER):

Ras-GRP1. The subcellular localization of Ras-GRP1 is

mediated by its zinc finger region, a C1-like domain, and is

highly dependent on the growth status of the cell. In

quiescent cells, Ras-GRP1 is mainly cytosolic, but it

translocates to the Golgi upon treatment with phorbol esters

or stimulation of receptor or soluble tyrosine kinases [70].

Interestingly, Ras-GRP1 not only translocates to the Golgi
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in response to receptor stimulation, but it also promotes the

efficient stimulation of endogenous Ras in this organelle

[70,74]. The kinetics of Ras activation at the plasma

membrane and in the Golgi complex is distinct: the

activation at the plasma membrane is rapid (b5 min) and

transient, whereas that in the Golgi complex is delayed (10–

20 min) and sustained [69]. The mechanisms transducing

the stimulation of receptor tyrosine kinases at the plasma

membrane into the activation of Ras in the Golgi complex

have been in part elucidated. They involve the Src-depend-

ent stimulation of PLCg (and production of DAG) and an

increase in intracellular Ca2+ that induces the translocation

of both Ras-GRP1 to the Golgi complex and a Ras-GAP,

CAPRI, to the plasma membrane [74]. This would thus

simultaneously lead to the activation of Ras at the Golgi

complex and to its silencing at the plasma membrane.

However, other factors besides DAG/PMA are likely to

contribute to the Golgi localization of Ras-GRP1 since this

localization, which is found in exponentially growing cells,

is not fully mimicked in quiescent cells even after long

periods of stimulation with PMA. Furthermore, treatment

with a PLCg inhibitor does not abolish the reticular

distribution of Ras-GRP1. Thus, it is possible that, as in

the case of the chimaerins, a protein-binding site could be

involved in the subcellular targeting of Ras-GRP1.

Among the DAG-binding kinases associated with the

Golgi complex, including PKCa, PKCy, PKCq, PKCu

[75,76] and PKD [66,67], only the last of these has been

extensively studied in terms of its targeting mechanisms and

its role in membrane trafficking. PKD possesses two

cysteine-rich domains (C1a and C1b), a pleckstrin-homol-

ogy (PH) domain and a catalytic domain, and it is localized

in the cytosol and in several intracellular compartments,

including the Golgi complex, mitochondria and the plasma

membrane [67]. The first cysteine-rich domain (C1a) of

PKD is required and sufficient for the binding of PKD to the

Golgi, and specifically to the TGN [77]. C1a alone is also

sufficient to target a reporter protein to the TGN. Moreover,

compromising DAG production (with fumonisin B1, which

blocks SM activity, or propanol, which inhibits PA

phosphatase) prevents PKD recruitment to the TGN [58].

However, whether this Golgi-specific targeting of the PKD-

C1 domain involves a Golgi-restricted DAG species or an

additional non-DAG binding site remains to be determined.

In favour of the former possibility, incorporation of a

synthetic short-chain form of DAG into the plasma

membrane results in an acute mistargeting of PKD to that

organelle [58]. However, the evidence that other C1

domains are targeted to the plasma membrane and that C1

domains of other Golgi localized proteins, such as h2-
chimaerin, also bind integral Golgi proteins suggests that an

additional, non-DAG-binding, site could also contribute to

the Golgi-targeting of the PKD-C1a domain. Despite this

ability of C1 to direct PKD and reporter proteins to the

TGN, interfering with the activation of PKD (e.g., by

mutating its activation loop) also inhibits its localization to
the TGN. Together with the observation that TGN-bound

PKD is phosphorylated, this would indicate that not only

C1, but also the activation state of PKD is important in its

binding to the TGN.

What is the role of PKD at the Golgi complex? Its main

activity at the Golgi complex is related to its ability to induce

membrane fission. Indeed, a vesiculating agent, such as the

sponge metabolite ilimaquinone, can induce a hyperactiva-

tion of PKD [66]. Conversely, a dead-kinase variant of PKD

can induce the appearance of long tubular structures

emanating from the TGN [78]. These tubules can be

interpreted as the results of an impaired fission process at

the TGN. Interestingly, recent data indicate that PKDs are

specifically involved in controlling the transport of selected

basolateral-directed cargo in polarized cells. The precise

mechanisms of action of PKD in membrane fission remain

elusive, however. A number of different proteins have been

shown to interact with PKD (in particular, with its PH

domain), some of which act as upstream regulators of the

kinase. This is the case with the hg subunit of the

heterotrimeric G proteins (Ghg), which in the Golgi exert

a vesiculating activity reminiscent of that of PKD). Indeed,

Ghg activity is mediated by PKD since inhibition of PKD

activity through the use of pharmacological agents, synthetic

peptide substrates, and, more specifically, the PH domain of

PKD, prevents Ghg-mediated Golgi breakdown [66].

PKD interactors include also PI4Ks and PI4P5Ks [79],

and it has been postulated that the activation of PIKs by

PKD contributes to the fission reaction. Alternatively, the

PIs produced by PIKs (either PtdIns4P or PtdIns45P2) may

act as substrates for PLC to produce DAG, which is required

for the recruitment of PKD. In this scenario, proteins that

bind PtdIns4P and that are localized at the TGN exit sites,

such as the above-described FAPPs, may act as regulators of

PtdIns4P metabolism.
4. Protein–lipid interactions in the formation of

transport carriers at the TGN

Membrane transport from the Golgi complex to the

plasma membrane is operated by carriers originating from

the distal Golgi compartments, which move to the periphery

along microtubules, and finally fuse with the plasma

membrane. The dynamics and ultrastructure of these carriers

have been defined recently [80,81], but the comprehension

of the molecular machinery responsible for their formation

at the TGN is still limited.

At odds with the formation of the endolysosomal-

directed carriers that relies mainly on adaptor proteins

[82] that can simultaneously interact with cargo, coat

(clathrin) and regulatory molecules (i.e., the GTPase

ARF) [83], the role of specific coats and/or adaptors for

plasma-membrane-directed carriers is not clear. No specific

coats for these have been identified to date, and only

recently have different classes of adaptors (AP1b, AP4,
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AP3) been shown to contribute to Golgi-to-plasma mem-

brane transport [84–86]. The definition of a role for a

protein coat in TGN-to-plasma membrane transport is thus

still in its early days, and at present it appears to be limited

to basolateral-directed cargo in polarized cells [84,86] and

to only one (of several possible) pathway to the plasma
Fig. 3. Protein–lipid interactions in the formation of transport carriers at the TGN. (

main lipid species with recognized roles in TGN-to-PM transport are indicated: DA

some of their generating enzymes (grey; phospholipase D, PLD; PI4 kinases, PI4K

partnerQ role (blue; DAGR, the still unspecified DAG receptor, PKD, kes1p, FAPP

with the regulatory proteins (green; PITP and the small GTPase ARF) and their targ

functional are indicated as dashed lines. Metabolic connections are indicated by a

binding proteins in the formation of constitutive transport carriers at the TGN. Se
membrane in non-polarized cells [85]. However, the

importance of a lipid-based machinery in TGN-to-plasma

membrane transport is more general and better established

both in mammals and in yeast. The lipid species and lipid-

binding proteins so far involved in late transport events at

the TGN are depicted in Fig. 3A.
A) The interplay between proteins and lipids at the TGN exit sites. The three

G, phosphatidic acid (PA) and PtdIns4P (PI4P). The interactions involving

) are indicated. The interactions with proteins with a recognized bbinding-
s, and the adaptor proteins, APs) in this transport step are indicated, along

et interactions. Physical interactions are indicated by solid lines, while those

rrowed lines. (B) Model of mechanism of action of PI-binding and DAG-

e text for explanation.
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As we have seen, proteins that have important roles in

the generation of constitutive carriers include both DAG-

binding proteins (e.g., PKD) and PI-binding proteins (e.g.,

FAPPs). FAPPs are members of a larger family of proteins

that share a similar PH domain (which is able to bind

PtdIns4P and ARF and to localize to the TGN), and that

also possess additional and distinct lipid-binding domains.

These include (i) FAPP2, which possesses a glycolipid-

transfer-protein domain; (ii) GPBP, which has a STAR

domain that can bind ceramide and that is responsible for

the ceramide transfer activity of this protein (also known

as CERT) [41]; and (iii) OSBP1, which has an oxysterol-

binding domain [30]. The different members of this protein

family are all TGN-located proteins, although they might

act within different subdomains of the TGN. They may

also all be targeted to the TGN due to the PtdIns4P and

ARF enrichment in this compartment, but each of them

could then be positioned to a given TGN subdomain,

possibly determined by an enrichment in the lipid species

that are bound by their specific lipid-binding modules

(GLTP, STAR, OSB). One intriguing possibility is that

each of these proteins could control the formation of a

specific type of carrier.

In an attempt to build up a coherent spatio-temporal

sequence within which the lipid-based machineries

intervene in the process of carrier formation, one could

propose two different states of the TGN exit sites (i.e.,

the sites where transport intermediates are formed; see

Fig. 3B): (I) a PtdIns4P-characterized, budding-permissive

and fission-restrictive state; and (II) a DAG/PA-charac-

terized, fission-permissive state. The starting event in the

first stage would be the activation of ARF, with the

consequent recruitment of PI4Kh and the production of

PtdIns4P [87]. This would lead to the recruitment of

ARF and PtdIns4P-binding proteins, such as FAPPs

(OSBP, GPBP), which control the budding step. After

this first step, PtdIns4P has to be metabolized (to

PtdIns45P2 and/or to DAG) and FAPPs released to allow

access for fission-inducing proteins, such as the PKD

and/or the lysoPA/PA converting protein CtBP3/BARS

[88] or the PtdIns45P2-binding protein dynamin [50,51].

Only the spatially and temporally co-ordinated sequences

of these lipid-driven events, which are coupled to the

GTP/GDP cycle of the small GTPase ARF, would

guarantee budding and fission (i.e., formation) of trans-

port carriers that are competent for fusion with the

plasma membrane.
5. Conclusions and future directions

Membrane traffic is governed by intimate relationships

between proteins and lipids. Thus, far from being just

structural membrane components, the lipids are directly

implicated in fundamental membrane traffic events and in
the generation and propagation of signals from the

endomembrane systems. Meanwhile, the proteins act both

bupstreamQ of the lipids, through controlling their synthesis,

degradation, distribution and transfer between the different

membrane compartments, and bdownstreamQ in their roles

as lipid effectors, through the presence of protein modules

with distinct lipid specificities. The picture as it is now,

however, cannot be considered to be complete; with limited

exceptions (only some of which have been specifically

discussed here), the detailed functions and the mechanisms

of action of the various lipid effectors remain elusive.

A great challenge for future research is therefore to reveal

the molecular mechanisms by which lipid-binding proteins

regulate membrane trafficking, and to provide a more

integrated view of how the functions of the single molecular

machineries are coordinated at the organelle and cellular

levels.
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