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Abstract

In spite of the big advances in the identification of the proteins operating in 

membrane transport to and through the Golgi complex, the mechanisms by which 

they control the intricacy and dynamics of the Golgi complex are still largely 

unknown. During the last decade a number of candidates have been identified, 

including spectrin and ankyrin.

In the present study, the mechanism of spectrin association with Golgi 

membranes has been investigated. The small GTP-binding protein ARF plays an 

important role in controlling the assembly of the spectrin skeleton on Golgi 

membranes. ARF recruits P-spectrin by stimulating the synthesis of 

phosphatidylinositol 4,5-bisphosphate (PtdIns4,5P2), to which the spectrin PH 

domain can bind, and which acts as a regulated docking site for Golgi spectrin.

The increase in -PtdIns4,5P2 levels in Golgi membranes represents a novel 

activity of ARF that is not dependent on the previously-characterised effects of 

ARF on PLD activity and COPI-coat assembly. This implies the concomitant 

recruitment to Golgi membranes of a Golgi-specific isoform of 

phosphatidylinositol 4-kinase, PI4Kbeta, and a still unspecified 

phosphatidylinositol 4-phosphate 5-kinase (PIP5K).

PMKbeta activity is required for the structural and functional preservation of 

the Golgi complex since transfection of a kinase-dead PMKbeta markedly alters 

not just the morphological organisation of the Golgi complex, but also membrane 

traffic from the Golgi complex to the plasma membrane.

These results indicate that the control of phosphoinositide metabolism by ARF 

is one of the main mechanisms by which this GTPase controls Golgi complex 

structure and function, and also identify spectrin as one of the phosphoinositide 

targets on the Golgi apparatus.
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Chapter 1

Introduction

The Golgi complex is a fundamental waystation and distribution centre in 

eukaryotic cells for the sorting and transport of proteins from their site of 

synthesis to their final destination in other cellular compartments or in the 

extracellular medium. A remarkable feature of the Golgi complex is that it 

maintains its characteristic organisation and compartmentalisation in spite of the 

constant membrane flux. How the complex architecture of the Golgi stacks is 

created and maintained is an intriguing and unresolved question in cell biology.

At least three classes of molecules are known to play an important role in 

controlling the general organisation of the Golgi complex: the ARF1 GTPases, 

cytoskeletal proteins particularly the spectrin-based skeleton and 

polyphosphoinositides. In this thesis I will describe work done in our laboratory 

that establishes a link between these three classes of molecules and sheds light on 

the ARF-dependent regulation of the assembly of the spectrin skeleton and on 

phosphoinositide metabolism within the Golgi complex.

1.1 The Golgi Complex

The Golgi apparatus was first visualised in 1898 under light microscopy by 

Camillo Golgi using a staining protocol set up for neurons (see Figure 1.1; Golgi, 

1898). However, the unique architecture of this organelle was not revealed until 

the advent of electron microscopy in the early 1950s. The peculiar structure of this 

organelle results from the close opposition of flattened cistemae arranged in

1 The abbreviations used in this thesis are listed at page 250
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Figure 1.1 The first original drawing by Camillo Golgi of the Golgi 

apparatus.

Top panel: spinal neuron of adult dog; bottom panel: part of spinal ganglion of a 

young cat (reproduced from Golgi, 1898).

21



parallel to form stacks (Dalton and Felix, 1954). This peculiar morphology is 

.highly conserved throughout eukaryotic evolution, and even found in some stages 

of the life cycle of Giardia lamblia, one of the most primitive eukaryotes known 

(Lujan et a l, 1995). The major functions of the Golgi complex are the synthesis of 

complex carbohydrate structures, the transfer of these carbohydrate to proteins 

and lipids, and the sorting of proteins and lipids for delivery to their final 

destination (Varki, 1998). The reason for the ordered structure of the Golgi 

apparatus is not known; but is likely to reflect a requirement for a 

compartmentalised distribution of processing enzymes and sorting machinery to 

allow an ordered series of post-traslational modifications and sorting steps to 

occur.

1.1.1 Structural organisation of the Golgi complex

The structure of the Golgi apparatus has been characterised extensively in 

different organisms, tissues and cell types by transmission electron microscopy. 

(TEM) on thin sections. In the last decade, three dimensional reconstructions of 

the Golgi apparatus have been achieved using advanced techniques, such as high 

voltage electron microscopy (HVEM) and computer axial tomography (Ladinsky 

et a l, 1999; 1994), scanning electron microscopy (Inoue1 1992), or stereoscopic 

techniques combined with immunocytochemestry (Rambourg and Clermont, 

1997; Ranbourg et a l, 1995,1994,1993).

In most cells, the Golgi apparatus appears as a single organelle consisting of a . 

branching and anastomosing ribbon forming a juxta- or perinuclear network. 

Along the Golgi ribbon, compact regions made up of cistemae alternate with non 

compact, highly fenestrated or tubular regions that bridge the cistemae of adjacent 

compact zones (see Figure 1.2). The respective sizes of these two regions are 

highly variable from one cell type to another. In some cells, the Golgi ribbon may 

appear as a continuous, poorly fenestrated structure, while in other cells the highly 

fenestrated or tubular areas predominate and interconnect rare compact regions.
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Figure 1.2 The Golgi complex.

A. Electron microscopy photograph showing a longitudinal section of the Golgi 

ribbon in a non-ciliated epithelial cell of the ductuli afferentes (reproducted from 

Rambourg and Clermont, 1997). The picture shows two compact saccular regions 

(S) separated by a non-compact region (large dark arrow). Along the fram-aspect 

of the Golgi ribbon a peeling of trans-most saccula (small dark arrow) and an

compact zone non-compact zone compact zone
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extensive trans-tuhuiar network (open arrow) can be observed. Other label: 

L:ly sosome; nxmitochondria; CTNxù-GolgL-netWQrL MagmficatLonx 35000.

B. Diagram illustrating a small portion of a Golgi ribbon of a non-secretory cell, 

the non-ciliated epithelial cell of the rat ductuli efferentes (reproduced from 

Rambourg and Clermont, 1995). The upper drawing shows the stacked elements 

seen laterally. The drawing below shows the Golgi elements in three dimensions, 

as seen from the side and above. In the compact zone, perforations in wells (W) 

containing small vesicles are also illustrated. ER indicates cistemae of the 

endoplasmic reticulum.



The number of cisternae per stack may also vary greatly among different cell 

types. In mammalian cells, an average of 3 to 11 cisternae per stack can be 

observed, while in plants and lower organisms up to 30 cisternae per stack have 

been seen (Beams and Kessel, 1968; Morrè et al., 1971). As for yeast, S. 

cerevisiae strains do not possess a stacked Golgi structure, while P. pastoris strain 

has a poorly developed stacked system (Rossanese et al, 1999).

Each stack is organised in a polarised fashion so that there is a cis and a trans 

face which are the entry and exit points, respectively, of the Golgi complex. On 

each side an array of tubulated membranes is juxtaposed represented by the CGN 

(czs-Golgi network) and the TGN (trans-Golgi network), respectively (Rambourg 

et a l, 1990; Clermont et a l, 1995). The structure of the Golgi apparatus varies 

during the cell cycle, it loses its characteristic ribbon-like morphology during 

mitosis and breaks down into clusters of small vesicles. These vesicles are then 

partitioned between the two daughter cells and reassemble to form a functional 

Golgi apparatus in each cell (Lowe et al, 1998).

1.1.2 Post-tras-lational processes occurring in the Golgi complex

Post-tras-lational modifications selectively occurring in the Golgi apparatus 

include N-glycosylation of proteins and lipids (Komfeld and Kornfeld, 1985), O- 

glycosylation of proteins, addition of mannose 6-phosphate residues to lysosomal 

enzymes, and sulfation of proteoglycans, oligosaccharides and tyrosine (Roth, 

1994). Many of the enzymes involved in these activities have been used as general 

Golgi markers or to define specific Golgi sub-compartments in both biochemical 

and immunocytochemical studies. The compartmentalised distribution of these 

enzymes is likely to be necessary to ensure the correct sequential modifications of 

proteins.

Several different mechanisms have been proposed to explain how resident 

Golgi proteins are retained in their correct location. The so called "bilayer 

mediated sorting" model proposes that the length of the transmembrane domain
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(TMD) is the key factor in sorting transmembrane proteins. This model is based 

on the observation that Golgi enzymes have shorter TMD (17 residues) than 

plasma membrane proteins (20 residues). This shorter TMD could retain Golgi 

enzymes in the thinner, cholesterol/sphingolipid-poor microdomains, while 

excluding them from the cholesterol/sphingolipids rich microdomains en route to 

the plasma membranes (Munro, 1995). A second possible mechanism is the so 

called "kin-kin recognition". This model is based on the idea that resident Golgi 

enzymes form large oligomers too large to enter transport carriers, and thus are 

retained in the Golgi cistemae (Nilsson et al, 1993). Another possible mechanism 

is the presence, in the cytosolic or luminal domains of Golgi enzymes, of a 

retention or retrieval signal (Munro, 1998). Finally, the Golgi proteins may 

interact with cytoskeletal structures forming a scaffold surrounding the Golgi 

cisternae, which might be responsible for their correct retention and 

compartmentalisation in the Golgi complex (Munro, 1998; Beck and Nelson,

1998). None of these models can explain the targeting of all Golgi enzymes and it 

is likely that several mechanisms operate.

1.1.3 Membrane trafficking to, through and out of the Golgi complex

Newly synthesised proteins destined for secretion, the plasma membrane or 

lysosomes are inserted co-translationally into the endoplasmic reticulum (ER) 

and, after correct folding, are transported out of the ER. The proteins pass through 

various Golgi cistemae and, at the TGN, are sorted to their final destination (see 

Figure 1.3). Similarly, retrograde protein transport occurs within the Golgi 

complex and from the Golgi complex back to the ER.

1.1.3.1 ER to Golgi transport

Since it is the first step, transport from the ER to the Golgi apparatus has 

received much attention over the past two decades. Although many of the major 

protein components participating in the budding, pre-docking, and docking fusion 

events have been identified a clear picture of how proteins are transported from
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Figure 13  Schematic representation of the secretory and endocytic pathways.

In the biosynthetic-secretory pathway (red arrows) newly-synthesised proteins are 

transported from the ER to the plasma membrane and lysosomes through the 

Golgi complex. In the endocytic pathway (green arrows) molecules are ingested in 

vesicles derived from the plasma membrane and delivered to lysosomes. Many 

endocytic molecules are retrieved from early endosomes and return to the plasma 

membranes, others are retrieved from late endosomes and returned to the Golgi. 

Retrograde pathways are indicated with blue arrows.
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the ER to the Golgi is not yet clear. One early model for how proteins exit the ER 

postulated that secretory proteins move forward according to a bulk-flow 

mechanism (Balch and Farquhar, 1995), while resident proteins are retained or 

retrieved. More recent experiments, however, suggested that there is a selective 

event involving cargo sorting and concentration. Indeed a sequence motif required 

for efficient ER export has been identified (Nishimura and Balch, 1997), and this 

appears to facilitate the capture of integral membrane proteins into COPII coated 

transport carriers (see below). The dissociation of COPII carriers from the ER 

budding elements demarcates the first boundary between the ER and downstream 

organelles of the secretory pathway. Together with COPII another type of coat, 

COPI, plays a role in the transport between ER and Golgi, but whether it is 

involved only in retrograde transport, or also in the anterograde transport is still a 

debated question.

Export of proteins from the ER occurs in specialised regions of this organelle, 

the so-called "transitional regions" or "ER exit sites". Furthermore, to reach the 

Golgi complex, proteins have to pass through the so-called ER-Golgi Intermediate 

Compartment (IC). The organisation of the IC has remained controversial since its 

identification (Hauri and Schweizer, 1992). Indeed many terms have been used to 

describe these membranes in addition to IC, such as vesicular tubular clusters 

(VTCs), ERGIC (ER-Golgi intermediate compartment), and pre-Golgi station 

(Balch et al, 1994; Bannykh and Bach 1997, Hauri and Schweizer, 1992). 

However, the biogenesis, maintenance and identity of ERGIC are still unclear. It 

has been proposed to be continuous with the ER (Sitia and Meldolesi, 1992; 

Krijnse-Locker at al 1995), or the cis Golgi (Mellman and Simons, 1992) but also 

to be a distinct organelle separated from both the ER and Golgi by transport steps 

(Pelham, 1998). The direct visualisation of a GFP-tagged secretory marker in 

living cells has been a major step in addressing this issue. These studies reveal 

that ERGIC is a mobile membrane structure that carries secretory material along 

microtubules from the ER to the Golgi (Scales et al, 1997; Presley et al, 1997). 

A current model proposes that as soon as VTCs receive cargo from COPII coated



vesicles the exchange of COPII for COPI coat occurs, and COPI-coated vesicles 

recycle components of the sorting and transport machinery back to the ER. VTCs, 

then, move toward the cis Golgi where they may fuse with pre-existing cis Golgi 

cisternae, or alternatively may undergo homotopic fusion generating a new cis 

Golgi cisterna (see Figure 1.4). During VTC movements towards the Golgi 

complex, additional rounds of COP budding events would continue to sort the 

appropriate molecules back to the ER leading to further concentration of 

anterograde-directed cargo.

1.1.3.2 Intra-Golgi transport

Two of the most popular models to explain intra-Golgi transport are the 

"vesicular transport model" and the "cisterna maturation model" (see Figure 1.5).

The first model proposes that the Golgi cisternae are stable and biochemically 

distinct compartments. They receive proteins from an upstream compartment, 

subject them to processing and pass them to the next compartment using COPI 

coated transport vesicles. The cisterna maturation model proposes that cargo 

moves through the Golgi complex without leaving the cisternal lumen and that 

secretion occurs by progressive maturation of the Golgi cisternae as they move in 

the cis-trans direction. Cisterna specific enzymes are continuously recycled back 

by retrograde vesicles during this process.

Much of the evidence supporting the vesicular model comes from the studies of 

Palade and co-workers who provided both morphological and biochemical 

evidence for this type of vectorial transport through the Golgi (Palade, 1975). 

Later, the transport process to and through the Golgi complex was reconstituted in 

vitro by Rothman and co-workers (Balch et al, 1984a, 1984b) and this allowed 

the discovery of new molecules important for intra-Golgi transport, such as NSF, 

SNAREs, ARE, the coatomer complex (COPI) and others (Rothman and Orci, 

1992; Rothman 1994). A new twist came from the discovery that COPI vesicles, 

thought to be involved only in anterograde transport, also appeared to be 

implicated in retrograde transport through a direct interaction with the di-lysine 

retrieval signal of many ER proteins. This discovery raised serious doubts about

29



" '- O

JP I À :

< r V

-

.

? Ĵ
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Figure 1.4 Different models describing ER-to-Golgi transport

A. In this model COPII mediates the anterograde transport from the ER-to-IC, 

while transport from the IC-to-Golgi could be mediates either by COPII itself or 

another type of coat. All the retrograde transport steps are mediated by COPI. B. 

In this model the IC (also called VTC) is the long-range ER-to-Golgi transport 

carrier itself and not a static membrane compartment as in A. COPII coated 

vesicles move secretory cargoes to the VTCs or form the novo VTCs by 

homotypic fusion. Exchange of COPII for COPI triggers the recycling of material 

to the ER by COPI vesicles and allows VTCs to move along microtubules towards 

the Golgi complex. C. In this model VTCs receive material, or form, from ER exit 

sites where COPII acts. Then, COPI-coated VTCs segregate into anterograde-
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cargo-rich-domains (blue) and COPI-retrograde cargo-rich-domains before fusing 

with the Golgi complex.
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Figure 1.5 The two most popular models of intra-Golgi transport.

A. Vesicular model. In this model the Golgi enzymes are resident in the cistemae, 

and the cargo moves forward in transport vesicles.

B. Cisternal maturation model. According to this model each cisterna carrying 

resident cargo matures by the retrograde transport of enzymes. The retrograde 

transport might be mediated by vesicles.

Golgi enzymes are represented by coloured triangles (green for cis-enzymes; red 

for medial-enzymes, and blue for trans-enzymes) and the cargo by yellow squares.
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the anterograde function of COPI vesicles and attempts to verify the presence of 

cargo molecules inside COPI coated vesicles have given different results. Some 

investigators have detected cargo inside COPI coated vesicles (Orci et al, 1997); 

whereas others have found COPI coated vesicles depleted of cargo (Dahan et al,

1994). As a result, the function of COPI is still a controversial point in the field.

Unlike the vesicular model, the cisterna maturation model provides an 

explanation for how large structures, such as scales in primitive algae and 

collagen in mammal cells, which are too big to fit into 50-70 nm vesicles, can 

move through the Golgi apparatus. Indeed, morphological and 

immunocytochemical studies document that procollagen remains within the Golgi 

cisternae throughout its transport process (Bonfanti et a i ,  1998). Since the 

cisterna maturation mechanism is almost certainly involved in the transport of 

supramolecular aggregates, it raises the possibility that such a mechanism might 

be general. However, perhaps both mechanisms operate to mediate anterograde 

transport through the Golgi complex, large aggregates through cisternae 

maturation, and small cargoes by vesicular transport.

Another potential mechanism is through tubular connections between different 

types of cisternae (for example cis with trans or medial with trans), forming 

heterologues connections. Such connections are rarely observed, (Ladinsky et al,

1999) though this could be explained if the connections are transient and 

infrequent for example, to avoid the complete intermixing between two different 

cisternae (Weidman, 1993). Alternatively, tubules might function as discrete 

transport entities forming and detaching from donor cisternae, and fusing with 

acceptor cistemae.

Finally, certain secretory cargoes might be transported through the Golgi 

complex by VTC-like structures (Ladinsky et al, 1999). To define more precisely 

the mechanisms of intra-Golgi transport additional work combining 3-D 

reconstruction with the identification and immunolocalisation of molecules 

involved in the transport step, is required.
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1.1.3.3 Transport out o f the Golgi

Transport from the Golgi to post-Golgi compartments has been proposed to be 

mediated by vesicular carriers. Different subpopulations of vesicles have been 

described depending on the nature of the coat proteins involved (as clathrin, 

coatomer, or p200) and the nature of the cargo transported (Rothman and 

Wieland, 1996).

In secretory cells of endocrine and exocrine glands and in neurons, often 

referred to as "regulated" secretory cells, it has been recognised for some time that 

three major populations of vesicles bud from the TGN: dense-core secretory 

granules, whose contents are discharged by regulated exocytosis upon demand, 

constitutive secretory vesicles, carrying secretory proteins and membrane proteins 

continuously to the plasma membrane, and clathrin coated vesicles carrying 

lysosomal enzymes, bound to mannose 6 phosphate receptors (M6PR), destined 

for delivery to lysosomes via early or late endosomes. In non glandular, non 

polarised cells, only two TGN-derived vesicle populations have been recognised, 

one carrying lysosomal enzymes, the other thought to transport both constitutive 

transport membranes and secretory proteins.

In fact, it has recently been reported that the so called "secretory vesicles" that 

emerge from the TGN are actually large pleomorphic structures that often contain 

both globular and tubular elements (Toomre et al, 1999, Hirschberg et al, 1998, 

Polishchuk et al, 2000). These structures undergo dynamic morphological 

changes including fusion and fission during transport. In the last decade, new 

types of vesicles have been identified budding from the TGN, such as 

p200/myosin (Musch et al, 1997) and p230 (Gleeson et al, 1996), but their 

function is still unclear (see also section 1.3.2.3.3; Stow et al, 1998).

1.2 The small GTPase ARF and the Golgi complex

ARFs are small (approximately 20 kDa) guanine-nucleotide-binding proteins 

belonging to the Ras GTPase superfamily, that were initially recognised and
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purified because of their abilities to stimulate the ADP-ribosyltransferase activity 

of cholera toxin A subunit (Boman and Khan, 1995). ARFs are key regulators of 

membrane trafficking and organelle structure in all eukaryotic cells and are highly 

conserved through the evolution.

Six ARF proteins have been identified in mammals, but additional ARF-like 

proteins, ARLs (Clark et al, 1993) and ARDs (Mishima et al, 1993), also exist. 

Mammalian ARFs are divided into three classes according to their amino acid 

sequence, genetic structure and phylogeny. ARF1, 2 and 3 are in Class I, ARF4 

and 5 in Class H, and ARF6 is in Class III. S. Cerevisiae has three ARF proteins; 

Arfl and 2 are inter-exchangeable and at least one is required for viability, while 

Arf3 is not essential for growth and probably corresponds to mammalian ARF6. 

Among the ARF family proteins ARF1 is the best characterised. It is localised to 

the Golgi complex, but also to the endosomes. The Class HI ARF member, ARF6, 

functions exclusively at the plasma membrane where it regulates endocytosis and 

actin cytoskeleton remodelling. The function of the Class II ARFs is unknown 

(Boman and Khan, 1995; Chavrier and Goud, 1999).

1.2.1 ARF cycle

ARF proteins cycle between a GDP-bound, inactive, and GTP-bound, active 

form (see Figure 1.6). Similarly to all small GTPases spontaneous release of GDP 

from ARF is slow and must be catalysed by a guanine-nucleotide exchange factor 

(GEF). Once GDP is substituted by GTP, ARF undergoes a conformation change 

that allows its myristoylated Nt^-terminal amphiphatic helix to interact with

phospholipid bilayers. Nucleotide exchange also induces a conformational change 

in switch I and H, that allows ARF proteins to interact with downstream effectors 

(see next section on the crystal structure of ARF). However, recent studies 

(Aiitonny et al, 1997a) indicate that ARF can expose its myristoylated tail when it 

is still in the GDP bound form. This weak, but measurable membrane association 

of ARF is completely abolished when myristate is removed. ARF-membrane
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Figure 1.6 The ARF cycle.

In this figure a schematic representation of the ARF cycle is illustrated. ARF- 

GDP is cytosolic and inactive. GDP release from ARF is catalysed by a guanine 

nucleotide exchange factor (GEF). The transition from GDP to GTP induces a 

conformation change, which allows the amino-terminal myrstoylated amphipathic 

helix (red) to be exposed and to interact with the lipid bilayer. In the GTP-bound 

form ARF is associated with membranes and active. ARF-GTP can stimulate 

phospholipase D (PLD) activity or recruit COPI (green circles) to membranes. A 

GTPase activating protein (GAP) stimulates GTP hydrolysis.
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interaction permits the activation of ARF by GEF proteins. Then, membrane- 

association is stabilised in the GTP-bound form by a conformational change and 

by the insertion of the hydrophobic helix into the phospholipid bilayer.

Many GEFs for ARF have been identified, both in yeast and mammals. All 

have a conserved region of approximately 200 amino acids called the Sec7 

domain (Chardin et al, 1996, Jackson and Casanova, 2000) that shows a strong 

similarity with the yeast sec? protein. The Sec7 domain represents the minimum 

unit capable of binding to and activating ARF proteins. The ARF GEF family can 

be subdivided into two groups based on sequence similarities and functional 

differences (see Figure 1.7). The high molecular weight ARF-GEF subfamily 

includes Yeast Sec7, Geal and Gea2, and mammalian BIGl/p200, BIG2 and 

GBF1. A feature of this family of ARF GEFs, with the exception of GBF1, is their 

sensitivity to the fungal metabolite Brefeldin A, which inhibits their ARF-GEF 

activity in an uncompetitive manner stabilising the ARF-GDP-Sec7 domain 

complex (Peyroche et al, 1999). The second subfamily of GEF (low-molecular- 

weight type) includes mammalian ARNO, Cytohesin-1, GRP1, and Cytohesin 4. 

This family is characterised by the presence of a pleckstrin homology domain (PH 

domain) and by its insensitivity to BFA.

The hydrolysis of ARF-bound GTP is of fundamental importance for ARF 

function in membrane traffic, as exemplified by the extensive alterations in 

structure and function of the Golgi complex in cells transfected with GTPase- 

defective mutants (Peters et al, 1995; Zhang et al, 1994). GTP-hydrolysis is 

catalysed by ARF GTPase-activating proteins (GAPs) whose function is regulated 

by ARF itself, phospholipids and DAG (Ding et al, 1996; Antonny et al, 1997b). 

During the past few years many GAP proteins have been identified (see Figure 

1.8). They are multidomain proteins, which share a common GAP domain of 70 

amino acids including a zinc finger motif that is essential for GAP activity. A 

number of the GAPs also have a PH domain, indicating the involvement of 

phosphoinositides in their membrane recruitment and/or activity (Donaldson and 

Jackson, 2000).
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Figure 1.7 Schematic representation of the ARF GEF family.

The members of the four subfamilies of sec7-containing proteins are shown. The 

sec? domain is represented by grey boxes. For the high-molecular-weight 

proteins, coloured boxes represent regions showing a significant level of sequence 

similarity; though the function of these domains is still unclear. The coil-coil (cc, 

red) and the PH (PH green) domains of ARNO-cyohesin-GRP and EFA6 

subfamilies are indicated. The proline-rich regions are designed ‘pr’ (violet). 

Reproduced from Jackson and Casanova, 2000.
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1.2.2 Crystal structures

Structures of ARF1 complexed with either GDP or GTP have been resolved 

and are illustrated in Figure 1.9. Moreover, J. Goldberg has recently reported the 

structures of ARF1 in complex with important regulators; an exchange factor 

domain and a GAP domain (Amor et al, 1995; Goldberg 1998; Goldberg 1999). 

The availability of these ARF structures has provided insight into the mechanism 

of nucleotide exchange on ARF and has suggested that these reactions probably 

occur after ARF binds to membranes. The structural cycle of ARF proteins differs 

from that of other small GTPases in that it couples the classical GDP/GTP 

nucleotide switch, mediated by switch I and II regions, to a membrane/cytosol 

switch mediated by the N-terminal helix and the region that connects switch I and 

switch II (the interswitch region). The N-terminal helix of ARF-GDP blocks the 

interswitch region in a retracted conformation (Amor et al, 1994; Greasley et al, 

1995), which is released by interaction of the helix with membranes (Franco et al,

1995). Membranes are therefore essential for GEFs to catalyse the transition 

needed to allow completion of switch I and II reorganisation upon binding of GTP 

(Goldberg, 1998). In fact, ARF1, in its inactive conformation, cannot fit into the 

recognition surface of the Sec? domain (Goldberg et al, 1998), while when bound 

to GTP, the ARF1 conformation resembles that found when it is bound to the 

Sec? domain.

Switch I and to a lesser extent switch II are involved in the interaction with 

GEFs and GAPs. From the crystal structure of ARF 1-GTP and the minimal GAP 

domain of ARF1 GAP, it has been deduced that, unlike most G-proteins, the GAP 

binding site on ARF does not overlap with the effector-binding site. Thus ARF 

may simultaneously interact with coatomer (one of its effectors), and with 

ARF 1 GAP, allowing potentially both coatomer and cargo receptor to regulate the 

termination of ARF activity. The crystal structure of ARF-GDP has revealed a 

patch of positively charged amino acids on its surface that could interact with
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Figure 1.9 Crystal structure of ARF1 complexed with either GDP or GTP.

Ribbon-structure of ARF1 in the GDP- (A) or GTP- (B) bound conformations 

(reproduced from Goldberg, 1998). C. shows the superimposition of the two 

structures. In the GTP-bound conformation, residues 37-53 of ARF1 (yellow) 

form a loop connecting helix a l  to strand (32, and this region encompasses switch 

I. In GDP-bound ARF1 this region forms a distinctive p hairpin structure. The 

displacement (C) of (3 strands 2 and 3 from the GDP (pink) to the GTP 

conformation eliminates the binding site for the myristoylated N terminus (red, A 

and C).
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negatively charged phospholipids, such as phosphatidylinositol 4, 5-bisphosphate 

(PtdIns4,5P2), on membranes.

1.2.3 ARF effectors

The best characterised effector of ARF1 is COPI (coatomer). The major 

constituents of COPI-coated vesicles have been characterised and their individual 

roles in the formation of COPI-coated vesicles in vivo and in vitro are presently 

being investigated. Coatomer is a stable and soluble complex of seven subunits, 

the COPs (a, p, (3\ y, ô, e, Q. Using site-directed photolabile mutants of ARF1 it 

has been shown that in its GTP form it specifically interacts with the p and y 

coatomer subunits (Zhao et ai, 1997 and 1999).

The interaction of ARF1 with p- and y-COP seems to initiate the budding 

process by recruiting coatomer, and is a prerequisite for additional interaction of 

coatomer with Golgi membranes. This interaction takes place with the 

cytoplasmic tail domains of members of the so-called p24 family of 

transmembrane proteins (Fiedler et al, 1996; Sohn et al, 1996). The p24 family 

comprises at least 13 members which share the same type I membrane topology; a 

large luminal domain and a short C-terminal KKXX-COOH tail. The dibasic 

motif has been shown to bind to the a-P'-e and y subunits of coatomer. They are 

thought to be ARF/coatomer receptors and/or cargo receptors for COPII-coated 

vesicles, that bud off the ER, as well as for COPI-coated vesicles. Recent data 

(Reinhard et al, 1999) show that coatomer not only binds to the cytoplasmic tail 

domains of p24 proteins, but also that upon binding, coatomer undergoes a 

conformational change that initiates the assembly of the formerly soluble 

complex. Strong evidence that it is, indeed, this interaction of coatomer with the 

cytoplasmic tail domain of p24, that leads to the formation of a bud on a formerly 

flat membrane comes from in vitro experiments. Liposomes made from 

chemically defined lipids were incubated with purified recombinant myristoylated 

ARF1, recombinant purified soluble active domain of ARNO and purified
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coatomer. In these experiments, small coated vesicles with a diameter of about 55 

to 65 nm were formed with similar morphology and density to authentic COPI- 

coated vesicles. Strikingly, these vesicles were only formed in either a high 

concentration of acidic phospholipids or in the presence of a lipopeptide carrying 

the cytoplasmic domain of p24. With this lipopeptide, small COPI-coated 

liposomes were even formed from -400 nm liposomes that lacked the acidic 

phospholipids PA, PS, and phosphatidyl-inositolphosphates (Roth and Stemweis, 

1997; Bremser et al, 1999). These results indicate that the latter do not represent 

a binding site for coatomer on the Golgi membrane, and emphasise a role for 

ARF1 and the cytoplasmic tails of the p24 proteins in COPI-vesicle budding.

Either concomitantly with, or after vesicle budding, GTP-ARF is converted to 

the GDP bound form inducing release of ARF and allowing vesicle uncoating and 

fusion. Recently it has been demonstrated that coatomer and trasmembrane cargo 

receptor control ARF GAP activity. ARF GAP1 can be recruited to Golgi 

membranes by the KDEL receptor Erd2 (Aoe et a l,  1997), which recognises a 

Lys-Asp-Glu-Leu carboxy-terminal motif on certain proteins destined for Golgi- 

to-ER transport. This suggests a role for ARF GAPs in retrograde transport to the 

ER (Lanoix et al, 1999).

Another important effector of ARF is phospholipase D (PLD). This enzyme 

mediates the hydrolysis of phosphatidylcholine to generate phosphatidic acid 

(PA) and two major isoforms, PLD I and 2, have been identified in mammals. 

Furthermore, a PLD splice variant exists such that PLD la possesses a 38 amino 

acid insert absent from PLD lb. ARF can bind directly to and activate PLD 

(Brown et al, 1993; Jones et al, 1999), though this is stronger with PLD1 (up to 

20-fold activation in vitro) than with PLD2 (2-fold activation in vitro). 

PtdIns4,5P2 is an essential cofactor in the ARF-dependent stimulation of PLD 

(Hammond et al, 1995). The relationships existing between the PLD-stimulatory 

activity of ARF and its effect on coat recruitment and vesicle budding are 

controversial and not yet well understood. Ktistakis and co-workers have 

provided evidence that PLD mediates ARF-dependent recruitment of COPI coat
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and vesicle formation (Ktistakis et al, 1996, 1995). However, the fact that ARF 

and coatomer interact directly raises some doubts that PLD is required. Recent 

evidence using an ARF mutant defective in PLD activation, implicates ARF- 

sensitive PLD in signal-transduction and in receptor-mediated stimulation of 

granule exocytosis in neutrophils and mast cells, rather than in recruitment of 

COPI during constitutive exocytosis (Jones et al, 1999).

Recruitment to the Golgi complex of several adaptor complexes (APs), such as 

AP-1, AP-3 and probably AP-4, is also regulated by ARF (Robinson and 

Bonifacino, 2001). AP-1 mediates the sorting and transport of mannose 6 

phosphate receptor (M6PR) from the TGN to endosomes. API has also been 

implicated in the sorting of furin to endosomes from immature secretory granules 

of endocrine cells (Robinson and Bonifacino, 2001). The function of AP-3 is still 

unclear, but it may target selected transmembrane proteins to lysosomes or related 

intracellular organelle, such as melanosomes. The function of AP-4 is unknown 

(Robinson and Bonifacino, 2001).

In the last decade, by screening yeast two-hybrid libraries for proteins that bind 

to activated ARF, many new ARF effectors have been identified (Donaldson and 

Jackson, 2000). Among them, there are ARFaptins (see also section 4.3.5), PORI, 

ARFphophilin and GGAs (Golgi-localising gamma adaptin ear homology domain, 

ARF binding proteins). GGAs represent new interesting adaptor-related proteins, 

which probably have distinctive cargo preferences and intracellular distributions 

and might be involved in different steps of transport out of the TGN (Robinson 

and Bonifacino, 2001). Less is known about the other effectors of ARF.

1.3 The cvtoskeleton and the Golgi complex

Cytoskeletal proteins serve two important functions in membrane trafficking: 

organelle motility and membrane-organisation. Many features of the Golgi 

complex suggest the presence of an organised scaffold, these include (i) the 

presence of morphologically continuous, but distinct cisternae and tubular
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vesicular structures, (ii) functionally distinct domains with resident and cargo 

proteins, (iii) rectilinear and stacked cisternae profiles, (iv) the ability of the Golgi 

complex to faithfully reassemble after mitosis or after pharmacological results 

(e.g. Brefeldin A or Illimaquinone), and (v) the facile incorporation of incoming 

material from the ER. The nature of the putative Golgi scaffold, however, remains 

elusive.

Electron microscopy studies on cells and isolated Golgi membranes (Franke et 

al, 1972; Cluett and Brown 1992) have identified filamentous structures, bridging 

the gaps between different cisternae (see Figure 1.10), that might be components 

of a structural exoskeleton. There are several candidate proteins for these 

filamentous structures. One possibility are the golgins, a large family of coiled- 

coiled proteins (including GM130, giantin and GRASP 65 (Nakamura et al, 

1995; Linstedt and Hauri, 1993; Shorter et al, 1999) that are often found as 

autoantigens in autoimmune diseases (Systemic Lupus Eritematpsus, and Sjogren 

syndrome; Kooy et al., 1994) Alternatively, classical cytoskeleton components 

such as homologs of p-spectrin or ankyrin (Beck et al, 1994; Devarajan et al, 

1997; Godi et al, 1998) have been localised to the Golgi complex (Devarajan et 

al, 1996a; Beck et al, 1997). Given the role of these proteins in maintaining the 

organisation and structure of the erythrocyte plasma membrane (Devarajan and 

Morrow, 1996b; Bennett and Baines, 2001; Bennett and Gilligan, 1993; Beck and 

Nelson, 1996), these are attractive possibilities for maintaining the structural 

integrity of the Golgi apparatus.

1.3.1 Microtubules and the Golgi complex

During interphase in non polarised cells, the Golgi complex colocalised with 

the minus ends of microtubules at the microtubule-organizing centre (MTOC; see 

Figure 1.11). This association is likely to be maintained by an active interaction 

between the organelle and the microtubule cytoskeleton since disruption of 

microtubules with depolymerising drugs such as nocodazole, results in Golgi
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Figure 1.10 Visualization of intercisternal bridges within isolated Golgi 

membranes.

Rat liver Golgi membranes were treated for electron microscopy and stained by 

tannic acid procedure. The isolated, intact stack reveals the presence of 

intercisternal bridges (arrows). Reproduced from Cluett and Brown, 1992.
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Figure 1.11 Schematic representation of the Golgi complex and other 

components of the secretory pathway and their relationship with 

microtubules.

The Golgi complex is centred around the microtubule-organizing-centre (MTOC). 

Microtubules form a uniformly polarized array, with the MTOC at the hub. These 

microtubules serve as tracks for membrane traffic. ER-to-Golgi transport is 

minus-end-directed, with carriers moving toward the Golgi along microtubules. 

Golgi-to-ER and transport to the plasma membrane are plus-end-directed, with 

transport carriers moving towards the cell periphery (modified from Lippincott- 

Schwartz 1998).
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fragmentation and its redistribution into Golgi "ministacks" scattered throughout 

the cell (Storrie and Yang, 1998; Thyberg and Moskalewski, 1993, 1999; Cole et 

al., 1996). These ministacks appear to be functional and can still deliver 

constitutive transport carriers to the plasma membrane, but they are no longer able 

to direct material to specific domains on the plasma membrane. Transport from 

the TGN to the lysosomes is substantially delayed (Scheel et al, 1990). Following 

removal of the drug, scattered Golgi elements move along reassembling 

microtubules back to the centrosomal region and coalesce into a continuous 

system (Ho et a l,  1989; Yang and Storrie, 1998). The relationship between 

microtubules and the Golgi apparatus are more complex in polarised cells where 

the juxta-nuclear Golgi apparatus is not localised near the minus ends of the 

microtubules (which lie at the apical site in these cells). Therefore, it appears that 

the localisation and the transport in and out of the Golgi complex are differently 

regulated in polarised and non polarised cells (Burkhardt, 1998).

Two motor-ATPases, kinesin and dynein, are known to mediate microtubule- 

based motility within cells (Allan and Schroer, 1999; Rogers and Gelfand, 2000). 

While kinesin translocates membranes towards the plus ends of microtubules, at 

the cell periphery, dynein is involved in membrane movement towards the minus 

ends of microtubules, in the cell centre (Paschal and Vallee, 1987; Allan and 

Schroer, 1999). Thus, cytoplasmic dyneins have the appropriate directionality to 

mediate the juxta-nuclear localisation of the Golgi complex in non polarised cells. 

Indeed microinjection of anti-dynein antibodies has been shown to disperse the 

Golgi apparatus (Burkhardt et al, 1997). The same results were observed in 

cultured blastocytes isolated from dynein knockout mice (Harada et al, 1998). 

Furthermore, cytoplasmic dyneins require an accessory protein complex known as 

dynactin to translocate organelles (Karki and Holzbaur, 1999), and overexpression 

of p50/dynamitin, a subunit of the dynactin complex, causes fragmentation of the 

Golgi apparatus (Burkhardt et ai,  1997). The dynein/dynactin complex is also 

required for ER to Golgi transport, since in cells overexpressing p50/dynamitin,
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pre-Golgi structures fail to reach the Golgi and remain stationary at the cell 

periphery (Presley et ai, 1997).

Kinesin-like microtubule-based motors are also found on the Golgi complex, 

such as kinesin II, Rabkinesinô and KIF1C (Dorner et al, 1998; Echard et ai, 

1998). Retrograde transport from the Golgi complex to the ER appears to be 

dependent on kinesins, since it is inhibited by functional-blocking antibodies to 

conventional kinesin. Moreover, Rabkinesinô interacts with Rabô-GTP, a protein 

involved in Golgi-to-ER transport and when overexpressed, induces Golgi 

fragmentation (Echard et a l,  1998). The relationship between Rab6 and 

Rabkinesinô suggests the possibility that a separate motor might exist for each 

Rab allowing membrane movement to be co-ordinated with traffic. Kinesins are 

also required for post-Golgi transport as demonstrated by the inhibition of 

transport carriers leaving the Golgi complex after injecting cells with anti-kinesin 

antibodies (Kreitzer et a l , 2000). Double labelling experiments using rhodamine- 

labelled microtubules and vesicular stomatitis virus G protein tagged with GFP 

have shown that exocytic cargoes move along microtubules tracks and that 

cargoes are capable of switching between tracks (Toomre et al, 1999).

1.3.2 The spectrin-based membrane skeleton and the Golgi complex

Spectrin-based membrane skeletons exist as extensive, two-dimensional 

filament lattices that underlie the cytoplasmic surface of membranes. The lattice is 

composed of linear filaments of spectrin cross-linked by short actin filaments (see 

also next section). Close membrane association of the lattice is mediated by direct 

or adaptor-mediated interactions between integral membrane proteins and spectrin 

or ankyrin (Bennet and Gillian, 1993). High-resolution electron micrographs of 

spectrin in erythrocytes have revealed a densely packed lattice extending over the 

entire cytoplasmic surface of the plasma membrane. In contrast, the distribution of 

membrane skeletons in non-erythroid cells is restricted to functionally and 

structurally distinct plasma membrane domains. The organisation of skeleton
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proteins is much less well understood in non-erythroid cells compared to erythroid 

cells (De Matteis and Morrow, 1998; Morrow et ai, 1996).

The organisation of the Golgi-associated spectrin skeleton is even less clearly 

established, though both spectrin and ankyrin have been found at the Golgi. 

Furthermore, Golgi-ankyrin binds to Golgi spectrin in vitro, both proteins can be 

isolated as a complex from cell extracts (Devara)an et al,  1996a), and both 

spectrin and ankyrin localise to a detergent insoluble Golgi structure in Triton X- 

100 extracted cells or isolated Golgi membranes (Beck et ai, 1997; Path et al, 

1997). The association of the spectrin-based skeleton with Golgi membranes is 

dynamic, as revealed by the rapid dissociation of both spectrin and ankyrin from 

Golgi membranes during mitosis or after BFA treatment (Beck et al, 1994). 

Interestingly, in both cases the Golgi structure and function are perturbed. During 

mitosis the Golgi complex is fragmented, and dispersed throughout the cytoplasm 

and transport is blocked (Lucocq et al, 1989; Lowe et al, 1998). BFA treatment 

causes first a tubular transformation of the Golgi complex and then the fusion of 

these tubules with the ER causing redistribution of Golgi enzymes into the ER. As 

a result, membrane trafficking is blocked (reviewed in Klausner et a l ,  1992). 

These findings imply that the interaction of the spectrin skeleton with the Golgi 

complex correlates with the "normal status" of this organelle. Thus, the Golgi 

skeleton might provide structural support as proposed for the plasma membrane 

skeleton.

1.3.2.1 Overview o f erythrocyte membrane skeleton 

The membrane skeleton of erythrocytes was first detected as a dense meshwork 

of proteins that retained the original shape of the erythrocyte following 

solubilization of membrane lipids with nonionic detergents. It is composed of 

spectrin dimers associated to form tetramers, 200 nm long (Bennett and Gilligan, 

1993). These are linked together by complex junctions (primarily composed of 

actin filaments) and attached to the lipid bilayer via transmembrane proteins. In a 

simplified description, they form a triangular network in which each actin
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filament is connected to six spectrin tetramers (see Figure 1.12). The actual 

spectrin network has many defects and it is far from being perfectly triangular. 

The spectrin dimers can also associate into hexamers and higher-order oligomers 

(Morrow at ai, 1996) and the number of spectrin filaments per actin filament 

varies from three to eight, with an average of six (Ursitti, 1991).

The spectrin-actin network of erythrocytes is coupled to the membrane bilayer 

primarily through the association of spectrin with ankyrin. Ankyrin is a membrane 

protein that, in turn, is associated with the cytoplasmic domain of the anion 

exchanger, a membrane-spanning integral protein. Protein 4.2 associates with 

ankyrin, as well as the cytoplasmic domain of the anion exchanger to form a 

ternary complex (see Figure 1.12). Additional membrane connections are 

provided at the spectrin/actin junction by protein 4.1, which in turn recognises 

membrane sites including glycophorin C.

Several actin capping proteins are responsible for defining the length of the 

actin filaments and for stabilising the actin-spectrin complex and have been 

localised to spectrin-actin junctions by electron microscopy (Ursitti, 1994). These 

include protein 4.1, which stabilises the spectrin-actin interaction, adducin, 

tropomyosin and tropomyosin-binding protein, tropomodulin. Adducin associates 

with the fast-growing end of actin filaments in a complex that caps the filaments 

and promotes the association of spectrin. Tropomyosin is associated with the sides 

of actin filaments. It has the same length as actin filaments visualised in electron 

micrographs and is a candidate morphometric ruler that may define the length of 

actin filaments in the erythrocyte membrane. Tropomodulin caps the slow- 

growing end of actin filaments in a ternary complex involving tropomyosin.

A major function of spectrin skeleton in erythrocytes is to provide mechanical 

support for the membrane bilayer and to allow cell survival in the circulation. The 

membrane skeleton also contributes to the shape and stability of membranes by 

modifying the viscoelastic properties. Indeed, the removal of spectrin, by low 

ionic strength media, induces membrane instability and vésiculation (Morrow et 

al,  1996). Manipulations that induce further aggregation of the spectrin skeleton,
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Figure 1.12 Organization of the erythrocyte membrane skeleton.

Electron microscopy of the erythrocyte membrane skeleton (A). Spectrin dimers 

associate head-to-head to form tetramers. At the central region of spectrin 

tetramers (enlarged in B) the ankyrin-anion exchanger complexes are bound. 

Ankyrin binds to anion exchanger dimers and the 15th repeat of p-spectrin 

(yellow). The binding site for protein 4.1 (red) is located at the N-terminal region 

of p-spectrin. Protein 4.1 forms a ternary complex with glycoporin C (grey) and 

p55, a membrane associated guanylate kinase (green). C. The spectrin-actin 

junction. Spectrin tetramers are linked together into a net-like meshwork by 

junction complexes composed of short actin filaments, tropomyosin, band 4.1, and 

adducin. p-spectrin binds actin via its N-terminal CH domains (CHI and CH2) 

and the first two triple helical repeats (Rptl and Rpt2). The negative (-) end of 

actin filaments (formed by 14-16 actin monomers) is blocked by tropomyosin and 

tropomodulin. The spectrin-actin interaction is promoted by protein 4.1 and 

adducin. Adducin has high affinity binding site for positive (+) end of actin 

filaments (reproduced from Bennett and Baines, 2001).
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such as low pH or Ca++ loading, also lead to marked shaped changes (leading to 

echinocytes; Allan et a l,  1976) and often to the formation of spectrin-free 

membrane blebs (Elgsaeter et al, 1976). Mutations in spectrin or any of several of 

its associated proteins are now recognised as the basis of a wide array of inherited 

haemolytic disorders (see review by Gallagher and Forget, 1993).

Together with its structural role, the plasma membrane skeleton also maintains 

membrane domain organisation. By binding simultaneously to both integral 

membrane and cytosolic proteins, spectrin creates a multifunctional scaffold on 

which macromolecular complexes can be organised. Biophysical studies have 

shown that proteins bound to the membrane skeleton have reduced lateral 

diffusion in the plane of the lipid bilayer and may, therefore be physically 

restricted within the membrane compartment (Tsuji et al, 1986). These properties 

have led to the general idea of the spectrin membrane skeleton as an "organising 

centre" rather then as a simple "supporting structure" (Morrow et al, 1996). This 

idea is dramatically demonstrated in a condition called hereditary ovalocytosis, in 

which red cells are axially deformed and 10-20 times more rigid than normal 

(Mohandas et al, 1992). The spectrin-actin skeleton of these cells appears to be 

normal and the only defect is a 9 amino acid deletion in the anion exchanger AE1. 

It has been suggested that this renders the cytoplasmic domain of AE1 susceptible 

to entanglement in the underlying spectrin skeleton, thereby rigidifying the cell. 

Consistent with this, is the observation that AE1 in these cells displays a markedly 

restricted rotational mobility that is relieved by the removal of ankyrin and 

pallidin (Liu et al, 1995).

1.3.2.2 The spectrin skeleton in non erythroid cells

The non-erythroid spectrin skeleton, was identified in the early 1980s. It 

displays a remarkable diversity in composition and distribution. Its localisation at 

the plasma membrane is dynamic and developmentally dependent, and it interacts 

with an even wider array of partners than found in erythrocytes. Furthermore, it is 

also found on internal membranes.
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Circulating lymphocytes contain cytoplasmic aggregates of spectrin that 

redistribute in response to various stimuli (Lee et al, 1988). Analogues of ankyrin 

can also be found in these cells (Hoock et al., 1997) and it too dynamically 

redistributes between cytosolic and organised membrane associated pools.

In neurons, different isoforms of spectrin are confined to distinct regions of the 

postsynaptic membrane. (3I£2-spectrin, for example, is found at the postsynaptic 

density of cerebellar granule cells (Malchiodi-Albedi et al., 1993). Moreover 

spectrin has been proposed to participate in axonal-transport, since it is present in 

multiple classes of axonally transported proteins and organelles. Spectrin has also 

been suggested to participate in tethering synaptic vesicles at nerve-terminals. It 

associates with small synaptic vesicles, via synapsin I (Sikorsky et al, 1991), an 

abundant phosphoprotein that regulates the availability of vesicles during synaptic 

transmission. Moreover, quick freeze deep-etch electron microscopy of 

presynaptic terminals has revealed small synaptic vesicles in contact with long 

fibrous strands, thought to be brain spectrin, connected to the presynaptic plasma 

membrane (Hirokawa et al, 1989).

There is also evidence for a role for (3-spectrin in regulated secretion in adrenal 

chromaffin, gastric parietal and parotid acinar cells, and in lung alveolar epithelial 

cells (Morrow et al, 1996). Following stimulation of chromaffin cells, a dramatic 

redistribution of spectrin occurs, and it migrates from a continuous ring in the 

subplasmalemmal region to patches. In addition, introduction of monospecific 

anti-spectrin immunoglobulins into digitonin-permeabilized cells blocks 

exocytosis (Aunis et al, 1988). It has been proposed that spectrin inhibits the 

docking and fusion of regulated secretory vesicles (Morrow et al, 1996).

Cultured epithelial cells at low density display a cytoplasmic distribution of 

spectrin, but formation of cell-cell contacts initiates a remarkable sequence of 

events that culminates in the polarised assembly of spectrin and its associated 

proteins at basolateral membranes. This process appears to be initiated by 

engagement of E-cadherin (Bennett and Baines, 2001). In the polarised cell, 

ankyrin associates with Na+-K+ ATPase, which is known to be localised at the
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basolateral region of many epithelial tissues. Cells overexpressing the ankyrin- 

binding and actin-binding domains of p-spectrin appear morphologically 

abnormal and the polarised distribution of the Na+-K+ ATPase is lost. Thus, 

spectrin has a role either in the formation or maintenance of epithelial polarity.

In addition to the proteins known to participate in the spectrin skeleton in 

erythrocytes, several additional proteins have been implicated in the organisation 

of the spectrin skeleton of non-erythroid cells. While these are too numerous to 

describe in detail, some stand out as illustrative of the way the spectrin skeleton 

may interact with other filament systems or with components of the cell’s 

adhesion apparatus.

The spectrin cytoskeleton has been shown to interact in vitro and to colocalise 

in vivo with several major structural proteins including at least three classes of 

intermediate filaments (desmin, vimentin and neurofilaments) and microtubules, 

in addition to actin filaments (reviewed in Morrow et a i, 1996).

The localisation of the (31X2 (see below) isoform of spectrin, in striated muscle, 

to the junction between the Z-line and the sarcolemma is believed to provide 

support to the sarcolemma through its interaction with intermediate filaments in 

this region (Morrow et a i, 1996). In fibroblast cells, microinjection of spectrin- 

specific antibodies results in aggregation and collapse of spectrin as well as 

vimentin filaments near the nucleus, presumably because of a direct interaction 

(Mangeat et al. , 1984). Interestingly, this aggregation does not affect cell shape or 

the distribution of actin filaments at the membrane. Spectrin also interacts directly 

with plectin and IFAP-300, two related intermediate filament proteins found in 

glial and kidney cells (Morrow et ai, 1996). Both pi and pil spectrin bind to the 

rod-like 20 kDa domain of the light subunit of neurofilaments (NF-L) through the 

amino terminal region (domain I) of p-spectrin and the amino-terminal region of 

NF-L. Spectrin from mammalian erythrocytes (alpl) also binds desmin in co

sedimentation assays, and the spectrin ccllpll is closely associated with 

intermediate filaments in a polarised distribution in lymphocytes. Besides these 

direct interactions, the amino-terminal “head” domains of desmin and vimentin
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filaments also bind to ankyrin. Taken together, these interactions indicate that 

spectrin also tethers selected proteins to the intermediate filament as well as the 

actin cytoskeleton (Morrow et ai, 1996; Bennett and Baines, 2001).

allpll spectrin purified from brain interacts directly with microtubules in vitro 

and may also interact indirectly via microtubule-associated proteins such as MAP- 

2, Tau, or with ankyrin, protein 4.1, or synapsin, each of which independently 

binds microtubules. The physiological significance of spectrin-microtubule 

interactions is unknown (Morrow et al, 1996; Bennett and Baines, 2001).

1.3.2.3 Components o f the spectrin-skeleton

1.3.2.3.1 Spectrin

Spectrins are extended, flexible molecules approximately 200-260 nm in length 

and 3-6 nm in width (Benneth and Gilligan, 1993). They are comprised of a  and 

p-subunits, both of which are closely related to a-actinin (Morrow et a l, 1996). 

The a  and p-isoforms associate laterally to form antiparallel heterodimers, and 

heterodimers assemble head-to-head to form heterotetramers. Until recently, four 

genes encoding two a-subunits (al and all) and two p-subunits (pi and pil) were 

known (see Table 1.1). a l i i  and p i l l  spectrins are primarily expressed in 

erythrocytes, whereas a liz l  and pIE2 have a wide tissue distribution. An 

alternative splice isoform of pIEl spectrin, termed pIZ2 is highly expressed in 

muscle and brain. Similarily an alternatively spice variant of pIEEl has also been 

found (Hayes et a l, 2000). The number of spectrins has recently expanded with 

the cloning of pill (Stankewich et a l, 1998), pIV and pv spectrins (Berghs et al, 

2000; Stabach and Morrow, 2000) (see Table 1.1). pm spectrin has been proposed 

to function as a Golgi spectrin, however the pattern of expression and the cellular 

localisation of pill spectrin do not support this idea (see also section 3.6). It is 

more likely that a still uncharacterised splice variant of piX2 localises to the Golgi 

(Godi et a l, 1998). pIV spectrin is most abundant in brain and pancreatic islet 

cells and four splice variants have been identified, pv spectrin is an exception 

among spectrins in its unusual size of 400 kDa instead of 200-280



Table 1.1 The spectrin gene families.

S p e c t r i n

h u m a n

C h r o m o s o m e P r e - G o l g i G o l g i T G N / E n d o / L y s o P M . c o m m e n t s

a l 1 n o n o y e s y e s P r e d o m i n a n t  i n  r e d  c e l l s ;  a l s o  
e n d o / l y s o s o m a l  

c o m p a r t m e n t .

a l l 9 n o n o n o y e s g e n e r a l i z e d  p l a s m a  
m e m b r a n e  a - s p e c t r i n

PI 1 4 y e s y e s y e s y e s P r e d o m i n a n t  i n  r e d  c e l l s  
( P I X I ) .  A l s o  i n  b r a i n  a n d  

m u s c l e  ( P E 2 ) .  
I m m u n o r e a c t i v e  w i t h  G o l g i  

f o r m s .
P H 2 n o n o n o y e s g e n e r a l i z e d  p l a s m a  

m e m b r a n e  P - s p e c t r i n
P H I 1 1 y e s y e s y e s n o

( t r a c e )

G o l g i  a n d  T C  a s s o c i a t e d  
s p e c t r i n .  B i n d s  A R P 1  a n d  

m u n c l 3 .

p iv 1 9 n o p e r i 

n u c l e a r

y e s y e s M A D 2  d o m a i n  c o n t a i n s  
n o v e l  I C A / 5 1 2  s e c r e t o r y  

g r a n u l e  p r o t e i n  b i n d i n g  
d o m a i n .  A s s o c i a t e s  a l s o  w i t h  

n o d e s  o f  R a n v i e r .
p v 1 5 N D N D N D N D p r e s e r v e d  a c t i n  b i n d i n g  a n d  

M A D 1  d o m a i n s  ( S t a b a c h  &  
M o r r o w ,  G e n B a n k  p e n d i n g ) .  

R o l e  u n c h a r a c t e r i z e d .
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kDa. This larger form of spectrin is localised predominately in the outer segments 

of photoreceptor rods and cones, as well as in the basolateral membrane and 

cytosol of gastric epithelial cells.

1.3.2.3. L I Structural and functional domains of spectrin

Both a  and p spectrins are composed of multiple 106-residue repeats 

(collectively termed domain II) flanked by non homologous N- and C-terminal 

sequences (domain I and in respectively; see Figure 1.13). Domain I of p-spectrin 

is unrelated to the spectrin repeat structure, but does show strong homology to a 

diverse family of actin binding proteins, including APB 120 (gelation factor) and 

ABP 280 (filamin), adducin, and fimbrin (Bennett and Gilligan, 1993). These 

proteins share two adjacent calponin homology (CH) domains and the site of 

contact with actin filaments probably involves the junction between these CH 

domains, since single domains lack actin-binding activity (Bennett and Banes, 

2001).

Domain II of p-spectrin comprises 17 consecutive triple-helical repeat regions, 

with the last repeat containing only 2/3 of a full repeat. This partial helical repeat 

pairs with the C-terminus of a-spectrin to form a noncovalent triple-helical 

structure. The fifteenth repeat comprises the ankyrin-binding site, though in pV 

spectrin this is poorly conserved and may be inactive. Domain EH of most, but not 

all, spectrins contains a pleckstrin homology (PH) domain (Bennett and Baines, 

2001). PH domains are approximately 100-residue folding units first discovered in 

pleckstrin and subsequently found in many other proteins (see also section 

1.4.2.1). The 3D structure of the PH domain of mouse P-spectrin reveals folds 

similar to other PH domains (Macias et al, 1994) and it also binds phospholipids. 

It represents one of the three direct binding sites on spectrin for membranes. A 

second direct binding site, identified in pll-spectrin (fodrin) and pE2-(muscle) 

spectrin is located in the N-terminal region of the protein and comprises the first 

repeat unit. Spectrin's third direct membrane association domain is found in 

domain II of P-spectrin, between repeat units 2 to 7 (Lombardo et al., 1994; Davis 

and Bennett, 1994). pV-spectrin in humans and its homologue in D. melanogaster
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Figure 1.13 Schematic representation of spectrin subunits.

Spectrin usually exists as anti-parallel heterodimers of a-and ^-spectrin. Each 

subunit shows a tripartite organisation; non-homologous ends (regions 1 and 3), 

and a central region (region 2) composed of multiple repeats each approximately 

106 residues. Functional specialisations appear within these repeats as indicated. 

Ligands reported to bind one or more forms of spectrin, and the best-recognised 

adaptor proteins are shown along their approximate binding sites (modified from 

De Matteis and Morrow, 2000).
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and C. elegans have the N-terminal actin binding domains and the C-terminal PH 

domain of p-spectrin but contain 30 triple helical repeats instead of 17.

The a-spectrin subunit displays fewer recognisable protein-binding sites, 

though it does contain several putative regulatory regions, a-spectrin contains 22 

repeat domains. Domains 1-9 and 11-21 are formed by triple-helical repeats also 

found in p-spectrin, domain 10 is an SH3 domain (src homology domain 3) and 

the last domain is related to calmodulin. The SH3 domain is found in many 

cytoskeletal proteins and mediates interactions with proline-reach stretches in 

target proteins. Domain 11 in the oll-isoform of spectrin has a calmodulin binding 

site and an adjacent calpain cleavage site. The N-terminal region of a-spectrins 

contains 'EF hand' motifs highly homologous to the Ca++ binding motifs in 

calmodulin and exhibit Ca++ dependent conformational changes. The 

physiological significance of this in mammals remains uncertain, but in the sea 

urchin Ca++ binding modulates the affinity of spectrin for actin (Morrow et a l, 

1996).

Individual spectrin subunits assemble to form heterodimers. The initial, 

antiparallel, side-by-side association of a- and P-spectrin to form ap dimers 

occurs between the N-terminus of p-spectrin and the C-terminus of a-spectrin 

(Morrow et a i, 1996; Bennett and Baines, 2001). This site has been referred to as 

the dimer nucléation site. The rest of the ap molecules associate in a zipper-like 

fashion. Finally, two zipper dimers associate at a tetramerization site, found at the 

opposite end of the molecule from the dimer nucléation site. The high affinity of 

a- and p-subunits for each other implies that spectrin should not exist as 

independent subunits (Bennett and Baines, 2001), however, there are reports that 

the non-erythroid P-spectrin isoform may form homodimers and homotetramers, 

since it does not associate with an immunologically recognisable a-spectrin 

(Pumplin, 1995; Bloch and Morrow, 1989).

1.3.2.3.2 Ankvrin

Ankyrins are ubiquitous, multifunctional adaptor molecules that have the 

potential to couple membrane proteins to the spectrin-based membrane skeleton.

60



Ankyrins are modular proteins comprising three conserved domains as well as 

specialised domains found in alternatively spliced isoforms (Bennett and Baines, 

2001). The conserved domains are an amino-terminal membrane-binding domain 

made of 24 tandem 33 amino acid repeats, a spectrin binding domain and a death 

domain located near the carboxy-terminus. The 24 repeats fold into four 

subdomains, each comprising six repeats and these domains associate with a 

variety of membrane proteins including ion channel/pump, calcium-release 

channels and cell adhesion molecules, as well as tubulin and clathrin (Bennett and 

Chen, 2001). The death domain was first reported in Fas and the tumor necrosis 

factor receptor, proteins that participate in apoptosis pathways (Bennett and Chen, 

2001).

Mammalian ankyrins are encoded by at least three genes AnkR (ANK1), AnkB 

(ANK2) and AnkG(ANK3), and multiple isoforms arise from alternative splicing. 

Ankyrins are expressed in most tissues and frequently all three are found in the 

same cell type. Canonical ankyrins (see Figure 1.14) are 190-220 kDa and have 

all the characteristic domains (the spectrin-binding domain, the membrane- 

binding domain and the death domain). Giant ankyrins, which are abundant in 

axons, are 270-480 kDa and have an insertion of up to 2,400 amino acid residues 

between the spectrin binding and death domains. Small ankyrins, which are 

associated with intracellular organelles, are 26-120 kDa and lack various domains 

found in canonical ankyrins. Two ankyrin isoforms have been characterised on the 

Golgi complex so far, Ankc 1 1 9 and a 195 kDa ankyrin (not yet cloned) 

(Devarajan et a l, 1996a; Beck et al, 1997) Ankc 119 has a truncated amino- 

terminal domain and lacks a carboxy-terminal regulatory domain. Transcripts of 

other ANK3 family members, including a 120 and a 100 kDa isoform associate 

with late endosomal/lysosomal compartment in macrophages (Hook et al, 1997) 

The 195 kDa Golgi ankyrin, identified by immunological criteria, is localised at 

the trans side of the Golgi complex and reacts with antibodies against AnkR, 

suggesting that it is yet another, possibly unique, form of ankyrin.
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Figure 1.14 Schematic representation of mammalian ankyrins.

There are three genes encoding mammalian ankyrins ANKR, ANKG and ANKB. 

Canonical ankyrins are encoded by all three genes. They are of 120-220 kDa and 

have a membrane-binding domain, a spectrin-binding domain, and a death 

domain. Giant ankyrins include AnkG and AnkB molecules. They are of 270-448 

kDa and contain an insertion up to 2400 residues between the spectrin-binding 

domain and the death domain. Small ankyrins of 26-120 kDa lack various 

domains found in canonical ankyrins and are encoded by the AnkG gene 

(modifyed from Bennett and Baines, 2001).
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1.3.2.3.3 Actin and Mvosin

Actin is one of the most abundant proteins in eukaryotic cells and has been 

strongly conserved throughout eukaryotic evolution. Three isoforms of actin have 

been identified, a, (3 and y. The cortical cytoskeleton is composed predominantly 

of p-actin, while stress-fibres and sarcomeres are predominately a-actin (Morrow 

et a/., 1996). Evidence from electron microscopy studies has shown that actin is 

present in the plasma membrane skeleton in the form of short filaments 

(protofilaments) of about 30-40 nm (12-14 monomers). It is not yet completely 

understood how the length of these filaments is maintained and many accessory 

proteins (such as tropomyosin) are thought to be involved (Bennett and Gilligan, 

1993; Morrow et al, 1996).

Although many actin binding proteins have been found associated with the 

Golgi complex (e.g. comitin, IQGAP, and Tm5), the presence of actin itself has 

been controversial and the potential roles of actin microfilaments and their 

associated proteins in maintaining the Golgi structure or in vesicular trafficking 

are not completely understood. Treatments with actin-disruption agents have 

given different results. While cytochalasin D does not affect Golgi-to-plasma 

membrane traffic, of either VSVG protein (monitored by fluorescence-activated 

cell-sorter) or of glycosaminoglycans (Valderrama et al, 1998; Di Campli et al,

1999), cytochalasin B does interfere with the formation of VSVG-GFP containing 

transport intermediates derived from Golgi membrane (Hirschberg et al, 1999). 

Three different populations of vesicles have been isolated from an in vitro 

budding assay, which contain different isoforms of actin binding proteins and can 

bind to F-actin (Heimann et a l, 1999). Immunogold electron microscopy studies 

have shown that p and y actin isoforms localise on Golgi-associated COPI-coated 

buds and vesicles, confirming a potential role for actin in vesicles budding 

(Valderrama et a l, 2000). Secretory yeast mutants have provided the most direct 

evidence for a requirement for actin in vesicular transport; mutations of the act-1 

gene, for example, block secretion (Mulholland et al, 1997).
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Recent studies have also implicated the actin-based motor myosin in membrane 

trafficking from the Golgi complex to the plasma membrane. The role of myosin 

in exocytosis is well established in S. Cerevisiae, where temperature sensitive 

mutants of Myo2, a myosin V gene product, have defective post-Golgi transport 

and accumulate vesicles destined for vacuoles and exocytosis (Govindan et ai,

1995). In mammalian cells three different isoforms of myosin have been found on 

the Golgi, myosin I, myosin II and myosin VI. In particular, chicken brush-border 

myosin I is found on Golgi derived vesicles in polarised epithelial cells, where it 

is thought to provide movement along actin filaments (Path and Burgess, 1993; 

Path et a l, 1994), at the cell periphery. A protein known as p200 was initially 

identified as a phosphoprotein associated with the Golgi complex (Narula et a i, 

1992), but later it was found to bind to vesicles budding from the TGN (Narula 

and Stow, 1995; Ikonen et a i, 1996). Subsequently, it was discovered that p200 is 

the nonmuscle myosin HA. The recruitment of p200/myosin II to Golgi 

membranes is sensitive to BFA, and may, therefore, be regulated by ARP. There 

are some conflicting reports about which transport pathway is associated with 

p200/myosin II, and the question is still unresolved (Ikonen et a i, 1997; Narula 

and Slower a l, 1995; Simon et a i, 1998; Musch et a i, 1997). Recently myosin 

IIB has also been found on Golgi derived vesicles, providing evidence that both 

isoforms of nonmuscle myosin II could be involved in trafficking. Interestingly, 

the myosin IIB-containing vesicles are different from the myosin IIA-positive 

vesicles, indicating the existence of a specific targeting of each protein to distinct 

vesicle-budding domains on the Golgi (Heimann et ai, 1999). Myosin VI can be 

found on the Golgi and at the leading, ruffling edge of NRK and A413 cells. Its 

function in the Golgi is unknown, but its localisation suggests that it may play a 

role in exocytic trafficking from the Golgi to the leading edge. It has recently been 

shown that Myosin VI colocalises with clathrin and that mutants of Myosin VI 

inhibit clathrin dependent endocytosis (Buss et ai, 2001). A key outstanding issue 

is why the Golgi apparatus would need so many myosins and actin binding 

proteins.



1.3.2.3.4 Adducin

Adducin is heterodimeric protein that forms ternary complexes with spectrin 

and actin. Adducin binds spectrin/actin complexes with a higher affinity than it 

binds spectrin or actin alone and the formation of a ternary complex promotes 

binding of additional spectrin molecules (Bennett and Baines, 2001). Three 

different adducin isoforms have been identified termed a, p and y. Erythrocytes 

contain only the a  and P subunits, which form heterodimers and tetramers in 1:1 

ratio, a-adducin is expressed in most tissues, while P-adducin has a more 

restricted pattern of expression limited to brain and haematopoietic cells. The y- 

subunit is generally expressed in cells lacking the p-isoform.

All adducin subunits contain an N-terminal globular domain, a neck domain 

and a C-terminal, protease-sensitive, domain. Near the very C-terminus, there is a 

basic stretch of residues with homology to the MARCKS family (myristoylated, 

alanine-rich, C-kinase substrate). This region mediates the interaction of adducin 

with spectrin and actin (Morrow et a l, 1996). Sites of interaction between 

adducin subunits include an oligomerization region within the neck domain, and a 

still unidentified site in the globular head region. Interaction of adducin with 

spectrin and actin is regulated by phosphorylation and Ca++.

The isoform of adducin located on the Golgi complex is unclear, though it can 

be co-immunoprecipitated with spectrin and ARP1 from cultured cells (Holleran 

et a l, 1996; Antonella Di Campli and Tiziana Daniele unpublished data).

1.3.2.3.5 Protein 4.1

Protein 4.1 is an 80 kDa sulphydryl-rich phosphoprotein originally found in the 

erythrocyte membranes and described on the basis of its electrophoretic mobility. 

It is now recognised as the prototypical member of a larger family of proteins 

involved in mediating the interaction of actin filaments with membranes. The 

other members of this family include ezrin, moesin, and radixin (Bennett and 

Baines, 2001). Multiple forms of protein 4.1 originate from a single gene through 

tissue-specific and developmentally regulated alternative splicing. Protein 4.1, 

which is a monomer in solution, has four distinct domains (Morrow et al, 1996).



(i) A hydrophobic 30 kDa N-terminal domain conserved between all members of 

the protein 4.1 super-family and containing a calcium-dependent membrane 

association site (via the anion exchanger and glycophorin C and D in red cells) (ii) 

A hydrophilic 16 kDa region containing a protein kinase C phosphorylation site, 

(iii) A highly charged 10 kDa region which mediates the binding of spectrin to 

actin with nearly the same affinity as intact protein 4.1. (iv) An acidic 12.6 kDa C- 

terminal region. Protein 4.1 also binds calmodulin at the junction between the 30 

kDa and 16 kDa domains, leading to a corresponding reduction in membrane 

affinity. There is no evidence to suggest that protein 4.1 is a component of the 

spectrin-based Golgi skeleton.

1.3.2.3.6 ARP1

ARP1 is an actin-related protein which assembles into short filaments at the 

base of the dynactin complex. ARP1 overexpressed in Cos? cells (Holleran et al.,

1996), forms long, cytoplasmic actin-like filaments that recruit dynactin subunits, 

and several isoforms of spectrin. Direct interaction between ARP1 and Golgi 

spectrin pill, has recently been demonstrated (Holleran et al, 2001) involving 

both the amino-terminal (actin binding) and the carboxy-terminal (PH-containing) 

domains of (3111 spectrin. Importantly, (3III spectrin binds ARP1 filaments with a 

higher affinity than actin filaments, suggesting that ARP1 may substitute for actin 

as a spectrin cross-linking protein in the Golgi membrane skeleton. These results 

provide further evidence that dynein and dynactin interact with intracellular 

organelles and vesicles via membrane associated spectrin (Burkhartd, 1998; De 

Matteis and Morrow, 2000).

1.4 Phosphoinositides and the Golgi complex

Phosphoinositides (Pis) were first identified as second messengers by Berridge 

and co-workers, who showed that agonist-stimulated activation of phospholipase 

C (PLC) resulted in the cleavage of PtdInsP4,5P2 to generate soluble inositol 

1,4,5-triphosphate and membrane bound diacylglycerol. In the last decade, it has
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become increasingly clear that Pis fulfill a wider variety of functions than this. 

The reversible phosphorylation of the inositol ring generates a series of products 

that can bind to cytosolic or membrane proteins with variable affinities and 

specificities. Thus, membrane phospholipids can nucleate cytoskeletal scaffolds, 

vesicle coat assembly and signalling complex formation. The distribution of Pis in 

different membrane compartments is governed by the spatial distribution of the 

lipid kinases and phosphateses that are involved in their metabolism. Further 

understanding of the role of Pis awaits a better localisation of the many different 

Pis in the cell, which in turn requires detailed localisation of their regulators.

1.4.1 Phosphatidylinositol metabolism

Phosphoinositides represent a minor fraction (approximately 5%) of total 

membrane phospholipids. The inositol head group contains five free hydroxyl 

groups with the potential to become phosphorylated (see Figure 1.15). Thus, 

numerous derivatives of phosphatidylinositol (Ptdlns) exist in cells, many with 

unique functions. To date, the following inositides have been identified in cells: 

PtdIns-3-phosphate (PtdIns3P), PtdIns-4-phosphate (PtdIns4P), PtdIns-5- 

phosphate (PtdlnsSP), PtdIns-3,4-bisphosphate (PtdIns3,4P^), Ptdln3,5- 

bisphosphate (PtdIns3,5P^), PtdIns-4,5-bisphosphate (PtdIns4,5P^), PtdIns-3,4,5- 

trisphosphate (PtdIns3,4,5Pg) (see Figure 1.15). Pis are mainly localised at the 

cytoplasmic face of cellular membranes (glycosylphosphatidylinositol (GPI)- 

anchored proteins are an exception to this typical orientation), where they are 

substrates for different enzymes, including phosphoinositide kinases (PIKs), 

phosphatases, and phospholipases (reviewed in Fruman et ai, 1998).

The synthesis of PI occurs in the ER, while the subsequent phosphorylation 

steps occur in post-ER compartments (Sheperd et al., 1996; Gerhmann and 

Heilmeyer, 1998; Loijens et al, 1996). Indeed, PIKs have been localised to most 

intracellular membrane compartments, including the plasma membrane, nucleus,
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Figure 1.15 Chemical structure of Phosphatidylinositol (Ptdlns) and 

pathways of phosphoinositide synthesis in mammalian cells.

A. Chemical structure of Ptdlns. Note the free hydroxyls at positions 2-6 of the 

inositol head group. B. Flow chart of the established (solid arrows) and postulated 

(broken arrows) steps in phosphoinositide synthesis. The kinases involved in each 

step are indicated (modified from Fruman et al, 1998; McEwen et al., 1999).
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secretory granules, endosomes, ER and Golgi. Many PIKs were described initially 

as enzymatic activities capable of transferring a phosphate to a precise position on 

the inositol ring of Ptdlns or its phosphorylated derivatives. Studies on purified 

enzymes have led to categorisation into three main families: Ptdlns 3-kinase 

(PI3K), Ptdlns 4-kinase (PI4K) and PtdInsP-5-kinase (PIP5K). During the last 

decade genes encoding several of these enzymes have been identified and 

sequence comparisons generally support the distinct classification of PI3Ks, 

PI4Ks and PIPSKs.

1.4.1.1 Phosphatidylinositol 3-kinase (PI3K)

PBKs have been subdivided into three main classes (I, II, III), based on 

sequence similarities, substrate specificity and physiological role (reviewed in 

Fruman et a l, 1998). Class I PI3Ks comprise a pi 10 catalytic subunit and a 

regulatory adaptor subunit. The predominant substrate for these kinases is 

PtdIns4,5P2, and hence the primary product is PtdIns3,4,5P^. Class I PBKs have 

been a major focus of attention since they are generally coupled to extracellular 

stimuli, and have been implicated in a wide range of cellular processes, including 

cell cycle progression, cell growth, cell motility, cell adhesion and cell survival. 

Class II PBKs are larger proteins (170-210 kDa) with catalytic domains that are 

45-50 % identical to Class I kinases. Class II kinases have a C-terminal region that 

has homology to the C2 domain of classical protein kinase C isoforms mediating 

calcium/lipid binding. Class II PBKs preferentially phosphorylate Ptdlns and 

PtdIns4P in vitro, but their in vivo substrates and function are less clear. Class III 

PBKs are highly related to the yeast Vps34 gene product and, like the yeast 

enzyme, are specific for Ptdlns. Mutations in Vps34 cause missorting of vacuolar 

proteins, changes in vacuole morphology and defects in the endocytic pathway 

(Takegawa et a l, 1995; Stack et a l, 1995). In mammalian cells, inhibition of 

PBKs using the drug wortmannin blocks transport of proteins from the Golgi to 

lysosomes, inhibits early endosome trafficking and causes the accumulation of 

prelysosomal vesicles, indicating that the function of these kinases is conserved 

from yeast to mammals (Brown et al., 1995; Davidson, 1995).



1.4.1.2 Phosphatidylinositol 4-kinase (PI4K)

PI4Ks catalyse the phosphorylation of Ptdlns on the D-4 position of the inositol 

ring. Unlike PI3Ks and PIPSKs, these enzymes appear to phosphorylate 

exclusively Ptdlns and not singly or doubly phosphorylated lipids generated by 

the other enzymes. The product of this reaction, PtdIns4P, is the major precursor 

in the synthesis of Pis, including PtdIns4,5P2, PtdIns3,4P2 and PtdIns3,4,3P^.

The PI4Ks were originally subdivided into two types (II and III) based on 

biochemical differences of the partially purified enzymes. Type II PI4K, purified 

from a variety of mammalian sources, is a 55-kDa protein, is strongly associated 

with membranes and is believed to account for most of the PI4K activity in cells. 

It can be distinguished from Type ID PI4K by virtue of its lower Km for ATP and 

Ptdlns, its insensitivity to wortmannin, and its sensitivity to inhibition by 

adenosine. The Type III PI4K, purified from bovine and rat brain, has an apparent 

molecular weight of 220 kDa by sucrose gradients and gel filtration.

Recently several PI4Ks have been cloned and these cloned enzymes do not 

strictly follow the classification described above. The first cloned PI4K was PIK1 

(Flanagan et al., 1993) from S. Cerevisiae (see Figure 1.16). This enzyme, which 

has a molecular weight of 125 kDa and is mostly cytosolic, has characteristics 

closer to those of the Type III mammalian enzyme (low sensitivity to inhibition by 

adenosine and high Km for ATP) than to Type II enzymes, although it is 

insensitive to wortmanin. Initial characterisation of PIK1 shows that it is localised 

in the nucleus and on Golgi membranes. Although, the nuclear function of PIK1 is 

still unclear, this enzyme is essential and has been shown to play an important role 

in secretion from the late Golgi compartment (Hama et a l, 1999; Walch-Solimena 

and Novick, 1999; Audhya et a i, 2000).

Another PI4K, STT4, was cloned from yeast in a genetic screen for mutations 

defective in the pathway upstream of the protein kinase C, Pkclp, (Yoshida et al, 

1994). It has a molecular mass of 220 kDa and shows 30% sequence identity in its 

C-terminal catalytic domain to the corresponding catalytic domains of PIK1, and 

Vps34. STT4 is the major target of wortmannin in yeast (Cutler et a l, 1997).
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Figure 1.16 Structural features of Phosphatidylinositol 4-kinase (PI4Ks) 

family members.

Mammalian PI4Ka is related to yeast Stt4, whereas PI4Kbeta (PI4Kp) is more 

similar to yeast Pikl. The indicated protein domains are: catalytic domain (CT, 

grey), common region of PI4Kbeta and Pikl (PCR, green), PH (red), lipid kinase 

unique domain (LUK, red striped), proline rich domain (PrD, blu), SH3 domain 

(yellow).
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More recently STT4 has been suggested to function in a transport step required for 

phosphatidylserine metabolism (Trotter et a l, 1998), in the maintenance of 

vacuole morphology and in the organisation of actin cytoskeleton (Audhya et al.,

2000) However, the precise cellular role of STT4 in these pathways remains 

unclear.

The first mammal PI4K to be cloned was human PI4Kalpha (Wong et a i, 

1994). This kinase has a molecular weight of 97 kDa and shows a strong sequence 

similarity to STT4, although it is smaller. Interestingly, both STT4 and PMKalpha 

contain a putative PH domain, together with the catalytic kinase domain and the 

lipid kinase unique domain. From a biochemical point of view, this kinase appears 

to be a Type II kinase, although its molecular weight is different from that of the 

purified enzyme. Two PI4K have been identified in rat and bovine, a 230 kDa 

enzyme closely related to STT4, and a 92 kDa protein related to PIKL Both these 

enzymes are sensitive to the PI3K inhibitor, wortmanin (although at only higher 

concentrations (pM) compared to PI3K) and insensitive to adenosine, consistent 

with a Type III kinase. The 210 kDa rat enzyme, termed PMKIIIalpha (Balia et 

ai, 1997), was identical to the shorter human PMKalpha, and thus appeared to be 

a splice variant of PMKalpha. PMKIIIalpha contains an N-terminal SH3 domain, a 

proline rich region and a leucine zipper that are missing in the shorter variant. The 

92 kDa protein was called PMKbeta (Meyers et ai, 1997). Both PMPIIIalpha and 

PMKbeta were found to associate with the Golgi complex, whereas the PMKalpha 

was found associated with the ER. Recently, a novel PMK has been cloned 

(Barylko et al., 2001), with enzymatic characteristics of a Type II PMK and a 

molecular weight of 55 kDa. This may correspond to the purified Type II enzyme.

1.4.1.3 Phosphatidylinositol monophosphate kinase (PIPK)

Two classes of PIPKs capable of phosphorylating PtdlnsP to produce 

PtdIns4,5P2, have been defined based on their sensitivity to phosphatidic acid 

(PA). Type I PIPKs are stimulated by PA, while Type II PIPKs are not {Moritz et 

al., 1992; Jenkins et al, 1994). Genes encoding these two families of enzymes 

have been cloned and recent studies have revealed that the two families
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selectively phosphorylate different position on the inositol ring. Type I enzymes 

phosphorylate PtdIns4P in the D-5 position to make PtdIns4,5P2 and hence are 

PIPSKs, whereas Type II PIPKs phosphorylate PtdlnsSP to make PtdIns4,5P2 and 

are consequently PIP4Ks (Rameh et a l, 1997b). Furthermore, a broad substrate 

specificity of PIPKs in vitro has also been reported. Type II PIP4K is able to 

phosphorylate PtdlnsSP to produce Ptdlns3,4?2 and Type I PIP5K produces both 

PtdIns3,5P2 and PtdIns3,4,SP^ from PtdlnsSP and PtdIns3,4P2 respectively 

(Frumann et al, 1998; Tolias et al, 1998; Anderson et a l, 1999).

To date three isoforms a, (3 and y of both mammalian Type I and Type II 

PIPKs have been identified. A comparison of the primary sequences of Type I and 

II kinases reveals that sequence identity is only 28-33% whereas isoforms of the 

same subtype are highly homologous to each other (66-78% identical). Type I and 

Type II kinases appear to be functionally non redundant despite the fact that they 

synthesise the same product, PtdInsP4,5P2- The two types of kinases localise to 

different intracellular compartments; Type I are found on the plasma membrane 

and in the nucleus, whereas Type II localise to the cytosol, ER, nucleus and actin 

skeleton, but not to the plasma membrane. Unlike Type I, Type II PIPKs do not 

regulate the actin cytoskeleton (Ishihara et a l, 1998) in mammalian cells and are 

unable to complement Mss4, the yeast PIP5K, mutants (Homma et al, 1998). The 

physiological function of Type II PIPK is not yet well defined. A specific Type II 

isoform, Type II PIPK(3, interacts with the p55 subunit of the tumor necrosis 

factor (TNFa) receptor and thus may play a role in TNFa-mediated signalling 

(Anderson et al, 1999).

Type I PIPKs have been implicated in the regulation of secretion, endocytosis 

and the actin cytoskeleton. The activity of this class of enzymes may be regulated 

by small GTP-binding proteins such as Rho, Rac and ARF, which have been 

found to interact directly with the Type I but not Type II PIP5K (Honda et a l, 

1999; Tolias et a l, 1995, 2000). In S. Cerevisiae two PIPKs have been cloned, 

Mss4 and Fabl. Mss4 is an essential gene in yeast, while mutations in Fabl cause 

defects in morphology and vacuolar functions (Odorizzi et a l, 2000; Fruman et
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a l, 1998). Fabl synthesises PtdIns3,5P2 from PtdIns3P. Recently a mammalian 

homologue of Fabl, PIKfyve, has been cloned and shown to synthesise 

PtdIns3,5P in vitro, but its function is unknown (Sbrissa et a i, 1999; Shisheva et 

al, 2001).

1.4.2 PI-b:nding protein domains

Several protein domains, which bind to Pis with high affinity, have been 

identified during the last few years. Among the best characterised are PH 

(Pleckstrin Homology), FYVE (Fabl, YOTB, Vacl and EEA1) and PX (Phox 

homology) domains (reviewed in Lemmon and Ferguson, 2000; Gillooly et al, 

2001; Wishart et al, 2001). These domains recruit proteins to specific membrane 

regions in the cells via their interactions with inositol phospholipids and may also 

serve as allosteric regulators of enzyme activity and protein-protein interactions. 

All FYVE domains tested bind to PtdIns3P, whereas PH and PX domain display a 

variety of specificities. Surprisingly there is little structural similarity between the 

different phosphoinositide-binding domains and why evolutionary pressure has 

conserved such structurally different phosphoinositide-binding domains, remains 

an open question.

1.4.2.1 PH domain

PH domains were first identified as a stretch of 100-120 residues that share 

similarity with pleckstrin, a major protein kinase C substrate in platelets. PH 

domains are found in several proteins involved in signalling (e.g. Btk, Akt and 

park), membrane trafficking (e.g. dynamin, ARNO), and cytoskeletal organization 

(e.g. spectrin). Despite having low sequence identity to each other, their three 

dimensional structures are highly conserved (see Figure 1.17). The PH domain is 

formed by seven-stranded antiparallel p-sheets with a strong bend that results in 

an orthogonal sandwich (Hyvonen et al, 1995). The domain also has a 

characteristic C-terminal alpha helix which blocks one end of the twisted sheet. 

All the PH domains are electrostatically polarised with a
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Figure 1.17 Structural features and electrostatic polarization of the dynamin- 

1 PH domain.

In A, the ribbon structure of dynamin-1 PH domain is shown. The C-terminal 

a  helix is indicated (a). The (3-strands and the variable loop (VL) are indicated 

with p and pi p2, p3-p4, p6-p7, respectively. In B the dynamin-1 PH domain is 

shown with the calculated electrostatic potential. The backbone of the PH domain 

is represented by a white ‘worm’, except in the region of variable loops, which are 

coloured in black (reproduced from Lemmon and Ferguson, 2000).
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positively charged face coinciding with three variable loops connecting the (3- 

strands. The loops are the most variable regions between different PH domains, 

and may account for their diversity in specificity and affinity for 

phosphoinositides.

The lipid binding specificity for individual PH domains has been extensively 

addressed in vitro. As a result of these studies, PH domains that specifically 

interact with the majority of PI species have been identified (Kavran et a l, 1998; 

Dowler et a l, 2000; Ramey et a l, 1997a) including, PtdIns4P (FAPP1-PH 

domain), PtdIns4,5P2 (PLCÔ-PH domain), PtdIns3,4P2 (TAPP1-PH domain), 

PtdIns3,4,5Pg (GRP1- and BTK-PH domains).

PH domains with specific binding characteristics are proving immensely useful 

as probes to monitor the intracellular distribution and dynamics of Pi-dependent 

signalling events. To this end PLC8 and GRP1 PH domains fused with green 

fluorescence protein (GFP, or its mutants CFP and YFP) have been successfully 

used (reviewed in Balia et a l, 2000 and Hurley and Meyer 2001). The PLC8-PH- 

CFP domain, for example, was localised to actin rich membrane ruffles and 

membrane protrusions in fibroblasts (Tall et a l , 2000), while in macrophages it 

was localised transiently to phagosomal cups (Botelho et a l, 2000).

1.4.2.2 FYVE domain

The FYVE domain is a cysteine-rich domain which binds two zinc ions 

(Stenmark and Aasland, 1999). In contrast to PH domains, the FYVE domain 

seems to be specific for PtdIn3P. All the FYVE finger proteins may, thus be 

regarded as potential PtdIns3P effectors, although interactions with additional 

ligands cannot be excluded. However, the affinity of FYVE domains for PtdIns3P 

is relatively low in vitro, and the binding of nearby domains to additional 

membrane molecules, such as Rab5 for EEA1 (see also section 1.4.3.1), might 

also be required for membrane recruitment.

Recent studies have shown that the FYVE domain can form dimers and that 

dimerization increases their affinity for PtdIns3P (Gillooly et al, 2001). This could
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represent a new mechanism responsible for FYVE domain protein targeting to 

membranes.

Among the relative few proteins containing the FYVE domain whose function 

has been studied, the majority have been implicated in endocytic/vacuolar 

membrane trafficking (see section 1.4.3.1). Other proteins are involved in 

signalling (as SARA) and cytoskeleton organisation (as Fdg fainily of proteins).

1.4.2.3 PX domain

The PX domain is a 125 residue module that was originally named by its 

presence in the p40Phox and p47Phox subunits of the neutrophil NADPH oxidase 

superoxide generating complex. PX domains have now been found in at least 57 

mammalian and 15 yeast proteins including kinesih, phospholipases, protein 

kinases, SNAREs and sorting nexin (reviewed in Wishart et al, 2001).

Analysis of the yeast Vamp7-PX domain by NMR spectroscopy has 

demonstrated that it has a specific PtdIns3P binding motif and this plays a key 

role in regulating its subcellular localisation and function in vacuolar sorting 

(Cheever et al.y 2001). Nexin associates with endosomes via its PX domain, 

through an interaction with PtdIns3P (Xu et a i, 2001). The PX domain of 

cytokine-independent survival kinase, on the other hand, binds selectively to 

PtdIns3,5P2 and Ptdlns3,4,5P^, while the PX domain of Vps5p displays no

binding to any PtdlnsPs so far tested (Song et al.y 2001).

1.4.3 Role of phosphoinositides in membrane trafficking

1.4.3.1 Role o f Pis in endocytosis

Clathrin mediated endocytosis is the major pathway for selective 

internalisation of plasma membrane receptors and their bound ligands. Both the 

formation of coat assembly and the subsequent step of vesicle release depend on 

PtdIns4,5P2 (Corvera et al.t 1999; De Camilli et al.y 1996). Many proteins 

involved in endocytosis bind PtdIns4,5P2, such as CALM (clathrin assembly 

lymphoid myeloid leukemia protein), API80 (a brain specific CALM homologue)
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and epsin. Overexpression of a mutant epsin, that is unable to bind PtdIns4,5P2, 

inhibits clathrin-dependent endocytosis, indicating the PtdIns4,5P2 is crucial for 

epsin function in endocytosis (Itoh et al, 2001). Formation of clathrin-coated pits 

required the clathrin adaptor complex AP-2, that binds PtdIns4,5P2. In an assay

designed to measure the formation of endocytic clathrin-coated vesicles, pre

incubation of perforated cells with recombinant PtdIns4,5P2-binding PH domain 

inhibits AP-2 dependent formation of constricted clathrin coated pits (lost et al., 

1998). Another key molecule involved in the formation of clathrin-coated vesicles 

is dynamin. The activity and/or membrane recruitment of dynamin, which is 

targeted to the neck of endocytosed coated pits where it regulates fission to 

generate clathrin-coated vesicles, requires PtdIns4,5P2 binding via its PH domain

(reviewed in Cremona and De Camilli, 2001).

In addition to PtdInsP4,5P2, phosphoinositides phosphorylated in the D-3

position also have important roles in endocytosis. Several proteins involved in 

endosomal function have a FYVE domain which, as mentioned above, binds 

specifically to PtdlnsSP, providing mechanisms for involvement of this lipid in 

endocytosis. The most studied FYVE domain protein involved in endocytosis is 

EEA1 (early endosomal autoantigen 1). EEA1 is a large coil-coil protein that 

contains a C-terminal FYVE finger. It also contains two domains that bind to the 

active form of the small GTPase Rab5. By using a dual recognition system, Rab5 

and PtdIns3P, EEA1 is specifically targeted to endosomal membranes where it 

acts as a tethering device between two Rab5-positive membranes, allowing 

subsequent endosomal fusion (Stenmark and Aasland, 1999). The yeast 

homologue of EEA1, Vsp 19 (also known as Vacl) binds the yeast Rab5 

homologue and is also thought to be involved in vesicle docking at endosomes. 

Another yeast FYVE-domain protein is the kinase Fabl, which plays an important 

role in maintaining the vacuolar function and morphology in yeast, suggesting 

again an important role of PtdIns3P in the endosomal function (Gary et a l, 1998).
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1.43.2 Role o f Pis in regulated exocytosis

In mammalian cells, secretory granules and synaptic vesicles are used to store 

chemical mediators, peptide hormones and neurotransmitters which can be 

discharged upon cell activation. A rise in cytosolic Ca++ is often the trigger for the 

release from secretory granules and vesicles by inducing fusion with the plasma 

membranes. One of the first indications that Pis are directly involved in Ca++ 

regulated exocytosis came from studies of permeabilized chromaffin cells. 

Exocytosis in these cells comprises two steps: an ATP-dependent priming stage 

and a subsequent Ca++ trigger stage. PtdInsP4,5P2 degrading or masking agents

(such as phospholipase C or neomycin), produced the same effects as ATP 

removal, suggesting that ATP is required, at least in part, for PtdInsP4,5P2

synthesis. A search for the cytosolic factors required for the ATP-dependent 

priming step led to the identification of two enzymes involved in PI metabolism: a 

phosphatidylinositol transfer protein (PITPa) and a type I PIPK (PIPSKy, Hay et 

al.y 1993; Hay et al, 1995). The resident PI4K on the secretory granules was also 

required for exocytosis and was identified as a type H PI4K isoform, probably the 

recently cloned Type II PI4K (Weidemann et a l, 1998; Barylko et a l, 2001). 

Together these results strongly imply an important role for PtdIns4,5P^ in the 

Ca++ dependent fusion of granules with the plasma membrane, though its precise 

function in the docking/fusion reaction is unknown.

An important target of PtdIns4,5P^ in the regulated secretion of dense core 

vesicles is a 145 kDa protein named CASP (Calcium-dependent Activator Protein 

for Secretion). CASP is though to function as a docking protein that facilitates the 

close association of granules with the plasma for subsequent fusion. CASP binds 

PtdIns4,5P2 with high specificity and affinity in vitro and this binding is mediated 

by a putative PH domain present in the protein (Loyet et a l, 1998).

A requirement for PtdIns4,5P2 in exocytosis is not restricted to dense-core 

secretory granules; it is also required for synaptic vesicle exocytosis (Corvera et 

a l, 1999). Indeed, several proteins that are involved in synaptic vesicle fusion 

bind Pis in vitro suggesting some role for these lipids in synaptic vesicle
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exocytosis. Two of these proteins are synàptotagmin and rabphilin3A. Both 

proteins contain a C2 domain that is capable of binding PtdIns4,5P2 and Ca++. A 

role for PtdIns4,5P2 in secretory function is also a feature of haematopoetic cells, 

where a GTP-dependent step is required to elicit Ca++-regulated secretion. 

Neutrophils and HL60 cells secrete lysosomal enzymes from azurophilic granules, 

and this is inhibited by primary alcohols, indicating that PA (produced by PLD 

activity) may be involved. Primary alcohols divert the formation of PA catalysed 

by PLD to the corresponding phosphatidylalcohol. Following the identification of 

ARF as a cytosolic regulator of PLD, the importance of ARF and PLD in 

exocytosis has been analysed in reconstitution assays using permeabilized HL60 

cells (Fensome et a i, 1996). These studies revealed that two cytosolic factors, 

ARF and PITP, were able to restore secretory function to cytosol-depleted cells 

when stimulated with GTPyS plus Ca++. The mechanism by which ARF and PITP 

restore secretory function appears to be by increasing the PtdIns4,5P2 levels 

(Fensome et a/., 1996).

L4.3.3 Pis and vesicle motility

Ptdlns4,5p2 has been implicated in the regulation of the actin cytoskeleton and 

in inducing de novo actin-polymerisation by activating the pathway involving the 

Wiskott-Aldrich syndrome protein (WASP) and the actin-related proteins ARP2 

and ARP3. Many studies have suggested that actin may have an active role in 

vesicle trafficking and that PtdIns4,6P^ may represent a link between actin

polymerisation and transport vesicles. Particularly interestingly are the 

observations that endogenous membrane vesicles or exogenously-added synthetic 

PtdIns4,5P2 vesicles are propelled by actin comets in cell extracts (Ma et a l,

1998), and that overexpression of Type I phosphatidylinositol phosphate 5-kinase 

(PIP5K), which synthesises PtdIns4,5P2, promotes actin polymerisation around

membrane-bound vesicles to form motile actin comets in cells (Rozelle et al., 

2000).
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1.4.3.4 Pis and the Golgi complex

The Golgi complex is known to possess many .enzymes involved in PI 

metabolism. Two isoforms of phosphatidylinositol transfer proteins (PITPs), the 

cytosolic PITPp and the membrane form PITPnm localise to the Golgi (Wirtz, 

1997; Aikawa et al., 1999). PI3-kinase (PT3K), PI4K, and PI 5-phosphatase 

activities are also localised on the Golgi complex (Herman, 1991; Gehrmann, 

1998; Dressman et al., 2000), in the case of PI3K Golgi localisation is largely due 

to an interaction with serine-threonine kinases (Stack, 1993). PI3K participates in 

late Golgi-mediated sorting events (Golgi-to-vacuole and Golgi-to-lysosome in 

yeast and mammals, respectively) and plays a direct role in exocytic vesicle 

budding from the TGN (Jones, 1997; Schu, 1993).

Less is known about the Golgi PI4Ks. Two different PI4K isoforms have been 

localised to Golgi membranes in mammalian cells: PMKnialpha and beta, but 

their function is unclear. PI4Kalpha colocalised with a membrane form of 

phosphatidylinositol transfer protein at the Golgi and the two can be co- 

immunoprecipitated. Deletion analysis indicated that both an acid region and an 

adjacent PITP homology domain are required for. this interaction. In vitro the 

PITP domain stimulates the synthesis of PtdIns4P, but the functional meaning of 

these fin d in g  are still unknown. In yeast one isoform of PI4K, PIK1, localises on 

Golgi membranes. PIK1 mutant strains accumulate Golgi-derived vesicles 

(Berkeley bodies) and show impaired transport of proteins from the Golgi 

complex to the plasma membrane (see also discussion Chapter 4 and 6; Walch- 

Solimena and Novick, 1999; Hama et a l, 1999). This phenotype is similar to the 

phenotype seen in mutants of SEC 14, an essential gene encoding the major 

phosphatidylinositol (PI) transfer protein in yeast. Ablation of SEC 14 function 

prevented Golgi-mediated protein transport and resulted in cell death. The loss of 

SEC14 function can be bypassed by mutations in SAC1, a. gene encoding a 

phosphatidylinositol 4-phosphatase (Rivas et a l, 1999; Nemoto et a l, 2000). 

These results, together with the observation that the levels of PtdIns4P are reduced
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in SEC14 mutants, imply that in yeast, PtdIns4P has important function in 

membrane trafficking.

In mammalian cells the formation of secretory vesicles from the TGN also 

requires PITP (Jones et al.t 1998a, Tuscher et al., 1997). In vitro studies using 

post-nuclear supernatant of PC12 cells have been used to study the formation of 

constitutive secretory vesicles and immature secretory granules from the TGN. 

PITPs have been identified as essential cytosolic factors in this assay.

In conclusion. Pis are believed to have important functions at the Golgi, but the 

regulation of their metabolism and the nature of their targets at the Golgi are not 

defined. The work presented in this thesis defines an important role for PPI 

metabolism and the small GTPase ARF in regulating the assembly of the Golgi- 

associated spectrin-based skeleton.
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Chapter 2

Materials and Methods

2.1 Cell culture

2.1.1 Materials

Normal rat kidney (NRK), African green monkey (Cos7), and Swiss 3T3 cells 

were bought from American tissue type collection (ATTC, USA). Human 

fibroblast (HF) cells were kindly provided by Istituto Dermatologie© 

delTImmacolata (EDI, Italy). Dulbecco's Modified Eagles Medium (DMEM), Fetal 

Calf Serum (FCS), Calf Serum (CS), penicillin, streptomycin, trypsin-EDTA, and 

L-glutamine were from GIBCO (UK). All these reagents were 10 x stock 

solutions. All the plastic materials were from Coming (USA). Filters (0.45 and 0.2 

pm) were from Amicon (USA).

2.1.2 Propagation of cell lines

2.1.2.1 Growth media

NRK cells were grown using DMEM supplemented with non-essential amino 

acids and 4.5 g/1 glucose, 2 mM glutamine, 1 U/ml penicillin and streptomycin, 

and 10 % FCS. Cos 7 cells were grown in DMEM supplemented with 4.5 g/1 

glucose, 2 mM L-glutamine, 1 U/ml penicillin and streptomycin, and 10% FCS. 

HF and Swiss3T3 cells were grown using DMEM supplemented with 2 mM 

glutanime, 1 U/ml penicillin and streptomycin, and 10% CS. Complete media 

were prepared by diluting concentrated stock solutions with sterile water (Diaco, 

Italy) and filtering the mixture through 0.2 pm filter.
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2.1.2.2 Growth conditions

All cell lines were grown under controlled atmosphere in the presence of 5% 

CO2 at 37°C. Cells were grown in a flask until 90% confluence. The medium was

removed and 0.25% trypsin solution was added for 2-5 minutes. The medium was 

added back to block the protease action, cells were collected into a plastic tube 

and centrifuged for 5 min at 200 x g. The pellet was resuspended in fresh medium 

and placed in a new plastic flask.

2.2 Preparation of antibodies

All the antibody preparations were raised in collaboration with Giuseppe Di 

Tullio (Department Cell Biology and Oncology, Consorzio Mario Negri Sud, 

Italy).

2.2.1 Materials

Glutathione, lysozyme, IPTG, sodium azide, Freund’s adjuvant, ethanolamine, 

and triethanolamine were from Sigma. The glutathione sepharose resin was from 

Pharmacia Bio-Tech (Sweden).

2.2.2 Generation of anti-spectrin antibodies

2.2.2.1 M usi

To prepare specific antibodies against pi£2 spectrin the synthetic peptide piZ2- 

A (Pro-Gly-Gln-His-Lys-Asp-Gly-Gln-Lys-Ser-Thr-Gly-Asp-Glu-Arg-Pro-Thr) 

with Gly-Gly-Cys added at the carboxyl terminus, was prepared by Dr T. Petrucci 

(Istituto Superiore di Sanità, Roma, Italy) using standard solid-phase peptide 

synthesis. One mg of the synthetic peptide conjugated to m-maleimidobenzoyl-N- 

hydroxylsuccinimide (MBS7-activated keyhole limpet hemocyanin (klh) (Sigma)) 

was resuspended in 2 ml of PBS, added to 2 ml of complete Freund’s adjuvant 

and used to immunise a New Zealand rabbit. The rabbit was boosted after 21 and
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42 days with 500 41g of antigen containing the same volume of incomplete 

Freunds adjuvant. The rabbit was bled, the serum collected and the presence of 

anti-Musi antibodies tested by Western blotting.

2.2.2.2Mus2

To prepare antibodies against the PH domain of PIZ2 spectrin, a recombinant 

peptide representing the variable loop between the first and the second (3-sheet of 

(3IE2-PH domain was used (Mus2 peptide). The 15 amino acid Mus2 peptide was 

synthesised by Dr. M. Salmona (Istituto di Ricerche Farmacologiche M. Negri,

Milano, Italy) and provided already attached to a polylysine polymer (50% w/w).

One mg of the synthetic peptide attached to polylysine was resuspended in PBS (2 

ml), added to complete Freund's adjuvant (2 ml) and used to immunise a New 

Zealand rabbit. The rabbit was boosted after 21 and 42 days with 500 mg of 

antigen containing the same volume of incomplete Freund's adjuvant. The rabbit 

was bled, the serum collected and the presence of anti-Mus2 antibodies tested by ?-

Western blotting.

2.23 Generation of ARF1 antiserum

The cDNA of GST-ARF 1 was provided from Dr J. Moss (NEH, Bethesda,

Maryland, USA) and used to transform XI1-blue E. Coli as described in section

2.8.3. The GST-fusion protein was prepared and injected into a New Zealand 

rabbit* as described above. The rabbit was boosted after 21 and 42 days with 500 

pg of antigen containing the same volume of incomplete Freund’s adjuvant. The 

rabbit was bled, the serum collected and the presence of anti-ARF antibodies 

tested by Western blotting. The antiserum specifically reacted against purified 

bovine ARF, whereas no reactivity of the preimmune rabbit serum with ARF was 

detected.
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2.2.4 Generation of anti-PI4Kbeta antibody

2.2.4.1 Protein purification and rabbit injection

Rabbit polyclonal anti-PI4Kbeta antibody was raised against a GST-fused 

polypeptide corresponding to amino acids 410-538 of PI4Kbeta. The cDNA 

coding for this recombinant GST-fused polypeptide was kindly provided by L. 

Cantley (Harward Institute of Medicine, Boston, MA, USA) and used to transform 

bacteria (see section 2.8.3). The 45 kDa protein corresponding to the fusion 

construct was prepared as described in section 2.8.5. This purified fusion protein 

(1 mg) was mixed with an equal volume of complete Freund’s adjuvant and used 

to immunise New Zealand rabbits. The rabbits were boosted after 15 and 30 days 

with 500 jig of antigen in incomplete Freund’s adjuvant. The rabbits were bled 

and the presence of anti-PI4Kbeta antibodies tested by Western blotting.

2.2.4.2 Affinity purification

The polyclonal anti-PI4Kbeta antibody was affinity purified on an affinity 

column prepared by coupling purified GST-fused full-length PI4Kbeta (5 mg) 

with glutathione Sepharose beads (2 ml). The cDNA of the full length GST-fused 

PI4Kbeta was provided by L. Cantley (Harward School of Medicine, Boston, MA, 

USA). To cross-link this fusion construct convalently to Sepharose beads (Bar- 

Peeled, 1996), the beads were first washed twice with 10 ml of 0.2 M borate- 

NaOH, pH 8.6. After centrifugation (500 x g, 2 min at 4°C), recovered beads were 

incubated with 20 mM dimethyl pimelimidate-HCl (Pierce) in 0.2 M 

triethanolamine (2 ml). After 30 min of continuous mixing at room temperature 

(RT), the beads were centrifuged and the supernatant discarded. The cross-linking 

reaction was stopped by adding 10 ml 0.2 M ethanolamine-HCl, pH 8.2, for 60 

min. The beads were washed twice with 5 ml of 0.1 M glycine-HCl, pH 2.5 to 

remove uon-covalently-linked molecules. The resin, now ready for the affinity 

purification, was washed twice with PBS and stored with 0.02% sodium azide at 4 

°C until use. The crude rabbit serum raised against the GST-fused-PI4Kbeta 

polypeptide (2 ml) was loaded onto the resin, and, after extensive washing with
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PI4Kp

Serum Affinity purified
kDa

o</
Figure 2.1 Characterisation of affinity purified anti-PI4Kbeta antibodies.

Purified rat liver Golgi membranes (50 jxg) (Golgi) and rat brain cytosol (50 îg) 

(cytosol) were fractionated on SDS-polyacrylamide gels, transferred to 

nitrocellulose filters and visualised using either the crude antiserum (serum) or the 

affinity purified anti-PI4Kbeta IgGs (Affinity purified), as indicated. Note that a 

predominant 100 kDa band (Golgi) or a doublet of bands at 100 kDa (cytosol) are 

recognised by both antibodies. The other bands recognised at lower molecular 

weight likely represent degradation products of PI4Kbeta.
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PBS, the antibodies specifically bound to the column were eluted with 0.1 M 

glycine, pH 2.5 (5 ml). The pH of the eluted fractions (1 ml each) was adjusted to

7.0 with 1 M Tris, pH 10. The pooled eluate fractions, as well as the flow-though 

fraction, were dialysed 12-15 hours against PBS plus 0.02% azide and. 

concentrated by ultrafiltration (Centriprep 30; Amicon) to the original serum 

volume. Purified antibodies were stored at -20°C. The affinity purified antibody 

recognised a single band of 100 kDa in rat liver Golgi membranes and a doublet at 

the same molecular weight in rat brain cytosol (see Figure 2.1). The presence of a 

doublet in cytosol could suggest a different state of phosphorylation, and it has 

recently been shown that recombinant GST-fused PI4Kbeta undergoes auto- 

phosphorylation (Zhao et a l, 2000).

2.3 Immunofluorescence and Confocal Microscopy

23.1 Materials

Potassium acetate and magnesium acetate were from Merck (Germany). 

Streptolysin O was from Biomerieux (Marcy l'Etoile/France). Paraformaldehyde, 

bovine serum albumin (BSA), saponin, NaCl, Brefeldin A, O S O 4 ,  DAB, sodium 

cacodylate and EPON812 were from Sigma. The CY3 or A488 conjugated anti

mouse or anti-rabbit secondary antibodies were from Sigma or Molecular Probes 

(USA), respectively. A list of antibodies used for immunofluorescence in this 

thesis is shown in Table 2.1.

23.2 Intact cells

NRK, Cos? or HF cells were grown to subconfluent density on Nunc Chamber 

slides (Nunc, Denmark) or on glass coverslips one day before the experiment. 

Cells were washed with PBS (1.5 mM KH2PO4, 8 mM Na^HPC^, 137 mM NaCl, 

and 2.7 mM KC1, pH 7.4), fixed with 2-4% paraformaldehyde for 15 min, 

permeabilized and blocked with 0.05% saponin, 0.5% BSA and 50 mM NH4C1 in 

PBS (blocking buffer) for 30 min, then incubated with the primary antibodies for
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Table 2.1 List of antibodies used in this study both for immunofluorescence 

(IF) and immunoblotting (WB).

Antibody Dilution

IF

Dilution

WB

Source Provenience

Actin - 1:5000 mouse Sigma (USA)

Adducin 1 :1 0 0 0 mouse G. Bianchi, Prassis, Milano, 

Italy

AnkyrinG119 1 :2 0 0 1 :1 0 0 0 rabbit J. Morrow y ale University, 

New Haven (CT)

ARF 1 :1 0 0 0 mouse R. Kahn, Department of 

Biochemistry, Emory 

University, Atlanta, GA

ARF - 1 :2 0 0 0 rabbit our laboratory

ARFaptin 1 :2 0 0 0 1 :1 0 0 0 0 rabbit J. Exton, Vanderbilt 

University, Nashville; 

Tennessee

CaBP 1:500 rabbit J. Fullekrug, Gottingen, 

Germany

Calreticulin 1:500 rabbit J. Fullekrug, Gottingen, 

Germany

dynamin I 1 :1 0 0 0 1 :1 0 0 0 mouse Transduction Lab. (USA)

dynaminll 1 :1 0 0 0 1:5000 rabbit M. McNiven, Mayo Clinic, 

Rochester, MN

Flag 1:500 1 :2 0 0 0 mouse Sigma (USA)

frequenin 1 :2 0 0 1 :1 0 0 0 rabbit A. Jeromin, Mout Sinai 

Hospital, Toronto, Canada

giantin 1 :1 0 0 0 1:5000 mouse P. Hauri, University of 

Basel, Switzerland

giantin 1 :2 0 0 0 1:5000 rabbit our laboratory

HA 1 :1 0 0 0 1 :2 0 0 0 mouse Babco (USA)

Ha4 1 :0 0 0 mouse Ann Hubbard, John Hopkins 

University, Baltimora, MD

mAbVinC? 1 :1 0 0 1 :1 0 0 0 mouse J. Morrow y ale University, 

New Haven (CT)

Mannosidase II 1 :1 0 0 0 1:5000 rabbit K. Mureman University of 

Georgia, Athens, GA

Mus n 1:500 1 :2 0 0 0 rabbit our laboratory
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Musi 1:250 1 :2 0 0 0 rabbit our laboratory

Myc 1 :1 0 0 1 :1 0 0 0 mouse Sigma (USA)

Na/K ATP ase - 1:500 rabbit Upstate Biotech. (USA)

p ll5 1:500 1 :2 0 0 0 rabbit Our laboratory

PMKalpha 1 :1 0 0 0 1:5000 rabbit L. Cantley, university school 

of medicine, Harvard, 

Boston, USA

PMKbeta 1 :2 0 0 1 :2 0 0 0 mouse Signal Transduction

PI4Kbeta 1 :2 0 0 0 1:25000 rabbit Our laboratory

PMKbeta 1 :2 0 0 0 1 :1 0 ,0 0 0 rabbit our laboratory

Rab 5 1:500 mouse M. Zerial, Max Planck 

Institute, Dresden, germany

TfR 1:250 - mouse Zymed (USA)

VSV-G 1 :1 0 0 0 - mouse Signa (USA)

P-COP 1:500 rabbit T: Kreis, Geneva, 

Switzerland

P-COP (M3A5) - 1:500 mouse Sigma (USA)

PEI 1:250 1 :1 0 0 0 rabbit Chemicon (USA)

pEEI spectrin PH domain 1 :2 0 0 1 :1 0 0 0 rabbit T. Petrucci, Istituto 

Superiore di Sanità, Roma, 

Italy
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at least Ih (see table 2.1 for the antibody dilutions used). Cells were washed three 

times with PBS to remove excess primary antibodies and incubated with CY3- or 

A488-conjugated goat anti-mouse or anti-rabbit IgGs diluted 1:500 in blocking 

buffer. Excess secondary antibody was washed away with PBS and the coverslips 

were mounted with mowiol (166 g/1).

Labelled cells were observed using a Zeiss Axiophot microscope and Zeiss 

LSM 510 confocal microscope. The quantitative evaluation of the immuno- 

staining patterns was performed on at least 100 cells per sample in three separate 

experiments and the results are given in the figures, legends or in the text, as 

percentage of cells displaying a given pattern.

2.3.3 Brefeldin A (BFA) treatment

Cells were treated with 5 jig/ml BFA in culture medium. The treatment was 

done for different times depending on the experimental protocol. Cells were fixed 

with 4% paraformaldehyde and processed for immunofluorescence (IF) as 

described in the previous section.

23.4 Nocodazole treatment

Nocodazole was used at 33 pM in culture medium. Cells were shifted at 4°C 

for 5 min and then incubated at 37°C for 3 h or different times as indicated in the 

different experiments. Cells were fixed with 4 % paraformaldehyde and processed 

for IF as described above.

2.3.5 Permeabilized cells

Permeabilization was achieved by incubating cells with Streptolysin O (SLO). 

NRK cells were incubated with 1 U/ml SLO in SLO buffer (20 mM Hepes-KOH, 

pH7.2, 110 mM KOAc, 2 mM Mg(OAc)^, 1 mM DTI) for 8 min at 4°C to allow 

SLO binding to the plasma membrane. Cells were then washed twice with SLO 

buffer and incubated for 15 min at 37°C in 25 mM Hepes-KCl, pH 6.95, 125 mM 

KOAc, 2.5 mM Mg(OAc)2, 10 mM glucose, 1 mM DTT, 1 mM ATP, 5 mM
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creatine phosphate, 7.3 U/ml creatine phosphokinase, 2 mg/ml rat brain cytosol 

and with or without the agents (i.e. GTPyS) to be tested. Under these 

permeabilization conditions, 100% of cells were permeable to Trypan blue 

(MW:960 D) and 80% of the intracellular LDH activity (taken as a marker for 

cytosolic proteins) wâs lost in the supernatant. Cells were fixed with 2% 

paraformaldehyde and processed for immunofluorescence as described 

previously.

2.3.6 Cell infection by Vesicular Stomatitis Virus

The infectious stocks of the temperature sensitive mutant of Vesicular 

Stomatitis Virus (tsO-45VSV) were prepared by Antonella Di Campli (Department 

of Cell Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro, 

Italy) according to Bergmann 1989. For each infectious stock, the optimal 

working concentration was experimentally defined as the lowest causing 100 % 

inflection of Cos 7 cells as judged by staining for the viral membrane glycoprotein.

Cells were washed twice in serum-free culture medium and incubated with the 

diluted VSV infectious stock for 45 min at 32°C. The virus was removed and the 

cells kept at 40°C for 2 hours to allow the vesicular stomatitis virus glycoprotein 

(VSV-G) to accumulate in the ER. The temperature was then shifted to 32°C to 

allow protein transport out of the ER. Alternatively, after the 40°C temperature 

block, the cells were kept at 20°C for 2 hours to accumulate the VSVG in the 

Golgi complex, before shifting the temperature to 32 °C to follow Golgi-to- 

plasma membrane transport.

23.7 Leptomycin B treatment

Cos7 cells were incubated with 10 ng/ml Leptomycin B (kind gift of Dr. M. 

Yoshida; Kudo et al.t 1999), diluted into the culture medium, for 4 hours at 37°C, 

then fixed and processed for immunofluorescence as previously described.
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2.4 Immimoperoxidase electronmicroiscopv

C6s7 cells grown on Nunc Chamber slides (Nunc, Denmark) were fixed with a 

combination of 4% paraformaldhyde and 0.05 % glutaraldehyde in 0.2 M Hepes, 

pH 7.2, for 10 min at RT. The fixative was removed and replaced with 4% 

paraformaldehyde in 0.2 % Hepes, pH 7.2 for 30 min at RT. Cells were washed 6 

x 5 min with PBS prior to being incubated in blocking buffer (0.5 % BSA, 0,1% 

saponin, 50 mM NH4CI in PBS) for 1 hour at RT. Primary antibodies, diluted to 

their working concentration in blocking buffer, were added to the cells and 

incubated overnight at 4°C. The antibodies were removed and cells washed 3 x 5  

min with PBS, before adding the secondary antibody conjugated with HRP diluted 

in blocking buffer. Cells were washed 6 x 5  min with PBS prior to adding 1% 

glutaraldehyde (diluted in 0,2 M Hepes, pH 7.2) for 5 min. Cells were washed 6 x 

5 min with PBS. Ice-cold peroxidase developing solution (0.5 mg/ml 

diaminobenzidine (DAB), 0.02% H2O2, in PBS) was then added to the cells. The 

length of the DAB reaction time was variable depending on how quickly the 

reaction proceeded. The reaction was routinely monitored by conventional light 

microscopy and was stopped when the cells had turned "dark enough" by washing 

3 x 2  with ice-cold PBS. Cells were fixed and stained with 1% O S O 4 ,  1% 

potassium ferrocyanide in 0.1 M sodium cacodylate, pH 7.4, for 1 h at RT, then 

washed three times with 0.1 M sodium cacodylate, pH 7.4 and dehydrated by 

pouring on and off a graded series of ethanol solutions (50%, 70 %, 90 % and 

100%). A few minutes of ethanol were sufficient for cell dehydration. Next, cells 

were covered with EPON812 resin, which was allowed to polymerise for at least 8 

h at 60°C. Samples were cut by Dr Galina Beznoussenko (Department of Cell 

Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro, Italy).
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2.5 Protein binding to isolated Golgi membranes

2.5.1 Materials

Sucrose and MgCl2 were from Carlo Erba. Trizma base, ethylene glycol bis (b- 

aminoethylether>N,N,N',N'-tetracetic acid (EGTA), sodium salt of adenosine 5' 

triphosphate (ATP), aprotinin, leupeptin, pepstatin, o-phenanthroline, PMSF, 

DTT, creatine phosphate, creatine phosphokinase and GTPyS were from Sigma. 

The centrifuges and the tubes were from Beckman. Sucrose concentrations were 

checked by refractometer (PBI international). Purified bovine ARF was provided 

by Giuseppe Di Tullio (Department of Cell Biology and Oncology, Consorzio 

Mario Negri Sud, Italy).

2.5.2 Golgi membranes and cytosol preparation

2,5.2A  Isolation o f Golgi membranes from  rat liver by a modification o f the 

protocol described in Malhotra et aL, 1989

Six male Sprague-Daweley rats (180-200 g) were starved, sacrified by 

decapitation and the livers quickly removed and placed in 250 ml ice-cold 10 mM 

Tris-HCl (pH 7.4), 0.5 M sucrose, 5 mM EDTA. The livers were minced with 

scissors and homogenised for 40 seconds using the Ultraturrax (T25, Janke and 

Kunkell) at medium speed. Nuclei and intact cells were removed by centrifugation 

at 600 x g for 10 min. The postnuclear supernatant (PNS) was collected and 

filtered through cheesecloth and 30 ml portions, layered in each centrifuge tube on 

top of 1.25 M sucrose (dissolved in 10 mM Tris-HCl pH 7.4; 8 ml), were 

centrifuged at 25,000 rpm for 90 min in a SW28 rotor. The crude smooth- 

membrane fraction, which appeared as a light band just above the interface with 

the sucrose, was removed by pipet aspiration and the sucrose adjusted to 1.2 M 

using a refractometer. 13 ml of membrane fractions were overlaid with 10 ml of

1.1 M sucrose, 10 ml 1 M sucrose and 5 ml 0.5 M sucrose (all sucrose solutions 

were made in 10 mM Tris-HCl, pH 7.4), and centrifuged for 2.5 hours at 25,000



rpm in the SW28 rotor. The Golgi-enriched membrane fraction, banding at the 0.5 

and 1 M sucrose interface, was collected and stored in aliquots at -80°C.

2.52.2 Rat brain cytosol preparation

In a standard preparation (that is a modification of the protocol described by 

Malhotra et al.t 1989) six starved Sprague Dawey male rats ( 200-250 g) were 

killed by decapitation. The brains were removed, placed in ice-cold 25 mM Tri- 

HC1 pH 7.4, 0.32 M sucrose and washed extensively. Brains were placed in ice- 

cold homogenisation buffer (25 mM Tris-HCl, pH 8, 250 mM sucrose, ImM 

DTT, 2 mM EGTA, 2 mg/ml aprotinin, 0.5 mg/ml leupeptin, 2 mM pepstatin, 0.5 

mM phenanthroline and ImM PMSF) and homogenised in a total volume of 12 ml 

with 4 strokes ( 20 sec each, medium speed) of the Ultraturrax. The homogenate 

was centrifuged at 5,000 x g for 30 min, to eliminate large fragments, and then 

ultracentrifuged .at 60,000 rpm (TL 100.1) for 90 min. The resulting supernatant 

was dialyses against 25 mM Tris-HCl pH 8, 50 mM KC1, and 1 mM DTT for 4 h 

using dialysis membranes with a molecular weight cut off of 3000 Da. The 

precipitate formed during dialysis was removed by centrifugation for 90 min at

60,000 rpm (TL 100.1). The supernatant obtained (cytosol) was frozen in liquid 

nitrogen and stored at -80°C.

2.52.3 ARF-depleted cytosol

ARF-depleted cytosol was prepared according to Taylor et a l, 1994 in 

collaboration with Giuseppe di Tullio (Department of Cell Biology and Oncology, 

Consorzio Mario Negri Sud, Santa Maria Imbaro, Italy). Rat brain cytosol (40 mg) 

was loaded at 0.5 ml/min onto a Sephadex G50 fine column equilibrated with 20 

mM Tris pH 8,100 mM KC1,1 mM MgC12, 5% wt/vol glycerol, 1 mM DTT and 

95 fractions (1.5 ml each) were collected. The boundaries of the ARF devoid (-) 

and ARF containing (+) pools were, determined using immunoblotting (see Figure

2.2). Fractions 14-42 were combined and concentrated by ultrafiltration (Amicon). 

This concentrated pool constituted the size-exclusion ARF(-) pool. Fractions 43- 

75 were the ARF positive pool. The DEAE ARF(-) cytosol was prepared as 

follows: rat brain cytosol (40 mg) was loaded on the DEAE-column equilibrated
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Figure 2.2 ARF-depleted cytosol.

A. Rat brain cytosol (40 mg) was loaded onto a Sephadex-G50 fine column 

equilibrated with 20 mM Tris pH 8 , 100 mM KC1, 1 mM MgC12, 5% wt/vol 

glycerol, 1 mM DTT, and 95 fractions (1,5 ml each) were collected at 0.5 ml/min. 

The presence of ARF was checked by immunoblotting using specific anti-ARF 

antibodies that recognised all the members of the ARF family of proteins. A pool 

of representative fractions of the elution pattern is shown. Fractions 14-42 were 

combined to constitute the size-exclusion ARF pool. Fractions 43-75 were mixed 

and considered the ARF positive pool.

B. Rat brain cytosol (40 mg) was loaded onto the DEAE-column pre-equilibrated 

with 10 mM Tris pH 8 , 50 mM KC1, 1 mM MgC12, 1 mM DTT (Buffer A). 

Fractions (FI, F2, and F3) of 4 ml each were collected as the column flow

through. The column was then washed with Buffer A ( 8  ml) and 8 x/ml fractions

were collected (L). The proteins retained on the column were eluted with 500 mM
96

Sephadex G50
13 16 19 22 25 28 31 33 35 37 39 4143 45 47 49 51 53

55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 91 93 95

DEAE
FI F2 F3 W1 W2 W3 W4 W5 W6 W7 W8 j #

K1 K2 K3 K1 K2 K3 K4 K5 K6 K7 K8 j #



KC1 ( 8  ml) and 8  x/ml fractions were collected (K). All the fractions obtained 

were analysed by SDS-PAGE and Western blotting to check the presence of ARF. 

Fractions L6 -L8  and K 1-K8  were combined and represented the ARF-depleted 

pool.
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with 10 mM Tris pH 8 , 50 mM KC1, 1 mM MgC12, 1 mM DTT (Buffer A). A 

flow-through volume was collected (three fractions, FI, F2, and F3, 4 ml each). 

The column was washed with Buffer A (8  ml) and 8  x/ml fractions were collected 

(W). The proteins retained on the column were eluted with 500 mM KC1 (8  ml) 

and 8 x/ml fractions were collected (K). All the fractions obtained were analysed 

by SDS PAGE and Western blotting to check the presence of ARF (see Figure

2.2). Set W6 -8  and K1-K8 were combined, dialysed against 25 mM Tris-HCl pH 

8 , 50 mM KC1, 1 mM DTT, concentrated and collected to make the ARF (-) pool 

(see Figure 2.2). Complete ARF (-) cytosol was prepared by combining the size 

exclusion ARF (-) pool with an equal volume of the DEAE ARF (-) pool. This 

mixture constituted the "ARF (-) cytosol".

2.5.2A  COP I  depleted cytosol

Three different protocols were used to deplete COPI from cytosol:

a) immunodepletion using the CM1A10 anti-coatomer antibody (Aniento et aL, 

1996); 2) high speed centrifugation to lower the coatomer content to 

approximately 10% of its original value (Orci et a i, 1993); 3) coatomer binding to 

an excess of Golgi membranes in the absence of ATP.

1) Rat brain cytosol, prepared as described in section 2.5.2.2, was incubated 

with mouse monoclonal anti-coatomer antibody (CM1A10, 13 gg IgG per mg of 

cytosolic proteins), for 12 h at 4 °C under rotation. Cytosol was incubated for 1 h 

with protein A-sepharose coupled to rabbit anti-mouse IgG to remove immune 

complexes. The presence of (3-COP in the depleted cytosol was checked by 

immunoblotting (see Figure 4.15).

2) Rat brain cytosol was centrifuged at high-speed (200,000 x g) for 2 hours. 

The high-speed supernatant retained less than 10% of total (3-COP present in the 

original cytosol as assessed by immunoblotting (see Figure 4.5).

3) Rat brain cytosol (200 jig/sample) was incubated with an excess of rat liver 

Golgi membranes and 100 jiM GTPyS in the presence of 25 mM Hepes-KOH pH

7.2, 0.2 M sucrose, 25 mM KC1, 2.5 mM MgCfz, for 20 min at 37°C. Under this 

condition, COPI was massively recruited to the Golgi membranes. The sample
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was centrifuged at 15,000 rpm and the supernatant recovered and assessed for the 

presence of p-COP by immunoblotting (see Figure 3.11). Generally, a reduction 

to less then 10  % of the starting concentration was achieved with this procedure.

2.5.2.S ADP ribosylation o f rat brain cytosol with Clostridium botulinum C3 

transferase (C3 toxin)

Rat brain cytosol (150 (ll/sample) was incubated in 25 mM Hepes, pH 7.2, 2.5 

mM MgCl2 , 25 mM NaCl, 1 mM DTT, 30 pM NAD, 1 pCi/sample [32P]-NAD

and with or without 0.2 gg/ml C3-toxin (Calbiochem, USA) for 30 min at RT.

Rho ADP-ribosylation was verified by autoradiography as shown in the Figure

2.3.

2.5.3 Binding assays

2.5.3.1 Single-step binding assay

Golgi membranes (generally 15 pg/sample) were incubated with cytosol 

(generally 150 pg/sample) in binding buffer (25 mM Hepes-KOH, pH 7.2, 25 mM 

KC1, 2.5 mM MgCli, 1 mM ATP, 1 mM DTT, 0.2 M sucrose, 5 mM creatine 

phosphate, 10 U/ml creatine phosphokinase, 0.2 M sucrose) in a final volume of 

90 pi for 10 min at 37°C before the addition of 10 pi of 100 pM GTPyS. Samples 

were incubated for a further 5 min, put on ice to stop the reaction, and centrifuged 

at 15,000 rpm for 10 min at 4°C. The supernatant was discarded and the pellet 

resuspended in Laemmli sample buffer. Proteins were analysed by SDS-PAGE (4- 

15% gels) and Western blotting. Alternatively, at the end of the 37°C incubation, 

samples (100 pi) were brought to 1.24 M sucrose (by adding 140 pi of 2 M 

sucrose) and overlaid with 300 pi 1 M sucrose, then 150 pi 0.5 M sucrose, both in 

100 mM Tris-HCL, pH 7.2. Samples were centrifuged at 90,000 x g for 120 min 

at 4°C. Material floating to the interface between 0.5 M and 1 M sucrose was 

analysed by SDS-PAGE (4-15%) and Western blotting.
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Figure 2.3 ADP-ribosylated cytosol.

Rat brain cytosol (150 ^1/sample) was incubated in 25 mM Hepes, pH 7.2, 2.5 

mM MgCl2 , 25 mM NaCl, 1 mM DTT, 30 ^M NAD, l^iCi/sample [32P]-NAD 

and with (C3) or without (control) 0.2 pg/ml C3-toxin for 30 min at RT. The 

proteins were analysed by SDS-PAGE and Western blotting and the presence of 

ADP-ribosylated Rho (arrow) was verified by autoradiography.

100



2.S.3.2 Two-step binding assay

Golgi fractions, washed with 1 M KC1 to ensure the removal of residual ARF, 

were first incubated in binding buffer (25 mM Hepes-KOH, pH 7.2, 25 mM KC1,

2.5 mM MgCl2 , ImM DTT, 1 mM ATP, 5 mM creatine phosphate and 10 U/ml 

creatine phosphokinase) with or without 1 pM purified bovine ARF and/or 20 pM 

GTPyS for 15 min at 37°C (first step). Samples were put on ice to stop the 

reaction and centrifuged at 15,000 x g for 10 min at 4°C. The pellets were rinsed 

and incubated in the previous buffer with or without 1 .5  mg/ml rat brain cytosol 

for an additional 15 min at 37°C (second step). At the end of the second 

incubation, membranes were pelleted, rinsed, and proteins analysed by SDS- 

PAGE (using 4-15% gels) and Western blotting.

2.6 SDS-PAGE and immunoblotting

2.6.1 Materials

Mono- and bis-acrylamide, sodium dodecyl sulphate (SDS), choronapthol, 

bovine serum albumin (BSA), luminol, Ponceau red, Tween-20, ammonium 

persulphate (APS), DL-dithiothreitol (DTT), pre-stained molecular weight 

markers (Sigma), glycine and Trizma base were from Sigma. Methanol, glycerol, 

sodium carbonate, silver nitrate, sodium chloride (NaCl), formaldehyde, citric 

acid and acetic acid were from Carlo Erba (Italy). TEMED was from Bio-Rad 

(Germany). Hydrogen peroxide (30%) was from Fluka. The secondary antibodies 

conjugated to horse radish peroxidase (HRP) and directed against mouse, rabbit 

and goat IgG were from Calbiochem (USA).

2.6.2 SDS-PAGE

2.6.2.1 Solutions

1) Acrylamide-bisacrylamide mixture: 30% acrylamide, 0 .8 % bisacrylamide;

2) Running buffer: 0,2 M glycine, 20 mM Trizma base, 4 mM SDS pH 8.3;
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3) Sample buffer (1 X): 0.125 M Trizma base, 4% SDS, 20% glycerol, 10 % p- 

mercaptoethanol, pH 6 .8 .

2.6.2.2 Assembly o f polyacrylamide gels

Two 16 cm X 15 cm glass plates were assembled to form a chamber using two 

1.5 mm plastic spacers lined on the lateral edges of the glasses. This chamber was 

fixed using two clamps and mounted on a plastic base which sealed the bottom 

(Hoefer Scientific instruments, Germany). The polyacrylamide gel was prepared 

by mixing two solutions of 4 and 15% polyacrilamide using a gradient maker 

device in order to prepare a 4-15% gel gradient.

2.6.2.3 Samples preparation

Samples were prepared by adding an equal volume of 2x sample buffer, boiled 

for 5 min and loaded into the wells. The lateral wells were loaded with 3 pi of pre

stained molecular weight standards (Amersham). The chamber was then 

assembled into the electrophoresis apparatus (Hoofer Scientific Instruments, 

Germany) and electrophoresis was carried a constant current of 8  mA (for 

overnight runs) or 30-40 mA (for 4 hours runs).

2.6.2.4 Silver Staining

Polyacrylamide gels were soaked in 50% methanol ( 2 x 1  min) with stirring, 

then in 5% methanol (1x10 min) and finally washed with water (3 times rapidly). 

Gels were soaked for 20 min in 10 pM DTT, 0.1% silver nitrate and developed in 

the dark with 0.28 M sodium carbonate (280 ml) plus 250 pi of 37% 

formaldehyde (two rapid washes and exposure until bands became visible). The 

reaction was stopped by adding 12  g citric acid and the gels were dried with a gel 

dryer (Hoefer Scientific Instruments, Germany).

2.6.2.5 Coomassie brilliant blue Staining

Gels were incubated in staining solution (methanol, H^G, acetic acid 5:5:2, and 

0.1 % brilliant blue) for 2 h, washed and then destaind with 30% methanol 10 % 

acetic acid. The gels were dried with a gel dryer (Hoefer Scientific Instruments, 

Germany).
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2.6.3 Western blotting

2.6.3.1 Solution

1) "Transfer buffer": 0,2 M glycine, 20 mM Trizma base, pH 8.3;

2) Blocking buffer: 1% BSA (or alternatively 5% dry skin milk), 0.05% 

Tween-20, 150 mM NaCl, 50 mM Tris-HCl pH 7.5;

3) TTBS: 0.05% Tween 20, 150 mM NaCl, 50 mM Tris-HCl pH 7.5;

4) TBS: 150 mM NaCl, 50 mM Tris-HCl pH 7.5.

2.6.3.2 Nitrocellulose blotting

Polyacrilamide gels were soaked for 15 min in transfer buffer, together with 

two pieces of 3MM paper (Whatmann, UK) and one of nitrocellulose 

(Schleicher&Schuell). The gel was assembled into a sandwich as follows: first a
I

sheet of filter paper was covered with the nitrocellulose, the gel was then placed 

on the nitrocellulose and, finally, a second sheet of filter paper was layered on the 

gel. This sandwich was then assembled into the blotting apparatus (Hoefer 

Scientific Instruments, Germany) and the transfer was carried out at 500 mA. At 

the end of the run (typically 4-5 hours), the sandwich was disassembled and the 

nitrocellulose was soaked in 0.2% red Ponceau and 5% acetic acid for 5 min to 

visualise protein. Filters were then rinsed with 5% acetic acid to remove excess 

unbound dye.

2.6.3.3 Immunodetection o f antigens

The nitrocellulose filters were cut with a razor blade into strips. The strips were 

incubated in blocking buffer for 30 min at RT, then with antibodies directed 

against the protein of interest, diluted at the appropriate concentration in the 

blocking solution. A list of antibodies used in this thesis and their working 

dilution is provided in Table 2.1. Incubation with primary antibodies were carried 

out for 2 h at RT or overnight at 4°C. At the end of this incubation, the antibodies 

were removed and the strips washed with TTBS for 3x3 min. The strips were 

incubated for 1 hour with the appropriate HRP-conjugated secondary antibodies 

(1:500 in blocking buffer for the chloronaphthol development, 1 :2 0 ,0 0 0  for the
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ECL development) and washed 2 x 3  min with TTBS and 2 x 3  min with TBS. At 

the end of the washing, strips were incubated with the developing solution:

a) Choronapthol development.

1 0  mg chloronapthol

3 ml methanol

17 ml TBS

10 pi H2O2 30%

The reaction was stopped with deionizated water.

b) ECL

10 pi p-coumaric acid 63 mM

10 ml luminol 1.25 mM

30 pi H2O2 3%

20 ml TBS

The strips were incubated with the ECL developing solution for 1 min at room 

temperature and visualised by autoradiography.

2.6.4 Overlay with [35S] GTPyS

The samples from a single-step binding experiment, done in the presence of 

100 pg/ml recombinant Rho, Rac, or Cdc42, were blotted onto nitrocellulose 

filters. These filters were pre-equilibrated with a solution containing 50 mM Tris- 

HCl, pH 7.5, 0.3 % v/v Tween 20, 12 pM MgCl2 , 1 mM DTT. A fresh solution 

containing 10 pM ATP and 1-2 pCi of 'y[35S]GTPyS was then added to the filters. 

After 20 min incubation at RT, the filters were washed three times with incubation 

buffer without radiolabelled GTPyS and air dried. The radiolabelled proteins were 

detected by autoradiography (Comerford et al, 1989).
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2.6.5 2D-IEF-SDS-PAGE

2.6.5.1 Stock solutions and buffers for first dimension

1) Lysis buffer: 9.8 M urea, 2% ampholines LKB 7-9, 4% NP-40, 1 mM DTT;

2) Overlay buffer: 8 M urea, 1% ampholines LKB 7-9, 5% NP-40, 10 mM

DTT;

3) IEF acrylamide solution: 28.38% acrylamide, 1.62% bis-acrylamide;

4) Equilibration solution: 0.06 M Tris-HCl, 2% SDS, 50 mM DTT, 10% 

glycerol;

5) Nonidet P-40 solution: 40% (w/v) NP-40 in H^O;

6 ) Ammonium persulfate solution (APS): 10% (w/v) APS in H2O;

7) Agarose solution: 0.06 M Tris-HCl, pH 6 .8 , 2% SDS, 100 mM DTT, 10% 

glycerol, 1% agarose, 0 ;0 0 2 % bromophenol blue;

8 ) 1 M and 20 mM NaOH stocks

9) 1 M and 10 mM H3PO4 stock

2.6.5.2 First dimension gels

First dimension glass tubes were soaked in a solution containing 60 ml alcohol 

and 40 ml HC1 for at least 30 min, then thoroughly washed with distilled water. 

The bottom end of the tubes were sealed with Parafilm and placed, upright, in a 

rack. To prepare 5 first dimension gels 4 g urea, 0.93 ml acrylamide solution, 1.5 

ml of NP40, 0.15 ml of H2O, 0.19 ml of carrier ampholines pH 5-7, 0.19 ml of 

carrier ampholines, pH 5-7, 0.140 ml carrier ampholines, pH 3.5-10, 15 pi of 

APS, 10 pi of TEMED were mixed together. The solution was degassed and 

loaded into glass tubes. The gels were left to polymerise for at least 2 h. In the 

meantime, the chamber was filled with 250 ml of 20 mM NaOH and 250 ml of 10 

mM H3PO4 . When the gels were polymerised, the parafilm was removed and the 

tubes inserted into the chamber. The top of the gels was overlaid with 10 pi of 

overlay buffer. Before adding the sample, the gels were pre-run at RT for 15 min 

under constant current (0.33 mA/gel) until the voltage reached 1200 V 

approximately 2 h. The samples (prepared using the lysis buffer) were loaded into
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the tubes and 10 jil of overlay buffer was applied to the samples. The gels were 

run for 17-20 1200 V, removed from the tubes by water-pressure using a syringe, 

and incubated for 5-10 min in equilibration buffer before being frozen at -20 or - 

80°C.

2.6.5.3 Stock solutions and buffers for second dimension

1) Acrylamide for resolving gel

30% acrylamide; 0.15% bisacrylamide

2) Resolving gel buffer

1.5 M Tris-HCl pH 8 .8

3) Acrylamide for stacking gel

10% (w/v) Acrylamide; 0.5% (w/v) bisacrylamide.

4) Stacking gel buffer.

0.24 M Tris-HCl pH 6 .8

5) Agarose solution.

0.17 M Tris-HCl, pH 8 .8 ; 0.9% SDS; 9% glycerol; 1% agarose, 0.01% 

bromophenol blue; 50 mM DTT.

6 ) Running buffer

0.25 M Tris-base; 1.9 M glycine.

2.6.5.4 Second dimension gels

The second dimension gels were prepared as described in section 2.6.2.2. The 

first dimension gels were thawed and carefully laid on top of the second 

dimension gel to prevent stretching. The gels were covered with agarose solution. 

Finally, gels were mounted in the electrophoresis chamber and run overnight at 

constant current (8  mA/gel). At the end of the run the plates were carefully 

removed from the apparatus and the gel was processed for silver staining or 

Western blotting.
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2.7 Analysis of F32P1-phospholipids in Golgi membranes

2.7.1 Materials

32% ammonia, chloroform and methanol were from Carlo Erba. Silica gel TLC 

(thin layer chromatography) plate, potassium oxalate, and the phosphoinositides 

were from Sigma. y[32P]-ATP was from Amersham.

2.7.2 Two-step incubation

The effect of the selective activation of ARF on phospholipid metabolism in 

Golgi membranes was studied using the multi-step incubation described in section

2.5.3.2. Golgi fractions were first incubated in binding buffer (25 mM Hepes, pH

7.2, 25 mM NaCl, 2.5 mM MgCl^, 0.2 M sucrose, 1 mM DTT, 1 mM ATP, 5 mM 

creatine phosphate, 10 U/ml creatine phosphokinase) with 20 pM GTPyS or 1 [iM 

purified bovine ARF, or both, for 15 min at 37°C (first step). Membranes were 

pelleted, rinsed and incubated in a modified binding buffer (25 mM Hepes pH 7.2, 

25 mM NaCl, 2.5 mM MgCl^, 0.2 M sucrose, 1 mM DTT, 0.5 mM ATP) for 15 

min at 37°C with 2 pCi/sample y[3 2P]-ATP in the presence or absence of 1.5 

mg/ml cytosol (second step). At the end of the second step incubation, membranes 

were pelleted and resuspended in 50 |il of 10 mM Hepes, pH 7.2. To stop the 

reaction, 20 |il of 8  M HC1 were added and lipids extracted with 160 Jill of 

chloroform:methanol (1:1, v/v). The chloroform phase was evaporated to dryness, 

and dried lipids were resuspended in chloroform and analysed by TLC or HPLC. 

The radioactive products were quantified using a Packard Instant Imager (Packard, 

CT).

2.7.3 Three-step incubation

The incubations were run as described above, but y[32P]-ATP (1 pCi) was 

added only at the end of the second-step incubation. At the end of the third 

incubation, membranes were pelleted, rinsed and lipids extracted in chloroform/ 

methanol (1 :1), and analysed by thin layer chromatography as described above.
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2.7.4 Phosphatidylinositol 4-kinase (PI4K) and phosphatidylinositol 4- 

phosphate 5-kinase (PIP5K) assays.

Golgi fractions, ARF and cytosol were incubated as described for the three-step 

incubation, but the y[32P]-ATP was added to the final pellet (after the third 

incubation) along with pure exogenous lipid substrates. PI4K and PIP5K assays 

were performed in a reaction mixture (100 pi) containing 40 pM ATP, 20 mM 

Hepes, pH 7.4, 0.2 mg/ml sonicated Ptdlns or PtdIns4P, 10 mM MgCh, 1 pCi 

y[32P]-ATP. Assays were performed at 37°C for 10 min and stopped with 25 pi 8 

M HC1. Lipids were extracted and analysed by TLC as described above.

2.7.5 HPLC analysis

In selected experiments, [32P]-phospholipids, extracted as above, were 

deacylated and analysed by anion exchange HPLC on a Partisil 10 SAX column 

(4.6 mm x 25 cm; Whatman) as described by Falasca et al., 1998, in collaboration 

with Cristiano lurisci (Department of Cell Biology and Oncology, Consorzio 

Mario Negri Sud, Santa Maria Imbaro, Italy). Relevant peaks were identified by 

co-elution with commercially available [3H]-labelled standards.

2.7.6 TLC preparation and elution

Silica gel TLC plates (20 x 20 cm, 0.2 mm thick) were coated with 1% 

potassium oxalate, dried overnight, and wrapped in aluminum foils for storage. 

Prior to use, silica gel was scraped from the lateral margin (1 cm) and samples 

loaded 1 cm from the bottom. As a standard 1-5 pg of cold Ptdlns, PtdIns4P and 

PtdIns4,5P2 were used. As elution buffer a mixture of chloroform, methanol, 32% 

ammonia and water (60:47:2:11.3) was prepared and left in a sealed tank for at 

least 2 h prior to running. TLC plates were placed in the tank and allowed to 

develop for about 2 h before being removed and dried. To visualise the unlabelled 

standards the TLC plate was placed in a sealed tank saturated with iodine vapours,
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while the radiolabelled lipids were visualised and quantified by electronic 

autoradiography (Instant Imager, Canberra Packard, CT, USA).

2.8 Fusion protein preparation

2.8.1 Materials

Tryptone and yeast extract were from Promega. CaCh, RbCl, glycerol, MnCla 

agar, agarose, glutathione, lysozyme, IPTG, sodium azide, and MOPS were from 

Sigma. The glutathione resin was from Pharmacia Bio-Tec.

A list of constructs used in this thesis is shown in Table 2.2.

2.8.2 Preparation of competent cells

Competent bacteria were obtained using the rubidium chloride method 

(Kushner, 1978). E. Coli XL 1-blue (Stratagene) bacteria were streaked and 

incubated overnight on a Luria Broth (10 g/1 of tryptone, 5 g/1 yeast extract and 10 

g/1 NaCl (LB)) plate. Next day, one single colony was inoculated into 10 ml of LB 

and grown overnight at 37°C with shaking at 225 rpm. One ml of the overnight 

saturated culture was inoculated into 9 ml of fresh LB and grown until the optical 

density at 550 nm was 0.3. The bacteria were subcultured 1:20 into 100 ml pre

warmed LB and grown until the optical density at 550 nm reached 0.48. The cells 

were chilled on ice and centrifuged at 1000 x g at 4°C for 5 min, the supernatant 

was removed and the pellet gently resuspended in 40 ml 30 mM potassium 

acetate, 100 mM RbCl, 10 mM CaCl, 50 mM MnCla, 15% glycerol pH 5.8. The 

bacteria were left on ice for 2 h, centrifuged and resuspended in 4 ml of 10 mM 

MOPS, pH 7, 75 mM CaCl, 10 mM RbCl, 15% glycerol.

2.8.3 Transformation of bacteria by heat shock

Competent cells were thawed on ice and around 10 ng of plasmid added. After 

mixing, the cells were left on ice for 30 min and then heat shocked for 90 seconds 

at 42°C. After addition of 800 pi LB, the bacteria were grown at 37°C for 45 min
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Table 2.2 A list of constructs used in this thesis is shown.

Insert Vector Provenience
ARF 1-GST pGEX 2T Dr J. Moss, NIH Bethesda, Maryland, 

USA)
cdc42-GST pGEX 2T Prof. A. Hall, UCL, London, UK

D656API4Kbeta pcDNA3 Prof. L. Cantley, Harward Institute of 

Medicine, Boston, MA, USA
GST-(410-527)PI4Kbeta PGEX4T

GST-BTK-PH pGEX4T

GST-OSBP-PH pGEX4T
GST-PI4Kbeta pGEX4T

GST-pIIZ2-PH pGEX4T Prof. J. Morrow, Yale Univerisity, CT, 

USA
GST-PIZ2-PH pGEX4T

HA-D656API4Kbeta pcDNA3 Prof. L. Cantley, Harward Institute of 

Medicine, Boston, MA, USA
HA-PI4Kbeta pcDNA3

Myc-PIP5 Kalpha pRK5 Dr. LM Machesky, University of 
Birmingham, Birmingham United 

Kingdom.
Myc-Rab5(Q79L) pcDNA3 Dr. M. Zerial, Max Plank Institute, 

Dresden, Germany
PI4Kbeta pcDNA3 Prof. L. Cantley, Harward Institute of 

Medicine, Boston, MA, USA
Rabll pcDNA3 Dr. M. Zerial, Max Plank Institute, 

Dresden, Germany
Rabll(Q70L) pcDNA3
Rabll(S25N) pcDNA3

Rac-GST pGEX 2T Prof. A. Hall, UCL, London, UK
Rho-GST pGEX 2T Prof. A. Hall, UCL, London, UK

pi N-4-GST pGEX4T Prof. J. Morrow, Yale Univerisity, CT, 

USA
pi N-9-GST pGEX4T
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under constant shaking at 225 rpm. The culture was then plated on LB agar 

containing the appropriate selective antibiotic and incubated overnight at 37 °C. 

The next day, an isolated bacterial colony was picked from the plate and used to 

inoculate 2 ml of LB containing the appropriate antibiotic. Sterile glycerol was 

added to the bacterial culture (30 % v/v) for long-term storage at -80 °C.

2.8.4 DNA preparation

A single colony of transformed XL-1 Blue E. Coli bacteria was used to 

inoculate 500 ml of LB plus the selective antibiotic. After 15-20 hours incubation, 

bacteria were collected by centrifugation at 6,000 rpm (JA10) for 10 min at 4 °C 

and processed according to the “maxi plasmid purification protocol” of the 

“Qiagen-plasmid-kit”. The DNA obtained was resuspended in TE buffer (10 mM 

Tris-HCl, 1 mM EDTA pH 7.5) to a final concentration of 1 mg/ml and stored at 4 

°C, or for long-term, at -20 °C.

2.8.5 Purification of Glutathione S-transferase (GST) fusion proteins

All the GST-fusion constructs (cloned in p-GEX vectors) were produced and 

purified using the “Bulk GST purification module” (Pharmacia) according to the 

instructions of the manifacturer. E. Coli strain DH5a harbouring the GST-fusion 

protein of interest, was grown in LB plus ampicillin (60 mg/ml) until the optical 

density (600 nm) was about 0.7-0.9. At this point, the fusion protein was induced 

for 3 h at 37°C with ImM IPTG. The cells were harvested by centrifugation (6000 

rpm, JA10 rotor) for 10 min at 4°C and resuspended in 25 ml of 20 mM TRIS- 

HC1, pH 8 , 100 mM NaCl, 1 mM EDTA, 1 mg/ml lysozyme in the presence of a 

cocktail of protease inhibitors (leupeptine, benzamidine, and PMSF). 1% Triton x- 

100 was added, the suspension was stirred for 30 minutes, and then sonicated for 

2 min on ice. The lysed cells were centrifuged for 20 min (1,800 rpm, JA20). 

Meanwhile, 2.5 ml of a glutathione-sepharose resin was diluted up to 40 ml in 

PBS to remove the preservative and centrifuged (2,000 x g) for 5 min. The 

supernatant was discarded and the resin was resuspended again in PBS. This
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procedure was repeated twice. Supernatant from bacterial lysates were added to 

the glutathione-sepharose resin and incubated for 30 min at 4°C with occasional 

agitation. The beads were washed with 3 x 50 ml PBS, and assembled into a 

column. Protein elution was started by the addition of 1 ml of 100 mM Tris-HCl, 

20 mM glutathione, 5 mM DTT (elution buffer). 1 ml was collected and termed 

fraction 1. This procedure was repeated six times. Ten pi of each fraction were 

analysed by SDS-PAGE and fractions containing the protein were pooled and the 

amount of protein present quantified using the BioRad Protein Assay Kit 

(BioRad).

2.8.6 Lipofectamine-Reagent based cell transfection

Cells were plated on glass coverslips in normal culture medium at a 

concentration suitable to have 50-70 % confluence the following day, when the 

cells were transfected using Lipofectamine Reagent (GIBCO) according to the 

manufacturer instructions. The transfection mixture was prepared by diluting the 

DNA to 0.3 pg/ml in serum-free culture. In a separate vial the Lipofectamine 

Reagent was diluted 10 times with serum-free medium and added to the 

transfection mixture in order to have a final ratio of 2  pi of the reagent per ml the 

transfection mixture. The mixture was kept at RT for 15 min. In the meantime, 

cells were washed twice with serum-free medium and incubated with the 

transfection mixture (1 ml per coverslip in a well of a 24-well culture plate) for 5 

h. At the end of the incubation the transfection mixture was replaced by complete 

culture medium and cells incubated for additional 1 2 -2 0  h.

2.9 Immunoprécipitation experiments (IP)

2.9.1 IP from rat liver Golgi membranes

Rat liver Golgi membranes (400 pg/sample) were extracted in HKT buffer (20 

mM Hepes-KOH, pH 7.4, 200 mM KC1, 1% Triton, 2 mM EDTA, 2 mM DTT 

and a cocktail of protease inhibitors) for 45 min at 4°C with stirring and diluted
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1:1 with water before clarifying for 10 min at 14,000 rpm in a microfuge. Extract 

was incubated with 3 |ig of anti-PI4Kbeta antibody for 18 h at 4°C on a wheel and 

protein-A beads added for 3 h at 4°C with continuous mixing. As a control, 

preimmune IgGs were used. The beads were pelleted and washed 5 x with the 

incubation buffer, and 3 x with Hepes 20 mM-KOH, pH 7.4 prior being 

resuspended in an equal volume of 2 x SDS loading buffer and analysed by SDS- 

PAGE and Western blotting.

2.9.2 IP from two-step binding experiments

Purified rat liver Golgi membranes (400 pg/sample) were incubated with 

purified ARF (1 pM) for 15 min at 37°C in binding buffer. The membranes were 

recovered by centrifugation at 15,000 rpm for 10 min at 4°C, rinsed and incubated 

in binding buffer with rat brain cytosol (1.5 mg/sample) for 15 min at 37°C. 

Membranes were centrifuged, rinsed and the pellet extracted with HKT buffer 

(see previous section) for 45 min at 4°C with stirring. Extracts were diluted 1:1 

with water and clarified for 10 min at 14,000 rpm in a microfuge. The supernatant 

was incubated with 3 pg of anti-PI4Kbeta antibody for 18 h at 4°C on a wheel and 

protein-A beads added for 3 h at 4°C. As a control preimmune IgGs were used. 

Pelleted beads were washed 5 x with the incubation buffer, and 3 x with Hepes 20 

mM-KOH, pH 7.4, before being resuspended in 2 x SDS loading buffer and 

analysed by SDS-PAGE and Western blotting.

2.9.3 IP from rat brain cytosol

Rat brain cytosol, (400 pg/sample) was diluted 1:1 with 2 x HKT buffer (see 

previous sections) and incubated for 45 min under rotation before adding 3 

pg/sample of polyclonal anti-PI4Kbeta antibodies or preimmmune IgG. The 

samples were treated as described in the previous sections.
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2.10 GST-pull-down experiments

Purified Golgi membranes (400 jug/sample) were extracted in 200 mM KC1, 

1% Triton X-100, 2 mM EDTA, 2 mM DTT, 20 mM Hepes, pH 7.4, and a 

cocktail of protease inhibitors (2 x HKT), for 45 min on ice, then diluted 1:1 with 

distilled water, before clarification for 10 min at 14,000 rpm. The extract was 

incubated with GST-PI4Kbeta, immobilised on glutathione-sepharose beads as 

described in section 2.2.4.2, for 12-16 h at 4°C with shaking. As a control, GST 

cross-linked to glutathione sepharose beads was used. The beads were washed 4 

times with 1 x HKT buffer and twice with the HKT buffer without Triton x-100. 

The proteins bound to the column were eluted with 0.1 M glycine, pH 2.5. The pH 

of the corresponding eluted sample was adjusted to 7.0 with 1 M Tris, pH 10, and 

the proteins precipitated with 10% TCA. Samples were analysed by SDS-PAGE 

and Western blotting.
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Chapter 3

ARF regulates spectrin binding to the Golgi 
complex

3.1 Introduction

Homologues of the two major components of the erythrocyte plasma membrane 

skeleton; P-spectrin and ankyrin (Ankong and 195-kDa ankyrin), have been 

localised on the Golgi complex in many different cell types (Beck et a l, 1994; 

Devarajan et a l, 1996a; Beck et a l, 1997). The functional significance and the 

molecular mechanism controlling Golgi localisation still remain to be understood.

To study the mechanism responsible for the regulation of P-spectrin association 

with Golgi membranes, two methodological approaches were taken:

1) an immunofluorescence (IF) analysis of the intracellular distribution of 

spectrin in intact and permeabilized cells;

2) in vitro assays of p-spectrin binding to isolated Golgi membranes.

It was hoped that, the identification of the molecular factors controlling the 

organisation of the Golgi cytoskeleton would facilitate the functional analysis of the 

P-spectrin-skeleton at the Golgi complex.

3.2 IF study of Golgi-associated spectrin

3.2.1 Golgi-associated spectrin shares a close antigenic sim ilarity 

with pl-spectrin

Intact NRK and Swiss3T3 cells were used to study the intracellular distribution 

of P-spectrin by indirect immunofluorescence, using the anti-pi spectrin antibodies
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described in Materials and Methods, section 2.2.2.1 and 2.2.2.2 (including those 

directed against the pleckstrin homology (PH) domain of pIX2 spectrin). The 

immunofluorescence experiments were done as described in Materials and Methods, 

section 2.3.2. The staining for P-spectrin was mainly restricted to Golgi-like 

perinuclear reticular structures and to peripheral puncta. Perinuclear staining 

overlapped with the staining pattern of giantin (a 346 kDa Golgi membrane-protein; 

Linsted and Hauri, 1993), but the additional peripheral structures were devoid of 

giantin (see Figure 3.1).

To study the dynamics of the Golgi-associated p-spectrin, cells were treated with 

brefeldin A (BFA), a drug known to disassemble the Golgi apparatus by preventing 

the activation of the small GTPase ARF (Klausner et a l, 1992; Pelham, 1991; 

Donaldson et a l, 1990, 1992a, 1992b; ). Using 2 pg/ml BFA, the Golgi-associated 

p-spectrin rapidly redistributed into the cytoplasm (see Figure 3.2). Spectrin’s 

behaviour mirrored that of p-COP, a protein that binds to the Golgi complex in an 

ARF-dependent manner (see Figure 3.2). However, the distributions of P-COP and 

P-spectrin were not identical and could be distinguished by keeping cells at 15°C for 

2 h. At this temperature, p-COP, and other proteins that recycle between 

endoplasmic reticulum and Golgi accumulate in peripheral punctate structures (the 

Intermediate Compartment; IC) (Presley et a l, 1998; Lippincott-Schwartz et a l, 

2 0 0 0 ), whereas spectrin remained perinuclear.

3.2.2 The association of p-spectrin with the Golgi complex is 

regulated by a GTP-binding protein sensitive to BFA

The association of p-spectrin with the Golgi complex was further characterised 

in permeabilized NRK cells (Donaldson et a l, 1991). The cells were permeabilized 

using streptolysin O (SLO), as described in Materials and Methods, section 2.3.5. 

Under these permeabilization conditions the intracellular distribution of p-spectrin 

was more diffuse (see Figure 3.3) compared to that of integral Golgi-membrane 

proteins (such as giantin and Mannosidase II). When cell permeabilization was
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(3-spectrin
(M usi) Giantin merge

P-spectrin
GiantinMus2 merge

Figure 3.1 Golgi associated P-spectrin shares a close antigenic similarity to 

PIZ2 spectrin.

Swiss 3T3 cells were treated for immunofluorescence and processed for double- 

staining with anti-giantin (green) and anti-spectrin (red) antibodies (Musi or 

Mus2 as indicated), that recognise the pIZ2 spectrin PH domain. Both anti

spectrin antibodies labelled Golgi-like perinuclear reticular and cytosolic punctate 

structures. The two patterns of staining are shown; both largely overlap with that 

of giantin (a resident Golgi protein). Merge represents the superimposition of P- 

spectrin (Musi or Mus2 antibodies) with giantin staining and yellow indicates 

overlap.
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Figure 3.2 The association of P-spectrin with the Golgi complex is sensitive to 

BFA but not to low temperature treatment.

Swiss 3T3 cells were treated with 2 pig/ml of BFA for 1 min (BFA) or kept at 

15°C for two hours. Cells were processed for immunofluorescence and stained, as 

indicated, with the anti-spectrin, anti-giantin, or anti-p-COP antibodies. Note that 

the behaviour of p-spectrin is similar to that of p-COP after BFA treatment and 

both proteins redistribute into the cytosol, while the staining of the Golgi resident 

protein giantin remains unchanged. At 15°C, P-COP redistributes to peripheral 

structures (the ER-Golgi intermediate compartment), while giantin and p-spectrin 

are unaffected.
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Giantin (3-spectrin

Figure 3.3 p-spectrin binds to the Golgi complex in a GTPyS-dependent and 

BFA-sensitive fashion.

SLO-permeabilized NRK cells were treated with permeabilization buffer (control) 

or with 50 pM GTPyS (GTPyS), or with 1 pg/ml BFA for 5 min before and during 

the permeabilization in the presence of 50 pM GTPyS (BFA+GTPyS). The cells 

were processed for immunofluorescence and double-stained with specific anti-P- 

spectrin and anti-giantin antibodies.
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carried out in the presence of 50 pM GTPyS, p-spectrin remained associated with 

the Golgi complex (see Figure 3.3), suggesting that a GTPase was regulating 

spectrin binding to the Golgi complex. The GTPyS effect was prevented by treating 

the cells with 1 pg/ml BFA for 5 min, before and during permeabilization (see 

Figure 3.3). This suggested that spectrin association with the Golgi complex was 

regulated by a GTPase sensitive to BFA. A very likely candidate protein is the small 

GTPase ARF.

3.3 ARF regulates the assembly of a spectrin-based 

skeleton on Golgi membranes

3.3.1 General description

To assess the possible role of ARF in spectrin binding to Golgi membranes, an 

in vitro assay was developed to reconstitute the GTPyS- and BFA-sensitive binding 

of P-spectrin to the Golgi complex, using subcellular fractions derived from rat 

brain or rat liver (see Materials and Methods, sections 2.5.2.1 and 2.5.2.2). Two 

types of binding assay were set up: a single-step protocol, in which Golgi 

membranes were incubated with cytosol, and a two-step incubation protocol 

including a first step in which Golgi membranes were incubated with or without 

ARF and GTPyS, followed by second incubation step with cytosol.

3.3.2 Single-step incubation

Isolated Golgi membranes (100 pg/ml) freshly prepared, or stored at -80 C ° and 

rapidly thawed in the bath at 37°C, were incubated with cytosol (1.5 mg/ml) for 10 

min. GTPyS (to 10 pM), or control buffer, was then added for an additional 5 min, 

at 37°C, and the membranes recovered by centrifugation. Proteins were analysed by 

SDS-PAGE and Western blotting. A discrete set of proteins at 240, 170, 110, 108, 

43, 30, and 20 kDa was recruited from the cytosol to Golgi membranes in the
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presence of GTPyS as visualised using Ponceau staining of the nitrocellulose filters 

(Figure 3.4). GTP (to 1 mM) was also able to recruit the same set of cytosolic 

proteins although with less efficiency than GTPyS. When the samples were 

pretreated with BFA (40 jig/ml) during the first 10 min, this group of proteins is no 

longer associated with the Golgi (see Figure 3.4). These results suggest that a small 

GTPase sensitive to BFA, perhaps ARF, is involved in the recmitment of these 

proteins to the Golgi membranes.

Western blot analysis revealed that the 20 and 110 kDa proteins were ARF and 

p-COP respectively (see Figure 3.4). The 240 kDa protein was identified as pl£* 

spectrin (a still uncharacterised putative splice form of ZI spectrin hence the 

designation X*), since it was recognised by all the anti-pi spectrin antibodies 

described in Materials and Methods, but not by anti-pll antibodies (which 

recognised a lower 210-230 kDa bands). The 43 kDa protein was identified as p- 

actin. The 110 kDa band included ankyrin (Ankong) and adducin (two proteins 

also associated with the spectrin-based skeleton at the plasma membrane).

The specificity of P-spectrin association with Golgi membranes was verified using 

different rat-liver subcellular membrane fractions. The maximal GTPyS -dependent 

spectrin-binding stimulation was coincident with the peak of the Golgi marker 

mannosidase II (Manll), and was clearly dissociated from the peak of plasma 

membrane (ecto-ATPase) and ER (CaBPl) markers (see Figure 3.5 B and C).

The GTPyS-dependent and BFA-sensitive association of the above proteins with the 

Golgi membranes was also confirmed using membranes recovered by floation (see 

Materials and Methods, 2.5.3.1) on sucrose gradient, instead of centrifugation, to 

avoid the possibility of non-specific protein precipitation during the centrifugation 

step. The results obtained by the two approaches are compared in Table 3.1. 

Altogether these in vitro results were in agreement with the data obtained in IF 

experiments in permeabilized cells (section 3.2.2 and section 3.2.3) and were 

consistent with the involvement of ARF in the recmitment of P-spectrin to the Golgi 

complex.
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Figure 3.4 Single-step binding assay.

Rat liver Golgi membranes (100 pg/ml) were incubated with rat brain cytosol (1.5 

mg/ml) for 15 min at 37°C before adding 10 pM GTPyS for 5 min. Where 

indicated 40 pg/ml BFA was added at the beginning of incubation. Membranes 

were recovered by centrifugation and the proteins analysed by SDS-PAGE and 

Western blotting. Asterisks indicate the cytosolic proteins recruited in a GTPyS- 

dependent and BFA-sensitive manner to the Golgi membranes. The indicated 

proteins were identified by immunoblot using specific antibodies.
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Figure 3.5 P-spectrin binding to rat liver subcellular fractions.

A. Schematic representation of the Golgi membrane preparation from rat liver. 

The molarity of the sucrose solution is shown on the left of the tube, while the 

collected fractions are indicated on the right of the tubes. PNS indicates the post 

nuclear supernatant; 0  indicates the membranes left after the first centrifugation 

and loaded on the sucrose gradient; III, II, I and P indicate the upper, intermediate 

and lower interfaces and the pellet of the sucrose gradient, respectively. B. 

Seventy-five pg of each of the fractions collected during the purification of Golgi 

membranes were separated by SDS-PAGE, blotted on nitrocellulose, and tested
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for the presence of organelle marker proteins, such as Mannosidase II (Manll; 

Golgi marker), the calcium binding protein CaBPl (ER marker), ecto-ATPase 

HA4 (plasma membrane marker; Margolis et al. 1988). The data are expressed as 

percentage of the maximum value measured in the fractions for each antibody. It 

shoud be noted that, although the western blot methods used for characterizing the 

fractions is only semi-quantitative, the peak of the Golgi marker (Manll) is clearly 

dissociated from that of the ER (CaBPl) and PM (HA4) markers. C. Rat liver 

subcellular fractions were incubated with cytosol in the presence or absence of 

GTPyS as indicated. The membranes were centrifuged and the presence of p- 

spectrin analysed by immunoblotting using specific anti-p-spectrin antibody 

(Musi). A representative blots are shown.
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p-spectrin binding 
to Golgi fractions

Pelleting, % of control 
± SD

Flotation, % of control 
± SD

One-step incubation

Basal 15±4 10±3
GTPyS 100±9 1 0 0 ± 8

BFA-GTPyS 20±5 18±4

Two-step incubation

ARF 15±2 13±3
GTPyS 10±3 8 ± 1

ARF+GTPyS 1 0 0 ± 8 100±7

Table 3.1 ARF-dependent binding of P-spectrin to Golgi membranes

measured by pelletting vs flotation assay.

Data represent the average ± SD of three experiments.
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3.3.3 Two-step incubation

To address more directly whether ARF regulates p-spectrin binding to Golgi 

membranes, a two-step binding protocol was set up as described in Materials and 

Methods, 2.5.3.2. In the first step, Golgi fractions (20 pg/sample) were washed 

with 1 M KC1 to assure the removal of residual ARF, then incubated with or 

without 1 |iM purified bovine ARF and/or 20 pM GTPyS for 15 min at 37°C. After 

pelletting and washing, membranes were incubated in a second step with cytosol 

(150 gg/sample) for an additional 15 min at 37°C. At the end of the second 

incubation, membranes were pelleted, rinsed and proteins were analysed by SDS- 

PAGE and Western blotting. Only membranes pre-incubated with ARF and GTPyS 

in the first step, were subsequently able to recruit p-spectrin, p-COP, AnkG119, and 

actin (see Figure 3.6), indicating that the GTPyS-induced binding of p-spectrin- 

skeleton was strictly and specifically ARF-dependent. Importantly the efficiency of 

ARF recruitment with the preloading protocol and the single step protocol was 

similar for spectrin, P-COP and ankyrin. It was lower for actin (compare Figure 3.6 

with Figure 3.4), suggesting the possibility that cytosolic G proteins other then 

ARF might also promote actin binding and/or polymerisation (this aspect will be 

addressed in section 3.3.5).

3.3.4 ARF-depleted cytosol

The ARF requirement for spectrin binding to Golgi membranes was further 

investigated using ARF depleted cytosol (see Materials and Methods, section 

2.5.2.3). ARF depletion (loss of the ARF band at 21 kDa) was verified by SDS- 

PAGE and Western blotting using a specific monoclonal anti-ARF antibody (see 

Figure 3.7). To also remove ARF bound to the Golgi membrane, membranes (200 

jig/ml) were washed with 1 M KC1 before incubating with either control cytosol (2 

mg/ml), or ARF-depleted cytosol (2 mg/ml), or ARF-depleted cytosol (2 mg/ml) 

plus 1 pM purified bovine ARF. In the presence of ARF-depleted cytosol, GTPyS
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Figure 3.6 Two-step binding assay.

Rat liver Golgi fractions (20 pg/sample) were first incubated with or without 20 

pM GTPyS and/or purified bovine ARF (1 jiM) for 15 min at 37°C Membranes 

were recovered by centrifugation, rinsed and incubated with rat brain cytosol (150 

fxg/sample) for 15 min at 37°C. Membranes were pelleted and the proteins 

analysed by SDS-PAGE and Western blotting. A representative Ponceau staining 

of the nitrocellulose filter and the blots developed with the indicated antibodies 

are shown. Note that only when ARF is activated by GTPyS, is there a significant 

binding of ^-spectrin, p-COP, A nk^g, Adducin and actin to the Golgi 

membranes. The asterisks indicate still unspecified proteins that bind to Golgi 

membranes in ARF dependent manner.
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A

B

Figure 3.7 ARF-depleted cytosol.

A Control cytosol (a), ARF-depleted cytosol (b), ARF-depleted cytosol 

reconstituted with 1 pM purified bovine ARF (c), and purified ARF were 

electrophoreted on SDS-PAGE, and proteins transferred to nitrocellulose filters, 

and visualised with Ponceau red. The Ponceau stainings are shown. The presence 

of ARF in the different cytosols was verified using a specific anti-ARF antibody 

which recognised all the ARF isoforms. Representative blots are shown.

B. For each cytosol preparation (a = control cytosol, b = ARF depleted cytosol 

and c = ARF depleted cytosol reconstituted with 1 pM purified bovine ARF) the 

binding of p-spectrin, p-COP, actin, and ARF to Golgi membranes in the presence 

(+) or in the absence (-) of GTPyS was evaluated by immunoblotting. Note that 

GTPyS looses its ability to recruit p-spectrin, actin and p-COP in the presence of 

ARF-depleted cytosol.
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completely lost its ability to stimulate the recmitment of P-spectrin, p-COP and 

other spectrin-skeleton proteins to Golgi membranes. When purified bovine ARF 

was added to the depleted cytosol, however, GTPyS stimulated activity was 

recovered (see Figure 3.7). These results confirmed the involvement of ARF in 

regulating the assembly of the spectrin-actin skeleton on the Golgi complex.

3.3.5 Role of other GTPases in the ARF-dependent binding o f 

spectrin to Golgi membranes

The GTPases Rho, Rac, and Cdc42 are known to regulate actin polymerisation 

(Nobes et al, Cell 1995). To investigate if these GTPases are involved in the 

assembly of the spectrin-actin skeleton on the Golgi, their recombinant GST-fused 

constructs were used. The recombinant proteins were prepared as described in 

Materials and Methods, section 2.8, and used in the two-step binding assays at a 

concentration of 100 pg/ml. As a control, the same concentration of GST was used. 

The results are shown in Figure 3.8. Rho, Rac or Cdc42 failed to promote 

recruitment of p-spectrin or actin to Golgi membranes in the absence of activated 

ARF in any of the experimental paradigms. To test whether these GTPases could 

interact with isolated Golgi membranes, under the conditions used for the binding 

experiments, a GTP-overlay technique was used (Comerford et al, 1989). Samples 

of a two-step binding experiment carried out as described above (section 3.3.3 and 

Material and Methods, section 2.5.3.2) in the presence of 100 jug/ml of the 

individual recombinant GST-fusion GTPases (Rho, Rac and Cdc42) were 

transferred to nitrocellulose filters and the filters used in the overlay assay as 

described in Material and Methods, section 2.5.2.5. Radiolabelled proteins were 

detected by autoradiography. The results are shown in Figure 3.8 and it can be seen 

that Rho, Rac and Cdc42, do not bind to Golgi membranes. It is very well 

established that Cdc42 localises to the Golgi complex and is involved in membrane 

traffic out from the TGN (Erickson et al., 1996; Kroschewski, 1999), and so it was 

surprising that it did not bind Golgi membranes in this assay.
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Figure 3.8 Recombinant GST-fused Rho, Rac and Cdc42 do not recruit 

spectrin or actin to Golgi membranes in the absence of activated ARF.

A. Golgi membranes were incubated in a first step with buffer (-) or with ARF 

and/or GTPyS in the absence (control) or presence of the following recombinant 

proteins (100 pg/ml): Rho, Cdc42 and Rac for 15 min at 37°C. Membranes were 

pelleted, rinsed and incubated in a second step with cytosol alone (control) or with 

cytosol plus the above recombinant protein for 15 min at 37°C. The membranes 

were pelleted and the proteins present analysed by SDS-PAGE and 

immunoblotting with polyclonal anti P-spectrin antibodies (Musi). The data are 

expressed as percentage of the maximum value measured in the control using 

ARF+GTPyS, and are the means of two experiments.

B. Samples of a two-step binding experiment done as described in A in the 

presence of 1 0 0  |ng/ml of the indicated recombinant GST-fusion GTPases (Rho,
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Rac and Cdc42) were transferred to nitrocellulose filters and the filters incubated 

with radiolabelled [35S] GTPyS (1-2 piCi/sample) in a buffer containing 50 mM 

Tris-Hcl, pH 7.5, 0.3% v/v Tween 20, 12 pM MgC12, 1 mM DTT as described in 

Materials and Methods. GTPases bound to radiolabelled GTPyS were visualised 

by autoradiography and a representative autoradiography is shown. The GST- 

fused recombinant Rho, Rac and Cdc42 ( 1 pg) were used as positive controls.
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Another approach to examine if Rho is involved using C3-toxin, that inactivates 

Rho by ADP ribosylation, was used (Aktories, 1997). Rat brain cytosol was treated 

with C3-toxin as described in Materials and Methods, section 2.5.2.5, before 

incubation with control or ARF primed Golgi membranes (see Figure 3.9). The 

presence of ADP ribosylated Rho per se had no effect, and did not inhibit the ARF- 

dependent recruitment of both spectrin and actin. The above results, clearly 

indicated that Rho was not involved in the ARF-dependent spectrin skeleton 

assembly, though it was not possible to conclusively rule out the involvement of 

Cdc42 and Rac.

3.3.6 P-spectrin binding to Golgi membranes is ATP dependent

The requirement for ATP in the ARF-dependent binding of p-spectrin to Golgi 

membranes was next investigated using the two-step binding assay. In the second 

step, membranes were incubated with or without 500 pM ATP and with no ATP- 

regeneration system. The results are shown in Figure 3.10. In the absence of ATP 

during the second-step of incubation, activated ARF lost its ability to recruit p- 

spectrin, as well as actin and ankyrin, to Golgi membranes. Interestingly the ARF- 

dependent binding of p-COP was ATP-independent.

3.3.7 Features of the ARF-dependent spectrin-skeleton and COPI 

recruitment to Golgi membranes

To assess whether the COPI coat plays a role in the ARF-dependent binding of 

p-spectrin to Golgi membranes, binding experiments were performed using a COPI 

depleted cytosol. This cytosol was prepared taking advantage of the different ATP 

requirements of p-COP and spectrin association with Golgi membranes described 

above. An excess of Golgi membranes (100 pg/sample) was incubated in the 

presence of 100 |iM GTPyS and in the absence of ATP. Under these conditions 

COPI, but not spectrin, actin and ankyrin, bound to Golgi membranes. The
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Figure 3.9 The ADP ribosylation of Rho by C3-toxin does not affect spectrin 

binding to isolated Golgi membranes.

Golgi membranes, both control (black bars) or primed with ARF (white bars), 

were incubated for 15 min at 37°C with control cytosol (a) or C3-toxin pretreated 

cytosol (b) (see Material and Methods section 2.5.2.6). The membranes were 

recovered by centrifugation and proteins analysed by SDS-PAGE and 

immunoblot using a polyclonal anti-spectrin antibody (Musi) and a monoclonal 

anti-actin antibody. The results are expressed as a percentage of the max value 

obtained with ARF primed control cytosol and represent the means of at least 

three experiments.
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+ ATP (control) □  - ATP

Figure 3.10 P-spectrin binding to Golgi membranes is ATP dependent

Golgi fractions (150 |xg/ml) were incubated in the first step with ARF (1 pM) and 

GTPyS (20 pM), then pelleted and incubated with cytosol (1.5 mg/ml). The buffer 

used in both steps contained either 500 pM ATP (control) or no ATP. The 

membranes were recovered by centrifugation and the protein content analysed by 

SDS-PAGE and immunoblotting using polyclonal anti-p-spectrin, A nk^^, p-

COP and ARF antibodies, and a monoclonal anti-actin antibody. Results (binding 

to the Golgi membranes) are expressed as percent of controls (500 pM ATP), and 

are an average (± SD) of four experiments.
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supernatant of this incubation was assayed by immunoblot to check the absence of 

ARF and p-COP and the presence of p-spectrin (see Figure 3.11 A). The ARF was 

then reconstituted back into the COPI-depleted cytosol by adding purified bovine 

ARF (1 pM). The reconstituted cytosol was now used in a binding experiment with 

fresh Golgi membranes washed with 1 M KC1, in order to ensure the removal of 

residual coatomer from membranes. Under these conditions, p-spectrin, together 

with actin and ankyrin, bound to Golgi membranes in the absence of any detectable 

binding of p-COP (see Figure 3.11 B).

To confirm that the binding of P-COP was not dependent on the presence of p- 

spectrin, a two-step binding assay was performed in which the second step was 

carried out on ice. It is known that p-COP binding to Golgi membranes, pre-loaded 

with GTPyS -activated ARF, can occur at 0°C (Palmer et al, 1993). In contrast to p- 

COP, the ARF-dependent recruitment of P-spectrin to Golgi membranes (see Figure 

3.12) did not occur at 0°C. These results indicated that the ability of ARF to regulate 

both COPI and spectrin-skeleton recruitment is due to independent mechanisms.

3.3.8 Role of phospholipase D (PLD) in the ARF-regulated 

binding of spectrin to Golgi membranes

As mentioned in the Introduction, ARF is a powerful stimulator of PLD (Brown 

et a l, 1993; Crockroft et a l, 1994), so the possibility that the recruitment of p- 

spectrin was due to this activity of ARF was investigated. It is known that 

generation of phosphatidic acid (PA) by ARF-activated PLD can be inhibited by 

primary alcohols, such as 1-butanol, which are able to act as a substrate (instead of 

water) in the transphosphatidylation reaction leading to the production of 

phosphatidylalcohol, instead of PA. Conversely secondary alcohols, such as 2- 

butanol, are inactive as PLD substrates (Liscovitch et al, 1995).

Golgi membranes were incubated in the first step with 20 jiM GTPyS and/or 1 

(iM ARF (control conditions) or with 1% 1-butanol or 2-butanol, then, pelleted and
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Figure 3.11 Spectrin binding to Golgi fractions occurs independently of 

COPI.

A. The proteins present in the COPI-depleted cytosol were separated by SDS- 

PAGE, transferred to nitrocellulose filter and stained with red Ponceau. The 

absence of p-COP and ARE and the presence of p-spectrin were checked by 

immunoblotting using specific antibodies against these proteins. The Ponceau 

staining and representative immunoblots are shown.
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B. Purified bovine ARF was added to the COPI-depleted cytosol and this cytosol 

was used in the binding assay (blue stripped bars). The binding of each 

component compared to control cytosol is shown. Data represent the average (± 

SD) of three experiments.
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Figure 3.12 ^-spectrin binding to isolated Golgi membranes is temperature 

dependent

Rat liver Golgi membranes (15 (ig/sample) were incubated in the first step either 

with or without ARF (1 pM) and GTPyS (20 pM), as indicated, for 15 min at 

37°C. The membranes were centrifuged, rinsed and incubated with rat brain 

cytosol (150 pg/sample) for 15 min at 37 or 0°C (ice-bath) as indicated. The 

membranes were then recovered by centrifugation and the proteins analysed by 

SDS-PAGE followed by immunoblotting with polyclonal antibodies against p- 

spectrin (Musi) and ARF, and monoclonal antibodies against actin and p-COP. 

Representative blots are shown. Similar results were obtained in at least three 

independent experiments.
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incubated with cytosol, with or without 1-butanol or 2-butanol. As can be seen in 

Figure 3.13 1-butanol or 2-butanol did not affect binding of p-spectrin, ARF or p- 

COP to Golgi membranes. PA production was inhibited in the presence of 1% 1- 

butanol (see section 4.2.3), as expected, and was unchanged in the presence of 2- 

butanol treatment.

An alternative approach to study the role of PLD was to assess whether an 

increase in PA levels (by direct addition of PA or by treatment with bacterial PLD) 

could substitute for ARF in inducing the recmitment of spectrin. In fact it has been 

reported that COPI binding to membranes may be due to ARF-dependent activation 

of PLD, and cell lines with high levels of PLD activity do not require cytosolic ARF 

for initiating COPI assembly and are insensitive to BFA inhibition of ARF activity 

(Ktistakis et aL, 1995 and 1996). Neither exogenously added PLD from 

Streptomyces chromofuscus (0.2 U/sample) in the presence of 100 pM Ca++ (that 

activates the exogenous PLD activity inducing up to a 5-fold increase in the 

endogenous PA content as shown in section 4.2.3), nor exogenously added PA (80 

pM) were able to stimulate p-spectrin recmitment to Golgi membranes in the 

absence of activated ARF (see Figure 3.13).

3.3.9 Spectrin binding to Golgi fractions involves MAD1 and 

MAD2

It is known that both pi and pil spectrin can associate with membranes directly 

or via adaptors (such as ankyrin, adducin). For piX2 spectrin, in vitro studies have 

identified at least two membrane association domains (MAD) MAD1 and MAD2 

(Lombardo at a i, 1994, Davis and Bennet, 1994). MAD1 is located near the N- 

terminus of spectrin and includes the repeat 1 in both pi and pH spectrin. 

Recombinant polypeptides encompassing this region bind to stripped brain 

membranes and compete with the binding of native a lip 2  spectrin to such 

membranes (Lombardo at al., 1994; Davis and Bennet, 1994). The other direct
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Figure 3.13 Role of PLD in the ARF-dependent binding of ̂ -spectrin to Golgi 

membranes.

Golgi membranes were incubated with GTPyS and ARF under control conditions 

(control) or in the presence of 1% 1-butanol or 2-butanol (inactive as a PLD 

substrate) as indicated. Membranes were pelleted and incubated with cytosol and 

1% 1-butanol or 2-butanol. Alternatively Golgi fractions were incubated with 0.2 

U/ml of PLD from Streptomyces chromofuscus (in the presence or absence of 100 

nM Ca++) or with PA (80 pM) as indicated. Membranes were pelleted rinsed and 

incubated with rat brain cytosol and PLD in the second step in the absence or 

presence of Ca++ or with PA. Results (spectrin binding to Golgi membranes) are 

expressed as percent of controls (ARF and GTPyS). The data represent the 

average (± SD) of four experiments.
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membrane association domain (MAD2), resides in the COOH-terminal domain III 

of pIZ2 and pH spectrin. This region contains a PH-domain and strongly binds to 

brain membranes in vitro (Wang, 1995), inhibiting the binding of native ocIIp2 

spectrin (Lombardo at al., 1994, Davis and Bennet, 1994). Since Golgi associated 

spectrin shares close antigenic similarities to pi22 spectrin including a PH domain, 

the role of MAD1 and MAD2 in the ARF-dependent recruitment of P-spectrin to 

Golgi fractions was studied.

Recombinant GST-fused polypeptides encompassing MAD1 (PI-N9 and 

pI-N4) and MAD2 regions of pi£2 spectrin were prepared as described in 

Materials and Methods, section 2.8, and employed in the single-step binding assay. 

They were added during the first 15 min of incubation of Golgi membranes with 

cytosol, before the addition of GTPyS. As a control, the same concentration of GST 

was used. Both MAD1 and MAD2 constructs were able to inhibit, in a dose 

dependent manner, the GTPyS recruitment of P-spectrin to Golgi membranes (see 

Figure 3.14) as well as the recruitment of actin and ankyrin, but they did not effect 

the binding of p-COP or ARF to the same membranes.

3.3.10 Effect of an anti-spectrin monoclonal antibody on spectrin , 

actin and ankyrin binding to Golgi fractions

An anti-pi monoclonal antibody, mAbVIIIC?, raised against erythroid p- 

spectrin (Harris et al., 1986) was tested for its ability to interfere with the ARF- 

dependent binding of p-spectrin to isolated Golgi membranes using the single step 

binding assay. The mAbVUIC? at 0.4 pg/ml completely abolished the GTPyS 

induced binding of spectrin as well as actin and ankyrin to the Golgi without 

affecting p-COP association to the same membranes (see Figure 3.15). A control 

monoclonal antibody had no effect in the same assay.
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Figure 3.14 P-spectrin binding to Golgi membranes involves both MAD1 and 

MAD2.

Schematic representation of pI22 spectrin indicating the regions encompassed by 

the recombinant polypeptides pi-N4, (3I-N9 and (3II2-PH, that were used in the 

single-step binding assay to compete with the P-spectrin binding to Golgi 

membranes. Golgi fractions (10 ^g/sample) were incubated for 15 min at 37°C 

with cytosol (75 pg/sample) and 20 pM GTPyS with either 3 pM GST (empty 

bars) or GST-fused polypeptides illustrated in the schematic representation of 

spectrin, i.e. (3I-N4, pI-N9 from pi spectrin (both encompassing MAD1), and 

PI22-PH domain (encompassing MAD2 and hence the third domain of pI22 

spectrin containing a PH domain). Note that GTPyS induced binding of P-COP 

was not changed by any of these constructs, while that of spectrin and actin were 

strongly inhibited. Binding is expressed as a percent of control (GST). Data 

represent the average (± SD) of four experiments.
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Figure 3.15 A monoclonal anti-spectrin antibody (mAbVIIIC?) inhibits the 

ARF-dependent binding of p-spectrin, actin, and AnkG119 to Golgi 

membranes.

Isolated Golgi membranes (10 jxg/sample) were incubated for 15 min at 37°C with 

cytosol (150 pg/sample) and 20 pM GTPyS (control) or with 0.4 pg/ml control 

monoclonal antibody (control IGg) or two concentrations (0 .1  and 0.4 pg/ml as 

indicated) of the anti-spectrin monoclonal antibody mAbVIIIC?. The membranes 

were recovered by centrifugation and proteins analysed by SDS-PAGE and 

immunoblotting using polyclonal anti-spectrin (Musi), or anti-Ank^g antibodies 

and monoclonal anti-p-COP and actin antibodies. Binding is expressed as a 

percent of control. Data represent the average of four different experiments.
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3.4 Control of the Golgi spectrin assembly: the role o f  

phosphoinositides

3.4.1 General description

Since the MAD2 region of pIE2 spectrin includes a PH domain, and this PH 

domain is known to bind phosphoinositides, in particular Phosphatidylinositol 4,5 

bisphosphate (PtdIns4,5P2) (Wang and Shaw, 1995), the involvement of this lipid 

in Golgi-spectrin association was investigated. To this end, different agents known 

to interfere with the PtdIns4,5P^ availability were employed in the binding assay.

3.4.2 PH domains binding P td In s4 ,5 P 2, but not P td In s3 ,4 ,5 P 3, 

inhibit P-spectrin binding to Golgi membranes

Three recombinant GST-fused PH domains from pH spectrin, oxysterol binding 

protein (OSBP), and Bruton's tyrosine kinase (Btk) with different phosphoinositide 

binding specificity were prepared as described in Materials and Methods, section 

2.8. The Btk PH domain is known to bind PtdIns3 ,4 ,5 P3 with high affinity and 

PtdIns4 ,5 P2 only weakly (Salim et a l, 1996), whereas the other two PH domains 

bind PtdIns4,5P2 preferentially (Rameh et a l, 1997b). All three were tested in the 

single step binding assay at a concentration of 1 or 3 JiM using GST as a control. 

As seen in Figure 3.16 the PH domains of pH spectrin and OSBP strongly inhibited 

the association of p-spectrin, actin and ankyrin to Golgi membranes without 

affecting the binding of P-COP and ARF. The IC50 was around 1 JiM for both PH 

domains. The BtK-PH domain had no effect at any of the tested concentration (up 

to 9 pM). The lack of an effect with the Btk-PH domain suggested a role of 

PtdIns4,5P2, but not PtdIns3,4,5P3, in spectrin binding. To verify this, an 

inhibitor of PI3-kinase activity, wortmannin (Ui e ta l, 1995), was exploited. At the 

concentration of 20 nM, wortmannin did not affect spectrin binding as measured in 

single step binding assay (see Figure 3.17). These results
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Figure 3.16 PH-domains binding PtdInsP2, (OSBP-PH), but not PtdlnsPS, 

(BTK-PH), inhibit p-spectrin binding to Golgi membranes.

Golgi membranes were incubated for 15 min with cytosol in the presence of 20 

pM GTPyS and 3 pM GST or the indicated concentrations of GST-fused 

polypeptides containing the PH domains of pH spectrin (PII-PH), oxysterol 

binding protein (OSBP-PH), or Bruton tyrosine kinase (BTK-PH). Results 

(binding to Golgi) are expressed as percent of control binding (GST alone). Data 

represent the mean (± 1 SD) of four experiments.
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Figure 3.17 Wortmannin does not inhibit p-spectrin binding to Golgi 

membranes.

Isolated Golgi membranes were incubated, as indicated, with GTPyS and/or ARF 

in the presence or in absence of 20 nM wortmannin (an inhibitor of PI3K) for 15 

min at 37°C. Membranes were pelleted, rinsed and incubated with cytosol in the 

presence or absence of 20 nM wortmannin for another 15 min at 37°C. 

Membranes were pelleted and the amount of p-spectrin present in pellets analysed 

by SDS-PAGE and immunoblotting with polyclonal anti-spectrin antibodies 

(Musi). A representative blot is shown. Similar results were obtained in at least 

two experiments.
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suggested that PtdIns4,5P2 is required for spectrin assembly on isolated Golgi 

membranes.

3.4.3 PtdIns4,5P2 is required for the spectrin binding to isolated 

Golgi membranes

Another approach to study the involvement of PtdIns4,5P2 was based on the use 

of an antibiotic, neomycin, which sequesters PtdIns4 ,5 P2 with high affinity (Gabev 

et al., 1989). Neomycin was able to abolish the ARF-dependent binding of (3- 

spectrin with an IC50 of 150 |iM (see Figure 3.18) when added during the single 

step binding assay together with 20 pM GTPyS (see Materials and Methods, section 

2 .5 .3 .1). To prove that neomycin inhibition was mediated by PtdIns4,5P2 

sequestration, exogenous PtdIns4 ,5 P2 was added to the neomycin treated sample to 

assess whether it was able to restore the recruitment. Golgi membranes (200 pg/ml) 

were incubated with cytosol (1.5 mg/ml) and control buffer either with 20 pM 

GTPyS or GTPyS plus 250 pM neomycin. The membranes were pelleted and 

incubated with phosphatidyl-ethanolamine (PE) or PtIns4 ,5 P2/PE (1:5 mol/mol) 

containing liposomes for 30 min at 4°C, and then incubated with cytosol for 15 min 

at 3 7 °C. The PtdIns4 ,5 P2 added to the sample completely reversed the inhibition of 

P-spectrin and actin binding to the Golgi seen after neomycin treatment (see Figure 

3.19). Interestingly, PtdIns4 ,5 P2 alone was insufficient (in the absence of activated 

ARF) to recruit p-spectrin, strongly suggesting that both PtdIns4 ,5 P2 and activated 

ARF were required to create a docking site for p-spectrin (and the other cytoskeletal 

proteins) on the Golgi complex.

3.4.4 Newly synthesised P tdIns4,5P2 regulates P-spectrin binding 

to the Golgi

The above results strongly suggest, although do not directly prove, that 

PtdIns4 ,5 P2 was required for the ARF-induced recruitment of spectrin to Golgi
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Figure 3.18 Neomycin, a PtdIns4,5P2 sequestering agent, inhibits the ARF- 

dependent binding of p-spectrin to Golgi membranes.

Golgi membranes were incubated with control buffer, or 20 pM GTPyS, with or 

without the indicated concentrations of neomycin. Membranes were pelleted and 

the proteins analysed by SDS-PAGE and immunoblotting using polyclonal anti

spectrin and anti-ARF antibodies and monoclonal anti-actin and p-COP 

antibodies. A representative Ponceau staining of the nitrocellulose filter and the 

corresponding immunoblots are shown. The asterisks indicate proteins that bind to 

Golgi membranes in an ARF dependent manner.

Neomycin =» ® ®
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Figure 3.19 PtdIns4,5P2 is required for the ARF-dependent binding of (3- 

spectrin to Golgi membranes.

Golgi fractions were incubated for 15 min at 37 °C with control buffer (-), or 20 

|nM GTPyS, or 20 |iM GTPyS and 250 |uiM neomycin (Neo) as indicated. 

Membranes were pelleted and incubated for 30 min at 4°C with phospholipid

liposomes containing phosphatidylethanolamine (PE) or PtdIns4,5P2/PE (1:5

mol/mol) (PIP2), and incubated with cytosol for 15 min at 37°C. Results are 

expressed as percent of control (GTPyS alone). Data represent the mean (± SD) of 

three experiments.
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membranes. We next asked whether ongoing synthesis of PtdIns4 ,5 P2 was 

required, or whether the PtdIns4 ,5 P2 already present in the Golgi membranes was 

sufficient. Several experiments indicated that newly synthesised PtdIns4 ,5 P2 , 

possibly regulated by activated ARF (see Chapter 4), was required for P-spectrin 

association to the Golgi complex.

First, the absolute ATP requirement (in the mM range) of p-spectrin, but not 

ARF or p-COP binding (see section 3.3.6) suggested that a sustained kinase 

activity was required. Interestingly, Ptdlns kinase (PIK) has a distinctive high EC5o 

for ATP.

Second, the involvement of phosphatidylinositol 4-kinases (PI4Ks) was directly 

tested using adenosine, an established inhibitor. Adenosine, at the concentration of 

2.5 mM that inhibits all types of PI4K (Pike, 1992), inhibited p-spectrin binding to 

Golgi membranes in response to activated ARF (see Figure 3.20). As a control for 

specificity, the broad spectrum kinase inhibitors; H-89 (a PKA inhibitor; Chijiwa,

1990) and staurosporine (an inhibitor of PKC and many other kinases; Couldwell, 

1994) were used at 1 (iM and 100 nM respectively. No effect on spectrin binding to 

Golgi membranes was observed in the presence of these agents (see Figure 3.21). 

The above results suggested that PI4-kinase activity was required for the ARF- 

induced spectrin recruitment.

3.5 The composition of the Golgi-associated spectrin- 

skeleton

3.5.1 General description

As mentioned in section 3.3.2, a discrete set of cytosolic proteins, including a 

240 kDa, 170 kDa, 110 kDa, 100 kDa, 43 kDa, and 30 kDa protein, associated 

with Golgi membranes in an ARF-dependent manner. In order to identify these 

proteins, immunological criteria and 2D IEF-SDS-PAGE protein separation 

followed by microsequencing, were employed. For the immunological approach,
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Figure 3.20 (3-spectrin binding to Golgi membranes is inhibited by adenosine, 

an inhibitor of PI4Ks.

Golgi membranes (15 (Ag/sample) were incubated with 1 pM ARF and 20 pM 

GTPyS in the presence or absence of 2.5 mM adenosine in the first step. In the 

second step the membranes were pelleted, rinsed and incubated with cytosol (150 

pg/sample) in the presence or absence of 2.5 mM adenosine. Results (binding to 

Golgi) are expressed as percentage of control (ARF and GTPyS alone). Data 

represent the average of four experiments.
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Figure 3.21 H-89 and staurospourine do not inhibit (3-spectrin binding to 

Golgi fractions.

Golgi membranes were incubated with 1 ARF and GTPyS for 15 min at 37°C 

in the first step. Membranes were pelleted, rinsed and incubated with rat brain 

cytosol in the second step. Where indicated 1 pM H-89 (a PKA inhibitor) or 100 

nM staurosporine (a PKC inhibitor) were added during both steps of the 

incubation. Representative blots are shown. Similar results were obtained in at 

least three independent experiments.
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the well characterised composition of the spectrin-based plasma membrane skeleton 

(Morrow et al., 1997; Bennet and Gilligam, 1993) was used as a starting point to 

select the antibodies to use in Western blotting (section 3.3.2). For those proteins 

that were not recognised by any of the available antibodies, protein 

microsequencing has been employed.

3.5.2 Immunological identification of the Golgi-associated 

spectrin-skeleton components

By using immunological criteria Ankcigg, actin and adducin were identified as 

components of the Golgi cytoskeleton, as shown in section 3.3.2 and 3.3.3. The 

binding features of these proteins were studied and found to be dependent on (3- 

spectrin, since all were inhibited by the recombinant spectrin polypeptides (MAD1 

and MAD2) and a monoclonal anti-spectrin antibody (mAbVIQCT), that directly 

prevent (3-spectrin association with Golgi membranes.

3.5.3 2D-IEF-SDS-PAGE and microsequencing

2D-DEF-SDS-PAGE was performed as described in Materials and Methods, 

section 2.6.5, and microsequencing of the proteins of interest was done in 

collaboration with Dr. V. M. Lee (Protein Structure Laboratory, UC Davis, CA, 

USA). Isolated Golgi membranes were incubated in the first step with 20 pM 

GTPyS and/or 1 pM ARF. The membranes were pelleted, rinsed and incubated 

with cytosol in the second step. The membranes were recovered by centrifugation 

and the proteins bound to Golgi membranes were analysed by 2D-IEF-SDS-PAGE. 

The results are shown in Figure 3.22. The proteins that bind to Golgi membranes in 

response to ARF activation are marked with a letter if their identity is known, with a 

triangle if their identity is still unknown and with a number if they were identified 

by microsequencing. The proteins corresponding to numbers 1 and 2 (Figure 3.22) 

were removed and analysed by Dr. V. M. Lee for the microsequencing.
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Figure 3.22 A discrete set of cytosolic proteins binds to Golgi membranes in 

an ARF-dependent manner.

Isolated Golgi membranes (25 ^g/sample) were incubated during the first step

with 1 pM ARF in the absence (Control) or in the presence (ARF) of 20 pM

GTPyS for 15 min at 37°C. Membranes were pelleted, rinsed and incubated with
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cytosol (200 ^ig/sample) for 15 min at 37°C. The proteins that bind to Golgi 

membranes were separated by 2D-IEF-SDS-PAGE (see Materials and Methods, 

section 2.6.5). and representative silver stained gels are shown. The proteins that 

bind to the Golgi in response to ARF activation are marked with a letter if they are 

known (a = ARF, b = (3-COP, c = actin and d = spectrin), with a triangle if they 

are still unspecified and with a number if they have been microsequenced.
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The obtained peptide sequences are shown in Figure 3.23 and a comparison with 

sequence data banks using BLAST A similarity algorithm at the National Center for 

Biotechnology Information site was carried out. The sequence of the spot at 100 

kDa (number 1) showed strong similarity with Dynamin (83%), while the sequence 

of the spot at 30 kDa (number 2) showed a certain degree of similarity (75%) to the 

brain actin binding protein, NP25.

The presence of dynamin in association with (3-spectrin on Golgi membranes, 

was more closely examined using a panel of anti-dynamin antibodies (kindly 

provided by Dr. M. McNiven, Mayo Clinic and Foundation, Rochester, MN, 

USA). As shown in Figure 3.24 A, the anti-dynamin antibodies recognised a 100 

kDa protein that can bind to Golgi membranes in an ARF-dependent manner, 

thereby confirming the microsequencing data. The interaction of dynamin with 

Golgi membranes was inhibited by PtdIns4,5P2-binding PH domains and by 

neomycin, mirroring the behaviour of (3-spectrin and suggesting the involvement of 

PtdIns4 ,5 P2 (see Figure 3.24 B).

The presence of dynamin H on the Golgi complex, is a controversial issue in the 

literature. Work done in M. McNiven's laboratory has shown the localisation of 

dynamin II on Golgi membranes, and the involvement of dynamin in transport- 

vesicle formation, at the TGN (Jones et a l , 1998b). However, S. Schmidt's group 

has shown that overexpression of a dominant-negative mutant of dynamin II 

(K44A) does not inhibit vesicular traffic at the TGN, and that both the endogenous 

and the overexpressed dynamin II do not colocalise with a TGN marker, TGN48 

(Altschuler, 1998).

To characterise further the relationship between dynamin and the spectrin- 

skeleton on the Golgi complex, the ARF-dependent binding of dynamin observed in 

vitro was also studied in cells by IF. To this end, the cell line in which the 

localisation of dynamin was first discovered (Henley and Me Niven, 1996) i.e. 

human fibroblasts (HF), was used. Two anti-dynamin II antibodies, recognising 

the Golgi-associated dynamin in vitro, have been employed, but only one of them
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Peptide 1 NXLILAVXPAVSDL
>qj 11189661 3PI P21575IDYM1 RAT DYNAMIN-1 (D 1 0 0 ) (DYNAMIN, BRAIN) (B-DYNAMIN) 

Length = 851

Score = 28.2 bits (59), Expect = 1.0 
Identities = 10/12 (83%), Positives = 10/12 (83%)

Query: 3 LILAVXPAVSDL 14 
LILAV PA SDL 

Sbjct: 170 LILAVSPANSDL 181

Peptide 2 SNIFQTV GL(G)(E)
>al I 585574 I an I P37B05 I1IP25|J(AT NEURONAL PROTEIN NP25 

Length ■ 219
Score = 22.3 bits (45), Expect - 63
Identities = 6/8 (75%) , Positives - 7/8 (87%)

Query: 2 NIFQTVGL 9 +IFQTV L 
Sbjct: 109 DIFQTVDL 116

Figure 3.23 Microsequenced peptides from Golgi binding proteins.

The spots indicated with numbers 1 and 2 in the 2D-IEF-SDS-PAGE (shown in 

figure 3.22) and corresponding to 100 kDa and 30 kDa molecular weight 

respectively, were subjected to microsequencing. The obtained peptide sequences 

are shown. The sequences were compared with sequence data banks using the 

BLAST similarity search algorithm at the National Center for Biotechnology 

Information site. The search results are shown.
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Figure 3.24 Dynamin binds to isolated Golgi membranes in an ARF and 

PtdIns4,5P2 dependent manner.

A. Rat liver Golgi membranes were incubated alone or with GTPyS and/or ARF 

as indicated. After 15 min incubation at 37°C, the membranes were pelleted, 

rinsed and incubated with rat brain cytosol for 15 min at 37°C. The membranes 

were recovered by centrifugation and the proteins analysed by SDS-PAGE and 

Western blotting using a polyclonal anti-dynamin 2 antibody (MC63). A 

representative blot is shown. The same results was obtained in six different 

experiments and using different anti-dynamin antibodies.

B. Rat liver Golgi membranes (10 pM/sample) were incubated with rat brain 

cytosol (150 pg/sample) and 20 pM GTPyS (control) and with 3 pM GST alone 

or fused with the PH-domain of pi22, OSBP, and pil, or with 250 pM neomycin 

(Neo). The membranes were pelleted and the proteins analysed by SDS-PAGE
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and Western blotting using a polyclonal anti-dynamin antibodies (MC63). Data 

are expressed as percent of control, average over three experiments.

i
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(MC63) gave a perinuclear staining and a pattern overlapping with that of the Golgi- 

marker giantin (see Figure 3.25).

To study the role of ARF in localising dynamin to the Golgi complex, HF cells 

were treated with 2 pg/ml of BFA for different times. After 2 min of treatment the 

Golgi complex was almost unperturbed, but the proteins that bind to the Golgi in an 

ARF-dependent manner, like AP I (Stamnes and Rothman, 1993), were 

redistributed into the cytosol. At this time the dynamin staining was unchanged. 

Only after a long treatment with BFA and concomitant with the disruption of the 

Golgi, did dynamin redistribute to the cytosol (see Figure 3.25). These data 

indicates that in vivo ARF does not play a major role in recruiting dynamin, or that 

the ARF involved is activated by a GEF insensitive to BFA.

3.6 Discussion

3.6.1 The Golgi spectrin skeleton: the involvement of ARF and its 

role in Golgi function

The initial suggestion that the small GTPase ARF might control the assembly of 

spectrin on Golgi membranes came from studies of the effect of BFA on Golgi 

associated proteins. BFA treatment caused the dissociation of p-spectrin and 

ankyrin with a kinetic similar to proteins, like coatomer, that are known to be 

regulated by ARF. In this Chapter the role of ARF has been directly proven using 

an in vitro binding assay on isolated Golgi membranes. The activation of ARF is 

necessary for the binding of p-spectrin and other spectrin-associated proteins to 

Golgi membranes. Furthermore, ARF controls p-spectrin binding independently of 

its ability to recruit coatomer or to activate PLD. It can be concluded, therefore, that 

we have identified a novel function for ARF at the Golgi complex.

The mechanism by which ARF regulates p-spectrin binding to the Golgi 

complex involves an increase in PtdIns4 ,5 P2 levels. PtdIns4 ,5 P2 is likely to recmit 

spectrin to Golgi membranes by acting as a ligand for the P-spectrin's PH domain.
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Figure 3.25 Dynamin2 association to Golgi membranes is not sensitive to 

BFA treatm ent

HF cells were treated with 2 fig/ml BFA for different times as indicated. The cells 

were processed for immunofluorescence and stained, as indicated, with dynamin 

(MC63), giantin or AP I antibodies. Inset: the superimposition of the anti- 

dynamin and anti-giantin stainings is shown, with yellow indicating overlapping 

of the two antibody stainings. Similar results were obtained in at least three 

independent experiments.



However, the PH domain is not the only binding site of P-spectrin to Golgi 

membranes. In fact, from this study and from data published by J. Morrow 

laboratory (Devarajan et al., 1997), it has been demonstrated that the binding of 

spectrin to Golgi membranes involves at least two binding sites: MAD1 and MAD2. 

We have found that both MAD1 and MAD2 fragments can inhibit the association of 

P-spectrin with the Golgi in response to ARF activation. The group of J. Morrow 

has shown that the MAD1 fragments can localise to the Golgi complex in stable 

transfected MDCK cells, suggesting the presence of Golgi-targeting signal in this 

domain that is responsible for constitutive localisation of P-spectrin to the Golgi 

complex. The role of MAD2 on the other hand, seems to be to enhance the affinity 

of spectrin binding and to render it sensitive to PtdIns4,5P2 regulation. Because the 

overall affinity of such a two site interaction would be the product of the affinities of 

each individual site, it is conceivable that the most stable spectrin-membrane 

associations are achieved only at a Golgi specific docking site where, and when, the 

local density of PtdIns4,5P2 reaches a threshold necessary to engage the spectrin 

PH domain. Interactions mediated by other adaptor proteins, such as adducin and 

ankyrin, might also contribute to the binding of Golgi spectrin, as they do for 

erythrocyte spectrin at the plasma membrane, although the displacement of these 

proteins by spectrin polypeptides indicates that MAD1 and MAD2 are the major 

Golgi binding sites.

The identification of the two spectrin binding sites has been extremely important 

since it has provided approaches to address the important question of the role of 

spectrin in the Golgi complex. To this end, Ivana Santone in the laboratory 

measured transport from the endoplasmic reticulum to Golgi complex in the 

presence or absence of the recombinant MAD1 or MAD2 polypeptides (Godi et al.; 

1998), by using semi-intact VSVG-infected NRK cells (Davidson and Balch, 1993) 

and following the transport of the vesicular stomatitis virus glycoprotein (VSV-G) 

as a reporter protein. A specific inhibition of viral protein transport from ER to 

medial Golgi cistemae was observed in the presence of recombinant GST-fused 

MAD1 (pI-N9 and pI-N4) and MAD2 at the same concentrations that inhibit the
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association of p-spectrin to the Golgi membranes in the in vitro binding assay. 

Thus, it appears that spectrin binding to the Golgi is required for anterograde 

transport. These results have been confirmed by J. Morrow's group (Devarajan et 

al, 1997), who showed that overexpression of MAD 1 in MDCK cells impaired the 

transport of NaK-ATPase from the endoplasmic reticulum as well as the 

glycosylation of its p-chain, which occurs in the Golgi. The precise mechanism by 

which the spectrin-based Golgi-skeleton controls Golgi-membranes dynamics 

remains to be determined.

3.6.2 The composition of the Golgi-associated spectrin skeleton

3.6.2.1 Spectrin

P-spectrin has been identified in association with the Golgi membranes , in many 

different cell types, by immunofluorescence (Devarajan et a l, 1997, Godi et a l, 

1998, Beck et a l, 1994). In this study the immunological cross-reactivity of Golgi 

spectrin with the pE2 spectrin found in skeletal muscle and cerebellar granular was 

demonstrated. It is unlikely, however, that pl£2 is the Golgi spectrin, since not all 

antibodies to pi spectrin stain the Golgi complex in living cells. Searching the Gen 

Bank-expressed-sequence-tags database, and by hybridisation cloning and 5'- 

RACE amplification of human cDNA libraries, Jon Morrow’s group has discovered 

a new member of the spectrin-gene family with sequence similarity to the known p- 

spectrin. This new protein, called pm  spectrin, is 54%, 53% and 62% similar to 

PIXI, pIZ2, and PUZI, respectively (Stankewich et a l, 1998). This protein was 

detectable by immunofluorescence, associated with punctate membrane dispersed 

throughout the cytosol. A perinuclear distribution pattern reminiscent of that 

observed with pi spectrin-reactive antibodies was also observed. It still remains an 

open question whether the differences between the staining pattern obtained with 

antibodies against pi or p in  spectrin are a consequence of differing antibody 

sensitivities and epitope preferences, or whether other undiscovered spectrins are 

also associated with the Golgi complex. The recent identification of a new pi
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spectrin transcript in MDCK cells by P. Stabach in J. Morrow laboratory (personal 

communication), opens new and exciting perspective for the existence of other 

spectrin isoforms on the Golgi, possibly acting on different steps of membrane 

traffic and in Golgi membrane organisation.

3.6.2.2 Actin, ankyrin and adducin

We have shown that the association of actin with Golgi membranes, in vitro, is 

strictly ARF and ATP-dependent, and is partially inhibited by spectrin-derived 

polypeptides, that interfere with spectrin binding. This suggests that actin 

microfilaments assemble together with spectrin possibly into a two-dimensional 

meshwork. The high efficiency of recruitment of actin seen in the single versus the 

two-step binding assay suggested, however, that other GTPases might be involved 

and that possibly two distinct actin pools, one regulated by ARF and the other by 

other GTPases, might exist in the Golgi. Attempts to identify a role played by Rho, 

Rac and Cdc42 in spectrin and actin assembly on Golgi membrane were not 

successful.

Recently Stamnes’ group reported that two distinct pools of actin, both regulated 

by ARF, are present on isolated Golgi membranes (Fucini et al., 2000). One pool 

cofractionates with COPI-coated vesicles and is sensitive to salt extraction and to 

cytochalasin D and is associated with spectrin. A second ARF-dependent actin pool 

remains Golgi associated following vesicle extraction and is insensitive to 

cytochalasin D. This raises the possibility that actin binding to the Golgi might 

occur both via ARF-mediated stimulation of spectrin binding, and via the action of 

other GTPases and/or actin-binding proteins. Finally, it is intriguing to note that 

many actin binding proteins that are regulated by PtdTns4,5P2 (such as profilin) 

have been found localised on the Golgi complex (Dong et al., 2000). The change in 

PtdIns4,5P2 levels in a particular microdomain in Golgi membranes would result in 

a rearrangement of actin microfilaments in order to allow events such as bud 

formation or membrane fission. Indeed, actin has been localised by immunoelectron 

microscopy on COPI-coated buds on the Golgi (Valderrama et al., 2000), 

suggesting a possible role in membrane traffic between ER and Golgi.
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Chapter 4

ARF stimulates PtdIns4P and PtdIns4,5P2 
synthesis in Golgi membranes

4.1 Introduction

Phosphoinositides (Pis) play an important role in membrane traffic, but their 

mechanism of action, molecular targets and upstream regulators are still poorly 
understood (Martin et al., 1998; Corvera et a l, 1999; De Camilli et a l, 1996). In 

Chapter 3, it was shown that the increase in phosphatidylinositol 4,5-bisphosphate 

(PtdInsP4,52) levels in Golgi membranes, following the activation of ARF, leads to 

the recruitment of the P-spectrin skeleton to the same membranes. The requirement 

for PtdIns4,5P2 for the ARF-dependent p-spectrin binding to the Golgi complex 

raised the question as to whether the increase in PtdIns4,5P2 is directly controlled 

by ARF. In this Chapter the relationships between ARF and PtdInsP4,52 

metabolism on the Golgi complex are explored.

4.2 Phosphoinositide metabolism in the Golgi complex; 

the role of ARF

4.2.1' ARF increases the level of PtdIns4P and PtdIns4,5P2 in 

Golgi membranes

The effect of the selective activation of ARF on PI metabolism in Golgi 

membranes was explored using a modification of the two-step binding assay 

described in section 3.3.3. (see also Materials and Methods, section 2.5.3). Golgi 

membranes (150 pg/ml) were incubated in the absence or presence of 1 pM purified
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bovine ARF and/or 20 pM GTPyS for 15 min at 37°C Membranes were pelleted, 

washed, and incubated with 1 pCi/sample y[32P]-ATP, to label newly-synthesised 

phospholipids, in the absence or presence of 1.5 mg/ml rat brain cytosol for 15 min 

at 37°C. Lipids were extracted in chloroform/methanol (1:1) and analysed by thin 

layer chromatography (TLC). As shown in Figure 4.1, activated ARF induced an 

increase in the levels of both [32P]-PtdInsP (up to 2.5-fold) and [32P]-PtdInsP2 (up 

to 5-fold) in Golgi membranes in the presence of cytosol. No PtdlnsPg could be 

detected either under basal conditions or in the presence of activated ARF. The 

levels of [32P]-phosphatidic acid (PA) were also increased in the samples 

containing activated ARF. This finding is in agreement with the known effect of 

ARF on PLD (Brown et a l, 1993; Cockcroft et a l, 1994), the enzyme that 

generates PA from phosphatdylcholine (PC). Indeed, an ARF-dependent PLD 

activity was measured in the same experimental protocol by our collaborator Dr. 

Paolo Fertile (Department of Cell Biology and Oncology, Consorzio Mario Negri 

Sud, Italy), confirming that ARF stimulates PA synthesis by activating PLD on 

isolated Golgi fractions (Fertile et a l, 1995; Godi et a l, 1999).

The PA produced from PC by PLD activation, however, should be unlabelled 

(see below for the explanation). In the absence of cytosol, the basal level of [32P]- 

PtdlnsP was only slightly increased by ARF activation, while no [32P]-PtdInsP2 or 

[32P]-PA could be detected either under basal or ARF-stimulated conditions (see 

Figure 4.1). The labelled PA observed in our experiments in the presence of y[32P]- 

ATP might be the result of a PA/diacylglycerol (DAG) 

dephosphorylation/phosphorylation cycle (see Figure 4.2 A) van Blitterswijk 

2000). To test this hypothesis, an inhibitor of PA phosphatases, propranolol (Hii,

1991), and an inhibitor of DAG-kinases, R59949 (Jiang et a l, 2000), were used. 

As a control, parallel incubations with buffer alone were included. As illustrated in 

Figure 4.2 B, the ARF-induced increase in [32P]-PA was inhibited by 500 pM 

propranolol and by 10 pM R59949, confirming the above hypothesis.
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Figure 4.1 ARF increases PtdlnsP and PtdInsP2 levels in Golgi membranes in 

a cytosol-dependent manner.

Golgi membranes were incubated in the first step with buffer (control) or ARF 

and/or GTPyS, as indicated, for 15 min at 37 °C. Membranes were pelleted, rinsed 

and incubated in the second step with p 2P]-ATP in the absence (- cytosol) or 

presence (+ cytosol) of cytosol for 15 min at 37 °C. Membranes were pelleted, 

rinsed and their lipids extracted using chloroform/methanol (1:1). The p 2P]- 

labelled lipids were analysed by TLC and quantified using an Instant Imager. 

Using commercially-available standards, they were identified as phosphatidic acid 

(PA), PtdlnsP (PIP) and PtdInsP2 (PIP2).
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A

B

Figure 4.2 ARF stimulates PA synthesis on isolated Golgi membranes.

A. Diagram illustrating the proposed relationships between PLD activation and the 

radiolabelled [32P]PA accumulation observed in our experiments. PAP=PA 

phosphatase; DAGK=DAG kinase.

B. Golgi membranes were incubated (as described in Figure 4.1) with ARF and 

GTPyS in the first step, and with cytosol and [32P]-ATP in the absence (control) or 

presence of the PA phosphatase inhibitor (propranolol. Prop.) or the DAG-kinase 

inhibitor (R59949). The lipids were extracted and analyzed by TLC, with [32P]-PA 

being quantified (Instant Imager) and expressed as % of control (ARF and GTPyS). 

Data are means (± SD) of at least three independent experiments.
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To precisely define which positions on the inositol ring of [32P]-PtdInsP and 

[32P]-PtdInsP2 were phosphorylated, control and ARF-stimulated samples were

analysed by HPLC in collaboration with Cristiano lurisci (Department of Cell 

Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro, Italy) 

and as described in Godi et a l, 1999 (see also Materials and Methods, section

2.7.5). The two HPLC products were identified as glycerophosphoinositol 4- 

phosphate and glycerophosphoinositol 4,5-bisphosphate, and represent the 

déacylation products of PtdIns4P and PtdIns4,5P2 respectively.(see Figure 4.3).

4.2.2 ARF stimulates the synthesis of PtdIns4P and PtdIns4,5P2 

in Golgi membranes

The effect of activated ARF on PtdIns4P and PtdIns4,5P2 levels in the Golgi 

membranes might be explained in two ways. First, through a stimulation of their 

synthesis; and second, by an inhibition of their degradation. To assess which of 

these two mechanisms is responsible for the increase in PtdIns4,5P2 levels, a time 

course experiment was performed in the presence of the phosphatase inhibitor 

orthovanadate (Stankiewicz et a l, 1995) or the PLC inhibitor neomycin (Gabev et 

a l, 1989), in order to block PI degradation pathways. Under control conditions 

(membranes incubated with either ARF and/or GTPyS, and then, after washing, 

incubated with cytosol plus y[32P]-ATP), the levels of both PtdIns4P and 

PtdIns4,5P2 showed a peak value at 5 min, and declined over the subsequent 15-30

min of incubation (see Figure 4.4). When orthovanadate (200 pM) was added 

during both incubation steps, the total amount of labelled phospholipids was higher 

when compared to control conditions, but the ARF-induced stimulation of PtdIns4P 

and PtdIns4,5P2, compare to control conditions, was unaffected. When 250 |iM 

neomycin was added to the incubation mixture (during the first and the second step 

of incubation), again, the total amount of PtdIns4P was higher when compared to 

control conditions, while the stimulatory effect of ARF, relative to the controls, was 

unaffected (see Figure 4.5). The levels of PtdIns4,5P2 were
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Figure 4.3 ARF increases the levels of PtdIns4P and PtdIns4,5P2 in Golgi 

membranes.

Golgi membranes were incubated with ARF (control) or ARF andGTPyS (ARF)

in the first step, and with cytosol and P 2P]-ATP in the second step, lipids were

extracted and deacylated, and their derived glycerophosphoinositols (GPIs)

analysed by HPLC (see Materials and Methods section 2.7.5). Peaks eluting at the

times of the glycerophosphoinositol 4-phosphate (GP14P) and
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glycerophosphoinositol 4,5-bisphosphate (GPI4.5P2) standards are indicated. Not 

bshown are the other glycerophosphoinositide standards, glycerophosphoinositol 

3-phosphate, which elutes just before GPI4P, and glycerophosphoinositol 3,4- 

bisphosphate, which elutes just before GPI4,5P2.

y
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Figure 4.4 ARF stimulates PtdIns4P and PtdIns4,5P2 synthesis.

Golgi membranes were incubated with GTPyS alone or with ARF and GTPyS in 

the first step, and with cytosol and [32PJ-ATP in the absence (control) or presence 

of the phosphatase inhibitor orthovanadate (vanadate) for the indicated times in 

the second step. The lipids were extracted and analysed by TLC and the P2P]- 

PtdIns4P and p 2P]-PtdIns4,5P2 were quantified (Instant Imager) and expressed as 

pmol/sample. Data are means (± SD) of at least three independent experiments.
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Figure 4.5 Neomycin does not affect the ARF-dependent stimulation of 

PtdIns4P synthesis.

Golgi membranes (150 jig/ml) were incubated for 15 min at 37°C with GTPyS (20 

îM) alone or with ARF (1 juM) and GTPyS in the first step, and with cytosol (1.5 

mg/ml) and [32P]-ATP in the absence (control) or presence of the PLC inhibitor 

neomycin (250 pM) for 15 min at 37°C in the second step. The samples were 

analyzed by TLC, and [32P]-PtdIns4P and [32P]-PtdIns4,5P2 were quantified 

(Instant Imager) and expressed as percentage of max value Data are means (± SD) 

of at least three independent experiments.
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decreased by neomycin in the presence or absence of activated ARF (see Figure

4.5). This result was interpreted as a consequence of PtdIns4P (the PtdIns4,5P2 

precursor) binding to neomycin, thereby preventing synthesis of PtdIns4,5P2. The

results of these experiments showed that the effect of activated ARF was clearly due 

to a stimulation of both PtdIns4P and Ptdlns4,5P^ synthesis, rather than an

inhibition of their degradation, since it was maintained in the presence of 

phosphatase and PLC inhibitors.

4.2.3 The role of PLD in ARF-regulation of PtdIns4P and 

PtdIns4,5P2 synthesis

The effect of ARF on PtdIns4,5P2 synthesis might be mediated by its ability to 

increase the levels of PA, since it is known that PA stimulates the activity of Type I 

phosphatidylinositol monophosphate 5-kinase (PIP5K; Jenkins et a l, 1994; 

Moritz et a l, 1992), the enzyme that converts PtdIhs4P into PtdIns4,5P2. Indeed, 

this type of mechanism has been frequently proposed, especially in a context of a 

model in which PtdIns4,5P2, acting on ARF exchange factor, contributes to the 

activation of ARF and, acting as a PLD co-factor, potentiates the stimulatory effect 

of ARF on PLD, resulting in a positive feedback loop (Kahn et a l, 1993; De 

Camilli et al, 1996). To investigate this possibility, two different approaches were 

taken. The first was based on the use of exogenous PLD (from Streptomyces 

chromofuscus, see also section 3.3.8; Natarajen and Garcia, 1993) or exogenous 

PA, in order to increase the content of PA in the membranes during the assay. The 

second approach was based on the inhibition of the production of the endogenous 

PA using primary alcohols (which divert the transphosphatidylation activity of PLD 

towards the generation of the phosphatidylalcohol in place of phosphatidic acid) as 

PLD "inhibitors", and secondary alcohols (which are not able to interfere with PLD 

activity) as a control.

Figures 4.6 and 4.7 show the results of these treatments on the ARF-dependent 

synthesis of PtdIns4P and PtdIns4,5P2. Neither exogenously added PLD (0.2
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Figure 4.6 Exogenous PLD and PA do not affect the ARF-dependent 

PtdIns4,5P2 synthesis.

Golgi membranes (15 ^g/sample) were incubated, where indicated, with ARF (1 

|liM) in the first step in the presence of GTPyS (20 jiM) and with Streptomyces 

chromofuscus PLD (0.2 U/ml) or PA liposomes (80 pM) in the second step, in the 

presence of cytosol and [32P]-ATP. The samples were analyzed by TLC, and 

[32P]-PtdIns4P and [32P]-PtdIns4,5P2 being quantified (Instant Imager) and 

expressed as percentage of control (sample incubated with GTPyS alone in the 

first step and cytosol in the second step). Results are expressed as percentage of 

control (samples incubated with ARF, GTPyS) Data are means (±SD) of two 

independent experiments.
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Figure 4.7 Lowering the levels of PA with primary alcohols does not affect 

the ARF-induced stimulation of PtdIns4,5P2 synthesis.

Golgi membranes (15 jxg/sample) were incubated with ARF (1 pM) and GTPyS 

(20 pM) in the first step (control) and with the indicated concentrations of 1- 

butanol (1-but) or 2-butanol (2-but), and with p 2P]-ATP (1 \iCi) and cytosol (150 

p,g/sample) in the second step. Results are expressed as percentage of control 

(samples incubated with ARF and GTPyS) Data are means (±SD) of three 

independent experiments. Where error bars are not apparent, they are included in 

the width of the line/symbol.
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U/sample), which induced a 5-fold increase in endogenous PA, nor exogenously 

added PA (80 pM) were able to stimulate PtdIns4,5P2 synthesis in the absence of 

activated ARF on Golgi membranes (see Figure 4.6). Incubation with 0.3% 1- 

butanol (a primary alcohol) strongly decreased [32P]-PA levels, but induced only a 

slight inhibition  in the ARF-induced stimulation of PtdIns4P and PtdIns4,5P2 

formation (see Figure 4.7), which was similar to that observed with a secondary 

alcohol (the inhibition of the PLD activity associated with Golgi membranes was 

verified by Dr P. Fertile using a PLD specific assay). These results suggest that PA 

does not m ediate the effect of ARF on PtdIns4P and PtdIns4,5P2 synthesis and

indicate that ARF could affect PI metabolism via a different and novel mechanism.
;

4.3 The mechanism bv which ARF regulates PtdIns4P 
and PtdIns4.5P? levels in Golgi membranes

4.3.1 ARF recruits phosphatidylinositol 4-kinase (PI4K) and 

phosphatidylinositol monophosphate 5-kinase (PIP5K) activities to 

Golgi membranes

A possible mechanism to explain the stimulatory effect of ARF on both 

PtdIns4P and PtdIns4,5P2 synthesis could be a co-ordinated activation of both 

PI4K and PIP5K, which, acting on Ptdlns, gives rise to PtdIns4P first, and then to 

PtdIns4,5P2 as the final product. To investigate the role of PI4K in the ARF- 

induced stimulation of PtdIns4,5P2 synthesis, the ability of adenosine to inhibit all 

known PI4Ks at high concentration (2.5 mM), without effecting the PIPSKs, has 

been exploited (Pike, 1992).

As shown in Figure 4.8, in the presence of 2.5 mM adenosine in the first and 

the second incubation steps, the. ARF-dependent stimulation of PtdIns4P and 

PtdIns4,5P2 synthesis was almost completely prevented. This result suggested that
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Figure M  PI4K activity is required for ARF-dependent- Ftdfns4^F^ 

synthesis.

Golgi membranes were incubated in the first step with GTPyS alone (ARF ) or 

together with ARF (ARF+) and, where indicated, with 2.5 mM adenosine. In the 

second step the membranes were pelleted, rinsed and incubated with cytosol and 

P2P]-ATP in the presence or absence of 2.5 mM adenosine. The lipids were 

analysed by TLC, and p 2P]-PtdIns4P and p 2P]-PtdIns4,5P2 were quantified

(Instant Imager) and expressed as pmoles of p 2P]-PIs generated during the 15 

min incubation/sample. The data are means (±SD) of at least three independent 

experiments.
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the ARF stimulation of PtdIns4,5P2 synthesis requires the sequential activity of 

PI4K and PIP5K. Moreover, as noted in section 4.2.1, cytosol was required for 

the ARF-dependent stimulation of PtdIns4P and PtdIns4,5P2 synthesis. Since most 

of the PI4Ks and the PIPSKs are cytosolic, the possibility that cytosol served as a 

source of PIKs and that they translocated to the Golgi membranes has been 

investigated.

To address this point, Golgi membranes (150 |igZml) were first incubated with 

ARF (1 |iM) and/or GTPyS (20 JiM) for 15 min at 37°C, pelleted, washed, and 

incubated with cytosol (1.5 mg/ml) for 15 min at 37°C, before being pelleted, and 

rinsed to remove the residual cytosol. This washed pellet, which contained Golgi 

membranes and the cytosolic proteins selectively recruited by ARF, was incubated 

with y[32P]-ATP to measure the PI4K and PIP5K activities present. In the 

membranes preincubated with ARF and GTPyS, both activities were increased, 

when compared to control membranes (which were incubated with only ARF or 

GTPyS). This result (shown in Figure 4.9) was consistent with the possibility that 

cytosolic lipid kinases had indeed translocated to Golgi membranes.

Next, to separately analyse the recruitment of PI4K and PIP5K on the Golgi 

complex, an enzymatic assay was performed using the addition of exogenous 

substrates (Ptdlns or PtdIns4P) to measure the total PI4K and PIP5K activities 

recruited to the Golgi membranes. The experiments were done as described in 

Materials and Methods, section 2.7.4. Activated ARF induced a 2-fold stimulation 

of PI4K (see Figure 4.10) and an 8-fold stimulation of PIP5K (see Figure 4.10). 

Interestingly, the same activities measured in the supernatant of the sample 

incubated with membranes primed with ARF were decreased, albeit slightly (less 

then 20%; data not shown), compared to those incubated with control membranes, 

consistent with enzyme translocations. In this respect, the slight stimulatory activity 

of ARF on PtdIns4P synthesis in the absence of cytosol (see section 4.2.1) might 

be explained by an ARF-induced stabilisation of PI4K co-isolated with Golgi 

membranes, while the small decrease in PI4K and PIP5K activities measured in the
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Figure 4.9 ARF recruits PI4K and, possibly, PIP5K activities to increase 

PtdIns4,5P2 in Golgi membranes.

A. Schematic representation of the experimental protocol. Golgi membranes (150 

pg/ml) were incubated with 20 pM GTPyS (control) ând/or 1 pM ARF as 

indicated in the first step (I), pelleted, rinsed, then incubated with 1.5 mg/sample, 

cytosol in the second step (II), pelleted and then rinsed to remove residual cytosol. 

The pellet, containing Golgi membranes and the cytosolic proteins recruited 

during the second step, was incubated in the third step (III) with p 2P]-ATP (1 

pCi) to measure [32P]-PtdIns4P and [32P]-Ptdins4,5P2 synthesis (B). Results are 

expressed as percentage of control. The absolute values of the control were 16 and 

3 pmoles for p 2P] PtdIns4P and p2p]-PtdIns4,5P2, respectively. Data are means 

(±SD) of at least seven independent experiments.
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Figure 4.10 ARF recruits PI4K and PEP5K activities to isolated Golgi 

membranes.

A. Schematic representation of the experimental protol used. Golgi membranes 

were incubated in the first and second step as described in fig. 4.9. In the third 

step (HI) liposomes containing pure Ptdlns (2 mg/ml; PI) or PtdIns4P (2 mg/ml; 

PI) were added together with p 2P]-ATP to measure separately PI4K and PIP5K 

activities (see Materials and Methods, section 2.7.4). Results are expressed as 

percentage of control (B), membranes incubated with ARF and GTPyS. Data are 

means (±SD) of at least four independent experiments.
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supernatant could be explained by the fact that these enzymes represent only a 

minor fraction of the total PI4K and PIP5K activities present in the cytosol.

4.3.2 Biochemical and immunological characterisation of the PI4K  

regulated by ARF

4.3.2.1 Biochemical characterisation

To identify the PI4K regulated by ARF, biochemical and immunological criteria 

have been used. The PI4K family can be subdivided, according to their sensitivity 

to inhibitors and detergents, as Type II and Type HI (Carpenter and Cantley, 1990; 

Endemann et al.y 1987). Type n  PI4K is inhibited by low concentrations of 

adenosine (in the micromolar range), and stimulated by non-ionic detergents; Type 

m  PI4K is inhibited by high concentrations of adenosine (in the miUimolar range), 

insensitive to detergent, and selectively inhibited by wortmannin (at higher 

concentrations than PI3K). To distinguish between Type II and Type HI PI4Ks, 

adenosine, NP40 (a non-ionic detergent) and wortmannin, were used in a two-step 

binding assay.

Golgi membranes (150 gg/ml) were incubated with 20 JiM GTPyS alone or with 

1 pM ARF in the first step. Membranes were pelleted, washed, and incubated in the 

second step with 1.5 mg/ml rat brain cytosol either in the absence or presence of the 

following agents: 200 pM adenosine, 0.3% NP40, or IpM wortmannin (see 

Materials and Methods, section 2.7.2). Under these conditions, both the basal 

activity (sample incubated only with GTPyS) and the activity stimulated by ARF 

(sample incubated with ARF and GTPyS) were analysed to assess their biochemical 

profiles. The collected results, shown in Table 4.1, indicated that the basal and the 

ARF-stimulated PI4K activities represented different enzymes. Indeed, the basal 

activity was stimulated by NP40 and inhibited by adenosine (at micromolar 

concentrations), as expected for a Type II activity, while the ARF stimulated PI4K 

activity was insensitive to NP40 and adenosine (at micromolar concentrations) and 

selectively inhibited by wortmannin, as expected
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Table 4.1 The basal and ARF-stimulated PI4K activities associated with Golgi 
membranes have different biochemical profiles.

Basal
(pmol)

ARF
(pmol)

ARF/basal

Control 3.6 ± 0.2 7.3 ±0.3 2

NP40 13 ±1 13.6 ±1.2 1

Adenosine 1.5±0.2 4.7±0.4 3.1

Wortmannin 3.8±0.2 3±0.3 1.1

PI4K activity was measured in the presence of pure exogenous Ptdlns after 

incubation with GTPyS alone (Basal) or ARF and GTPyS (ARF), and in the

absence (control) or presence of the following agents: 0.3% NP40, 200 pM

adenosine, IpM wortmannin. Data are means of at least three independent 

experiments (± SD).
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for a Type HI kinase activity. However, the recent cloning of the PI4K raised 

doubts about this interpretation because of significant discrepancies between the 

cloned sequences and previous biochemical studies (Fruman et al., 1998). As a 

consequence, it was not possible to unambiguously identify the PI4K isoforms 

based on their biochemical profiles. Nevertheless, inhibitors strongly suggest that 

two different PI4K activities are found on Golgi membranes.

4.3.2.2 Identification o f  the ARF-regulated PI4K

Two PI4K isoforms with a Type HI biochemical profile have been found 

associated with Golgi membranes; PI4Kbeta and PMKalpha (Meyers et al., 1997; 

Nakagawa et a l, 1996; Wong et a l, 1997). To investigate whether the PI4K 

recruited to Golgi membranes by activated ARF was PI4Kbeta or PMKalpha, the 

same experimental protocol was used but with specific antibodies (see Materials and 

Methods, section 2.5.3). Golgi membranes were incubated in the absence of in the 

presence of 1 pM purified bovine ARF and/or 20 pM GTPyS for 15 min at 37°C. 

After pelleting and washing, membranes were incubated with cytosol (1.5 mg/ml) 

for an additional 15 min at 37°C. At the end of this second incubation, membranes 

were pelleted, rinsed and the proteins analysed by SDS-PAGE and Western 

blotting. As shown in Figure 4.11 only PMKbeta was recruited from the cytosol to 

the Golgi membranes upon activation of ARF. The PMKalpha was detectable on 

Golgi membranes both under basal condition (incubation in the absence of ARF and 

GTPyS) and in the presence of ARF, but its level was not sensitive to ARF 

activation (see Figure 4.11). Recombinant ARF (dARFIU, provided by J. Moss, 

NHI, Bethesda, Maryland, USA) (100 pg/ml), similar to the protein purified from 

bovine brain cytosol, was also able to stimulate the recruitment of PMKbeta from 

the cytosol to Golgi membranes (see Figure 4.11).

The ARF-induced translocation of PMKbeta was confirmed using cytosol from 

Cos7 cells overexpressing hemoagglutinin A (HA)-tagged PMKbeta and by adding 

recombinant GST-fused PMKbeta (100 pg/ml) in the two-step binding assay. 

These results are shown in Figure 4.12. Compared to the endogenous PMKbeta, 

the HA-tagged and GST-fusion proteins showed a somewhat higher level of
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Figure 4.11 ARF recruits PMKbeta to Golgi fractions.

Golgi membranes (15 ^g/sample) were incubated, as indicated, with GTPyS (20 

tiM) and/or ARF (1 pM) in the first step, then pelleted, rinsed and incubated with 

cytosol (150 ^ig/sample). Membranes were pelleted, rinsed, and the proteins 

present in pellets (1-6) or in the supernatants (7, 8) analysed by SDS-PAGE and 

immunoblot with polyclonal anti-PI4Kbeta and anti-ARF antibodies. Lanes 1-4 

and 7-8 refer to a first step incubation with ARF purified from rat brain cytosol, 

lanes 5 and 6 to a first step incubation with GST-fusion recombinant ARF 

(dARFIII). The recombinant ARF was detected in the immunoblot with anti-GST 

antibodies. Note that PMKbeta is selectively recruited to Golgi membranes by 

activated ARF, while PMKalpha, which is constantly associated with Golgi 

membranes, is not sensitive to ARF activation. Representative blots are shown. 

Similar results were obtained in at least six independent experiments.
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Figure 4.12 Activated ARF recruits recombinant GST-fused or HA-tagged 

PMKbeta to Golgi membranes.

Golgi membranes (15 (big/ml) were incubated as indicated, with GTPyS (20 (iiM) 

and/or ARF (1 piM) in the first step, then pelleted, rinsed and incubated with 

cytosol from COS-7 cells overexpressing HA-PI4Kbeta (200 pg/sample) or with 

rat brain cytosol (200 p,g/sample) supplemented with recombinant fusion protein 

GST-PI4Kbeta (10 (ng/sample). The Golgi-associated recombinant PI4Kbetas 

were detected with anti-HA or anti-GST antibodies. Representative blots are 

shown. Similar results were obtained in at least three independent experiments.
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binding to Golgi membranes under basal condition, but were, nevertheless, 

similarly sensitive to the ARF-induced recruitment.

4.3.3 Analysis of PMKbeta association with the Golgi complex

To verify that the ARF-dependent binding of PMKbeta was specific for Golgi 

membranes, the subcellular fractions obtained during the Golgi membrane 

preparation (see Figure 4.13 A) were tested using the two-step binding protocol 

(see Materials and Methods, section 2.5.2.1 and 2.5.3.2). PMKbeta binding to 

Golgi membranes was selective since binding to other subcellular fractions was 

much less sensitive, if at all, to ARF activation (see Figure 4.13 B).

To further investigate the properties of the ARF-induced PMKbeta recruitment to 

Golgi membranes, its sensitivity to low temperatures and ATP was studied. As 

shown in Figure 4.14, the binding of PMKbeta to the Golgi complex also occurred 

when the second step of the incubation was performed in an ice bath (0°C), and in 

the absence of ATP. To study the involvement of COPI in the ARF-dependent 

association of PMKbeta to Golgi membranes, the recruitment of the kinase was 

studied in the absence of COPI by using salt-washed Golgi membranes and COPI- 

depleted cytosol. The COPI-depleted cytosol was prepared by high speed 

centrifugation (Orci et a l, 1993) or by immunodepletion using an anti-p-COP 

antibody (Aniento at a l, 1996), as described in Materials and Methods, section 

2.5.2.4. p-COP depletion (loss of p-COP band at 110 kDa) was verified by SDS- 

PAGE and Western blotting using a specific monoclonal anti-p-COP antibody. The 

blots illustrated in Figure 4.15 show the P-COP (coatomer) contents of the depleted 

cytosol compared to control cytosol. No p-COP was detected in the depleted 

cytosol. The depleted cytosol (2 mg/ml) was incubated with salt-washed Golgi 

membranes (150 Jig/ml) both under control conditions and upon ARF activation. 

The extent of PMKbeta recruitment by ARF to Golgi membranes in the presence of 

control or COP-I-depleted cytosol was the same (see Figure 4.16), indicating that
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Figure 4.13 ARF and ARF-induced PMKbeta binding to ra t liver subcellular 

fractions.

A. Schematic representation of the Golgi membrane preparation from rat liver. 

The molarity of the sucrose solutions is shown on the left of the tube, while the 

collected fractions are indicated on the right of the tube. PNS indicates the post 

nuclear supernatant; 0 indicates the membranes left after the first centrifugation 

and loaded on the sucrose gradient; III, II, I and P indicate the upper, intermediate 

and lower interfaces and the pellet of the sucrose gradient, respectively.

B. Rat liver subcellular fractions were incubated with GTPyS (20 pM) alone or

with bovine purified ARF (1 pM) and the amounts of PMKbeta and ARF bound

to the fractions were analyzed by SDS-PAGE and immunoblotting and quantified

by densitometry. The ARF-induced stimulation of PMKbeta binding to the

fractions was initially calculated. The data were all expressed as percentage of the

maximum values (the ARF-induced stimulation of PMKbeta binding) measured in

the fractions, and are means (± SD) of at least three experiments.
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Figure 4.14 PI4Kbeta binding to Golgi membranes is not sensitive to low 

temperature or ATP.

Golgi fractions (150 ^ig/ml) were incubated in the first step with ARF (1 pM) and 

GTPyS (20 pM) for 15 min at 37°C. The membranes were pelleted, rinsed and 

incubated with cytosol (150 pg/sample) for 15 min at 37°C (control) or at 0°C as 

indicated. The buffer used in both incubation steps contained 500 pM ATP 

(control and 0°C) or no ATP (w/o ATP). Membranes were recovered by 

centrifugation and proteins analysed by SDS-PAGE and immunoblotting using 

polyclonal anti-PI4Kbeta antibodies. A representative blot is shown. Similar 

results were obtained in at least three independent experiments.
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Figure 4.15 COP-I-depleted cytosol.

A. Control cytosol (lanes 1), and COP-I immunodepleted cytosol (lanes 2) 

proteins separated by SDS-PAGE were transferred to nitrocellulose filters, and 

visualised with Ponceau red staining. The presence of COP-I was verified using a 

specific anti-p-COP antibody. A representative blot is shown. B. Rat brain cytosol 

was high-speed centrifuged and the pellet (lanes 1) and the supernatant proteins 

(lanes 2) analysed by SDS-PAGE, transferred to nitrocellulose filters and 

visualised with Ponceau red staining. The presence of COP-I was verified using a 

specific anti-p-COP antibody. A representative Ponceau staining and blot are 

shown.
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Figure 4.16 PMKbeta binding to Golgi membranes occurs independently of 

COPI.

Golgi membranes were washed with 1M KC1 to remove the associated COPI, and 

incubated with GTPyS and ARF in the first step. Membranes were recovered by 

centrifugation, rinsed and incubated with control cytosol (empty bars), or COPI- 

depleted cytosol (high-speed supernatant (HSSN)) (black bars), or immuno

depleted cytosol (immuno (stripped bars)). Binding is expressed as percentage of 

binding measured with control cytosol. Similar results were obtained in at least 

three independent experiments.
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the ability of ARF to regulate the binding of PMKbeta was independent of its 

known effect on COPI.

4.3.4 The association of PMKbeta with the Golgi complex is 

regulated by ARF in vivo

The anti-PMKbeta antibody developed in our laboratory (see Materials and 

Methods, section 2.2.4) was used in immunofluorescence experiments. This 

antibody stained a perinuclear, Golgi-like region, both in NRK (see Figure 4.17) 

and in Cos? cells, with a good coincidence with the staining of the Golgi marker 

giantin (Linstedt and Baud, 1993). In addition to the Golgi complex, the anti- 

PMKbeta antibodies stained punctate cytoplasmic structures. The colocalisation of 

PMKbeta and giantin on the Golgi complex was maintained after the dispersal of 

the Golgi complex induced by the microtubule disrupting agent, nocodazole (Yang 

and Storrie, 1998). As shown in Figure 4.18, after 180 min of nocodazole (33 JiM) 

treatment both giantin and PMKbeta redistributed to the same peripheral structures. 

Finally, during mitosis in NRK cells, when the Golgi complex is fragmented, PMK 

beta changed from a perinuclear Golgi-like, to a diffuse, cytoplasmic distribution 

(see Figure 4.19).

To assess the role of ARF in controlling PMKbeta localisation, NRK cells were 

treated with BFA. After a very short treatment (2 min) with 2 pg/ml BFA, the 

overall Golgi morphology was unperturbed (Lippincott-Schwartz et a i, 1991; 

Lippincott-Schwartz et al, 1989), as confirmed by the staining of the Golgi marker 

giantin. However, PMKbeta redistributed into the cytosol, mirroring the behaviour 

of proteins known to be regulated by ARF, such as p-COP (see Figure 4.20). 

However, unlike p-COP, PMKbeta did not redistribute to the intermediate 

compartment (IC) when the cells were kept at 15°C for 2 h (see Figure 4.21).
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PMKbeta Giantin merge

Figure 4.17 PMKbeta localises to the Golgi complex in NRK cells.

NRK cells were fixed, permeabilized and double labelled with polyclonal affinity 

purified anti-PMKbeta (green) and monoclonal anti-Giantin (red) antibodies. The 

merge represents the superimposition of the two stainings, with yellow indicating 

the overlapping areas.
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PMKbeta Giantin merge

Figure 4.18 PMKbeta redistributes to peripheral structures after nocodazole 

treatment.

Cos? cells were treated with 33 jaM nocodazole for 5 min at 4°C before shifting 

the temperature to 37°C for 180 min. Cells were fixed, permeabilized and double

stained with polyclonal anti-PMKbeta (green) and monoclonal anti-Giantin (red) 

antibodies. Note that under nocodazole treatment, PMKbeta and giantin 

redistribute to the same peripheral structures. The merge represents the 

superimposition of the two stainings, with yellow indicating the overlapping 

areas.
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PMKbeta Giantin merge

Figure 4.19 PMKbeta undergoes cytosolic distribution in mitotic cells.

NRK cells were fixed, permeabilized and double-stained using polyclonal anti- 

PMKbeta (green) and monoclonal and-giantin (red) antibodies. Merge represents 

the superimposition of the two stainings, with yellow indicating the areas of 

overlap of the two antigens. Arrows indicate mitotic cell.

195



PMKbeta Giantin P-COP

Control

BFA 
(2 min)

Figure 4.20 PMKbeta association with Golgi complex is sensitive to BFA 

treatment.

NRK cells were treated with 2 |ig/ml BFA for 2 min (BFA). Cells were processed 

for immunofluorescence and stained, as indicated, with anti-PI4Kbeta, giantin, or 

p-COP antibodies. Similar results were obtained in at least three independent 

experiments. Note that the behaviour of PMKbeta is similar to p-COP.
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Control

Figure 4.21 PMKbeta does not redistribute to the IC at 15°C

NRK cells were kept at 15 °C for 2 hours. Cells were processed for 

immunofluorescence and stained, as indicated, with anti-PI4Kbeta, giantin, or (3- 

COP antibodies. Similar results were obtained in at least three independent 

experiments.
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4.3.5 Mechanism by which ARF recruits PMKbeta to the Golgi 

complex

The ability of ARF to recruit PMKbeta to the Golgi complex might be explained 

in two ways: 1) ARF interacts directly with this kinase (as has been shown for 

other small G-proteins, such as Rac and Rho, and with ARF and PI4P5Kalpha 

(Jones et a l, 2000; Honda et a l, 1999; Tolias et a l, 1995); 2) ARF controls the 

PMKbeta activity in an indirect way; perhaps through a cytosolic or membrane co

factor. To test these possibilities, two approaches were taken: 1) co-

immunoprecipitation experiments employing affinity purified anti-PMKbeta 

antibodies; 2) "pull-down" experiments using recombinant PMKbeta fused to GST 

and covalently cross-linked to glutathione Sepharose beads. The 

immunoprécipitation experiments were done using Golgi membranes (400 

pg/sample) preincubated with ARF (1 |iM) and/or GTPyS (20 pM) and with 

cytosol (1.5 mg/sample). After incubation, membranes were recovered by 

centrifugation and treated with 200 mM KC1 and 1% Triton-X100, as described in 

Materials and Methods, section 2.9. Golgi membrane extracts were incubated for 

12-14 hours with affinity purified anti-PMK beta antibodies or with preimmune 

antibodies as a control, and then with protein-A sepharose beads. Alternatively, rat 

brain cytosol (400 pg/sample) or rat liver Golgi membranes (400 gg/sample), 

extracted as described above, were employed. The bound proteins were analysed 

by SDS-PAGE and Western blotting. The results of immunoprécipitation 

experiments are illustrated in Figure 4.22 where the anti-PMKbeta antibodies were 

able to immunoprecipitate PMKbeta, as expected, but failed to co- 

immunoprecipitate ARF.

The GST pull-down experiments using the recombinant GST-fused PMK beta 

were carried out as described in Materials and Methods, section 2.10. Purified 

Golgi membranes (400 pg/sample) were treated with 200 mM KC1, 1% Triton X- 

100, and the extracts were incubated with GST-PMKbeta immobilised on 

glutathione-sepharose beads. As a control, GST alone, cross-linked to the
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Figure 4.22 ARF is not co-immunoprecipitated with PMKbeta.

Golgi membranes (400 pg/sample) were incubated with ARF and GTPyS in the 

first step, and with cytosol (1.5 mg/sample) in the second step. After these 

incubations, membranes were recovered by centrifugation and the pellet extracted 

in 1% Triton X-100 and 200 mM KC1 as described in Materials and Methods, 

section 2.9. The clarified Triton X-100 extract of pellets (binding) or alternatively 

Golgi membranes (400 pg/sample) directly extracted as described above (Golgi), 

or rat brain cytosol (400 pg/sample; cytosol) were either incubated with 

preimmune serum (IgG) or with affinity purified anti-PI4Kbeta antibodies 

(PMKbeta), then with protein A sepharose beads. The bound proteins were 

analysed by SDS-PAGE and Western blotting using polyclonal anti-PI4Kbeta and 

anti-ARF antibodies. Representative blots are shown. Similar results were 

obtained in at least four independent experiments.
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glutathione-sepharose beads, was used. The retained proteins were eluted with 0.1 

M glycine, pH 2.5, precipitated with 10% TCA, and analysed by SDS-PAGE and 

Western blotting using an anti-ARF antibody developed in our laboratory (see 

Materials and Methods, section 2.2.3). No ARF was retained under these 

conditions (see Figure 4.23).

Though not conclusive, these results seem to rule out a direct interaction 

between ARF and PMKbeta, and suggest the involvement of additional factors in 

the ARF-induced recruitment of PMKbeta. Thus, the requirement for an adaptor to 

mediate the effect of ARF was investigated first assessing the involvement of 

factors known to interact with PMKbeta, such as frequenin (Hendricks et a l,

1999), or with activated ARF, such as ARFaptins (Kanoh et a l, 1997). Frequenin 

is a myristoylated, ~20 kDa, calmodulin-related, calcium-binding protein that 

modulates regulated secretion in neuronal and neuroendrocrine cells (McFerran et 

ai, 1998). Two specific anti-frequenin antibodies (provided by Andreas Jeromin, 

Mount Sinai Hospital, Toronto, Canada) were used to assess the presence of 

frequenin among the proteins co-immunoprecipitated with PMKbeta or retained on 

the GST-PMKbeta column. As shown in Figure 4.24, frequenin was not co- 

immunoprecipitated with PMKbeta from rat liver Golgi extracts or from rat brain 

cytosol; nor was it retained on GST-PMKbeta column.

Next, the involvement of ARFaptin was investigated. Two ARFaptin isoforms 

have been identified, ARFaptin 1 and 2 (Kanoh et al, 1997). Both proteins interact 

with the GTPyS-bound form of ARF. ARFaptin 1 is the most studied isoform, and 

recent findings indicate that this protein can act as an inhibitor of ARF functions in 

vitro. The polyclonal anti-ARFaptin antibodies used in the present studies were 

kindly provided by J. Exton (Howard Hughes Medical Institute, Vanderbit 

University, Nashville, TN, USA). The antibodies were used in both the 

immunoprécipitation and pull-down experiments described above. No ARFaptin 

was co-immunoprecipitated with PMKbeta or retained in the GST-PMKbeta 

column, as also shown in Figure 4.24.
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GST PMKbeta

ARF

Figure 4.23 GST-PI4Kbeta pull-down experiments.

Rat liver Golgi membranes (400 |Lig/sample) were solubilised with buffer 

contained 200 mM KC1 and 1% Triton X-100, the extract clarified by 

centrifugation, and incubated with GST-PI4Kbeta immobilised on glutathione 

sepharose beads, or control beads. The clarified Golgi extract (a), protein bound 

(b), and unbound (c; 25 % of total) to GST beads (GST), and the proteins bound 

(d), and unbound (e; 25% of total) to GST-PI4Kbeta (PMKbeta) beads were 

fractionated by SDS-PAGE, transferred to nitrocellulose, and probed for ARF 

using specific anti-ARF polyclonal antibodies. A representative blot is shown. 

Similar results were obtained in three separate experiments.
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Figure 4.24 PMKbeta does not interact with frequenin and ARFaptin.

A. Rat brain cytosol (400 jig/sample (Cytosol)) and the clarified Triton X-100 

extract of Golgi membranes (400 pg/sample (Golgi)) were incubated with either 

preimmune serum (IgG) or affinity purified anti-PI4Kbeta antibodies (PI4K). The 

antibodies were recovered using protein A sepharose beads and the bound 

proteins analysed by SDS-PAGE and Western blotting using polyclonal anti- 

frequemn or anti-ARFaptin antibodies. Representative blots are shown. Similar 

results were obtained in at least two independent experiments.

B. Clarified Tnton X-100 extracts of Golgi membranes (400 pg/sample) were

incubated with GST-PMKbeta immobilised on glutathione sepharose columns

(PMKbeta), or control GST columns (GST), and the proteins bound (el) and

unbound (ft, 25% of total unbound proteins) were fractionated by SDS-PAGE,

transferred to nitrocellulose, and probed using anti-frequenin and ARFaptin

antibodies. Representative blots are shown. Similar results were obtained in three 

different experiments.
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Finally, Golgi proteins able to interact with PMKbeta, i.e. potential receptors for 

PMKbeta on the Golgi complex, were studied by adopting an immonoprecipitation 

approach. As illustrated in Figure 4.25, a discrete set of Golgi proteins was co- 

immunoprecipitated with PMKbeta, as revealed by silver staining of the gels. 

Among these, a band of 250 kDa was particularly abundant. This band was 

analysed by mass spectrometry (MALDI) by Dr Jerome Garin (Grenoble, France) 

and the protein was identified as Myosin UA. This finding was particularly 

interesting since it is already known that Myosin UA localises on the Golgi complex 

and is involved in the formation of transport carriers at the TGN, through an 

unknown mechanism (Stow et a l, 1998). Another band present in the 

immunoprecipitate was identified by immunoblotting as giantin (see Figure 4.25), a 

well-known component of the so called Golgi matrix (Sonnichsen et a l, 1998). 

The identification of the other bands co-immunoprecipitating with PMKbeta is still 

in progress in our laboratory.

4.3.6 Characterisation of the ARF-regulated PIP 5-kinase activity

PIP5Ks can be subdivided into two classes. Type I and II (Carpenter and 

Cantley, 1990; Fruman et al., 1998). While Type I PIP5K is stimulated by PA, 

Type II is unaffected. Moreover, it has been recently demonstrated that the Type II 

PIP5K is indeed a PIP4K that phosphorylates the 4 position on the inositol ring of 

PtdIns5P (Rameh et al., 1997b). Data shown in section 4.2 suggested that an 

increase in PA concentration is not sufficient to stimulate PtdIns4,5P^ synthesis in 

Golgi membranes and that the presence of activated ARF is required. These data, 

however, do not exclude that PA, though not sufficient, might be necessary for 

such an increase. Unfortunately, the only inhibitors available to date to decrease PA 

production via PUD are primary alcohols (see section 4.2.3), and these are not very 

specific. It is possible that small amounts of residual PA might be sufficient to elicit 

PIP5K activity, or that different sources of PA (e.g. from PLC and DGKs), could 

sustain this activity. Thus, a definitive answer will require the identification of the
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giantin

Myosin IIA (MALDI)

PI4KP

Figure 4.25 Myosin IIA and giantin co-immunoprecipite with PMKbeta from 

rat liver Golgi membranes.

Rat liver Golgi membranes (400 ^ig/sample) were solubilized with buffer

contained 200 mM KC1 and 1% Triton X-100; the extract clarified by

centrifugation, and immunoprecipitated with preimmune serum (PI) or anti-

PI4Kbeta (PI4Kp) affinity purified antibodies. Bound proteins were separated by

SDS-PAGE and visualised by silver staining or transferred to nitrocellulose

filters. Representative silver stained gel and blots developed with the indicated

antibodies are shown. Note that a discrete set of Golgi proteins are specifically

coimmunoprecipitated by anti-PI4Kbeta antibodies. Similar results were obtained

using two polyclonal and one monoclonal anti-PI4Kbeta antibodies. Some of the

proteins coimmunoprecipitated with PMKbeta were identified by MALDI

(myosin IIA) or immunological criteria (giantin).
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molecular species responsible for the PIP5K activity. Recently, it has been shown 

that, in vitro, Golgi PtdIns4P is converted into PtdIns4,5P2 by recombinant 

PIPSKalpha. This kinase is directly regulated by ARF1 (Jones et al, 2000).

To verify the involvement of PIP5Kalpha in the ARF dependent synthesis of 

PtdIns4,5P2 in Golgi membranes in vivo, the distribution of recombinant myc- 

PIP5K expressed in Cos? cells was analysed. The PIP5K-staining appeared to be 

restricted to the plasma membrane and to intracellular vesicular compartments (see 

Figure 4.26) and did not show any Golgi localisation. These results indicate that 

although PIPSKalpha is able to convert PtdIns4P into PtdIns4,5P2 in isolated Golgi 

membranes in vitro in an ARF-dependent way, it is not localised to the Golgi 

complex, at least at steady state. Two possible explanations can be given for these 

results: either the association of PIPSKalpha with the Golgi complex is very 

transient in vivo and cannot be visualised in immunofluorescence experiments, or 

the PIP5K isoform that is specifically associated with the Golgi complex is not 

PIPSKalpha, but a different isoform whose identity remains to be clarified.

4.4 Discussion

In this work, a novel property of the small GTPase ARF has been demonstrated: 

its ability to recruit PMKbeta and a still unspecified, PIP5K to the Golgi complex. 

The result is that ARF potently stimulates both PtdIns4P and PtdIns4,5P2 synthesis 

in this organelle. The evidence for this ARF-mediated recruitment of PI4K is based 

on the identification of the PI4K isoform involved (PMKbeta), and on a direct 

assay of translocation both in vitro (following the endogenous or the recombinant 

protein) and in vivo (studying the sensitivity to BFA treatment) using specific 

antibodies and recombinant PMKbeta. In the case of PIP5K, the evidence is based 

on an assay of enzyme activity that demonstrates a concomitant increase in PIP5K 

activity in the ARF-primed Golgi membranes, and a decrease of the same activity in 

the cytosol.
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GiantinPIPSKalpha merge

Figure 4.26 PIPSKalpha localises to the plasma membrane and to 

intracellular vesicular compartment.

Cos? cells were transfected with recombinant Myc-tagged PIPSKalpha. One day 

after transfection, cells were fixed, and double-stained with monoclonal anti-Myc 

(green) and polyclonal anti-giantin (red) antibodies. The merge represents the 

superimposition of the two stainings, with yellow indicating the overlapping 

areas.
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The co-ordinate recruitment of both PMKbeta and PIP5K by activated ARF 

indicates that they might be organised in a multi-enzyme complex on the Golgi 

apparatus. The existence of PIKs/phosphatases/phospholipases in multi-enzyme 

complexes has been previously reported. PMK (the 55 kDa isoform) can be co

immunoprecipitated with PI-PLC and a PI-transfer protein upon EGF stimulation in 

A431 cells (Kauffmann-Zeh et a l, 1995), and Type II PMK and Type I PIP5K 

activities are co-immunoprecipitated together with PKCp, in Cos? and Swiss3T3 

cells (Nishikawa et a l, 1998). In addition, both the kinases involved in 

PtdIns4,5P2 synthesis and a PtdIns4,5P2 5-phosphatase (ocrl-1) have been 

localised to Golgi membranes (Dressman et al., 2000). The ocrl-1 protein is the 

product of a gene that, once mutated, is responsible for Lowe's syndrome (Attree et 

al, 1992). Lowe's syndrome is an X-linked human genetic disorder characterised 

by mental retardation, congenital cataracts and renal-tubular dysfunction. It is clear 

that although the precise requirement for PtdIns4,5P2 on the Golgi still needs to be 

clarified, critical control of PtdIns4,5P2 levels in precise microdomains on the 

Golgi is essential for the proper function of this organelle.

Exciting developments that have integrated these studies with others in the field 

have included the discovery that ARF1, ARF5 and ARF6, which represent all three 

classes of ARFs, can activate PIPSKalpha in vitro (Honda et a l, 1999) and that 

ARF6 induces the translocation of PIPSKalpha to membrane ruffles at the plasma 

membrane, with concomitant PtdIns4,5P2 production, indicating that PISKalpha is 

a downstream effector of ARF in vivo. In addition, recombinant PIP4Kalpha 

stimulates PtdIns4,5P2 on isolated Golgi membranes in the presence of ARF1 

(Jones et a l, 2000). As members of all classes of the ARF family can stimulate 

PtdIns4,5P2 synthesis, this lipid-modulating function is likely to be a general 

consequence of ARF activation. However, the relationship between ARF and 

phospholipids is very complex. ARF can activate PMK, PIP5K and PLD, resulting 

in the production of PtdIns4,5P^ and PA. Phosphoinositides and PA are

themselves involved in the regulation of ARF function. ARF can directly interact 

with PtdIns4,5P2, as can the ARF exchange factors (GEFs) and ARF-GTPase
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activating proteins (GAPs). Indeed, both positive and negative regulators of ARF 

contain PH domains and are hence presumably regulated by phosphoinositides. 

ARNO, cytohesin, and the GRP family of ARF GEFs, contain PH domains that 

appear to mediate membrane association by binding to either PtdIns3,4,5P3 or 

PtdIns4,5P2 (Jackson et al., 2000). The ARF-GAP ASAP has a PH domain and is 

specifically activated by PtdIns4,5P2 in the presence of PA, but the intracellular 

localisation of this protein appears to require PtdIns3,4,5P3 (Donaldson et a l, 

2000). The bases for these differences in phosphoinositide requirements for 

membrane association versus catalytic activity are not known. In addition, potential 

ARF effectors, the clathrin adaptors AP-2, AP-3 and coatomer alphaCOP, also bind 

phosphoinositides (Roth, 1999; Chaudhary et al, 1999). Finally, the ARF-induced 

stimulation of PA through PLD activation may stimulate PIP5K and increase 

PtdIns4,5P2 production, which again regulates the ARF cycle. In Figure 4.27, a

hypothetical scheme of feedforward and feedback loops allowing the coordinate 

regulation of ARF exchange factors and GAPs is shown. The differences in the 

kinetics of production of PtdIns4,5P2, PtdIns3,4,5P3 and PA might be important in 

facilitating activation of ARF effectors and in stimulating rapid recycling of ARF at 

specific membrane domains.
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PtdIns3,4,5P3 < PtdIns4,5P2PI3K

PIP5K
PC ► PA

PLDPtdlnsP

TP4Kbeta

Ptlns ARF-GTP

GAP 1:

ARF GDP

Figure 4.27 Hypothetical scheme of feedforward and feedback loops allowing 

coordinate regulation of ARF GEFs and GAPs.

In this hypothetical scheme, solid lines indicate chemical conversion, while dotted 

lines indicate regulatory interactions.

V
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Chapter 5

PM K beta regulates the structure and  
function of the Golgi complex

5.1 Introduction

Multiple types of PMKs exist in mammalian cells and cell fractionation studies 

indicate that a substantial fraction of the total PMK activity resides in Golgi 

membranes (Jergil et a l, 1983). Two different isoforms have been localised to the 

Golgi complex, PMKalpha and PMKbeta (Meyers et a l, 1997; Nakagawa et a i, 

1997; Wong et a i, 1997). In Chapter 4 it has been shown that PMKbeta and a still 

unspecified PIP5K are recruited to Golgi membranes by activated ARF, leading to 

an increase of PtdIns4P and PtdIns4,5P2 levels (Godi et a l, 1999; Jones et al,

2000). Phosphoinositides generated by this reaction act downstream of the 

GTP/GDP cycle of ARF-family GTPases and might be involved in the ARF 

regulation of Golgi function and structure.

In this Chapter the study of the functional role of PMKbeta at the Golgi 

complex is reported. The approaches selected to study the role of PMKbeta 

included a careful analysis of the subcellular and sub-Golgi distribution of the 

kinase and an assessment of the impact that the expression of wild type and 

single-point mutated form of PMKbeta (D656A-PMKbeta) devoid of kinase 

activity, have on the structural organisation and on the transport activity of the 

Golgi complex.
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5.2 Intracellular distribution of PMKbeta

5.2.1 PMKbeta localises to the Golgi complex and recycling endosomes

pcDNA3 vectors containing wild type HA-tagged or untagged PMKbeta were 

kindly provided by Prof. L. Cantley (Harvard Medical School, Boston, MT). The 

two constructs were expressed in NRK and Cos? cells and their distribution 

analysed by immunofluorescence (see Materials and Methods, section 2.3) using 

monoclonal anti-HA or polyclonal anti-PMKbeta antibodies. The presence of HA- 

tag at the N-terminus of the kinase did not perturb its intracellular distribution as 

judged by immunofluorescence, thus the two constructs were interchangeably 

used in the experiments. PMKbeta staining at different levels of expression in 

NRK cells is shown in Figure 5.1. At low levels of expression, the staining was 

mainly perinuclear and coincided with the Golgi marker giantin. At medium 

levels of expression, in addition to the perinuclear Golgi-like staining, the staining 

of tubulo/vesicular structures was also evident. These peripheral structures were 

not co-stained by anti-giantin antibodies or antibodies against other Golgi 

markers. Finally, at higher levels of expression, the perinuclear Golgi staining was 

masked by an intense diffuse cytosplasmic staining.

. When Cos? cells expressing recombinant PMKbeta were treated with 5 pg/ml 

of BFA for five or thirty minutes, the central Golgi staining of PMKbeta 

disappeared, and long thin tubules became evident (see Figure 5.2). After long 

BFA treatment (up to Ih), cells were still filled with these long labelled tubules. 

This tubular staining after BFA treatment was not observed with the endogenous 

protein (see section 4.3.4.2). This apparent discrepancy between the staining of 

endogenous and the ectopically expressed protein, could be explained if the levels 

of the endogenous protein in tubules formed upon BFA treatment are below the 

threshold of sensitivity.

It is known that BFA induces not only the intermixing between the Golgi 

complex and the ER, but also the intermixing of the TGN with endosomes (Wood
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PMKbeta Giantin merge

Figure 5.1 PMKbeta localises to the Golgi complex and peripheral 

tubulo/vesicular structures.

NRK cells were transfected with a PMKbeta cDNA expression vector, fixed and 

double-stained with anti-PMKbeta (green) and anti-giantin (red) antibodies. Cells 

expressing different amounts (low, medium and high) of PMKbeta are shown. 

Merge represents the superimposition of the PMKbeta and giantin stainings, with 

yellow indicating the overlapping areas.
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PMKbeta Giantin

Figure 5.2 PMKbeta overexpressed in Cos? cells undergoes extensive 

tubulation after BFA treatment.

Cos7 cells were transfected with HA-tagged PMKbeta cDNA. After overnight 

expression, cells were treated with 5 p-g/ml of BFA for 5 and 30 min, fixed and 

double-stained with anti-HA (green) and anti-giantin (red) antibodies. Note that 

under BFA treatment, PMKbeta redistributes into a tubular network that does not 

contain the Golgi marker giantin. Similar results were obtained in at least four 

independent experiments.
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et a l, 1991; Lippincott-Schwartz et a l, 1991; Lippincott-Schwartz et a l, 1989). 

Furthermore, the endosomal compartment undergoes an extensive tubulation after 

BFA treatment, and endosomal tubules are distinct from Golgi tubules in that they 

persist long after treatment with BFA. Thus, the endosomal tubules are similar to 

the BFA-induced tubules that stain positive for PMKbeta. This suggested that the 

PMKbeta-positive tubules generated by BFA, and, possibly, those peripheral 

tubulo/vesicular structures observed in untreated cells but devoid of Golgi 

markers, could be of endosomal origin.

To investigate whether this was the case, the distribution of PMKbeta was 

compared with that of the endosomal marker, transferrin receptor (TfR). Cos7 

cells expressing PMKbeta were double-stained with polyclonal anti-PMKbeta and 

monoclonal anti-TfR antibodies. As shown in Figure 5.3 PMKbeta and TfR 

partially colocalised, although the distribution of the endosomal marker appeared 

broader than that of PMKbeta. This result suggested that a subpopulation of the 

TfR-positive endosomes contained also PMKbeta. The colocalisation of PMKbeta 

and TfR became more extensive when Cos? cells were treated with BFA (5 

P-g/ml) for 30 min. With this treatment, both PMKbeta and TfR underwent an 

extensive and similar tubulation process and the PMKbeta containing tubules were 

always positive for TfR (see Figure 5.3).

In eukaryotic cells, the endocytic pathway comprises separate compartments 

that are morphologically and biochemically distinct: the early and late endosomes 

(see the scheme in Figure 5.4). The early endosomes can be further subdivided 

into sorting and recycling endosomes. Internalised receptors and ligands first enter 

the peripheral early endosomes where they dissociate. They are then sent to 

lysosomes for degradation or recycled back to the plasma membrane, as is the 

case for TfR. Recycling back to the plasma membrane might occur directly from 

sorting endosomes or via a recycling compartment (Ghosh and Maxfield, 1995; 

Ren et al, 1998). The different endosomal sub-compartments are characterised by 

the presence of different rab proteins, with Rab5, restricted to the early-sorting 

endosomes, and Rab 11 to the recycling endosomes and the trans Golgi network

214



PMKbeta TfR

Figure 5.3 TfR localises to PMKbeta-positive tubules generated by BFA 

treatment.

Cos? cells were transfected with PMKbeta cDNA. After overnight expression, 

cells were incubated with BFA (5 pg/ml) for 30 min, fixed and double-stained 

with anti-PMKbeta (green) and anti-TfR (red) antibodies. Note that TfR 

colocalises with PMKbeta on the BFA-induced tubular structures. Similar results 

were obtained in at least four independent experiments.
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Rab?

Golgi

Figure 5.4 Schematic representation of the endocytic pathway in non

polarised cells.

The major organelles of the endocytic pathway (RE = recycling endosomes; EE 

early endosomes; LE = late endosomes; LY = lysosomes; CCV = clathrin coated 

vesicles) are shown in terms of their kinetic relationship and diagnostic molecular 

markers. Pathways that are not clearly defined are shown as dashed lines.
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(Sonnichsen et a l, 2000; Trischler et a l, 1999; Zerial and McBride 2001). The 

observed partial colocalisation between PMKbeta and TfR positive structures, 

suggested that only a subpopulation of endosomes contained PMKbeta.

To identify this population, the distribution of PMKbeta, Rab5 and Rabl 1 were 

studied in double-labelling experiments. All the Rab constructs used in this thesis 

were kindly provided by Dr. M. Zerial (Max Planck, Dresden, Germany).

The endosomal distribution of PMKbeta was first compared with that of Rab5. 

In order to visualise the early-sorting Rab5-positive endosomes, the ability of 

constitutively active Rab5 (Rab5(Q79L)) to induce their enlargement was 

employed (Bucci et a l, 1992). Cos? cells were co-transfected with myc-tagged 

Rab5(Q79L) (myc-tag at the N-terminus) and PMKbeta cDNAs. One day after 

transfection, cells were fixed and processed for IF using monoclonal anti-myc and 

polyclonal anti-PMKbeta antibodies as described in Materials and Methods, 

section 2.3. As shown in Figure 5.5 the enlarged, Rab5-positive endosomes were 

not positive for PMKbeta, suggesting that Rab5 and PMKbeta localised on 

different endosomal structures.

Next, the colocalisation of Rabll and PMKbeta was analysed. Wild type 

Rabll, a constitutively active mutant (that cannot hydrolyse GTP), Rabll(Q70L), 

and a dominant negative mutant, Rabll(S25N), were used. When Rabll wild 

type or Rabl 1(Q70L) were co-expressed with PMKbeta in Cos7, they colocalised 

to the same peripheral structures (see Figure 5.6). When Rabll(S25N) was co

transfected with PMKbeta, it induced a massive tubulation of the PMKbeta- 

positive structures. This is in agreement with recent report by Salamero's group 

(Wilcke et al. , 2000) that the dominant negative mutants of Rabll cause a tubular 

transformation of the recycling endosomes positive for TfR and impair traffic 

from recycling endosomes to the TGN. As shown in Figure 5.7, the 

Rab 11 (N25S)-induced PMKbeta tubules were also positive for TfR, confirming 

that the PMKbeta localised, not only on the Golgi complex, but also on recycling 

endosomes. The functional implication for PMKbeta on recycling endosomes is 

currently being studied in the laboratory.
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PMKbeta Myc-Rab5(Q79L) merge

Figure 5.5 PMKbeta does not colocalise with Rab5(Q79L)-positive structures.

Cos? cells were co-transfected with PMKbeta and mutated myc-tagged 

Rab5(Q79L) cDNAs. Fifteen hours after transfection, cells were fixed and double

stained with anti-PMKbeta (red) and anti-myc (green) antibodies. The 

superimposition of the anti-PMKbeta and anti-myc staining is shown (merge), 

with yellow indicating the overlapping areas. Similar results were obtained in at 

least three independent experiments.
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HA-PI4Kbeta Rabll merge

Figure 5.6 PMKbeta localises to Rabl 1-positive endosomes.

Cos? cells were transfected with HA-tagged PMKbeta and Rabll wt (a), 

Rabll(Q70L) (b), or Rabll(S25N) (c) cDNAs. Cells were fixed and double

stained with anti-HA (green) and anti-Rabll (red) antibodies. Merge represents 

superimposition of the two antibodies with yellow indicating the overlapping 

areas. Note that PMKbeta colocalises with Rabllwt and Rabll(Q70L) in the 

peripheral tubulo/vesicular structures. Note also that in Rabll(S25N)- 

overexpressing cells, PMKbeta redistributes into a tubular network.
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PMKbeta merge
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Figure 5.7 TfR localises to the PMKbeta-positive tubules generated by 

Rabll(S25N) expression.

Cos7 cells were cotransfected with PMKbeta and Rabl 1(S25N) cDNAs, fixed and 

double-stained with anti-PMKbeta (green) and anti-TfR (red) antibodies. Merge 

represents superimposition of the two antibodies with yellow indicating the 

overlapping areas. Similar results were obtained in at least two independent 

experiments.
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5.2.2 Sub-Golgi distribution of PMKbeta

To analyse more precisely where PMKbeta localised in the Golgi complex, and 

to gain further insight into its functional role in this organelle, immunoperoxidase 

electron microscopy (EEM) experiments were performed using affinity purified 

anti-PMKbeta antibodies. These experiments were carried out as described in 

Materials and Methods, section 2.4, and the samples were processed for IBM by 

Dr Galina Beznoussenko (Department of Cell Biology and Oncology, Consorzio 

Mario Negri Sud, Santa Maria Imbaro, Italy). Interestingly, PMKbeta localised to 

the inter-cisternal space of the Golgi complex (see Figure 5.8). This localisation 

resembled that of proteins belonging to the Golgi-matrix complex that are 

believed to provide a scaffold for Golgi membranes. This suggested a possible 

role for PMKbeta in controlling the structural organisation of the cisternae, and 

possibly the stacking process. In addition to the cisternae and inter-cistemal space, 

PMKbeta also localised to tubulo/vesicular clusters near the plasma membrane 

with features resembling those of transport intermediates (see Figure 5.8). This 

localisation might suggest a role for PMKbeta in controlling the 

formation/consumption of transport intermediates and, thus, membrane traffic into 

or out of the Golgi complex.

5.2.3 PMKbeta undergoes nuclear/cytoplasmic shuttling

Comparing PMKbeta's sequence with a data bank of protein profiles using the 

PROSIT algorithm, a putative nuclear localisation signal (NTS) between amino 

acids 237 and 254 (KLRKLILSDELKPAHRK) was identified. However, at 

steady state neither endogenous nor overexpressed PMKbeta showed any nuclear 

staining.

To determine whether PMKbeta could shuttle into the nucleus, nuclear export 

was blocked using leptomycin B (Kundo et ai, 1999) treatment. Leptomycin B is 

a powerful reagent to study protein nuclear shuttling, because it inhibits the
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Figure 5.8 PI4Kbeta is localised to the inter-cisternal spaces of the Golgi 

complex and peripheral tubulo/vesicular clusters in Cos? cells.

Cos? cells were stained with anti-PI4Kbeta antibodies and processed for electron 

microscopy using the peroxidase technique as described in Materials and 

Methods.
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nuclear export receptor (CRM1) for protein transport out of the nucleus. Thus, 

leptomycin B has revealed nuclear shuttling of many proteins involved in 

endocytic pathway, including epsin and alpha-adaptin. This has raised the 

intriguing possibility that some endocytic proteins play a direct or indirect role in 

transcriptional regulation (Vecchi et a l, 2001).

Cos? cells were treated with leptomycin B (10 ng/ml) for 4 hours, then fixed 

and processed for immunofluorecence using affinity purified polyclonal anti- 

PMKbeta antibodies or antibodies against another Golgi protein (giantin) as 

described in Materials and Methods, section 2.3.7. As seen in Figure 5.9, upon 

leptomycin B treatment, PMKbeta, but not giantin, appeared inside the nucleus. 

The appearance of the nuclear staining did not result in the depletion of Golgi 

labelling, suggesting that it was derived from the cytosolic pool. The nuclear 

localisation of PMKbeta was further explored in transfected Cos? cells. After 

leptomycin B treatment, the kinase showed a strong nuclear localisation (see 

Figure 5.9), confirming the results obtained with the endogenous proteins.

5.2.4 Intracellular distribution of kinase-dead PM Kbeta (D656A- 

PMKbeta).

To study the functional role of PMKbeta on the Golgi complex, a single point 

mutated PMKbeta form, devoid of kinase activity (D656A-PMKbeta; Godi et a l,

1999), was transfected into Cos? cells and its distribution analysed. Kinase-dead 

PMKbeta constructs, with or without HA-tag, were kindly provided by L. Cantley 

(Harward Medical School, Boston, MA, USA). The presence of HA-tag did not 

affect the kinase distribution, as judged by immunofluorescence, and both 

constructs were used interchangeably. The localisation of D656A-PMKbeta in 

cells expressing different levels of protein is shown in Figure 5.10. At low-to- 

medium levels of expression, the kinase localised to a perinuclear Golgi-like area 

and to thin tubules and puncta. Comparing this staining pattern with that of wild 

type PMKbeta, the kinase-dead mutant showed more evidence of positive-
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Figure 5.9 PMKbeta undergoes to nuclear-cytoplasmic shuttling.

A. Cos? cells were treated with leptomycin B (10 ng/ml) for 4 hours, fixed and 

double-stained with anti-PI4Kbeta (red) and anti-giantin (green) antibodies.

B. Cos? cells were transfected with HA-PI4Kbeta cDNA. Fifteen hours after 

transfection, cells were treated with leptomycin B for 4 hours, fixed and double

stained with anti-HA (red) and anti-pll5 (green) antibodies. Triangles indicate 

transfected cells. Similar results were obtained in at least three independent 

experiments.
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Figure 5.10 D656A-PI4Kbeta localises to the Golgi complex and peripheral 

tubulo/vesicular structures.

A. Schematic representation of recombinant wild type (PMKbeta (wt)) or kinase- 

dead (D656A-PI4Kbeta)PI4Kbeta. The site of mutagenesis is indicated.

B. Cos? (a, b, c) and NRK (d, e, f) cells were transfected with recombinant 

D656A-PI4Kbeta cDNA, fixed and labelled with anti-PI4Kbeta antibodies. Cells 

expressing low (a and d), medium (b and e) and high (c and f) levels of protein are 

shown.
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tubulo/vesicular structures. These structures were also stained for TfR, indicating 

that they were recycling endosomes as was the case for wild type protein (see 

Figure 5.11). Indeed, in Cos? cells transfected with kinase-dead PI4Kbeta and 

treated with BFA, the number of tubules stained with D656A-PI4Kbeta increased 

and they became longer (see Fig 5.11), mirroring the behaviour of tubules 

generated by the wild type protein.

5.3 Role of PMKbeta in controlling the structure and function 

of the Golgi complex

5.3.1 PMKbeta activity is required to preserve the structural integrity of 

the Golgi cisternae

In untransfected Cos? cells the Golgi complex, as evaluated by staining for the 

resident Golgi protein giantin, (Linstedt and Hauri, 1993) is composed of 

interconnected, regular, loop-shaped elements located in the perinuclear area. As 

shown in Figure 5.12, this typical giantin distribution was not affected by the 

overexpression of wild type PMKbeta, at any level of expression. In contrast, in 

cells expressing high levels of kinase-dead PMKbeta the distribution of giantin 

has grossly disorganised and the typical loop-shaped appeared as mixture of 

irregular, thick, filamentous and punctate structures. However, the perinuclear 

localisation was maintained.

This effect of the kinase dead-form of PMKbeta on the Golgi morphology was 

more pronounced under conditions in which the Golgi complex, previously 

disassembled by BFA treatment, underwent the reassembly process following the 

removal of the drug. BFA induced giantin redistribution into the ER to the same 

extent in untransfected cells or in cells expressing the wild type or the mutant 

PMKbeta (see Figure 5.12). In contrast, the rebuilding of the Golgi complex after
r

BFA removal, was markedly different in cells untransfected, or transfected with 

the wild type PMKbeta, compared to cells expressing the kinase-dead. In
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Figure 5.11 D656A-PI4Kbeta undergoes extensive tubulation after BFA 

treatment.

Cos? cells were transfected with recombinant D656A-PMKbeta cDNA. After 

overnight expression, cells were treated with 5 pg/ml BFA for the indicated time, 

fixed and double-stained with anti-PMKbeta (green) and anti-TfR (red) 

antibodies. Merge represents the superimposition of the two stainings with yellow 

indicating the overlapping areas.
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Figure 5.12 PMKbeta activity is required to create and maintain the 

structural integrity of the Golgi complex, as indicated by giantin (a Golgi 

resident protein).

Cos? cells were transfected with wild type HA-tagged PMKbeta (PMKbeta) (a-d)

or HA-tagged kinase-dead PMKbeta (D656A-PMKbeta) (e-h). Fifteen hours after

transfection the cells were treated with control medium (Control) or treated with 5
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Hg/ml BFA for 20 min (BFA), or pre-treated with 5 pg/ml BFA for 20 min (BFA), 

washed, and allowed to recover in a BFA-free medium for 30 and 60 min 

(Recovery). Cells were then processed for immunofluorescence and double

stained with anti-giantin antibody (in red) and with anti-FlA antibody to detect the 

transfected cells. Asterisks (*) indicate untransfected cells. The insets in d and in 

h show enlarged views of the giantin labeling pattern. Similar results were 

obtained in three separate experiments.

229



untransfected cells or cells expressing the wild type kinase, the Golgi complex 

fully recovered its organisation in interconnected and regular loops. In cells 

transfected with the mutated PMKbeta the reassembly of the Golgi complex was 

slower and resulted in the formation of isolated and irregular tubular and punctate 

structures in the perinuclear area.

To study these morphological effects at the ultra-structural level, correlative 

light electron microscopy experiments (CLEM) were done in collaboration with 

Dr. Gala Beznoussenko (Department of Cell Biology and Oncology, Consorzio 

Mario Negri Sud, Santa Maria Imbaro, Italy). CLEM is a powerful technique, in 

which an individual cell or cellular structure can be analysed first by IF, and then 

by EM and three-dimensional reconstruction.

Cos? cells were grown on CELLocate coverslips, transfected with wild type or 

mutated PMKbeta cDNAs, and processed for IF. Samples were analysed under 

light microscopy and the positions within the coordinated grid of the 

transfected cells of interest were determined. Next samples were processed for 

EM by Dr. Gala Beznoussenko and the cell of interest sectioned and examined 

under electron microscope.

These experiments revealed that the expression of wild type PMKbeta did not 

change significantly the overall morphology of the Golgi complex compared to 

untransfected cells. In contrast, the expression of kinase-dead PMKbeta induced a 

dramatic transformation of the Golgi cisternae into tubular/vesicular structures 

(see Figure 5.13). These results were in agreement with what has observed at the 

IF level and indicated that PMKbeta activity is required for the structural 

preservation of the Golgi cisternae and/or stacks.

5.3.2 PMKbeta activity is required for TGN to plasma membrane 

transport

The localisation of PMKbeta to putative transport intermediates (see the IEM 

in Figure 5.8), suggested a role for the kinase in membrane transport to and/or out
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Figure 5.13 D656A-PI4Kbeta induces a tubulo-vesicular transformation of 

the Golgi complex.

Cos? cells untransfected (control) or transfected with either wild type (PMKbeta) 

or kinase-dead (D656A-PI4Kbeta) HA-tagged PMKbeta cDNAs, were processed 

for electron microscopy using the CLEM technique. Representative Golgi 

morphologies are shown.
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of the Golgi complex. In order to assess if this was the case, the transport of a 

well-known reporter cargo protein, the glycoprotein of the tsO-45 strain of the 

vesicular stomatitis virus (VSV-G), was analysed in Cos? cells expressing either 

the wild type or the dead-PI4Kbeta.

The system of VSV is often used in membrane traffic studies (Bergmann, 

1989) since the virus has a very small genome and does not possess machinery for 

protein translation, post-translational processing or transport of its membrane 

proteins. Indeed, the VSV genome encodes only five proteins, an integral 

membrane glycoprotein (VSV-G), a peripheral membrane protein and 

nucleocapsid-associated proteins. As the virus shuts off the synthesis of host cell 

proteins, the total translational capacity of cells is devoted to the synthesis of these 

viral proteins. Moreover, using temperature sensitive mutant (tsO-45), VSV-G 

transport from the ER to the plasma membrane can be synchronised due to its 

improper folding, and consequent retention in the ER at the restrictive temperature 

of 40°C, and to its correct folding and release from the ER upon shifting to the 

permissive temperature of 32°C.

To study the role of PMKbeta in membrane traffic, Cos? cells, transfected 

either with the wild type or kinase-dead PMKbeta, were infected with the tsO- 

45VSV as described in Materials and Methods, section 2.3.6. Infected cells were 

maintained at 40 °C for 2 hours to accumulate VSV-G in the ER. Then, the 

temperature was changed to 32 °C to allow exit of VSV-G from the ER for 

different times. In cells expressing either wild type PMKbeta or kinase-dead 

PMKbeta, the VSV-G protein left the ER and reached the Golgi complex with a 

very similar time course, indicating that protein export from the ER was still 

functional in both cases (see Figure 5.14). Progress beyond this step, however, 

was affected in cells overexpressing high levels of kinase-dead PMKbeta. These 

cells showed bright Golgi staining even at 2 hours of the temperature release. At 

the same time point, untransfected cells or cells expressing wild type PMKbeta did 

not show any bright Golgi labeling, but instead significant plasma membrane 

labeling.
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Figure 5.14 PMKbeta activity is required for VSV-G transport from the ER 

to the plasma membrane.

Cos? cells were transfected with wild type PMKbeta cDNA or kinase-dead 

D656A-PMKbeta cDNA. Fifteen hours after transfection, cells were infected with 

VSV and incubated for 45 min at 32°C. Cells were washed and kept at 40 °C for 2 

hours before shifting the temperature to 32 °C for the indicated times. Cells were 

fixed and double-stained with anti-PMKbeta and anti VSV-G (red) antibodies. 

The VSV-G stainings in cells overexpressing the wild type (wt-PMKbeta) or 

mutated (D656A-PMKbeta) PMKbeta are shown. Asterisks (*) indicate 

untransfected cells. Note that the VSV-G arrival to the plasma membranes at 60 

and 120 min upon the temperature release, is impaired in cells expressing the 

mutated kinase.
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To further analyse if the transport step affected by D656A-PI4Kbeta was the 

exit from the TGN, the ability of low temperatures (20°C) to impair membrane 

trafficking out of the Golgi complex was exploited. Cos? cells expressing mutated 

PMKbeta were infected with VSVG and kept at 40 °C for 2 hours, then the 

temperature was shifted to 20 °C for another two hours. Upon shifting the cells to 

20 °C, the VSVG protein folds and is transported along the secretory pathway to a 

late Golgi compartment (Griffith et a l 1985). However, as mentioned above, 

protein transport from the late Golgi compartment to the plasma membrane is 

blocked at this temperature. Shifting again the cells to 32°C allows restoration of 

protein transport from the Golgi to the plasma membrane. The mechanism by 

which transport from the TGN is blocked at 20 °C is not known, but it provides a 

useful mean to synchronise and monitor protein transport along the secretory 

pathway. The 20 °C temperature block was applied in the presence of 15 (ig/ml of 

cycloheximide in order to block the new-synthesis of VSV-G and to allow 

monitoring of a synchronised wave of VSV-G exiting the Golgi complex. After 

two hours at 20 °C both untransfected cells and cells expressing D656A-PMKbeta 

showed the same accumulation of VSV-G into the Golgi complex (see Figure 

5.15). Upon shifting the temperature to 32°C for 30 min, the VSV-G started to 

appear at the plasma membrane in untransfected cells but not in those expressing 

the dead-kinase. After 60 min, there was a clear delay in the VSV-G arrival at the 

plasma membrane in cells expressing the mutated PMKbeta.

In Figure 5.16 a quantitative analysis of VSV-G transport from the TGN to 

plasma membrane in cells expressing the wild type or mutated PMKbeta is shown. 

The quantitative analysis was performed using at least 100 cells for each sample 

in three different experiments. Note that the block in transport by mutated kinase 

is not complete. This could be explained either by the fact that some cells express 

low levels of kinase-dead PMKbeta, and this might not be sufficient to act as 

dominant negative, or by an incomplete dominant negative-effect induced by the 

overexpression of this protein. Nevertheless, these data indicated that PMKbeta 

activity is required for TGN to plasma membrane traffic of membrane proteins.
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Figure 5.15 PMKbeta activity is required for VSV-G protein transport from 

the Golgi complex to the plasma membrane.

Cos? cells were transfected with D656A-PI4Kbeta cDNA. Fifteen hours after 

transfection, cells were infected with VSV and incubated for 45 min at 32°C. 

Cells were washed, kept at 40 °C for 2 hours, then at 20 °C for another 2 hours, 

before shifting the temperature to 32 °C for the indicated times. Cells were fixed 

and double-stained with anti-Pl4Kbeta (green) and anti VSV-G (red) antibodies. 

Asterisks indicate transfected cells. Note that VSV-G exit from the Golgi complex 

is impaired in cells expressing the mutated kinase compared to untransfected cells.
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Figure 5.16 D656A-PI4Kbeta inhibits VSV-G transport

Cos? cells were transfected with wild type PMKbeta (wt-PI4Kbeta) or D656A- 

PI4Kbeta cDNAs, then infected with VSV as described in Fig. 5.15. Cells 

showing VSV-G protein in the Golgi complex were counted. The results are 

expressed as percentage of cells with Golgi staining at the indicated times after 

temperature release. Quantification analysis was done counting at least 100, in 

three different experiments.
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5.4 Discussion

The data in this Chapter show that PMKbeta activity is required for 

maintaining the structure and function of the Golgi complex. The organization of 

the Golgi complex, as assessed by giantin distribution and by EM-studies, was 

clearly perturbed in cells expressing the kinase-dead PMKbeta. This ability of 

PMKbeta to regulate the structural organisation of the Golgi complex correlated 

with its sub-Golgi distribution in the intercisternal spaces as observed in 

immunoelectronmicroscopy experiments. Moreover, localisation studies done on 

isolated Golgi membranes have shown that ARE itself is localised not only at the 

rims of the cisternae, but also on the central part of the cisternae and in the 

intercisternal spaces (Stearns et a l, 1993). It can be hypothesised that in its 

cisternal location ARE, by regulating PtdIns4P (and/or the PtdIn4,5IP2) synthesis, 

might organise a membrane microdomain on which important regulatory and/or 

structural proteins involved in cisternae organisation stacking can assemble. One 

of these proteins could be spectrin, which binds to Golgi membranes in an ARF- 

and PtdIn4,5IP2 dependent manner as shown in Chapter 3. Spectrin is known to 

play a role in controlling the structural integrity of plasma membrane, and hence it 

might play a similar role in the Golgi. In other words, it could be a component of a 

dynamic scaffold responsible for organising incoming and maturing membranes 

into stacked cisternae. There are other proteins that respond to the ARE dependent 

increase in PtdIns4,5P2 by binding to the Golgi membranes (see Chapter 3), but 

their identity and function are still unknown. The identification of the precise role 

that the ARF-regulated PMKbeta plays in controlling the structure of the Golgi 

complex remains a challenge for future studies.

In addition to regulate Golgi structure, we have shown in this Chapter that 

PMKbeta activity is required for protein export from the Golgi to the plasma 

membrane. Cells expressing kinase-dead PMKbeta showed a delay in VSV-G 

transport, although not a complete blockade of secretion. However, it is not 

possible to determine whether the effect seen on transport is a consequence of the
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Golgi structure disruption. Further studies are needed in order to clarify the 

requirement of PMKbeta activity for membrane traffic.

Importantly, the role of PI4K beta in the Golgi complex appears to be 

conserved from yeast to mammals since it has been shown that mutation of PIK1, 

the homologue of PMKbeta in Saccharomyces cerevisiae, impairs membrane 

transport (Walch-Solimena and Novick, 1999; Hama et a l, 1999, and Audhya et 

al., 2000). In particular, the transport step inhibited by the PIK1-impaired 

production of PtdIns4P is similar to that caused by mutated PMKbeta in 

mammalian cells, in that it involves Golgi-to-plasma membrane transport. 

Moreover, in agreement with a role for PMKbeta in both the function and 

structure of the mammalian Golgi complex, disorganisation of the yeast Golgi 

complex has been observed in PIKlts cells. At permissive temperature, PIK1 

already exhibits a reduced activity and produces a decrease in the PtdIns4P, 

resulting in the formation of interconnected tubular structures that appeared as 

ring structures in thin sections. When shifted to permissive temperatures PtdIns4P 

produced by PIK1 further decrease as compared to wild type cells and the rings 

disappeared. Instead numerous Berkeley bodies accumulate and secretion is 

stopped (Audhya et al, 2000).

Interestingly, it was previously shown that Golgi-derived ring structures, 

similar to that formed by the PIK1 mutant, accumulated in ARF1 mutants (Gaynor 

et al, 1998), and that cells lacking normal ARF function also have a decrease 

PtdIns4P and PtdIns4,5P2 production (Audhya et a l, 2000). Thus, it is reasonable 

to think that ARF1 may recruit/activate PIK1 in yeast, and that both proteins are 

required to maintain the structure and function of this organelle, as they are in 

mammalian cells.

Finally, PIK1 is also required for normal endocytic traffic in yeast. This 

suggests further similarity between the yeast homologue and PMKbeta, since 

PMKbeta has also been localised to recycling endosomes where it might play a 

role in the preservation of the their structural and/or function.
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Chapter 6

Final Discussion

One main achievement of this thesis has been the characterisation of spectrin 

skeleton assembly on Golgi membranes. Using a simplified in vitro system I 

showed that the small GTP-binding protein ARF, a crucial player in Golgi 

dynamics, modulates the association of spectrin with isolated Golgi membranes. 

This was verified and confirmed in experiments performed in several cell lines 

using both biochemical and morphological approaches. The generation of 

PtdIns4,5P2 is a key mechanism by which ARF regulates the recruitment of 

spectrin to Golgi membranes since chelating PtdIns4,5P2 or inhibiting its synthesis 

strongly inhibited the ability of ARF to promote spectrin assembly on the Golgi 

membranes (Godi et a i, 1998).

A second main achievement of this thesis work has been the identification of a 

mechanism by which ARF controls PtdIns4,5P2 metabolism on the Golgi complex. 

ARF induced PtdIns4,5P2 synthesis is independent of PLD or COPI assembly, but 

instead requires a novel activity of ARF that regulates the recruitment of a specific 

phosphatidylinositol 4-kinase, PMKbeta, and an unspecified phosphatidylinositol 

4-phosphate 5-kinase to the Golgi membranes. This represents a major step forward 

in understanding how phosphoinositide kinases are targeted and compartmentalised

inside cells (Godi et a i, 1999).

The binding of PtdIns4,5P2 to the PH domain of spectrin is likely to be a key

mechanism by which this lipid recruits spectrin to Golgi membranes. However, 

when expressed in Cos? cells, the PH domain alone (located within the MAD2 

region) is not targeted to the Golgi complex and in vitro studies showed that, the 

MAD2 region and at least one other binding site, within the MAD1 region of p- 

spectrin are required for association with Golgi membranes. Thus, the model that
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emerges from these results, is that the synergistic action of two binding sites, 

MAD2 (regulated by ARF) and MAD1 (responsible for the Golgi-specific targeting) 

drives the assembly and stabilisation of spectrin on Golgi membranes (see also 

discussion Chapter 3).

How the Golgi-skeleton is assembled and how it controls Golgi membrane 

dynamics remains to be determined. It is reasonable to assume that, by analogy with 

the spectrin-skeleton underlying the erythrocyte plasma membrane, Golgi spectrin 

assembles together with ankyrin and actin into a two-dimensional meshwork. This 

scenario is supported by the following observations: (i) two different ankyrin 

isoforms have been found associated with the Golgi complex and one of these, 

Golgi-Ank^jg binds Golgi spectrin in vitro, (ii) ankyrin and spectrin can be

isolated as a complex from cell extracts (Devarajan et a i, 1996), and (hi) spectrin 

and ankyrin are components of a detergent insoluble "Golgi-skeleton" structure 

(Beck et al., 1997; Fath et al., 1997).

The correct assembly of a spectrin-skeleton at the Golgi complex is required for 

the transport of membrane proteins from the ER to the Golgi complex. In particular, 

when recombinant MAD 1-encompassing polypeptides are expressed in MDCK 

cells, newlysynthesized Na+/K+ ATPase accumulates in the ER and the 

glycosylation of its p-chain (which occurs in the Golgi complex) is impaired (see 

also the discussion of Chapter 3). In the same cells, the transport of E-cadherin 

appears not to be affected (Devarajan et a i, 1997; Godi et al., 1998). We have 

shown that transport of vesicular stomatitis virus from ER-to-Golgi transport and 

from the intermediate compartment to the Golgi is also inhibited by MAD1- 

encompassing polypeptides in permeabilized NRK cells.

The mechanism by which the spectrin skeleton controls the arrival of ER-derived 

membranes to the Golgi complex is still unclear. The block in ER-to-Golgi transport 

induced by MAD 1-polypeptides does not involve the COPI-complex and is not a 

secondary consequence of major changes in the Golgi complex structure as judged 

by electron microscopy (Devarajan et al., 1997). Thus, the spectrin skeleton 

appears to behave not simply as a static, structural support for Golgi membranes,
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but as an organiser- of incoming membranes that have to be incorporated at the cis- 

pole of the Golgi complex. Analogously, though yet unexplored, the dynamic 

assembly-disassembly cycle of the spectrin skeleton, might control the release of 

membranes destined to the plasma membrane (or other post-Golgi stations) from the 

trans-pole of the Golgi complex.

Different, although related models can also be proposed to explain the function 

of the spectrin-skeleton associated with the Golgi complex. These models might 

help in the design of future experiments which will allow a better understanding of 

the role of spectrin in membrane trafficking and Golgi dynamics.

One of the first models proposed to explain the function of the spectrin-skeleton 

on the Golgi is based on the discovery that ARP1, a component of the dynactin 

complex, interacts with spectrin. ARP1 forms short filaments that resemble actin 

filaments present in the erythrocyte membrane skeleton and thus it is likely to 

substitute for actin in the spectrin skeleton associated with Golgi membranes.

It is possible, therefore, that the spectrin-skeleton provides a specific binding site 

for dynactin, and dynein mediated attachment to vesicle/Golgi membranes as shown 

in Figure 6.1. By interacting with microtubules via dynactin-dynein, the Golgi 

spectrin-skeleton could contribute to the spatial localisation of the Golgi complex 

within the cell. In fact, as discussed in section 1.2.1, the perinuclear position of the 

Golgi complex is mediated by microtubules and disruption of microtubules leads to 

fragmentation of the Golgi complex. Furthermore in detergent-extracted cells, 

insoluble structures containing both spectrin and ankyrin colinear with individual 

microtubules (Beck et al., 1997) have been isolated, while ankyrin has been shown 

to bind microtubules in vitro (Bennet and Davis, 1981).

Thus, the spectrin/dynactin interaction could provide binding sites for 

microtubules on ER-derived transport intermediates and mediate the movement of 

these intermediates toward the Golgi complex. The main evidence showing that the 

dynactin/dynein and spectrin interactions are physiologically relevant, comes from 

recent studies showing that dynein, dynactin and spectrin are all necessary
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Figure 6.1 Model for the Interaction of dynein/dyneactin with microtubules 

and membranes intermediates.

Cytoplasmic dynein (red) is attached to the dynectin complex via the intermediate 

chain (DIG), which binds to the pl50G,ued subunit of the dyneactin complex. The 

dyneactin complex (shades of blue, green and violet) is attached to the membranes 

via the binding of ARP1 actin-like filaments to the Golgi spectrin skeleton 

(reproduced from Burkhardt, 1998).
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for reconstitution of microtubule minus-end directed transport of purified squid 

axonal vesicles (Muresan et al, 2001). In addition, these studies showed that 

recombinant polypeptides encompassing either MAD1 or MAD2 domains of pIII- 

spectrin blocked vesicular transport. Interestingly the same regions (MAD1 and 

Mad2) have been subsequently demonstrated to be involved in ARP1 binding to 

spectrin (Holleran et a/., 2001).

However, results obtained by Fath and co-workers (Fath et al., 1997) indicate 

that the interaction between dynactin/dynein and Golgi membranes can occur 

independently of the spectrin/ankyrin cytoskeleton. While this does not rule out a 

role for spectrin/ankyrin matrix in linking dynactin/dynein to the Golgi membranes, 

it indicates that, as usual, models are oversimplified and more than one possibility 

exists in reality.

An alternative model to explain the functional role of the Golgi spectrin-skeleton 

arises from the assumption that it assembles together with the other cytoskeletal 

components (such as ankyrin, actin and adducin) into a two dimensional network 

and acts as a template to shape Golgi membranes. The existence of such a scaffold 

is suggested by the presence of spectrin in residual, detergent insoluble Golgi- 

remnants together with other proteins (golgins), collectively defined as the Golgi 

matrix (Fath et a l, 1994; and 1997). However, the relationship between the 

components of the classical Golgi matrix (such as GM130, giantin, GRASP65, and 

other golgins) and the spectrin skeleton is still undefined. Interestingly, we have 

found that giantin is part of a multiprotein complex that can be co- 

immunoprecipitated with ARF-sensitive PMKbeta. This is consistent with the 

possibility that PMKbeta might establish a link between ARF, the spectrin skeleton, 

and the Golgi matrix and would suggest that the spatial control of PtdIns4P and 

PtdIns4,5P2 synthesis might result from the combined action of ARF and Golgi

matrix components, such as giantin. The link between the Golgi matrix and the 

ARF- and PtdIns4,5P2-sensitive spectrin skeleton, might render the entire Golgi

skeleton sensitive to G-protein and phosphoinositides regulation, and explains, for 

example, the rapid and reversible destacking that accompanies the inactivation of
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ARP by BFA.

Golgi-spectrin skeleton can be organised in different manners. It can assume a 

compact, “restricted” configuration, which prevents the formation and consumption 

of transport carriers, or a more relaxed, “permissive” one which allow incoming 

vesicles to fuse and budding to occur (see Figure 6.2).

It appears, therefore, that ARF controls the state of the Golgi complex by 

generating membrane domains enriched in PtdIns4,5P2 that in turn modulate the 

assembly of the spectrin skeleton. In agreement with this, interfering with ARF- 

dependent PtdIns4,5P2 synthesis (using a dominant negative mutant PMKbeta), 

disrupts the structural integrity of the Golgi complex and impairs membrane 

trafficking from the TGN to the plasma membrane. In this scenario, it is particularly 

interesting that myosin II is a component of the ARF-sensitive multi-molecular 

protein complex that also includes PMKbeta. It was already known that the 

interaction of myosin II with Golgi membranes was under the control of ARF, since 

it dissociates from Golgi membranes upon BFA-treatment (Narula et al., 1992). 

Taking together with our findings, it is possible to imagine that ARF, by recruiting 

PMKbeta, induces a change in the lipid composition of the Golgi complex leading 

to spectrin recruitment, and promotes the recruitment of myosin. Both would 

provide two separate binding sites for actin microfilaments on the Golgi 

membranes.

The ability of ARF to regulate both spectrin-skeleton assembly and recruitment 

of different coat proteins (COPI, API, AP3, AP4, and GGAs) to promote the 

budding and formation of transport carriers, suggests an alternative function for 

spectrin along the secretory pathways. It is possible that Golgi spectrin along with 

associated adaptor molecules (perhaps ankyrin) function as a new type of coat. In 

this scenario the spectrin skeleton would facilitate either the sequestration of cargo 

into transport containers or the movement of carriers from the ER to the Golgi and
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Figure 6.2 The mesh hypothesis of the Golgi-associated spectrin skeleton

In this model the spectrin skeleton (blue grid) forms a scaffold surrounding the 

Golgi membrane (grey). The presence of the scaffold prevents the traffic in and 

out of the Golgi (restrictive mesh). Generation of membrane microdomains 

enriched in PtdIns4P and/or PtdIns4,5P2, results in local rearrangements of the 

skeleton to a state that allows (permissive mesh) the formation of transport 

carriers from donor membranes or their fusion with acceptor membranes.
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beyond. This idea was first proposed by J. Morrow’s group, the SAATS model 

(spectrin ankyrin adapter protein tethering system), in an attempt to explain the role 

of spectrin in both pre- and post-Golgi compartments. It attributes a role to spectrin 

both in cargo sorting and selection as well as in tethering transport carriers to 

motors. Thus, like other coat complexes, SAATS buds from donor membranes in a 

way that is regulated by ARF and phosphoinositides, recognises a target signal in 

integral membrane proteins, similarly to COPI and COPII, and moves with cargo 

along microtubules, perhaps via dynactin/dynein complexes. Once it has arrived at 

the Golgi, dynactin is shed as a consequence of transport carrier fusion, and the 

spectrin coat would then either be released or remain at the Golgi as part of the 

Golgi matrix (see the scheme illustrating this model in Figure 6.3).

Although the models describing the role of spectrin on the Golgi are quite 

different, it is clear that they are not mutually exclusive. Additional work needs to 

be carried out to test these hypotheses.

Finally, ARF-dependent PtdIns4,5P2 synthesis, induced not only the 

recruitment of spectrin-skeleton components, but also a discrete set of cytosolic 

proteins to the Golgi membranes, some of which, such as dynamin, have a 

recognised role in controlling membrane trafficking and membrane fission. It will 

be important to identify other ARF and Ptdins4, ̂ P^-dependent proteins and to

explore their functional role at the Golgi complex.

The studies reported here and also from other laboratories reveal surprisingly 

similar mechanisms operating at the plasma membrane and at intracellular 

membranes with respect to the recruitment of cytoskeletal components and 

regulation of membrane traffic. Indeed, it is now clear that ARF family members 

play are key regulatory role in phosphoinositide metabolism and actin-skeleton 

remodelling not only at the Golgi (this thesis) but also at the plasma membrane. 

ARF6 (a type HI ARF) controls the synthesis of PtdIns4,5P2 and actin skeleton
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MAD 3

MAD 2

Figure 6.3 The spectrin ankyrin adapter protein trafficking system (SAATS) 

model.

As coated vesicles extrude into the VTC and shed the COPII coats, spectrin 

binding begins (1). Vesicles containing cargo that can directly or indirectly dock 

to the nascent skeleton are selected preferentially and clustered for MT-based 

transport. Vesicles not selected for anterograde movement recycle back to the ER. 

Alternatively, SAATS begins assembly on vesiculo-tubular structures as they 

extrude from the ER, perhaps capped by a COPII coat (2). By this means, SAATS 

might participate directly in cargo selection and loading at exit sites of the ER 

(inset). Once vesicular-tubular clusters are formed, their transport along MTs 

might be mediated by linkage to dynactin via spectrin. At the cis Golgi, the
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dynactin is shed as vesicles fuse; their spectrin coat persists as part of a Golgi 

matrix (3). At the TGN this process is reversed, with a subset of spectrin coated 

cargo vesicles transported to the PM along MTs via kinesin-based motors (4). A  

key feature of SAATS is cargo selection in both the VTC and TGN. Identified 

ligand binding sites in spectrin include MAD 1,2,3 and ankyrin. (reproduced from 

De Matteis and Morrow, 1998)
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dynamics at peripheral and surface membrane sites. The mechanisms involved in 

ARF-dependent PtdIns4,5P2 synthesis are multiple and imply both indirect and

direct effects. The indirect activity involves PLD activation, which generates PA (an 

activator of Type I PIP5K). However, PLDs are themselves PtdIns4,5P2-

dependent enzymes, due to a PH domain and a Lys/Arg-rich domain (Sciorra et al., 

1999; Hoer et al., 2000) which can bind PtdIns4,5P2. Moreover, a direct

interaction between PIP5K and PLD has been recently proposed (Divecha et al.,

2000). ARF proteins themselves can interact with phosphoinositides as do the PH- 

domains of a subset of ARF GEFs and GAPs, which regulate ARF nucleotide 

exchange. The mutual interaction between PtdIns4,5P2 and the proteins that

regulate its metabolism, suggest the requirement for a highly cooperative and 

dynamic regulation of PtdIns4,5P2 in restricted membrane regions. Beside

GTPases of the ARF family, Rho family GTPases also regulate PIP5K activity 

(Tolias et a i, 2000; Weemink et a l, 2000; Chatah et a i, 2001). Overall, PIPSKs 

and PI4Ks have emerged as key effectors in multiple GTPase-mediated pathways 

that establish the spatial distribution and the membrane localisation of important 

cellular processes. How the extensive repertoire of PtdIns4,5P2-binding proteins is

coordinated to perform these complex molecular tasks remains a challenging issue 

for future studies.

249



Abbreviations

2D-IEF-SDS two dimensional gel elctrophoresis

AE1 anion exchange protein 1, also called band 3

AP adaptor complex

ARD ADP-ribosylation factor domain protein

ARF ADP-ribosylation factor

ARL ARF like protein

ATP adenosine triphosphate

BFA brefeldin A

BSA bovine serum albumin

Btk Bruton's tyrosine kinase

C3 Clostridium botolinum toxin

CaBP calcium binding protein

cDNA complementary DNA

CGN Cw-Golgi network

CLEM correlative light electron microscopy

COPI coat protein I or coatomer

Cos? African green monkey cells

CS calf serum

DAB 3 5 ’ -diaminobenzidine

DAG Diacylglycerol

DEAE diethylaminoethyl

DMEM Dulbecco’s modified minimal essential medium

DNA deoxyribonuclease
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DTT dithiothreitol

EC50 50% effective concentration

ECL Enhanced chemiluminescence

EDTA Ethylenediamine tetraacetic acid

EGTA thyleneglycol-bis-(2-aminoethyllether)-N,N,N’,N’-tetracetic acid

EM electron microscopy

ER endoplasmic reticulum

ERGIC ER-Golgi intermediate compartment

ECS fetal calf serum

FIVE Fabl, YOTB, Vacl and EEA1

g gravity

GAP GTPase-activating protein

GDP Guanosine 5’-diphosphate

GEF guanine-nucleotide exchange factor

GFP Green fluorescence protein

GGA Golgi-localising gamma adaptin ear homology domain, ARF

binding proteins 

GST Glutathione S-transferase

GTP guanosine 5’-triphosphate

GTPase Guanosine triphosphatese

GTP7S Guanosine 5 ’ -0-(3-thiotriphosphate)

h hour

HA Hemagglutinin

HEPES N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid

HF Human fibroblast
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HKT Buffer containing HEPES, KC1 and Triton x-100

HPLC High pressure liquid chromatography

IC Intermediate compartment

IEM Immunoelectronmicroscopy

IF immunofluorescence

IP Immunoprécipitation

IPTG Isopropyl b-D-thiogalactopyranoside

kDa kilo Dalton

Km concentration of substrate at which the reaction rate is half-

maximal 

LB Luria Broth

M6PR Mannose 6 phosphate receptor

MAD membrane association domain

MannII Mannosidase II

MOPS 4-morpholinepropanesulfonic acid

NAD Nicotinamide adenine dinucleotide

NLS Nuclear localisation signal

NP40 nonylphenoxy polyethoxy ethanol

NRK Normal rat kidney

NSF N-ethyImaleimide-sensitive fusion

OSBP Oxisterol binding protein

PA phosphatidic acid

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PC phosphatidylcholine
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PE phosphatidylethanolamine

PH pleckstrin homology domain

PI phosphoinositide

PI3K phosphatidylinositol 3-kinase

PI4K phosphatidylinositol 4-kinase

PIK phosphatidylinositol kinase

PIP4K phosphatidylinositol 5-phosphate 4-kinase

PIP5K phosphatidylinositol 4-phosphate 5-kinase

PIPK phosphatidylinositol monophosphate kinase

PKC protein kinase C

PLC phospholipase C

PLD phospholipase D

PM plasma membrane

PMSF Phenylmethylsulphonyl fluoride

PPI polyphosphoinositide

Ptdlns phosphatidylinositol

PtdIns3,4,5P3 phosphatidylinositol 3,4,5-triphosphate

PtdIns3,4P2 phosphatidylinositol 3,4-bisphosphate

PtdIns3P phosphatidylinositol 3-phosphate

PtdIns4,5P2 phosphatidylinositol 4,5-bisphosphate

PtdIns4,5P2 phosphatidylinositol 4,5-bisphosphate

PtdIns4P phosphatidylinositol 4-sphosphate

PtdIns4P phosphatidylinositol 4-sphosphate

PtdlnsP phosphatidylinositol monophosphate

PtdInsP2 phosphatidylinositol bisphosphate

PX phox homology domain
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rpm revolutions per minute

RT room temperature

SAATS spectrin-ankyrin adaptor protein trafficking system

SDS Sodium dodecyl sulfate

SLO Streptolysin O

SNARE N-ethylmaleimide-sensitive fusion attachment protein receptor

Swiss3T3 3T3 Swiss albin, mouse fibroblast

TBS 150 mM NaCl, 50 mM Tris-HCl pH 7.5

TCA trichloroacetic acid

TfR transferrin receptor

TGN trans-Go\gi network

TLC thin layer chromatography

TNF tumor necrosis factor

TRIS tris(hydroxymethyl)aminomethane

Ts temperature sensitive

TTBS 0.05% Tween 20, 150 mM NaCl, 50 mM Tris-HCl pH 7.5

U unit

VSV-G vesicular stomatitis virus G protein

VTC vesicular-tubular cluster

254



References

Aikawa, Y., Kuraoka, A., Kondo, H., Kawabuchi, M., and Watanabe, T. (1999). 
Involvement of PITPnm, a mammalian homologue of Drosophila rdgB, in 
phosphoinositide synthesis on Golgi membranes, J Biol Chem 274, 20569-77.

Aktories, K. (1997). Rho proteins: targets for bacterial toxins, Trends Microbiol 5, 
282-8.

Allan, D., Billah, M. M., Finean, J. B., and Michell R. H. (1976). Release of 
diacylglycerol-enriched vesicles from erythrocytes with increased intracellular 
[Ca2+], Nature 267, 58-60.

Allan, V. J., and Schroer, T. A. (1999). Membrane motors, Curr Opin Cell Biol 
77, 476-82.

Altschuler, Y., Barbas, S. M., Terlecky, L. J., Tang, K., Hardy, S., Mostov, K. 
E., and Schmid, S. L. (1998). Redundant and distinct functions for dynamin-1 and 
dynamin-2 isoforms, J Cell Biol 743, 1871-81.

Amor, J. C., Harrison, D. H., Kahn, R. A., and Ringe, D. (1994). Structure of 
the human ADP-ribosylation factor 1 complexed with GDP, Nature 372, 704-8.

Anderson, R. A., Boronenkov, I. V., Doughman, S. D., Kunz, J., and Loijens, J. 
C. (1999). Phosphatidylinositol phosphate kinases, a multifaceted family of 
signaling enzymes, J Biol Chem 274, 9907-10.

Aniento, F., Gu, F., Parton, R. G., and Gruenberg, J. (1996). An endosomal beta 
COP is involved in the pH-dependent formation of transport vesicles destined for 
late endosomes, J Cell Biol 733, 29-41.

Antonny, B., Beraud-Dufour, S., Chardin, P., and Chabre, M. (1997a). N- 
terminal hydrophobic residues of the G-protein ADP-ribosylation factor-1 insert 
into membrane phospholipids upon GDP to GTP exchange, Biochemistry 36, 
4675-84.

Antonny, B., Huber, I., Paris, S., Chabre, M., and Cassel, D. (1997b). Activation 
of ADP-ribosylation factor 1 GTPase-activating protein by phosphatidylcholine-

255



derived diacylglycerols, J Biol Chem 272, 30848-51.

Aoe, T., Cukierman, E., Lee, A., Cassel, D., Peters, P. J., and Hsu, V. W.
(1997). The KDEL receptor, ERD2, regulates intracellular traffic by recruiting a 
GTPase-activating protein for ARF1, Embo J 76, 7305-16.

Attree, O., Olivos, I. M., Okabe, I., Bailey, L. C., Nelson, D. L., Lewis, R. A., 
Mclnnes, R. R., and Nussbaum, R. L. (1992). The Lowe's oculocerebrorenal 
syndrome gene encodes a protein highly homologous to inositol polyphosphate-5- 
phosphatase, Nature 358, 239-42.

Audhya, A., Foti, M., and Emr, S. D. (2000). Distinct roles for the yeast 
phosphatidylinositol 4-kinases, Stt4p and Piklp, in secretion, cell growth, and 
organelle membrane dynamics, Mol Biol Cell 77, 2673-89.

Aunis, D., and Bader, M. F. (1988). The cytoskeleton as a barrier to exocytosis in 
secretory cells, J Exp Biol 139, 253-66.

Balch, W. A., and Farquhar, M.G. (1995). Byond the bulk flow, Trends in Cell 
Biology 5, 16-19.

Balch, W. E., Dunphy, W. G., Braell, W. A., and Rothman, J. E. (1984a). 
Reconstitution of the transport of protein between successive compartments of the 
Golgi measured by the coupled incorporation of N- acetylglucosamine, Cell 39, 
405-16.

Balch, W. E., Glick, B. S., and Rothman, J. E. (1984b). Sequential intermediates 
in the pathway of intercompartmental transport in a cell-free system, Cell 39, 525- 
36.

Balch, W. E., McCaffery, J. M., Plutner, H., and Farquhar, M. G. (1994). 
Vesicular stomatitis virus glycoprotein is sorted and concentrated during export 
from the endoplasmic reticulum, Cell 76, 841-52.

Balia, T., Bondeva, T., and Vamai, P. (2000). How accurately can we image 
inositol lipids in living cells?, Trends Pharmacol Sci 27, 238-41.

Balia, T., Downing, G. J., Jaffe, H., Kim, S., Zolyomi, A., and Catt, K. J.
(1997). Isolation and molecular cloning of wortmannin-sensitive bovine type 111 
phosphatidylinositol 4-kinases, J Biol Chem 272, 18358-66.

256



Bannykh, S. L, and Balch, W. E. (1997). Membrane dynamics at the endoplasmic 
reticulum-Golgi interface, J Cell Biol 138, 1-4.

Bar-Peled, M., and Raikhel, N. V. (1996). A method for isolation and purification 
of specific antibodies to a protein fused to the GST, Anal Biochem 241, 140-2.

Barylko, B., Gerber, S. H., Binns, D. D., Grichine, N., Khvotchev, M., Sudhof, 
T. C , and Albanesi, J. P. (2001). A novel family of phosphatidylinositol 4-kinases 
conserved from yeast to humans, J Biol Chem 276, 7705-8.

Beams, H. W., and Kessel, R. G. (1968). The Golgi apparatus: structure and 
function, Int Rev Cytol 23, 209-76.

Beams, H. W., and Kessel, R. G. (1968). The Golgi apparatus: structure and 
function, Int Rev Cytol 23, 209-76.

Beck, K. A., Buchanan, J. A., Malhotra, V., and Nelson, W. J. (1994). Golgi 
spectrin: identification of an erythroid beta-spectrin homolog associated with the 
Golgi complex, J Cell Biol 127, 707-23.

Beck, K. A., Buchanan, J. A., and Nelson, W. J. (1997). Golgi membrane 
skeleton: identification, localization and oligomerization of a 195 kDa ankyrin 
isoform associated with the Golgi complex, J Cell Sci 110, 1239-49.

Beck, K. A., and Nelson, W. J. (1996). The spectrin-based membrane skeleton as 
a membrane protein-sorting machine, Am J Physiol 270, C l263-70.

Beck, K. A., and Nelson, W. J. (1998). A spectrin membrane skeleton of the 
Golgi complex, Biochim Biophys Acta 1404, 153-60.

Bennett, V., and Baines, A. J. (2001). Spectrin and ankyrin-based pathways: 
metazoan inventions for integrating cells into tissues, Physiol Rev 81, 1353-92.

Bennett, V., and Chen, L. (2001). Ankyrins and cellular targeting of diverse 
membrane proteins to physiological sites, Curr Opin Cell Biol 13, 61-7.

Bennett, V., and Davis, J. (1981). Erythrocyte ankyrin: immunoreactive analogues 
are associated with mitotic structures in cultured cells and with microtubules in 
brain, Proc Natl Acad Sci U S A 78, 7550-4.

257



Bennett, V., and Gilligan, D. M. (1993). The spectrin-based membrane skeleton 
and micron-scale organization of the plasma membrane, Annu Rev Cell Biol 9, 27- 
66 .

Berghs, S., Aggujaro, D., Dirkx, R., Jr., Maksimova, E., Stabach, P., Hermel, J. 
M., Zhang, J. P., Philbrick, W., Slepnev, V., Oit, T., and Solimena, M. (2000). 
betaTV spectrin, a new spectrin localized at axon initial segments and nodes of 
ranvier in the central and peripheral nervous system, J Cell Biol 151, 985-1002.

Bergmann, J. E. (1989). Using temperature-sensitive mutants of VSV to study 
membrane protein biogenesis, Methods Cell Biol 32, 85-110.

Bloch, R. J., and Morrow, J. S. (1989). An unusual beta-spectrin associated with 
clustered acetylcholine receptors, J Cell Biol 108,481-93.

Boman, A. L., and Kahn, R. A. (1995). Arf proteins: the membrane traffic police?, 
Trends Biochem Sci 20, 147-50.

Bonfanti, L., Mironov, A. A., Jr., Martinez-Menarguez, J. A., Martella, O., 
Fusella, A., Baldassarre, M., Buccione, R., Geuze, H. J., Mironov, A. A., and 
Luini, A. (1998). Procollagen traverses the Golgi stack without leaving the lumen 
of cistemae: evidence for cisternal maturation, Cell 95,993-1003.

Botelho, R. J., Teruel, M., Dierckman, R., Anderson, R., Wells, A., York, J. D., 
Meyer, T., and Grinstein, S. (2000). Localized biphasic changes in 
phosphatidylinositol-4,5-bisphosphate at sites of phagocytosis, J Cell Biol 151, 
1353-68.

Bremser, M., Nickel, W., Schweikert, M., Ravazzola, M., Amherdt, M., Hughes, 
C. A., Sollner, T. H., Rothman, J. E., and Wieland, F. T. (1999). Coupling of 
coat assembly and vesicle budding to packaging of putative cargo receptors. Cell 
96, 495-506.

Brown, H. A., Gutowski, S., Moomaw, C. R., Slaughter, C., and Sternweis, P. 
C. (1993). ADP-ribosylation factor, a small GTP-dependent regulatory protein, 
stimulates phospholipase D activity. Cell 75, 1137-44.

Brown, W. J., DeWald, D. B., Emr, S. D., Plutner, H., and Balch, W. E. (1995). 
Role for phosphatidylinositol 3-kinase in the sorting and transport of newly

258



synthesized lysosomal enzymes in mammalian cells, J Cell Biol 130, 781-96.

Bucci, C , Parton, R. G., Mather, I. H., Stunnenberg, H., Simons, K., Hoflack,
B., and Zerial, M. (1992). The small GTPase rab5 functions as a regulatory factor 
in the early endocytic pathway, Cell 70, 715-28.

Burkhardt, J. K. (1998). The role of microtubule-based motor proteins in 
maintaining the structure and function of the Golgi complex, Biochim Biophys Acta 
1404, 113-26.

Burkhardt, J. K., Echeverri, C. J., Nilsson, T., and Vallee, R. B. (1997). 
Overexpression of the dynamitin (p50) subunit of the dynactin complex disrupts 
dynein-dependent maintenance of membrane organelle distribution, J Cell Biol 139, 
469-84.

Buss, F., Arden, S. D., Lindsay, M., Luzio, J. P., and Kendrick-Jones, J. 
(2001). Myosin VI isoform localized to clathrin-coated vesicles with a role in 
clathrin-mediated endocytosis, Embo J 20, 3676-84.

Carpenter, C. L., and Cantley, L. C. (1990). Phosphoinositide kinases, 
Biochemistry 29, 11147-56.

Chardin, P., Paris, S., Antonny, B., Robineau, S., Beraud-Dufour, S., Jackson,
C. L., and Chabre, M. (1996). A human exchange factor for ARF contains Sec7- 
and pleckstrin-homology domains. Nature 384,481-4.

Chatah, N. E., and Abrams, C. S. (2001). G-protein-coupled receptor activation 
induces the membrane translocation and activation of phosphatidylinositol-4- 
phosphate 5- kinase ialpha by a rac- and rho-dependent pathway, J Biol Chem 276, 
34059-65.

Chaudhary, A., Gu, Q. M., Thum, O., Profit, A. A., Qi, Y., Jeyakumar, L., 
Fleischer, S., and Prestwich, G. D. (1998). Specific interaction of Golgi coatomer 
protein alpha-COP with phosphatidylinositol 3,4,5-trisphosphate, J Biol Chem 
273, 8344-50.

Chavrier, P., and Goud, B. (1999). The role of ARF and Rab GTPases in 
membrane transport, Curr Opin Cell Biol 11, 466-75.

Cheever, M. L., Sato, T. K., de Beer, T., Kutateladze, T. G., Emr, S. D., and

259



Overduin, M. (2001). Phox domain interaction with PtdIns(3)P targets the Vam7 t- 
SNARE to vacuole membranes, Nat Cell Biol 3, 613-8.

Chijiwa, T., Mishima, A., Hagiwara, M., Sano, M., Hayashi, K., Inoue, T., 
Naito, K., Toshioka, T., and Hidaka, H. (1990). Inhibition of forskolin-induced 
neurite outgrowth and protein phosphorylation by a newly synthesized selective 
inhibitor of cyclic AMP-dependent protein kinase, N-[2-(p- 
bromocinnamylamino)ethyl]-5- isoquinolinesulfonamide (H-89), of PCI 2D 
pheochromocytoma cells, J Biol Chem 265, 5267-72.

Clark, J., Moore, L., Krasinskas, A., Way, J., Battey, J., Tamkun, J., and Kahn, 
R. A. (1993). Selective amplification of additional members of the ADP- 
ribosylation factor (ARF) family: cloning of additional human and Drosophila ARF- 
like genes, Proc Natl Acad Sci U S A 90, 8952-6.

Clermont, Y., Rambourg, A., and Hermo, L. (1995). Trans-Golgi network (TGN) 
of different cell types: three-dimensional structural characteristics and variability, 
AnatRec 242, 289-301.

Cluett, E. B., and Brown, W. J. (1992). Adhesion of Golgi cistemae by 
proteinaceous interactions: intercistemal bridges as putative adhesive structures, J 
Cell Sci 103, 773-84.

Cockcroft, S., Thomas, G. M., Fensome, A., Geny, B., Cunningham, E., Gout, 
L, Hiles, L, Totty, N. F., Truong, O., and Hsuan, J. J. (1994). Phospholipase D: 
a downstream effector of ARF in granulocytes, Science 263, 523-6.

Cole, N. B., Sciaky, N., Marotta, A., Song, J., and Lippincott-Schwartz, J. 
(1996). Golgi dispersal during microtubule disruption: regeneration of Golgi stacks 
at peripheral endoplasmic reticulum exit sites. Mol Biol Cell 7, 631-50.

Comerford, J. G., Gibson, J. R., Dawson, A. P., and Gibson, I. (1989). ras p21 
and other Gn proteins are detected in mammalian cell lines by [gamma-35S]GTP 
gamma S binding, Biochem Biophys Res Commun 159, 1269-74.

Corvera, S., D'Arrigo, A., and Stenmark, H. (1999). Phosphoinositides in 
membrane traffic, Curr Opin Cell Biol 11,460-5.

Couldwell, W. T., Hinton, D. R., He, S., Chen, T. C., Sebat, I., Weiss, M. H., 
and Law, R. E. (1994). Protein kinase C inhibitors induce apoptosis in human

260



malignant glioma cell lines, FEES Lett 345, 43-6.

Cremona, O., and De Camilli, P. (2001). Phosphoinositides in membrane traffic at 
the synapse, J Cell Sci 114, 1041-52.

Cutler, N. S., Heitman, J., and Cardenas, M. E. (1997). STT4 is an essential 
phosphatidylinositol 4-kinase that is a target of wortmannin in Saccharomyces 
cerevisiae, J Biol Chem 272, 27671-7.

Dahan, S., Ahluwalia, J. P., Wong, L., Posner, B. I., and Bergeron, J. J. (1994). 
Concentration of intracellular hepatic apolipoprotein E in Golgi apparatus saccular 
distensions and endosomes, J Cell Biol 127, 1859-69.

Dahl, S. C., Geib, R. W., Fox, M. T., Edidin, M., and Branton, D. (1994). Rapid 
capping in alpha-spectrin-deficient MEL cells from mice afflicted with hereditary 
hemolytic anemia, J Cell Biol 125,1057-65.

Dalton, A. j., and Felix, M.D (1954). Cytologic and cytochemical characteristics of 
the Golgi substance of epithelial cells of epididymus-in situ, in homogenates and 
after isolation, Am J Anat 94, 171-187.

Davidson, H. W. (1995). Wortmannin causes mistargeting of procathepsin D. 
evidence for the involvement of a phosphatidylinositol 3-kinase in vesicular 
transport to lysosomes, J Cell Biol 130, 797-805.

Davidson, H. W., and Balch, W. E. (1993). Differential inhibition of multiple 
vesicular transport steps between the endoplasmic reticulum and trans Golgi 
network, J Biol Chem 268, 4216-26.

Davis, L. H., and Bennett, V. (1994). Identification of two regions of beta G 
spectrin that bind to distinct sites in brain membranes, J Biol Chem 269,4409-16.

De Camilli, P., Emr, S. D., McPherson, P. S., and Novick, P. (1996). 
Phosphoinositides as regulators in membrane traffic. Science 271, 1533-9.

De Matteis, M. A., and Morrow, J. S. (1998). The role of ankyrin and spectrin in 
membrane transport and domain formation, Curr Opin Cell Biol 10, 542-9.

De Matteis, M. A., and Morrow, J. S. (2000). Spectrin tethers and mesh in the 
biosynthetic pathway, J Cell Sci 773, 2331-43.

261



Devarajan, P., and Morrow, JS (1996b). The Spectrin cytoiskeleton and 
organization of polarized epithelial cell membranes, Current topics in membranes 
43, 97-128.

Devarajan, P., Stabach, P. R., De Matteis, M. A., and Morrow, J. S. (1997). 
Na,K-ATPase transport from endoplasmic reticulum to Golgi requires the Golgi 
spectrin-ankyrin G119 skeleton in Madin Darby canine kidney cells, Proc Natl Acad 
Sci U S A 94, 10711-6.

Devarajan, P., Stabach, P. R., Mann, A. S., Ardito, T., Kashgarian, M., and 
Morrow, J. S. (1996a). Identification of a small cytoplasmic ankyrin (AnkG119) in 
the kidney and muscle that binds beta I sigma spectrin and associates with the Golgi 
apparatus, J Cell Biol 133, 819-30.

di Campli, A., Valderrama, P., Babia, T., De Matteis, M. A., Luini, A., and Egea,
G. (1999). Morphological changes in the Golgi complex correlate with actin 
cytoskeleton rearrangements, Cell Motil Cytoskeleton 43, 334-48.

Ding, M., Vitale, N., Tsai, S. C., Adamik, R., Moss, J., and Vaughan, M. 
(1996). Characterization of a GTPase-activating protein that stimulates GTP 
hydrolysis by both ADP-ribosylation factor (ARF) and ARF-like proteins. 
Comparison to the ARD1 gap domain, J Biol Chem 271, 24005-9.

Divecha, N., Roefs, M., Halstead, J. R., D'Andrea, S., Femandez-Borga, M., 
Oomen, L., Saqib, K. M., Wakelam, M. J., and D'Santos, C. (2000). Interaction 
of the type Ialpha PIPkinase with phospholipase D: a role for the local generation of 
phosphatidylinositol 4, 5-bisphosphate in the regulation of PLD2 activity, Embo J 
19, 5440-9.

Donaldson, J. G., Cassel, D., Kahn, R. A., and Klausner, R. D. (1992a). ADP- 
ribosylation factor, a small GTP-binding protein, is required for binding of the 
coatomer protein beta-COP to Golgi membranes, Proc Natl Acad Sci U S A 89, 
6408-12.

Donaldson, J. G., Finazzi, D., and Klausner, R. D. (1992b). Brefeldin A inhibits 
Golgi membrane-catalysed exchange of guanine nucleotide onto ARF protein, 
Nature 360, 350-2.

Donaldson, J. G., and Jackson, C. L. (2000). Regulators and effectors of the ARF

262



GTPases, Curr Opin Cell Biol 12, 475-82.

Donaldson, J. G., Lippincott-Schwartz, J., Bloom, G. S., Kreis, T. E., and 
Klausner, R. D. (1990). Dissociation of a 110-kD peripheral membrane protein 
from the Golgi apparatus is an early event in brefeldin A action, J Cell Biol 111, 
2295-306.

Donaldson, J. G., Lippincott-Schwartz, J., and Klausner, R. D. (1991). Guanine 
nucleotides modulate the effects of brefeldin A in semipermeable cells: regulation of 
the association of a 110-kD peripheral membrane protein with the Golgi apparatus, 
J Cell Biol 112, 579-88.

Dong, J., Radau, B., Otto, A., Muller, E., Lindschau, C., and Westermann, P.
(2000). Profilin I attached to the Golgi is required for the formation of constitutive 
transport vesicles at the trans-Golgi network, Biochim Biophys Acta 1497, 253-60.

Domer, C , Ciossek, T., Muller, S., Moller, P. H., Ullrich, A., and Lammers, R. 
(1998). Characterization of KIF1C, a new kinesin-like protein involved in vesicle 
transport from the Golgi apparatus to the endoplasmic reticulum, J Biol Chem 273, 
20267-75.

Dowler, S., Currie, R. A., Campbell, D. G., Deak, M., Kular, G., Downes, C. 
P., and Alessi, D. R. (2000). Identification of pleckstiin-homology-domain- 
containing proteins with novel phosphoinositide-binding specificities, Biochem J 
351, 19-31.

Dressman, M. A., Olivos-Glander, I. M., Nussbaum, R. L., and Suchy, S. F.
(2000). Ocrll, a PtdIns(4,5)P(2) 5-phosphatase, is localized to the trans-Golgi 
network of fibroblasts and epithelial cells, J Histochem Cytochem 48, 179-90.

Echard, A., Jollivet, P., Martinez, O., Lacapere, J. J., Rousselet, A., Janoueix- 
Lerosey, I., and Goud, B. (1998). Interaction of a Golgi-associated kinesin-like 
protein with Rab6, Science 279, 580-5.

Elgsaeter, A., Shotton, D. M., and Branton, D. (1976). Intramembrane particle 
aggregation in erythrocyte ghosts. II. The influence of spectrin aggregation, 
Biochim Biophys Acta 426, 101-22.

Endemann, G., Dunn, S. N., and Cantley, L. C. (1987). Bovine brain contains 
two types of phosphatidylinositol kinase, Biochemistry 26, 6845-52.

263



Engel, L, Ottenhoff, T. H., and Klausner, R. D. (1992). High-efficiency 
expression and solubilization of functional T cell antigen receptor heterodimers, 
Science 256, 1318-21.

Erickson, J. W., Zhang, C , Kahn, R. A., Evans, T., and Cerione, R. A. (1996). 
Mammalian Cdc42 is a brefeldin A-sensitive component of the Golgi apparatus, J 
Biol Chem 271, 26850-4.

Falasca, M., lurisci, C., Carvelli, A., Sacchetti, A., and Corda, D. (1998). Release 
of the mitogen lysophosphatidylinositol from H-Ras-transformed fibroblasts; a 
possible mechanism of autocrine control of cell proliferation. Oncogene 16, 2357- 
65.

Path, K. R., and Burgess, D. R. (1993). Golgi-derived vesicles from developing 
epithelial cells bind actin filaments and possess myosin-I as a cytoplasmically 
oriented peripheral membrane protein, J Cell Biol 120, 117-27.

Path, K. R., Trimbur, G. M., and Burgess, D. R. (1994). Molecular motors are 
differentially distributed on Golgi membranes from polarized epithelial cells, J Cell 
Biol 126, 661-75.

Path, K. R., Trimbur, G. M., and Burgess, D. R. (1997). Molecular motors and a 
spectrin matrix associate with Golgi membranes in vitro, J Cell Biol 139, 1169-81.

Fensome, A., Cunningham, E., Prosser, S., Tan, S. K., Swigart, P., Thomas,
G., Hsuan, J., and Cockcroft, S. (1996). ARF and PITP restore GTP gamma S- 
stimulated protein secretion from cytosol-depleted HL60 cells by promoting PIP2 
synthesis, Curr Biol 6, 730-8.

Fiedler, K., Veit, M., Stamnes, M. A., and Rothman, J. E. (1996). Bimodal 
interaction of coatomer with the p24 family of putative cargo receptors, Science 
273, 1396-9.

Flanagan, C. A., Schnieders, E. A., Emerick, A. W., Kunisawa, R., Admon, A., 
and Thomer, J. (1993). Phosphatidylinositol 4-kinase: gene structure and 
requirement for yeast cell viability, Science 262, 1444-8.

Franco, M., Paris, S., and Chabre, M. (1995). The small G-protein ARF 1 GDP 
binds to the Gt beta gamma subunit of transducin, but not to Gt alpha GDP-Gt beta

264



gamma, FEES Lett 362, 286-90.

Franke, W. W., Kartenbeck, J., Krien, S., VanderWoude, W. J., Scheer, U., and 
Morre, D. J. (1972). Inter- and intracistemal elements of the Golgi apparatus. A 
system of membrane-to-membrane cross-links, Z Zellforsch Mikrosk Anat 132, 
365-80.

Fruman, D. A., Meyers, R. E., and Cantley, L. C. (1998). Phosphoinositide 
kinases, Annu Rev Biochem 67,481-507.

Fucini, R. V., Navarrete, A., Vadakkan, C , Lacomis, L., Erdjument-Bromage,
H., Tempst, P., and Stamnes, M. (2000). Activated ADP-ribosylation factor 
assembles distinct pools of actin on golgi membranes, J Biol Chem 275, 18824-9.

Gabev, E., Kasianowicz, J., Abbott, T., and McLaughlin, S. (1989). Binding of 
neomycin to phosphatidylinositol 4,5-bisphosphate (PIP2), Biochim Biophys Acta 
979, 105-12.

Gallagher, P. G., and Forget, B. G. (1993). Spectrin genes in health and disease, 
Semin Hematol 30,4-20.

Gary, J. D., Wurmser, A. E., Bonangelino, C. J., Weisman, L. S., and Emr, S.
D. (1998). Fab Ip is essential for PtdIns(3)P 5-kinase activity and the maintenance 
of vacuolar size and membrane homeostasis, J Cell Biol 143, 65-79.

Gaynor, E. C., Chen, C. Y., Emr, S. D., and Graham, T. R. (1998). ARF is 
required for maintenance of yeast Golgi and endosome structure and function. Mol 
Biol Cell 9, 653-70.

Gehrmann, T., and Heilmeyer, L. M., Jr. (1998). Phosphatidylinositol 4-kinases, 
Eur J Biochem 253, 357-70.

Ghosh, R. N., Mallet, W. G., Soe, T. T., McGraw, T. E., and Maxfield, F. R.
(1998). An endocytosed TGN38 chimeric protein is delivered to the TGN after 
trafficking through the endocytic recycling compartment in CHO cells, J Cell Biol 
142, 923-36.

Gillooly, D. J., Simonsen, A., and Stenmark, H. (2001). Cellular functions of 
phosphatidylinositol 3-phosphate and FYVE domain proteins, Biochem J 355, 249- 
58.

265



Gleeson, P. A., Anderson, T. J., Stow, J. L., Griffiths, G., Toh, B. H., and 
Matheson, F. (1996). p230 is associated with vesicles budding from the trans- 
Golgi network, J Cell Sci 109, 2811-21.

Godi, A., Fertile, P., Meyers, R., Marra, P., Di Tullio, G., lurisci, C., Luini, A., 
Corda, D., and De Matteis, M. A. (1999). ARF mediates recmitment of PtdIns-4- 
OH kinase-beta and stimulates synthesis of PtdIns(4,5)P2 on the Golgi complex, 
Nat Cell Biol 7, 280-7.

Godi, A., Santone, I., Fertile, P., Devarajan, P., Stabach, P. R., Morrow, J. S., 
Di Tullio, G., Polishchuk, R., Petrucci, T. C , Luini, A., and De Matteis, M. A.
(1998). ADP ribosylation factor regulates spectrin binding to the Golgi complex, 
Proc Natl Acad Sci U S A 95, 8607-12.

Goldberg, J. (1998). Structural basis for activation of ARF GTPase: mechanisms 
of guanine nucleotide exchange and GTP-myristoyl switching, Cell 95, 237-48.

Goldberg, J. (1999). Structural and functional analysis of the ARF1-ARFGAP 
complex reveals a role for coatomer in GTP hydrolysis. Cell 96, 893-902.

Golgi, C. (1898). Intomo alia struttura delle cellule nervose.XXV. Sulla struttura 
delle cellule nervose dei gangli spinali, Bollettino Società Medico-chirurgica, di 
Pavia 1, 655-665.

Govindan, B., Bowser, R., and Novick, P. (1995). The role of Myo2, a yeast 
class V myosin, in vesicular transport, J Cell Biol 128, 1055-68.

Greasley, S. E., Jhoti, H., Teahan, C., Solari, R., Fensome, A., Thomas, G. M., 
Cockcroft, S., and Bax, B. (1995). The structure of rat ADP-ribosylation factor-1 
(ARF-1) complexed to GDP determined from two different crystal forms, Nat 
Struct Biol 2, 797-806.

Griffiths, G., Pfeiffer, S., Simons, K., and Matlin, K. (1985). Exit of newly 
synthesized membrane proteins from the trans cistema of the Golgi complex to the 
plasma membrane, J Cell Biol 101, 949-64.

Hama, H., Schnieders, E. A., Thomer, J., Takemoto, J. Y., and DeWald, D. B.
(1999). Direct involvement of phosphatidylinositol 4-phosphate in secretion in the 
yeast Saccharomyces cerevisiae, J Biol Chem 274, 34294-300.

266



Hammond, S. M , Altshuller, Y. M., Sung, T. C., Rudge, S. A., Rose, K., 
Engebrecht, J., Morris, A. J., and Frohman, M. A. (1995). Human ADP- 
ribosylation factor-activated phosphatidylcholine-specific phospholipase D defines a 
new and highly conserved gene family, J Biol Chem 270, 29640-3.

Harada, A., Takei, Y., Kanai, Y., Tanaka, Y., Nonaka, S., and Hirokawa, N.
(1998). Golgi vésiculation and lysosome dispersion in cells lacking cytoplasmic 
dynein, J Cell Biol 141, 51-9.

Harris, A., Anderson JP, Yurchenco PD, Green LA, Ainger KJ, Morrow JS. 
(1986). Mechanisms of cytoskeletal regulation: functional and antigenic diversity in 
human erythrocyte and brain beta spectrin., JCB 30, 51-69.

Hauri, H. P., and Schweizer, A. (1992), The endoplasmic reticulum-Golgi 
intermediate compartment, Curr Opin Cell Biol 4, 600-8.

Hay, J. C , Fisette, P. L., Jenkins, G. H., Fukami, K., Takenawa, T., Anderson, 
R. A., and Martin, T. F. (1995). ATP-dependent inositide phosphorylation 
required for Ca(2+)-activated secretion, Nature 374, 173-7.

Hay, J. C , and Martin, T. F. (1993). Phosphatidylinositol transfer protein required 
for ATP-dependent priming of Ca(2+)-activated secretion. Nature 366, 572-5.

Hayes, N. V., Scott, C., Heerkens, F., Ohanian, V., Maggs, A. M., Pinder, J. 
C , Kordeli, E., and Baines, A. J. (2000). Identification of a novel C-terminal 
variant of beta II spectrin: two isoforms of beta U spectrin have distinct intracellular 
locations and activities, J Cell Sci 113, 2023-34.

Heimann, K., Percival, J. M., Weinberger, R., Gunning, P., and Stow, J. L.
(1999). Specific isoforms of actin-binding proteins on distinct populations of 
Golgi-derived vesicles, J Biol Chem 274, 10743-50.

Hendricks, K. B., Wang, B. Q., Schnieders, E. A., and Thomer, J. (1999). Yeast 
homologue of neuronal frequenin is a regulator of phosphatidylinositol-4-OH 
kinase, Nat Cell Biol 1, 234-41.

Henley, J. R., Krueger, E. W., Oswald, B. J., and McNiven, M. A. (1998). 
Dynamin-mediated internalization of caveolae, J Cell Biol 141, 85-99.

267



Herman, P. K., Stack, J. H., DeModena, J. A., and Emr, S. D. (1991). A novel 
protein kinase homolog essential for protein sorting to the yeast lysosome-like 
vacuole, Cell 64, 425-37.

Hii, C. S., Edwards, Y. S., and Murray, A. W. (1991). Phorbol ester-stimulated 
hydrolysis of phosphatidylcholine and phosphatidylethanolamine by phospholipase 
D in HeLa cells. Evidence that the basal turnover of phosphoglycerides does not 
involve phospholipase D, J Biol Chem 266, 20238-43.

Hirokawa, N., Pfister, K. K., Yorifuji, H., Wagner, M. C , Brady, S. T., and 
Bloom, G. S. (1989). Submolecular domains of bovine brain kinesin identified by 
electron microscopy and monoclonal antibody decoration, Cell 56, 867-78.

Hirschberg, K., and Lippincott-Schwartz, J. (1999). Secretory pathway kinetics 
and in vivo analysis of protein traffic from the Golgi complex to the cell surface, 
Faseb J 13 Suppl 2, S251-6.

Hirschberg, K., Miller, C. M., Ellenberg, J., Presley, J. P., Siggia, E. D., Phair, 
R. D., and Lippincott-Schwartz, J. (1998). Kinetic analysis of secretory protein 
traffic and characterization of golgi to plasma membrane transport intermediates in 
living cells, J Cell Biol 143, 1485-503.

Ho, W. C., Allan, V. J., van Meer, G., Berger, E. G., and Kreis, T. E. (1989). 
Reclustering of scattered Golgi elements occurs along microtubules, Eur J Cell Biol 
48, 250-63.

Hoer, A., Cetindag, C., and Oberdisse, E. (2000). Influence of 
phosphatidylinositol 4,5-bisphosphate on human phospholipase DI wild-type and 
deletion mutants: is there evidence for an interaction of phosphatidylinositol 4,5- 
bisphosphate with the putative pleckstrin homology domain?, Biochim Biophys 
Acta 1481, 189-201.

Holleran, E., Ligon LA, Tokito, M, Stankewich, MC, Morrow, JS, Holzbaur, E
(2001). Betain spectrin binds to the Arpl subunit of dynactin., JBC 276, 36598- 
36605.

Holleran, E. A., Tokito, M. K., Karki, S., and Holzbaur, E. L. (1996). Centractin 
(ARP1) associates with spectrin revealing a potential mechanism to link dynactin to 
intracellular organelles, J Cell Biol 135,1815-29.

268



Homma, K., Terui, S., Minemura, M., Qadota, H., Anraku, Y., Kanaho, Y., and 
Ohya, Y. (1998). Phosphatidylinositol-4-phosphate 5-kinase localized on the 
plasma membrane is essential for yeast cell morphogenesis, J Biol Chem 273, 
15779-86.

Honda, A., Nogami, M , Yokozeki, T., Yamazaki, M., Nakamura, H., Watanabe,
H., Kawamoto, K., Nakayama, K., Morris, A. J., Frohman, M. A., and Kanaho, 
Y. (1999). Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream 
effector of the small G protein ARF6 in membrane ruffle formation. Cell 99, 521- 
32.

Hoock, T. C , Peters, L. L., and Lux, S. E. (1997). Isoforms of ankyrin-3 that 
lack the NH2-terminal repeats associate with mouse macrophage lysosomes, J Cell 
Biol 136, 1059-70.

Hsu, V. W., Shah, N., and Klausner, R. D. (1992). A brefeldin A-like phenotype 
is induced by the overexpression of a human ERD-2-like protein, ELP-1, Cell 69, 
625-35.

Hurley, J. H., and Meyer, T. (2001). Subcellular targeting by membrane lipids, 
Curr Opin Cell Biol 13, 146-52.

Hyvonen, M., Macias, M. J., Nilges, M., Oschkinat, H., Saraste, M., and 
Wilmanns, M. (1995). Structure of the binding site for inositol phosphates in a PH 
domain, Embo J 14, 4676-85.

Ikonen, E., de Almeid, J. B., Path, K. R., Burgess, D. R., Ashman, K., Simons, 
K., and Stow, J. L. (1997). Myosin II is associated with Golgi membranes: 
identification of p200 as nonmuscle myosin II on Golgi-derived vesicles, J Cell Sci 
110, 2155-64.

Ikonen, E., Parton, R. G., Lafont, F., and Simons, K. (1996). Analysis of the role 
of p200-containing vesicles in post-Golgi traffic, Mol Biol Cell 7,961-74.

Inoue, T. (1992). Complementary scanning electron microscopy: technical notes 
and applications, Arch Histol Cytol 55, 45-51.

Ishihara, H., Shibasaki, Y., Kizuki, N., Wada, T., Yazaki, Y., Asano, T., and 
Oka, Y. (1998). Type I phosphatidylinositol-4-phosphate 5-kinases. Cloning of the 
third isoform and deletion/substitution analysis of members of this novel lipid

269



kinase family, J Biol Chem 273, 8741-8.

Itoh, T., Koshiba, S., Kigawa, T., Kikuchi, A., Yokoyama, S., and Takenawa, T.
(2001). Role of the ENTH domain in phosphatidylinositol-4,5-bisphosphate 
binding and endocytosis, Science 29J, 1047-51.

Jackson, C. L., and Casanova, J. E. (2000). Turning on ARE: the Sec7 family of 
guanine-nucleotide-exchange factors. Trends Cell Biol JO, 60-7.

Jenkins, G. H., Fisette, P. L., and Anderson, R. A. (1994). Type I 
phosphatidylinositol 4-phosphate 5-kinase isoforms are specifically stimulated by 
phosphatidic acid, J Biol Chem 269, 11547-54.

Jergil, B., and Sundler, R. (1983). Phosphorylation of phosphatidylinositol in rat 
liver Golgi, J Biol Chem 238, 7968-73.

Jiang, Y., Sakane, F., Kanoh, H., and Walsh, J. P. (2000). Selectivity of the 
diacylglycerol kinase inhibitor 3-[2-(4-[bis-(4- fluorophenyl)methylene]-l- 
piperidinyl)ethyl]-2, 3-dihydro-2-thioxo- 4(lH)quinazolinone (R59949) among 
diacylglycerol kinase subtypes, Biochem Pharmacol 59, 763-72.

Jones, D. H., Bax, B., Fensome, A., and Cockcroft, S. (1999). ADP ribosylation 
factor 1 mutants identify a phospholipase D effector region and reveal that 
phospholipase D participates in lysosomal secretion but is not sufficient for 
recruitment of coatomer I, Biochem J 347, 185-92.

Jones, D. H., Morris, J. B., Morgan, C. P., Kondo, H., Irvine, R. F., and 
Cockcroft, S. (2000). Type I phosphatidylinositol 4-phosphate 5-kinase directly 
interacts with ADP-ribosylation factor 1 and is responsible for phosphatidylinositol 
4,5-bisphosphate synthesis in the golgi compartment, J Biol Chem 275, 13962-6.

Jones, S. M., Alb, J. G., Jr., Phillips, S. E., Bankaitis, V. A., and Howell, K. E. 
(1998a). A phosphatidylinositol 3-kinase and phosphatidylinositol transfer protein 
act synergistically in formation of constitutive transport vesicles from the trans- 
Golgi network, J Biol Chem 273, 10349-54.

Jones, S. M., and Howell, K. E. (1997). Phosphatidylinositol 3-kinase is required 
for the formation of constitutive transport vesicles from the TGN, J Cell Biol 739, 
339-49.

270



Jones, S. M., Howell, K. E., Henley, J. R., Cao, H., and McNiven, M. A. 
(1998b). Role of dynamin in the formation of transport vesicles from the trans- 
Golgi network. Science 279, 573-7.

Jost, M., Simpson, F., Kavran, J. M., Lemmon, M. A., and Schmid, S. L. 
(1998a). Phosphatidylinositol-4,5-bisphosphate is required for endocytic coated 
vesicle formation, Curr Biol 8, 1399-402.

Kahn, R. A., Yucel, J. K., and Malhotra, V. (1993). ARF signaling: a potential 
role for phospholipase D in membrane traffic, Cell 75,1045-8.

Kanoh, H., Williger, B. T., and Exton, J. H. (1997). Arfaptin 1, a putative 
cytosolic target protein of ADP-ribosylation factor, is recruited to Golgi 
membranes, J Biol Chem 272, 5421-9.

Karki, S., and Holzbaur, F. L. (1999). Cytoplasmic dynein and dynactin in cell 
division and intracellular transport, Curr Opin Cell Biol 11,45-53.

Kauffmann-Zeh, A., Thomas, G. M., Ball, A., Prosser, S., Cunningham, E., 
Cockcroft, S., and Hsuan, J. J. (1995). Requirement for phosphatidylinositol 
transfer protein in epidermal growth factor signaling. Science 268, 1188-90.

Kavran, J. M., Klein, D. E , Lee, A., Falasca, M., Isakoff, S. J., Skolnik, E. Y , 
and Lemmon, M. A. (1998). Specificity and promiscuity in phosphoinositide 
binding by pleckstrin homology domains, J Biol Chem 273, 30497-508.

Klausner, R. D., Donaldson, J. G., and Lippincott-Schwartz, J. (1992). Brefeldin 
A: insights into the control of membrane traffic and organelle structure, J Cell Biol 
116, 1071-80.

Kooy, J., Toh, B. H., and Gleeson, P. A. (1994). Heterogeneity of human anti- 
Golgi auto-antibodies: reactivity with components from 35 to 260 kDa, Immunol 
Cell Biol 72, 123-7.

Kornfeld, R., and Kornfeld, S. (1985). Assembly of asparagine-linked 
oligosaccharides, Annu Rev Biochem 54, 631-64.

Kravitz, M. E., Klausner, L. K., and Rosenberg, S. N. (1992). Failure of an 
endodontic implant. Complications of removal and treatment, Oral Surg Oral Med 
Oral Pathol 74, 285-7.

271



Kreitzer, G., Marmorstein, A., Okamoto, P., Vallee, R., and Rodriguez-Boulan,
E. (2000). Kinesin and dynamin are required for post-Golgi transport of a plasma- 
membrane protein, Nat Cell Biol 2,125-7.

Krijnse-Locker, J., Parton, R. G., Fuller, S. D., Griffiths, G., and Dotti, C. G. 
(1995). The organization of the endoplasmic reticulum and the intermediate 
compartment in cultured rat hippocampal neurons, Mol Biol Cell 6, 1315-32.

Kroschewski, R., Hall, A., and Mellman, I. (1999). Cdc42 controls secretory and 
endocytic transport to the basolateral plasma membrane of MDCK cells, Nat Cell 
Biol i, 8-13.

Ktistakis, N. T., Brown, H. A., Sternweis, P. C., and Roth, M. G. (1995). 
Phospholipase D is present on Golgi-enriched membranes and its activation by ADP 
ribosylation factor is sensitive to brefeldin A, Proc Natl Acad Sci U S A 92, 4952- 
6 .

Ktistakis, N. T., Brown, H. A., Waters, M. G., Sternweis, P. C., and Roth, M.
G. (1996). Evidence that phospholipase D mediates ADP ribosylation factor- Î 
dependent formation of Golgi coated vesicles, J Cell Biol 134, 295-306.

Kudo, N., Matsumori, N., Taoka, H., Fujiwara, D., Schreiner, E. P., Wolff, B., 
Yoshida, M., and Horinouchi, S. (1999). Leptomycin B inactivates CRMl/exportin 
1 by covalent modification at a cysteine residue in the central conserved region, 
Proc Natl Acad Sci U S A 96, 9112-7.

Kushner, S. R. (1978). An improved method for transformation of Escherichia 
Coli with Col/EI derived plasmids. (Elsevier/North Holland, Amsterdam).

Ladinsky, M. S., Kremer, J. R., Furcinitti, P. S., McIntosh, J. R., and Howell, 
K. E. (1994). HVEM tomography of the trans-Golgi network: structural insights 
and identification of a lace-like vesicle coat, J Cell Biol 127, 29-38.

Ladinsky, M. S., Mastronarde, D. N., McIntosh, J. R., Howell, K. E., and 
Staehelin, L. A. (1999). Golgi structure in three dimensions: functional insights 
from the normal rat kidney cell, J Cell Biol 144, 1135-49.

Lanoix, J., Ouwendijk, J., Lin, C. C , Stark, A., Love, H. D., Ostermann, J., and 
Nilsson, T. (1999). GTP hydrolysis by arf-1 mediates sorting and concentration of

272



Golgi resident enzymes into functional COP I vesicles, Embo J 18, 4935-48.

Lee, J. K., Black, J. D., Repasky, E. A., Kubo, R. T., and Bankert, R. B.
(1988). Activation induces a rapid reorganization of spectrin in lymphocytes, Cell 
55, 807-16.

Lemmon, M. A., and Ferguson, K. M. (2000). Signal-dependent membrane 
targeting by pleckstrin homology (PH) domains, Biochem J 350 Pt 1, 1-18.

Letoumeur, F., and Klausner, R. D. (1992). A novel di-leucine motif and a 
tyrosine-based motif independently mediate lysosomal targeting and endocytosis of 
CD3 chains, Cell 69, 1143-57.

Linstedt, A. D., and Hauri, H. P. (1993). Giantin, a novel conserved Golgi 
membrane protein containing a cytoplasmic domain of at least 350 kDa, Mol Biol 
Cell 4, 679-93.

Lippincott-Schwartz, J., Donaldson, J. G., Schweizer, A., Berger, E. G., Hauri,
H. P., Yuan, L. C., and Klausner, R. D. (1990). Microtubule-dependent 
retrograde transport of proteins into the ER in the presence of brefeldin A suggests 
an ER recycling pathway, Cell 60, 821-36.

Lippincott-Schwartz, J., Glickman, J., Donaldson, J. G., Robbins, J., Kreis, T.
E., Seamon, K. B., Sheetz, M. P., and Klausner, R. D. (1991). Forskolin inhibits 
and reverses the effects of brefeldin A on Golgi morphology by a cAMP- 
independent mechanism, J Cell Biol 112, 567-77.

Lippincott-Schwartz, J., Roberts, T. H., and Hirschberg, K. (2000). Secretory 
protein trafficking and organelle dynamics in living cells, Annu Rev Cell Dev Biol 
16, 557-89.

Lippincott-Schwartz, J , Yuan, L., Tipper, C., Amherdt, M., Orci, L., and 
Klausner, R. D. (1991). Brefeldin A's effects on endosomes, lysosomes, and the 
TGN suggest a general mechanism for regulating organelle structure and membrane 
traffic, Cell 67, 601-16.

Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S., and Klausner, R. D.
(1989). Rapid redistribution of Golgi proteins into the ER in cells treated with 
brefeldin A: evidence for membrane cycling from Golgi to ER, Cell 56, 801-13.

273



Liscovitch, M , and Cantley, L. C. (1995). Signal transduction and membrane 
traffic: the PITP/phosphoinositide connection, Cell 81, 659-62.

Liu, S. C , Palek, J., Yi, S. J., Nichols, P. E., Derick, L. H., Chiou, S. S., 
Amato, D., Corbett, J. D., Cho, M. R., and Golan, D. E. (1995). Molecular basis 
of altered red blood cell membrane properties in Southeast Asian ovalocytosis: role 
of the mutant band 3 protein in band 3 oligomerization and retention by the 
membrane skeleton, Blood 86, 349-58.

Loijens, J. C., Boronenkov, I. V., Parker, G. J., and Anderson, R. A. (1996). 
The phosphatidylinositol 4-phosphate 5-kinase family, Adv Enzyme Regul 36, 115- 
40.

Lombardo, C. R., Weed, S. A., Kennedy, S. P., Forget, B. G., and Morrow, J. 
S. (1994). Beta E-spectrin (fodrin) and beta I epsilon 2-spectrin (muscle) contain 
NH2- and COOH-terminal membrane association domains (MAD1 and MAD2), J 
Biol Chem 269, 29212-9.

Lowe, M., Nakamura, N., and Warren, G. (1998). Golgi division and membrane 
traffic, Trends Cell Biol 8, 40-4.

Lowe, M., Rabouille, C., Nakamura, N., Watson, R., Jackman, M., Jamsa, E., 
Rahman, D., Pappin, D. J., and Warren, G. (1998). Cdc2 kinase directly 
phosphorylates the cis-Golgi matrix protein GM130 and is required for Golgi 
fragmentation in mitosis, Cell 94, 783-93.

Loyet, K. M., Kowalchyk, J. A., Chaudhary, A., Chen, J., Prestwich, G. D., and 
Martin, T. F. (1998). Specific binding of phosphatidylinositol 4,5-bisphosphate to 
calcium- dependent activator protein for secretion (CAPS), a potential 
phosphoinositide effector protein for regulated exocytosis, J Biol Chem 273, 8337- 
43.

Lucocq, J. M., and Warren, G. (1987). Fragmentation and partitioning of the Golgi 
apparatus during mitosis in HeLa cells, Embo J 6, 3239-46.

Lujan, H. D., Marotta, A., Mowatt, M. R., Sciaky, N., Lippincott-Schwartz, J., 
and Nash, T. E. (1995). Developmental induction of Golgi structure and function in 
the primitive eukaryote Giardia lamblia, J Biol Chem 270,4612-8.

Ma, L., Cantley, L. C., Janmey, P. A., and Kirschner, M. W. (1998).

274



Corequirement of specific phosphoinositides and small GTP-binding protein Cdc42 
in inducing actin assembly in Xenopus egg extracts, J Cell Biol 140, 1125-36.

Macias, M. J., Musacchio, A., Ponstingl, H., Nilges, M., Saraste, M., and 
Oschkinat, H. (1994). Structure of the pleckstrin homology domain from beta- 
spectrin, Nature 369, 675-7.

Malhotra, V., Serafini, T., Orci, L., Shepherd, J. C., and Rothman, J. E. (1989). 
Purification of a novel class of coated vesicles mediating biosynthetic protein 
transport through the Golgi stack, Cell 58, 329-36.

Mangeat, P. H., and Burridge, K. (1984). Immunoprécipitation of nonerythrocyte 
spectrin within live cells following microinjection of specific antibodies: relation to 
cytoskeletal structures, J Cell Biol 98, 1363-77.

Margolis, R., Taylor, ST., Seminara, D., and Hubbard, A.L. (1988). 
Identification of Pp 120, an endogenous substrate for the hepatocyte insulin 
receptor tyrosine kinase, as an integral membrane glycoprotein of the bile 
canalicular domain. Proc. Natl. Acad. Sci. USA 85, 7256-7259.

Martin, T. F. (1998). Phosphoinositide lipids as signaling molecules: common 
themes for signal transduction, cytoskeletal regulation, and membrane trafficking, 
Annu Rev Cell Dev Biol 14, 231-64.

McBride, A. A., Klausner, R. D., and Howley, P. M. (1992). Conserved cysteine 
residue in the DNA-binding domain of the bovine papillomavirus type 1 E2 protein 
confers redox regulation of the DNA- binding activity in vitro, Proc Natl Acad Sci 
U S A 89, 7531-5.

McEwen, R. K., Dove, S. K., Cooke, F. T., Painter, G. F., Holmes, A. B., 
Shisheva, A., Ohya, Y., Parker, P. J., Michell, R. H. (1999) Complementation 
analysis in PtdlnsP kinase-deficient yeast mutants demonstrates that 
Schizosaccharomyces pombe and murine Fab Ip homologues are 
phosphatidylinositol 3-phosphate 5-kinases, J Biol Chem 274, 33905-12.

McFerran, B. W., Graham, M. E., and Burgoyne, R. D. (1998). Neuronal Ca2+ 
sensor 1, the mammalian homologue of frequenin, is expressed in chromaffin and 
PC 12 cells and regulates neurosecretion from dense-core granules, J Biol Chem 
273, 22768-72.

275



Mellman, L, and Simons, K. (1992). The Golgi complex: in vitro veritas?, Cell 68, 
829-40.

Meyers, R., and Cantley, L. C. (1997). Cloning and characterization of a 
wortmannin-sensitive human phosphatidylinositol 4-kinase, J Biol Chem 272, 
4384-90.

Mironov, A. A., Polishchuk, R. S., and Luini, A. (2000). Visualizing membrane 
traffic in vivo by combined video fluorescence and 3D electron microscopy, Trends 
Cell Biol 10, 349-53.

Mishima, K., Tsuchiya, M., Nightingale, M. S., Moss, J., and Vaughan, M. 
(1993). ARD 1, a 64-kDa guanine nucleotide-binding protein with a carboxyl- 
terminal ADP-ribosylation factor domain, J Biol Chem 268, 8801-7.

Mohandas, N., Winardi, R., Knowles, D., Leung, A., Parra, M., George, E., 
Conboy, J., and Chasis, J. (1992). Molecular basis for membrane rigidity of 
hereditary ovalocytosis. A novel mechanism involving the cytoplasmic domain of 
band 3, J Clin Invest 89, 686-92.

Moritz, A., De Graan, P. N., Gispen, W. H., and Wirtz, K. W. (1992). 
Phosphatidic acid is a specific activator of phosphatidylinositol-4- phosphate 
kinase, J Biol Chem 267, 7207-10.

Morre, D. J., Keenan, T. W., and Mollenhauer, H. H. (1971). Golgi apparatus 
function in membrane transformations and product compartmentalization: studies 
with cell fractions isolated from rat liver, Adv Cytopharmacol 1, 159-82.

Morrow, J. S., Rimm, D.L., Kennedy, S., Cianci, C D., Sinard, H.J., and Scott 
A.V. (1996). Of spectrin stability and mosaic: the spectrin cytoskeleton. In 
Handbook of Physiology (Oxford Press).

Mossessova, E., Gulbis, J. M., and Goldberg, J. (1998). Structure of the guanine 
nucleotide exchange factor Sec7 domain of human amo and analysis of the 
interaction with ARE GTPase, Cell 92,415-23.

Mulholland, J., Wesp, A., Riezman, H., and Botstein, D. (1997). Yeast actin 
cytoskeleton mutants accumulate a new class of Golgi- derived secretary vesicle. 
Mol Biol Cell 8, 1481-99.

276



Munro, S. (1995). An investigation of the role of transmembrane domains in Golgi 
protein retention, Embo J 14,4695-704.

Munro, S. (1998). Localization of proteins to the Golgi apparatus, Trends Cell Biol 
8, 11-5.

Muresan, V., Stankewich, M. C., Steffen, W., Morrow, J. S., Holzbaur, E. L., 
and Schnapp, B. J. (2001). Dynactin-dependent, dynein-driven vesicle transport in 
the absence of membrane proteins: a role for spectrin and acidic phospholipids, Mol 
Cell 7, 173-83.

Musch, A., Cohen, D., and Rodriguez-Boulan, E. (1997). Myosin H is involved in 
the production of constitutive transport vesicles from the TGN, J Cell Biol 138, 
291-306.

Nakagawa, T., Goto, K., and Kondo, H. (1996). Cloning and characterization of a 
92 kDa soluble phosphatidylinositol 4- kinase, Biochem J 320, 643-9.

Nakamura, N., Rabouille, C , Watson, R., Nilsson, T., Hui, N., Slusarewicz, P., 
Kreis, T. E., and Warren, G. (1995). Characterization of a cis-Golgi matrix 
protein, GM130, J Cell Biol 131, 1715-26.

Narula, N., McMorrow, L, Plopper, G., Doherty, J., Matlin, K. S., Burke, B., 
and Stow, J. L. (1992). Identification of a 200-kD, brefeldin-sensitive protein on 
Golgi membranes, J Cell Biol 117, 27-38.

Narula, N., and Stow, J. L. (1995). Distinct coated vesicles labeled for p200 bud 
from trans-Golgi network membranes, Proc Natl Acad Sci U S A 92, 2874-8.

Natarajan, V., and Garcia, J. G. (1993). Agonist-induced activation of 
phospholipase D in bovine pulmonary artery endothelial cells: regulation by protein 
kinase C and calcium, J Lab Clin Med 121, 337-47.

Nemoto, Y., Kearns, B. G., Wenk, M. R., Chen, H., Mori, K., Alb, J. G., Jr., 
De Camilli, P., and Bankaitis, V. A. (2000). Functional characterization of a 
mammalian Sad and mutants exhibiting substrate-specific defects in 
phosphoinositide phosphatase activity, J Biol Chem 275, 34293-305.

Nilsson, T., Slusarewicz, P., Hoe, M. H., and Warren, G. (1993). Kin 
recognition. A model for the retention of Golgi enzymes, FEBS Lett 330, 1-4.

277



Nishikawa, K., Toker, A., Wong, K., Marignani, P. A., Johannes, F. J., and 
Cantley, L. C. (1998). Association of protein kinase Cmu with type H 
phosphatidylinositol 4- kinase and type I phosphatidylinositol-4-phosphate 5- 
kinase, J Biol Chem 273, 23126-33.

Nishimura, N., and Balch, W. E. (1997). A di-acidic signal required for selective 
export from the endoplasmic reticulum, Science 277, 556-8.

Nobes, C. D., and Hall, A. (1995). Rho, rac, and cdc42 GTPases regulate the 
assembly of multimolecular focal complexes associated with actin stress fibers, 
lamellipodia, and filopodia. Cell 81, 53-62.

Odorizzi, G., Babst, M., and Emr, S. D. (2000). Phosphoinositide signaling and 
the regulation of membrane trafficking in yeast, Trends Biochem Sci 25, 229-35.

Orci, L., Palmer, D. J., Ravazzola, M., Perrelet, A., Amherdt, M., and Rothman, 
J. E. (1993). Budding from Golgi membranes requires the coatomer complex of 
non- clathrin coat proteins. Nature 362, 648-52.

Orci, L., Stamnes, M., Ravazzola, M., Amherdt, M., Perrelet, A., Sollner, T. H., 
and Rothman, J. E. (1997). Bidirectional transport by distinct populations of COPI- 
coated vesicles, Cell 90, 335-49.

Palade, G. (1975). Intracellular aspects of the process of protein synthesis. Science 
189, 347-58.

Palmer, D. J., Helms, J. B., Beckers, C. J., Orci, L., and Rothman, J. E. (1993). 
Binding of coatomer to Golgi membranes requires ADP-ribosylation factor, J Biol 
Chem 268, 12083-9. „

Paschal, B. M., and Vallee, R. B. (1987). Retrograde transport by the microtubule- 
associated protein MAP 1C, Nature 330, 181-3.

Pelham, H. R. (1991). Recycling of proteins between the endoplasmic reticulum 
and Golgi complex, Curr Opin Cell Biol 3, 585-91.

Pelham, H. R. (1998). Getting through the Golgi complex, Trends Cell Biol 8, 45- 
9.
Fertile, P., Liscovitch, M., Chalifa, V., and Cantley, L. C. (1995).

278



Phosphatidylinositol 4,5-bisphosphate synthesis is required for activation of 
phospholipase D in U937 cells, J Biol Chem 270, 5130-5.

Peters, P. J., Hsu, V. W., Ooi, C. E., Finazzi, D., Teal, S. B., Oorschot, V., 
Donaldson, J. G., and Klausner, R. D. (1995). Overexpression of wild-type and 
mutant ARF1 and ARF6: distinct perturbations of nonoverlapping membrane 
compartments, J Cell Biol 128, 1003-17.

Peyroche, A., Antonny, B., Robineau, S., Acker, J., Cherfils, J., and Jackson, C. 
L. (1999). Brefeldin A acts to stabilize an abortive ARF-GDP-Sec7 domain protein 
complex: involvement of specific residues of the Sec7 domain, Mol Cell 3, 275-85.

Pike, L. J. (1992). Phosphatidylinositol 4-kinases and the role of 
polyphosphoinositides in cellular regulation, Endocr Rev 13, 692-706.

Polishchuk, R. S., Polishchuk, E. V., Marra, P., Alberti, S., Buccione, R., Luini, 
A., and Mironov, A. A. (2000). Correlative light-electron microscopy reveals the 
tubular-saccular ultrastructure of carriers operating between Golgi apparatus and 
plasma membrane, J Cell Biol 148,45-58.

Presley, J. P., Cole, N. B., Schroer, T. A., Hirschberg, K., Zaal, K. J., and 
Lippincott-Schwartz, J. (1997). ER-to-Golgi transport visualized in living cells, 
Nature 389, 81-5.

Presley, J. P., Smith, C , Hirschberg, K., Miller, C , Cole, N. B., Zaal, K. J., 
and Lippincott-Schwartz, J. (1998). Golgi membrane dynamics, Mol Biol Cell 9, 
1617-26.

Pumplin, D. W. (1995). The membrane skeleton of acetylcholine receptor domains 
in rat myotubes contains antiparallel homodimers of beta-spectrin in filaments 
quantitatively resembling those of erythrocytes, J Cell Sci 108, 3145-54.

Rambourg, A., and Clermont, Y. (1990). Three-dimensional electron microscopy: 
structure of the Golgi apparatus, Eur J Cell Biol 51, 189-200.

Rambourg, A., Clermont, Y., Jackson, C. L., and Kepes, P. (1994). 
Ultrastructural modifications of vesicular and Golgi elements in the Saccharomyces 
cerevisiae sec21 mutant at permissive and non-permissive temperatures, Anat Rec 
240, 32-41.

279



Rambourg, A., Clermont, Y., and Kepes, F. (1993). Modulation of the Golgi 
apparatus in Saccharomyces cerevisiae sec7 mutants as seen by three-dimensional 
electron microscopy, Anat Rec 237,441-52.

Rambourg, A., Clermont, Y., Ovtracht, L., and Kepes, F. (1995). Three- 
dimensional structure of tubular networks, presumably Golgi in nature, in various 
yeast strains: a comparative study, Anat Rec 243, 283-93.

Rambourg, A. a. C , Y. (1997). Three-dimensional structure of the Golgi apparatus 
in mammalian cells (Basel, Birkhauser verlag).

Rameh, L. E., Arvidsson, A., Carraway, K. L., 3rd, Couvillon, A. D., Rathbun,
G., Crompton, A., VanRenterghem, B., Czech, M. P., Ravichandran, K. S., 
Burakoff, S. J. (1997a). A comparative analysis of the phosphoinositide binding 
specificity of pleckstrin homology domains, J Biol Chem 272, 22059-66.

Rameh, L. E., Tolias, K. F., Duckworth, B. C , and Cantley, L. C. (1997b). A 
new pathway for synthesis of phosphatidylinositol-4,5-bisphosphate, Nature 390, 
192-6.

Raucher, D., Stauffer, T., Chen, W., Shen, K., Guo, S., York, J. D., Sheetz, M. 
P., and Meyer, T. (2000). Phosphatidylinositol 4,5-bisphosphate functions as a 
second messenger that regulates cytoskeleton-plasma membrane adhesion, Cell 
100, 221- 8 .

Reinhard, C., Harter, C , Bremser, M., Brugger, B., Sohn, K., Helms, J. B., and 
Wieland, F. (1999). Receptor-induced polymerization of coatomer, Proc Natl Acad 
Sci U S A 96, 1224-8.

Ren, M., Xu, G., Zeng, J., De Lemos-Chiarandini, C., Adesnik, M., and 
Sabatini, D. D. (1998). Hydrolysis of GTP on rabll is required for the direct 
delivery of transferrin from the pericentriolar recycling compartment to the cell 
surface but not from sorting endosomes, Proc Natl Acad Sci U S A 95, 6187-92.

Rivas, M. P., Kearns, B. G., Xie, Z., Guo, S., Sekar, M. C., Hosaka, K., 
Kagiwada, S., York, J. D., and Bankaitis, V. A. (1999). Pleiotropic alterations in 
lipid metabolism in yeast sad mutants: relationship to "bypass Secl4p" and inositol 
auxotrophy, Mol Biol Cell 10, 2235-50.

Robinson, M. S., and Bonifacino, J. S. (2001). Adaptor-related proteins, Curr

280



Opin Cell Biol 75,444-53.

Rogers, S. L., and Gelfand, V. I. (2000). Membrane trafficking, organelle 
transport, and the cytoskeleton, Curr Opin Cell Biol 72, 57-62.

Rossanese, O. W., Soderholm, J., Bevis, B. J., Sears, I. B., O'Connor, J., 
Williamson, E. K., and Click, B. S. (1999). Golgi structure correlates with 
transitional endoplasmic reticulum organization in Pichia pastoris and 
Saccharomyces cerevisiae, J Cell Biol 745, 69-81.

Roth, J., Wang, Y., Eckhardt, A. E., and Hill, R. L. (1994). Subcellular 
localization of the UDP-N-acetyl-D-galactosamine: polypeptide N-
acetylgalactosaminyltransferase-mediated O-glycosylation reaction in the 
submaxillary gland, Proc Natl Acad Sci U S A 97, 8935-9.

Roth, M. G., Bi, K., Ktistakis, N. T., and Yu, S. (1999). Phospholipase D as an 
effector for ADP-ribosylation factor in the regulation of vesicular traffic, Chem 
Phys Lipids 98, 141-52.

Roth, M. G., and Stemweis, P. C. (1997). The role of lipid signaling in 
constitutive membrane traffic, Curr Opin Cell Biol 9, 519-26.

Rothman, J. E. (1994). Mechanisms of intracellular protein transport, Nature 372, 
55-63.

Rothman, J. E., and Orci, L. (1992). Molecular dissection of the secretory 
pathway. Nature 355, 409-15.

Rothman, J. E., and Wieland, F. T. (1996). Protein sorting by transport vesicles, 
Science 272, 227-34.

Rozelle, A. L., Machesky, L. M., Yamamoto, M., Driessens, M. H., Insall, R.
H., Roth, M. G., Luby-Phelps, K., Marriott, G., Hall, A., and Yin, H. L. (2000). 
Phosphatidylinositol 4,5-bisphosphate induces actin-based movement of raft- 
enriched vesicles through WASP-Arp2/3, Curr Biol 10, 311-20.

Rutledge, T., Cosson, P., Manolios, N., Bonifacino, J. S., and Klausner, R. D. 
(1992). Transmembrane helical interactions: zeta chain dimeiization and functional 
association with the T cell antigen receptor, Embo J 77, 3245-54.

281



Salim, K., Bottomley, M. J., Querfurth, E., Zvelebil, M. J., Gout, L, Scaife, R., 
Margolis, R. L., Gigg, R., Smith, C. I., Driscoll, P. C., et al. (1996). Distinct 
specificity in the recognition of phosphoinositides by the pleckstrin homology 
domains of dynamin and Bruton's tyrosine kinase, Embo J 75, 6241-50.

Samelson, L. E., and Klausner, R. D. (1992). Tyrosine kinases and tyrosine-based 
activation motifs. Current research on activation via the T cell antigen receptor, J 
Biol Chem 267, 24913-6.

Sata, M., Donaldson, J. G., Moss, J., and Vaughan, M. (1998). Brefeldin A- 
inhibited guanine nucleotide-exchange activity of Sec? domain from yeast Sec7 with 
yeast and mammalian ADP ribosylation factors, Proc Natl Acad Sci U S A 95, 
4204-8.

Sbrissa, D., Bconomov, O. C , and Shisheva, A. (1999). PIKfyve, a mammalian 
ortholog of yeast Fab Ip lipid kinase, synthesizes 5-phosphoinositides. Effect of 
insulin, J Biol Chem 274, 21589-97.

Scales, S. J., Pepperkok, R., and Kreis, T. E. (1997). Visualization of ER-to- 
Golgi transport in living cells reveals a sequential mode of action for COPII and 
COPI, Cell 90, 1137-48.

Scheel, J., Matteoni, R., Ludwig, T., Hoflack, B., and Kreis, T. E. (1990). 
Microtubule depolymerization inhibits transport of cathepsin D from the Golgi 
apparatus to lysosomes, J Cell Sci 96, 711-20.

Schu, P. V., Takegawa, K., Fry, M. J., Stack, J. H., Waterfield, M. D., and Emr, 
S. D. (1993). Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene essential 
for protein sorting, Science 260, 88-91.

Sciorra, V. A., Rudge, S. A., Prestwich, G. D., Frohman, M. A., Engebrecht, J., 
and Morris, A. J. (1999). Identification of a phosphoinositide binding motif that 
mediates activation of mammalian and yeast phospholipase D isoenzymes, Embo J 
18, 5911-21.

Sheperd, P., Reaves, BJ and Davidson, WH (1996). Phosphoinositide 3-kinase 
and membrane traffic, Trends Cell Biol 6, 92-97.

Shisheva, A., Rusin, B., Ikonomov, O. G., De Marco, C. and Sbrissa, D. (2001). 
Localization and Insulin-regulated Relocation of phosphoinositide 5-kinase PIKfyve

282



in 3T3-Li Adipocytes, JBC 276, 11859-11869.

Shorter, J., Watson, R., Giannakou, M. E., Clarke, M., Warren, G., and Barr, F. 
A. (1999). GRASP55, a second mammalian GRASP protein involved in the 
stacking of Golgi cistemae in a cell-free system, Embo J 18, 4949-60.

Sikorski, A. F., Terlecki, G., Zagon, I. S., and Goodman, S. R. (1991). Synapsin 
I-mediated interaction of brain spectrin with synaptic vesicles, J Cell Biol 114, 313- 
8 .

Simon, J. P., Shen, T. H., Ivanov, I. E., Gravotta, D., Morimoto, T., Adesnik, 
M., and Sabatini, D. D. (1998). Coatomer, but not P200/myosin II, is required for 
the in vitro formation of trans-Golgi network-derived vesicles containing the 
envelope glycoprotein of vesicular stomatitis virus, Proc Natl Acad Sci U S A 95, 
1073-8.

Sitia, R., and Meldolesi, J. (1992). Endoplasmic reticulum: a dynamic patchwork 
of specialized subregions, Mol Biol Cell 3, 1067-72.

Sohn, K., Orci, L., Ravazzola, M., Amherdt, M., Bremser, M., Lottspeich, P., 
Fiedler, K., Helms, J. B., and Wieland, F. T. (1996). A major transmembrane 
protein of Golgi-derived COPI-coated vesicles involved in coatomer binding, J Cell 
Biol 135, 1239-48.

Song, X., Xu, W., Zhang, A., Huang, G., Liang, X., Virbasius, J. V., Czech, 
M. P., and Zhou, G. W. (2001). Phox homology domains specifically bind 
phosphatidylinositol phosphates, Biochemistry 40, 8940-4.

Sonnichsen, B., Lowe, M., Levine, T., Jamsa, E., Dirac-Svejstrup, B., and 
Warren, G. (1998). A role for giantin in docking COPI vesicles to Golgi 
membranes, J Cell Biol 140, 1013-21.

Stabach, P. R., and Morrow, J. S. (2000). Identification and characterization of 
beta V spectrin, a mammalian ortholog of Drosophila beta H spectrin, J Biol Chem 
275, 21385-95.

Stack, J. H., DeWald, D. B., Takegawa, K , and Emr, S. D. (1995). Vesicle- 
mediated protein transport: regulatory interactions between the Vpsl5 protein kinase 
and the Vps34 Ptdlns 3-kinase essential for protein sorting to the vacuole in yeast, J 
Cell Biol 129, 321-34.

283



Stack, J. H., Herman, P. K., Schu, P. V., and Emr, S. D. (1993). A membrane- 
associated complex containing the Vpsl5 protein kinase and the Vps34 PI 3-kinase 
is essential for protein sorting to the yeast lysosome-like vacuole, Embo J 12, 2195- 
204.

Stamnes, M. A., and Rothman, J. E. (1993). The binding of AP-1 clathrin adaptor 
particles to Golgi membranes requires ADP-ribosylation factor, a small GTP- 
binding protein, Cell 73, 999-1005.

Stankewich, M. C., Tse, W. T., Peters, L. L., Ch'ng, Y., John, K. M., Stabach, 
P. R., Devarajan, P., Morrow, J. S., and Lux, S. E. (1998). A widely expressed 
betaUI spectrin associated with Golgi and cytoplasmic vesicles, Proc Natl Acad Sci 
U S A 95, 14158-63.

Stankiewicz, P. J., Tracey, A. S., and Crans, D. C. (1995). Inhibition of 
phosphate-metabolizing enzymes by oxovanadium(V) complexes. Met Ions Biol 
Syst 31, 287-324.

Stearns, T., Willingham, M. C., Botstein, D., and Kahn, R. A. (1990). ADP- 
ribosylation factor is functionally and physically associated with the Golgi complex, 
Proc Natl Acad Sci U S A 87, 1238-42.

Stenmark, H., and Aasland, R. (1999). FYVE-fmger proteins—effectors of an 
inositol lipid, J Cell Sci 112, 4175-83.

Storrie, B., and Yang, W. (1998). Dynamics of the interphase mammalian Golgi 
complex as revealed through drugs producing reversible Golgi disassembly, 
Biochim Biophys Acta 1404, 127-37.

Stow, J. L., Path, K. R., and Burgess, D. R. (1998). Budding roles for myosin U 
on the Golgi, Trends Cell Biol 8, 138-41.

Takegawa, K., DeWald, D. B., and Emr, S. D. (1995). Schizosaccharomyces 
pombe Vps34p, a phosphatidylinositol-specific PI 3- kinase essential for normal 
cell growth and vacuole morphology, J Cell Sci 108, 3745-56.

Tall, E. G., Spector, L, Pentyala, S. N., Bitter, I., and Rebecchi, M. J. (2000). 
Dynamics of phosphatidylinositol 4,5-bisphosphate in actin-rich structures, Curr 
Biol 10, 743-6.

284



Tang, C. K., Chin, J., Harford, J. B., Klausner, R. D., and Rouault, T. A. 
(1992). Iron regulates the activity of the iron-responsive element binding protein 
without changing its rate of synthesis or degradation, J Biol Chem 267, 24466-70.

Taylor, T. C , Kanstein, M., Weidman, P., and Melancon, P. (1994). Cytosolic 
ARFs are required for vesicle formation but not for cell-free intra-Golgi transport: 
evidence for coated vesicle-independent transport. Mol Biol Cell 5, 237-52.

Teal, S. B., Hsu, V. W., Peters, P. J., Klausner, R. D., and Donaldson, J. G. 
(1994). An activating mutation in ARF1 stabilizes coatomer binding to Golgi 
membranes, J Biol Chem 269, 3135-8.

Thyberg, J., and Moskalewski, S. (1993). Relationship between the Golgi complex 
and microtubules enriched in detyrosinated or acetylated alpha-tubulin: studies on 
cells recovering from nocodazole and cells in the terminal phase of cytokinesis, Cell 
Tissue Res 273, 457-66.

Thyberg, J., and Moskalewski, S. (1999). Role of microtubules in the organization 
of the Golgi complex, Exp Cell Res 246, 263-79.

Tolias, K., and Carpenter, C. L. (2000). In vitro interaction of phosphoinositide-4- 
phosphate 5-kinases with Rac, Methods Enzymol 325, 190-200.

Tolias, K. F., Cantley, L. C., and Carpenter, C. L. (1995). Rho family GTPases 
bind to phosphoinositide kinases, J Biol Chem 270, 17656-9.

Tolias, K. F., Rameh, L. E., Ishihara, H., Shibasaki, Y., Chen, J., Prestwich, G. 
D., Cantley, L. C., and Carpenter, C. L. (1998). Type I phosphatidylinositol-4- 
phosphate 5-kinases synthesize the novel lipids phosphatidylinositol 3,5- 
bisphosphate and phosphatidylinositol 5- phosphate, J Biol Chem 273, 18040-6.

Toomre, D., Keller, P., White, J., Olivo, J. C., and Simons, K. (1999). Dual- 
color visualization of trans-Golgi network to plasma membrane traffic along 
microtubules in living cells, J Cell Sci 112, 21-33.

Trischler, M., Stoorvogel, W., and Ullrich, O. (1999). Biochemical analysis of 
distinct Rab5- and Rabll-positive endosomes along the transferrin pathway, J Cell 
Sci 112, 4773-83.
Trotter, P. J., Wu, W. I., Pedretti, J., Yates, R., and Voelker, D. R. (1998). A

285



genetic screen for aminophospholipid transport mutants identifies the 
phosphatidylinositol 4-kinase, STT4p, as an essential component in 
phosphatidylserine metabolism, J Biol Chem 275,13189-96.

Tsuji, A., and Ohnishi, S. (1986). Restriction of the lateral motion of band 3 in the 
erythrocyte membrane by the cytoskeletal network: dependence on spectrin 
association state, Biochemistry 25, 6133-9.

Tuscher, O., Lorra, C., Bouma, B., Wirtz, K. W., and Huttner, W. B. (1997). 
Cooperativity of phosphatidylinositol transfer protein and phospholipase D in 
secretory vesicle formation from the TGN— phosphoinositides as a common 
denominator?, FEBS Lett 419, 271-5.

Ui, M., Okada, T., Hazeki, K., and Hazeki, O. (1995). Wortmannin as a unique 
probe for an intracellular signalling protein, phosphoinositide 3-kinase, Trends 
Biochem Sci 20, 303-7.

Ursitti, J. A., and Fowler, V. M. (1994). Immunolocalization of tropomodulin, 
tropomyosin and actin in spread human erythrocyte skeletons, J Cell Sci 107, 1633- 
9.

Ursitti, J. A., Pumplin, D. W., Wade, J. B., and Bloch, R. J. (1991). 
Ultrastructure of the human erythrocyte cytoskeleton and its attachment to the 
membrane. Cell Motil Cytoskeleton 19, 227-43.

Valderrama, F., Babia, T., Ayala, L, Kok, J. W., Renau-Piqueras, J., and Egea, 
G. (1998). Actin microfilaments are essential for the cytological positioning and 
morphology of the Golgi complex, Eur J Cell Biol 76, 9-17.

Valderrama, F., Luna, A., Babia, T., Martinez-Menarguez, J. A., Ballesta, J., 
Barth, H., Chaponnier, C , Renau-Piqueras, J., and Egea, G. (2000). The golgi- 
associated COPI-coated buds and vesicles contain beta/gamma - actin, Proc Natl 
Acad Sci U S A 97, 1560-5.

van Blitterswijk, W. J., and Houssa, B. (2000). Properties and functions of 
diacylglycerol kinases. Cell Signal 12, 595-605.

Varki, A. (1998). Factors controlling the glycosylation potential of the Golgi 
apparatus, Trends Cell Biol 8, 34-40.

286



Vecchi, M., Polo, S., Poupon, V., van de Loo, J. W., Benmerah, A., and Di 
Fiore, P. P. (2001). Nucleocytoplasmic shuttling of endocytic proteins, J Cell Biol 
153y 1511-7.

Walch-Solimena, C , and Novick, P. (1999). The yeast phosphatidylinositol-4-OH 
kinase pikl regulates secretion at the Golgi, Nat Cell Biol 7, 523-5.

Wang, D. S., and Shaw, G. (1995). The association of the C-terminal region of 
beta I sigma II spectrin to brain membranes is mediated by a PH domain, does not 
require membrane proteins, and coincides with a inositol-1,4,5 triphosphate binding 
site, Biochem Biophys Res Commun 277, 608-15.

Weernink, P. A., Guo, Y., Zhang, C , Schmidt, M., Von Eichel-Streiber, C , and 
Jakobs, K. H. (2000). Control of cellular phosphatidylinositol 4,5-bisphosphate 
levels by adhesion signals and rho GTPases in NIH 3T3 fibroblasts involvement of 
both phosphatidylinositol-4-phosphate 5-kinase and phospholipase C, Eur J 
Biochem 267, 5237-46.

Weidman, P., Roth, R., and Heuser, J. (1993). Golgi membrane dynamics imaged 
by freeze-etch electron microscopy: views of different membrane coatings involved 
in tubulation versus vésiculation, Cell 75, 123-33.

Wiedemann, C., Schafer, T., Burger, M. M., and Sihra, T. S. (1998). An essential 
role for a small synaptic vesicle-associated phosphatidylinositol 4-kinase in 
neurotransmitter release, J Neurosci 18, 5594-602.

Wilcke, M., Johannes, L., Galli, T., Mayau, V., Goud, B., and Salamero, J. 
(2000). Rabll regulates the compartmentalization of early endosomes required for 
efficient transport from early endosomes to the trans-golgi network, J Cell Biol 
757, 1207-20.

Wirtz, K. W. (1997). Phospholipid transfer proteins revisited, Biochem J 324, 
353-60.

Wishart, M. J., Taylor, G. S., and Dixon, J. E. (2001). Phoxy lipids: revealing 
PX domains as phosphoinositide binding modules, Cell 105, 817-20.

Wong, K., and Cantley, L. C. (1994). Cloning and characterization of a human 
phosphatidylinositol 4-kinase, J Biol Chem 269, 28878-84.

287



Wong, K., and Cantley, L. C. (1994). Cloning and characterization of a human 
phosphatidylinositol 4-kinase, J Biol Chem 269, 28878-84.

Wood, S. A., Park, J. E., and Brown, W. J. (1991). Brefeldin A causes a 
microtubule-mediated fusion of the trans-Golgi network and early endosomes. Cell 
67, 591-600.

Xu, Y., Hortsman, H., Seet, L., Wong, S. H., and Hong, W. (2001). SNX3 
regulates endosomal function through its PX-domain-mediated interaction with 
PtdIns(3)P, Nat Cell Biol 3, 658-66.

Yang, W., and Storrie, B. (1998). Scattered Golgi elements during microtubule 
disruption are initially enriched in trans-Golgi proteins. Mol Biol Cell 9, 191-207.

Yoshida, S., Ohya, Y., Goebl, M., Nakano, A., and Anraku, Y. (1994). A novel 
gene, STT4, encodes a phosphatidylinositol 4-kinase in the PKC1 protein kinase 
pathway of Saccharomyces cerevisiae, J Biol Chem 269, 1166-72.

Zerial, M., and McBride, H. (2001). Rab proteins as membrane organizers, Nat 
Rev Mol Cell Biol 2, 107-17.

Zhang, C. J., Rosenwald, A. G., Willingham, M. C., Skuntz, S., Clark, J., and 
Kahn, R. A. (1994). Expression of a dominant allele of human ARF1 inhibits 
membrane traffic in vivo, J Cell Biol 124, 289-300.

Zhang, Q., Cox, D., Tseng, C. C., Donaldson, J. G., and Greenberg, S. (1998). 
A requirement for ARF6 in Fcgamma receptor-mediated phagocytosis in 
macrophages, J Biol Chem 273, 19977-81.

Zhao, L., Helms, J. B., Brugger, B., Harter, C , Martoglio, B., Graf, R., 
Brunner, J., and Wieland, F. T. (1997). Direct and GTP-dependent interaction of 
ADP ribosylation factor 1 with coatomer subunit beta, Proc Natl Acad Sci U S A  
94, 4418-23.

Zhao, X. H., Bondeva, T., and Balia, T. (2000). Characterization of recombinant 
phosphatidylinositol 4-kinase beta reveals auto- and heterophosphorylation of the 
enzyme, J Biol Chem 275, 14642-8.

288



JAcknowCedCgements

IwouCcC Cike to thank D r JAntoneCCa De M atteis a n d  Trof, 

JACan J-CaCCfor their support a n d  heCpfuC discussions during the 

course of these investigations, an d  fo r  their heCp in writing this 

thesis,

'Thanks go to a d m y  code agues, to Dr. SAntoneCCa Di CampCi 

a n d  Qiuseppe Di TuCCio fo r  their assistance, a n d  to Dr. 'Roberto 

Ruccionefor his patience.

finaCCy, speciaC thanks aCso go to Tierfrancesco M arra, 

who deserves a speciaC mention fo r  the invaCuabCe heCp he has 

given me, in various aspects of this work.

289



Proc. Natl. A ca d . Sci. USA  
V o l. 95, pp. 8 6 0 7 -8 6 1 2 , July 1998  
C ell B io logy

ADP ribosylation factor regulates spectrin binding to  the  
Golgi complex
A n n a  G o o it ,  Iv a n a  Sa n t o n e I", Pa o lo  Fer tile^, P r a sa d  D e v a r a ja n *, Pa u l  R . St a b a c h §, Jo n  S. M o r r o w §, 
G iu seppe  D i T u llio *, R o m a n  PoLisncHUKt, T a m a r a  C. Pet r u c c i11, A lber to  Lu in i*, 
a n d  M a r ia  A n t o n ie t t a  D e  M a tteis*!!

^D epartm ent of Cell Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro (Chieti), Italy 66030; D epartm ents of ^Pathology and ^Pediatrics, 
Yale School of M edicine, New Haven, CT 06520; and ^Laboratory of CeU Biology, Istituto Superiore di Sanità, Rome, Italy 00161

C om m u n ica ted  by Joseph F. H offm an, Yale U niversity S ch oo l o f  M edicine, N ew  H aven, CT, M ay 11, 1998 (received fo r  review  O ctober 6, 1997)

ABSTRACT Homologues of two major components of the 
well-characterized erythrocyte plasma-membrane-skeleton, 
spectrin (a not-yet-cloned isoform, /3IX* spectrin) and 
ankyrin (Ankcus and an =195-kDa ankyrin), associate with 
the Golgi complex. ADP ribosylation factor (ARF) is a small 
G protein that controls the architecture and dynamics of the 
Golgi by mechanisms that remain incompletely understood. 
We find that activated ARF stimulates the in vitro association 
of (ilZ *  spectrin with a Golgi fraction, that the Golgi- 
associated fllX *  spectrin contains epitopes characteristic of 
the p iX 2  spectrin pleckstrin homology (PH) domain known to 
bind phosphatidylinositol 4,5-bisphosphate (PtdInsP2), and 
that ARF recruits /3I2* spectrin by inducing increased Pt- 
dlnsPa levels in the Golgi. The stimulation of spectrin binding 
by ARF is independent of its ability to stimulate phospholipase 
D or to recruit coat proteins (COP)-I and can be blocked by 
agents that sequester PtdInsP2. We postulate that a PH 
domain within filX*  Golgi spectrin binds PtdInsP2 and acts 
as a regulated docking site for spectrin on the Golgi. Agents 
that block the binding of spectrin to the Golgi, either by 
blocking the PH domain interaction or a constitutive Golgi 
binding site within spectrin’s membrane association domain 
I, inhibit the transport of vesicular stomatitis virus G protein 
from endoplasmic reticulum to the medial compartment of the 
Golgi complex. Collectively, these results suggest that the 
Golgi-spectrin skeleton plays a central role in regulating the 
structure and function of this organelle.

Despite the early recognition of a key role for the small G 
protein ADP ribosylation factor (ARF) among the molecules 
controlling the architecture of the Golgi complex (1), and 
recent advances in identifying structural components of this 
organelle (2-3), the mechanisms by which such control is 
effected remain obscure. Recently, homologues of two major 
components of the well-characterized erythrocyte plasma- 
membrane-skeleton, spectrin (a not-yet-cloned isoform, hence 
designed as /3I£* spectrin) and ankyrin (AnkGii9 and a =195- 
kDa ankyrin) have been identified in the Golgi complex (4-7), 
and a Golgi-targeting sequence has been identified in spectrin 
(7). The molecular mechanisms controlling such localization 
and its functional role remain incompletely understood.

We now demonstrate a mechanism controlling Golgi spec
trin association and investigate the acute effects of the loss of 
Golgi spectrin binding on intracellular membrane traffic. 
Spectrin uses at least two sites to bind to Golgi fractions in 
vitro. One site involves spectrin’s membrane association do
main (MAD) 1, in accord with studies identifying a Golgi- 
targeting sequence in /3I2* spectrin (7). The other site involves

The publication costs o f this article w ere defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U .S.C . §1734 solely to indicate this fact.

© 1998 by The N ational Academy of Sciences 0027-8424/98/958607-6$2.00/0 
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a pleckstrin homology (PH) domain within the MAD2 of j3I2* 
spectrin. Binding at MAD2 is regulated by ARF, which recruits 
spectrin by increasing Golgi phosphatidylinositol 4,5- 
bisphosphate (PtdlnsP2) levels. Inhibitors of spectrin binding 
to Golgi block endoplasmic reticulum (HR) to Golgi transport 
of vesicular stomatitis virus (VSV)-G protein. Collectively 
these results identify a pathway regulating the assembly of the 
Golgi spectrin-ankyrin skeleton and demonstrate the impor
tance of this complex for Golgi function. Portions of this work 
have been previously presented in abstract form (8).

METHODS
Immunofluorescence. NRK cells were left intact or incu

bated with 1 unit/ml of Streptolysin O (BioMerieux, Char
bonnier les Bains, France) for 8 min at 0°C, washed and 
permeabilized for 15 min at 37°C in 25 mM Hepes-KOH, pH 
6.95/125 mM KOAc/2.5 mM Mg(OAc)2/10 mM glucose/1 
mM DTT/1 mM ATP/2 mM creatine phosphate/7.3 units/ml 
creatine phosphokinase/2 mg/ml rat brain or NRK cell cytosol. 
Cells were fixed in 1.9% paraformaldehyde and permeabilized 
with 0.01% saponin before immunostaining (7).

Cytosol and Golgi Fraction Preparation. Golgi fractions 
were obtained from NRK cells or rat liver (9-10). The 
Golgi-rich fraction from the postnuclear supernatant con
tained >90% of the mannosidase II (Golgi marker), 4% of 
NaK-ATPase or ecto-ATPase HA4 (plasma-membrane 
marker, ref. 11), and 3% of CaBPl (an ER marker) (12). 
Cytosol was obtained from rat brain, NRK, or RBL cells (9). 
ARF-depleted cytosol was prepared (13). Coatomer-depleted 
cytosol was prepared by a 20-min 37°C incubation of rat brain 
cytosol with excess Golgi and 100 p M  GTPyS in the absence 
of ATP and an ATP-regenerating system. Residual coatomer 
was assessed in cleared cytosol by using anti-j3-coat protein 
(COP) antibodies. ARF was purified from bovine brain cytosol 
(14).

Antibodies and Recombinant Polypeptides. Antibodies used 
were mAbVIIIC7 (15) and antibody 993 (Chemicon) against 
|3K1 spectrin, and three antibodies against the PH domain of 
/3E2 spectrin. Specifically used were: MUSI, against a 17-residue 
peptide (/3E2-A, ref. 16); MUS2, against -LEGPNKKASNR- 
SWNN..GGC- representing the variable loop between the first 
and second |3-sheet of the PH domain (J.S.M. and C. D. Cianci, 
unpublished work); and PAB-j3l22Dm, against region III of 
/3IÉ2 spectrin (J.S.M. and S. A  Weed, unpublished work). 
Other antibodies were PAB-jasmin against the Golgi ankyrin

A bbreviations: A R F , A D P  ribosylation factor; M A D , m em brane  
association  dom ain; P td ln s, phosp h atid ylin osito l; P H , pleckstrin h o 
m ology; E R , en d oplasm ic reticulum ; V S V , vesicular stom atitis  virus; 
C O P, co a t p ro te in (s); B F A , b refe ld in  A ; G S T , g lu ta th io n e  S- 
transferase; Btk, B ru ton ’s tyrosin e k inase; P L D , p h osp h olip ase  D; 
O S B P , oxysterol-b ind in g protein.
llTo w hom  reprint requests shou ld  b e addressed, e-m ail: d em a tte is®  
cm ns.m negri.it.
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Ankcng (5); PAB-10D against j3II spectrin (17); anti-/3-COP 
(M3A5, Sigma), anti-actin (Sigma), anti-centractin (provided by 
E. Holzbaur, University of Pennsylvania, Philadelphia); and 
anti-ARF (1D9, provided by R. Kahn, Emory University, Atlan
ta). Recombinant peptides generated as fusions with glutathione 
5-transferase (GST) included various £1 spectrin peptides (7), 011 
spectrin-PH domain (17), the oxysterol-binding protein (OSBP)- 
PH domain (18), and the Bruton’s tyrosine kinase (Btk)-PH 
domain (amino acids 6-217) (19).

Binding to Golgi. Golgi and cytosol were incubated 25 min 
at 37°C in binding buffer (25 mM Hepes-KOH, pH 7/0.2 M 
sucrose/25 mM KC1/2.5 mM M gCh/l mM ATP/5 mM cre
atine phosphate/10 units/ml creatine phosphokinase/1 mM 
DTT, and 20 /xM GTPyS for the last 10 min). Membranes were 
pelleted and analyzed by SDS/PAGE and Western blotting. 
/3I2* spectrin binding also was assayed on flotation gradients. 
Samples wore made 1.24 M sucrose, overlaid with 1 M sucrose, 
0.5 M sucrose, 10 mM Tris HCl, pH 7.4 and centrifuged 120 
min at 90,000 x  g at 4°C. Interfacial material between 0.5 M and 
1 M sucrose was analyzed. 012* spectrin was taken as a protein 
of 220 Kd recognized by the 01, but not 011, reactive antibodies.

Other. Phospholipids were extracted in chloroform/ 
methanol and analyzed by TLC (20), and radioactive products 
were quantified by using a Packard Instant-Imager. ER-Golgi 
transport of the G protein of ts045 VSV was measured in 
semi-intact VSV-infected NRK cells (20-22).

RESULTS
Golgi-Associated Spectrin Shares a Close Antigenic Simi

larity to 01X2 Spectrin. All 01 spectrin antibodies labeled 
Golgi-like perinuclear reticular and punctate structures in 
NRK cells (Fig. 1). The Golgi-associated spectrin underwent 
a diffuse redistribution after treatment with brefeldin A 
(BFA), a fungal toxin that rapidly disassembles the Golgi 
complex (4, 23,24). The Gdlgi-like distribution detected by the 
PH domain-specific spectrin antibodies and the BFA sensitiv
ity suggested that Golgi spectrin must contain a PH domain 
antigenically similar to that of 01X2 spectrin. The distribution 
of Ankcm , a Golgi-associated ankyrin isoform (5), paralleled 
that of spectrin in control and BFA-treated cells (data not 
shown). The distribution of both 0IX* spectrin and A nkcm  
overlapped that of giantin (a 376-kDa Golgi-specific mem
brane protein) (3, 25), with areas of colocalization and addi
tional regions enriched in spectrin but devoid of giantin (Fig. 
1).

The Small GTPase ARF Regulates the Association of a 
Spectrin-Ankyrin Skeleton to the Golgi. The association be
tween spectrin and the Golgi complex was characterized in 
permeabilized NRK cells. Golgi 012* spectrin partially redis
tributed into the cytoplasm upon permeabilization, but re
gained its perinuclear location in the presence of the G protein 
activator GTPyS (Fig. 1), mirroring the behavior of 0-COP 
and giantin. This effect of GTPyS was blocked by BFA (Fig. 
1), indicating that spectrin localized to the Golgi in a G 
protein-dependent and BFA-sensitive manner. These sensitiv
ities paralleled those of ARF, a small G protein activated by 
nucleotide exchange on Golgi fractions (26,27) and implicated 
ARF in the control of spectrin-Golgi binding. To assess the 
role of ARF, the GTPyS- and BFA-sensitive binding of 012* 
spectrin to isolated Golgi fractions was reconstituted and 
characterized in vitro by using subcellular fractions both from 
NRK cells and rat brain or liver (9, 10). When Golgi fractions 
were incubated with cytosol, a discrete set of proteins at =  220, 
170, 110, 108, 43, 30, and 20 kDa was recruited in a GTPyS- 
dependent and BFA-sensitive manner (Fig. 24, *). GTP also 
was able to recruit the same set of proteins onto Golgi fractions 
in a BFA-sensitive manner, but with lower potency and 
efficacy compared with GTPyS (not shown). The 20- and 
110-kDa proteins were identified by immunoblotting as ARF

PIE* G iantin Both

F ig . 1. G olgi 0 1 2 *  spectrin  con ta in s P H  dom ain  ep ito p es  and  
binds the G olg i com p lex  in a G T P y S -d ep en d en t fashion. Four an ti
spectrin an tibodies w ere used to  assess the d istribution  o f  the G olg i-  
associa ted  spectrin. T w o o f  th ese  an tib od ies, M U S I and M U S 2 , w ere  
sp ecific  for the P H  dom ain  o f  0 1 2 2  spectrin. A ll gave sim ilar d istri
b ution s in N R K  cells; the pattern o f  M U S I sta in in g  is show n. This  
pattern largely overlaps that o f  giantin  and is d isrupted by B F A , and  
its reassem bly is stim u lated  by G T P yS  in p erm eab ilized  N R K  cells. 
(U pper) In tact N R K  ce lls  w ere treated  w ith  5 /xg /m l o f  B F A  for 5 min. 
(L ow er)  S treptolysin  O -p erm eab ilized  N R K  ce lls  w ere treated  w ith  50  
p M  G T P yS  or w ith  1 p-g/m l B F A  for 5 m in b efore and during  
p erm eab ilization  in the p resen ce  o f  50  fxM G T P yS  (B F A ). T h e  
im m u n oflu orescen ce patterns show n are representative o f  the average  
pattern presen t in at least 80%  o f  the ce lls  for each  treatm ent and  
ob served  in at least three exp er im en ts run in duplicate. B oth  rep re
sen ts th e  sup erim p osition  o f  th e  flu o re sc e in e  and Cy3 im ages, w ith  
yellow  d ep icting  the areas o f  overlap  o f  th e tw o antigens.

and 0-COP, respectively. The 220-kDa protein was identified 
as 012* spectrin, recognized by the panel of anti-01 spectrin 
antibodies, including two antibodies specific for the 22 splicing 
variant of 01 spectrin but not by the anti-011 spectrin antibody. 
The profile of 012* spectrin binding to subcellular membranes 
precisely overlapped with the profile of the Golgi marker 
mannosidase II and clearly was dissociated from plasma 
membrane or ER markers (not shown). The 108- and 43-kDa 
proteins were identified immunologically as AnkGii9 and actin, 
respectively. Centractin was associated with the Golgi fractions 
as previously noted (7), but its binding was not stimulated by 
activated ARF (not shown). The GTPyS-dependent and BFA- 
sensitive association of the above proteins with Golgi was 
confirmed in experiments in which the membranes were 
recovered by flotation on sucrose gradient (Table 1).
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F ig . 2. A R F  regulates th e  associa tion  o f  spectrin  w ith  G olg i 
fractions. (A )  Iso lated  G olg i fraction s w ere incubated  w ith  cy toso l for 
20 min w ith  or  w ith out 20  /iM  G T P yS . W h ere ind icated, 40 /xg /m l o f  
B F A  w as added  at the b eg in n in g  o f  th e  incubation . N o te  that G T P yS  
induced  the recru itm ent o f  a d iscrete se t o f  at least six cy to so lic  
p roteins (* ), but did n ot a ffect integral m em brane p roteins such as the  
resident G olgi en zym e m an nosid ase II (M a n ll) . (B ) T h e proteins  
p resent in con tro l cy to so l (a ), A R F -d e p le ted  cytoso l (b ), or A R F -  
d ep leted  cytoso l recon stitu ted  w ith  1 p,M purified  b ov in e A R F  (c)  
w ere sep arated  by S D S /P A G E , transferred on  n itrocellu lose filters, 
and sta in ed  w ith  P on ceau  red. T his analysis verified  the loss o f  the  
A R F  band at Kd  «=> 20. For each  cy toso l preparation th e b inding o f  
/3I2* spectrin, /3-COP, actin, and A R F  to G olg i in the ab sence ( - )  or  
p resen ce ( + )  o f  G T P yS  th en  w as eva luated  as in A .  W hen  A R F  is 
d ep leted  from  the cytoso l, G T P yS  lo ses  its ability to recruit /3I2* 
spectrin, /3-COP, or actin  [W estern  b lots show n, q uantified , and  
exp ressed  in th e  bar graph on  the right as p ercen t o f  G T P yS  e ffec t in 
th e  presen ce o f  con tro l (a ) cy toso l]. D a ta  represent the average o f  
th ree experim ents; error bars represent ± 1  S D . (C )  G olg i fractions  
w ere first incubated  w ith  20  /j.M  G T P y S  or 1 f iM  purified b ov in e A R F  
or w ith  both  for  15 m in at 37°C. M em b ran es th en  w ere p elleted  and  
rinsed, and in cubated  A R F  d ep le ted  cy toso l for 15 min at 37°C. T h e  
binding, exp ressed  as p ercen t o f  con tro ls (A R F  +  G T P yS  p resent in 
th e first s tep ), w as d eterm in ed  as in /I .  D a ta  represent the average o f  
five exp erim en ts ( ± 1  S D ). N o te  that on ly  w hen  A R F  is activated  by 
G T P yS  is there a sign ificant b ind ing o f  spectrin, /3-COP, A n k o n s , or 
actin.

The ARF requirement for binding between spectrin and 
Golgi was tested by using two approaches: the depletion of 
ARF and the selective activation of ARF achieved through a 
two-step incubation. In the presence of an ARF-depleted 
cytosol (Fig. 25), GTPyS lost its ability to recruit spectrin, 
/3-COP, or actin to Golgi; this activity was restored by purified 
ARF (14) (Fig. 25). The two-step binding experiments con
firmed the ARF requirement for spectrin association with 
Golgi fractions (Fig. 2C). Golgi fractions, washed with 1 M KC1 
to assure the removal of residual ARF, were incubated with or 
without purified bovine ARF and/or GTPyS in the first step, 
and then incubated with cytosol in the absence of GTPyS in 
the second step. Only membranes preincubated with ARF and

/3IE*-spectrin b ind ing to  
G olg i fractions

P elletin g , % o f  
con tro l ±  SD

F lo ta tion , % o f  
con tro l ±  SD

O n e-step  incubation
Basal 15 ±  4 10 ± 3
G T P yS 100 ±  9 100 ±  8
B F A -G T P yS 20  ±  5 18 ±  4

T w o step -in cu bation
A R F 15 ±  2 13 ±  3
G T P yS 10 ±  3 8 ±  1
A R F  +  G T P yS 100 ±  8 100 ±  7

D ata  represent the average ±  S D  o f  three exp erim en ts

GTPyS recruited spectrin, /3-COP, Ankcng, and actin, indi
cating that the GTPyS-induced binding of spectrin (and sev
eral other proteins) is strictly and specifically ARF dependent 
(Fig. 2C). Interestingly, the recruitment efficiency of the 
ARF-preloading protocol vs. the single-step addition of 
GTPyS to the cytosol was similar for spectrin, /3-COP, and 
ankyrin, but lower for actin, consistent with the possibility that 
cytosolic G proteins other than ARF also may promote actin 
binding and/or polymerization.

Spectrin Binding to Golgi Fractions Occurs Independently 
of COPI and Involves MAD1 and MAD2. To assess whether the 
COPI coat played a role in the ARF-dependent binding of 
spectrin to Golgi, binding experiments were repeated by using 
a COPI-depleted cytosol. Using this /3-COP (and hence COPI) 
depleted cytosol with fresh Golgi fractions and added ARF; 
spectrin, Ankcm , and actin all bound just as well as with the 
control (undepleted) cytosol (Fig. 3A ). Thus, ARF regulates 
the assembly of spectrin and coatomer complexes on Golgi by 
distinct mechanisms.

Spectrin can associate with membranes by both adapter- 
mediated and direct binding mechanisms (28). In (3122 spec
trin in vitro studies have identified two direct MADs, MAD1 
and MAD2 (17). MAD1 is confined to spectrin repeat unit 1, 
whereas MAD2 encompasses most of spectrin’s domain III 
and includes its PH domain (Fig. 35). Because the Golgi- 
associated /3I2* spectrin shares a close antigenic similarity to 
/3IS2 spectrin, the role of MAD1 and MAD2 in the ARF- 
dependent recruitment of /3I£* spectrin to Golgi fractions was 
of interest. Recombinant GST-fused polypeptides spanning 
MAD1 or MAD2 of /3I£2 spectrin each individually inhibited 
the binding of /3I2* spectrin (as well as that of Ankcng and 
actin) to Golgi fractions (Fig. 35). mAbVIIIC? also potently 
inhibited the binding of /3I2* spectrin, A n k cn g , and actin (IC50 
=  0.2 /xg/ml). In contrast, none of the fusion proteins or 
mAbVIIIC? affected the binding of /3-COP (Fig. 35) or ARF 
(not shown), suggesting that spectrin binding occurs indepen
dently of COPI coat assembly.

ARF Regulates the Association of Spectrin to the Golgi by 
Controlling the Levels of PtdlnsPi. Because polypeptides 
encompassing spectrin’s MAD2 include a PH domain that 
binds PtdlnsPz in vitro (29), we examined the involvement of 
PtdlnsPz in Golgi-spectrin association. Recombinant GST- 
fused polypeptides containing PH domains known to bind 
PtdlnsPz also were tested, including those from /3II spectrin 
(30), the OSBP (18), and Btk (which only weakly binds 
PtdlnsP: and preferentially binds PtdlnsPg, refs. 19 and 31). 
The PH domains from /3II spectrin and OSBP both inhibited 
the association of (312* spectrin to Golgi, whereas Btk-PH did 
not (Fig. 4/4). The ineffectiveness of Btk-PH and the obser
vation that 20 nM wortmannin (an inhibitor of Ptdlns3 kinase) 
did not affect spectrin binding suggested a preferential role for 
PtdlnsPz (vs. PtdlnsP]) in spectrin binding.

If PtdlnsP] was involved in mediating the spectrin-Golgi 
complex interaction, ARF might control this interaction by 
modulating the levels of PtdlnsP] in Golgi membranes. To test
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F ig . 3. Spectrin  b inding to G olg i fractions occurs in d ep en d en tly  o f  

C O P I binding and involves both M A D 1 and M A D 2 . (A )  B ind ing  
exp er im en ts sim ilar to th o se  in Fig. 2 w ere con d u cted  by using cy toso l 
d ep le ted  in C O PI. M em branes w ere  incubated  w ith  con tro l cy to so l 
(em p ty  bars) or  coa tom er-d ep leted  cy toso l co n ta in in g  1 p M  A R F  
(strip ed  bars). T h e b ind ing o f  each  com p on en t to G olg i fractions, 
re la tive to th e  b inding in con tro l cy toso l, is show n. D a ta  represent the  
average o f  th ree  exp erim en ts ( ± 1  S D ). (B )  S ch em atic representation  
o f  /3IS2 spectrin: I, II, III ind icate th e spectrin  d om ain s, and M A D  I 
and M A D 2  th e regions o f  direct m em brane association . G olg i (10  
f ig /sa m p le )  w ere  incubated  for 15 m in at 37°C  w ith  cy toso l (75  
f ig /sa m p le )  and 20 p,M G T P y S  w ith  3 /xM G S T  (em p ty  bars) or  
G S T -fu sed  p o lyp ep tid es illustrated in the sch em atic representation  o f  
spectrin , i.e ., /3In-4 or /3In-9 from  /3I spectrin  (en com p assin g  M A D 1 )  
or /3IX 2dhi (en com p assin g  M A D 2 , and h en ce the third d om ain  o f  /3IX 
2 spectrin  co n ta in in g  th e  P H  d om ain ) (7, 16) or the anti-/3I spectrin  
m A b m A bV IIIC ? (0 .4  p ,g /m l) (filled  bars). T w o con tro l m A bs had no  
effec t. T h e G T P yS -in d u ced  binding o f  A R F  w as not ch an ged  by any 
o f  th e  reported  treatm ents (n ot show n ). B in d in g is exp ressed  as 
p ercen t o f  co n tro l (G S T  a lon e). D a ta  represent the average o f  four  
exp er im en ts ( ± 1  S D ). T h e IC 50 m easured  for /3IX2Dn i is 1 p.M.

this, isolated Golgi were treated with or without GTPyS 
and/or purified ARF, washed, and incubated with cytosol in 
the presence of ATP-y [32P] (2 p,Ci/sample) to label phos
pholipids (Fig. 45). The presence of ARF and GTPyS in the 
first step (but not GTPyS or ARF alone) elicited a 5-fold 
increase in PtdlnsPz during the second step (Fig. 45). Next, we 
tested to see whether the PtdlnsPa synthesized in response to 
ARF activation was required for the association of /SIX* 
spectrin with Golgi. The antibiotic neomycin, which sequesters 
PtdInsP2 with high affinity (32), abolished ARF-induced bind
ing of spectrin to Golgi fractions with an IC50 of =  150 jllM (Fig. 
4C) but did not affect the binding of ARF or /3-COP (not 
shown). The inhibition by neomycin appeared to be caused by 
PtdInsP2 sequestration, because it could be completely re
versed by the administration of exogenous PtdInsP2. Interest
ingly, PtdInsP2 was insufficient alone (in the absence of 
activated ARF) to recruit spectrin (Fig. 4C). Adenosine (a

-T E L
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F ig . 4. A R F  stim u lation  in creases P td InsP 2 in G olgi fractions, and  
PtdInsP2 is required for the b inding o f  /3IX* spectrin. (A )  G olgi 
fractions w ere incubated  w ith  cy toso l in the p resen ce o f  20  /xM G T P yS  
and 3 #xM G S T  or th e  ind icated  con cen tration s o f  G S T -fu sed  p o lyp ep 
tides con ta in in g  th e  P H  d om ain s o f  /3II spectrin  (/3II-PH ), O S B P  
(O S B P -P H ), or Btk  (B tk -P H ). R esu lts  (b ind ing to G o lg i)  are ex 
pressed as percen t o f  con trol b ind ing (G S T  a lon e). D ata  represent th e  
average o f  four exp erim en ts ( ±  1 S D ). ( 5 )  G olg i w ere incubated in tw o  
steps: first (as in d icated) w ith  con tro l buffer or 1 /xM A R F  or w ith  20  
#xM G T P yS  a lon e or G T P y S  and 1 /xM A R F  for 15 m in at 37°C. In 
the secon d  step , m em branes w ere p e lle ted , rinsed, and incubated  w ith  
cy toso l and 2 /xC i/sam p le  o f  A T P -y  [32P], W h ere ind icated  (filled  bar), 
2.5 m M  ad en osin e  w as ad ded  during both  the first and secon d  
incubation step s to  b lock  P td ln s4  k in ase activity. A t th e end  o f  the  
incubation , p hosp h olip id s w ere  extracted  and analyzed by TLC . T h e  
level o f  32P -labeled  PtdInsP 2 is exp ressed  relative to unstim ulated  
con trol. D a ta  represent the average o f  e igh t exp erim en ts (error  
bars ± 1  S D ). (Inset)  A  representative TL C  w ith  the p osition s o f  
phosp h atid ic acid (P A ), P tdIns4P  (P IP ), and  PtdIns4 ,5P 2 (P IP 2)  
standards m arked. (C ) G o lg i fractions w ere incubated w ith  con tro l 
buffer (a  and e ), 20  /xM G T P y S  (b ) ,  or  20 /xM G T P yS  and 250 /xM  
neom ycin  (c  and d ) .  M em branes w ere p e lle ted , incubated for 30 m in  
at 4°C  w ith  p h o sp h o lip id  lip o so m e s  c o n ta in in g  p h o sp h a tid y l-  
eth an olam in e (P E , a - c )  or P tdInsP2/P E  (1:5 m o l/m o l)  (d  and e ), and  
incubated w ith  cy toso l for 15 m in at 37°C. R esu lts  (/3IX* spectrin  
binding to G o lg i) are exp ressed  as p ercen t o f  con tro ls (G T P y S  a lon e). 
T h e d ata represent the average o f  fou r exp er im en ts ( ± 1  S D ). (D )  
G olgi fractions w ere incubated  in the first s tep  with 1 /xM A R F  and  
20  fxM G T P yS , then  p e lle ted , rinsed , and incubated  w ith  cy toso l in the  
secon d  step . T h e buffer used  in both  step s co n ta in ed  500 #xM A T P  
(em p ty  bars), 500 /xM A T P  and 2.5 m M  ad en osin e  (striped  bars), or  
no A T P  (filled  bars). R esu lts  (b in d in g to  G o lg i) are exp ressed  as 
percen t o f  con trols  (500  #xM A T P  a lo n e ), averaged over  four exp er
im ents (error bars ±  1 S D ). (E )  G olgi w ere  incubated w ith  G T P yS  and  
A R F  under con tro l con d ition s (a ), in the p resen ce  o f  1% 1-butanol (b ), 
or 2 -butanol (in active as P L D  sub strate) (c). M em branes w ere p elleted  
and incubated w ith  cy toso l and 1-butanol (b )  or  2-butanol (c). G olg i 
fractions w ere incubated w ith  0 .2  u n its /m l o f  P L D  from  Streptom yces  
chrom ofuscus  in the ab sen ce (d )  or in th e p resen ce  o f  100 /xM C a2+ (e), 
p elleted , rinsed , and incubated w ith  cy toso l and P L D  in the secon d  
step  in the ab sence (d )  or in the p resen ce o f  1 /xM C a2+ (e). In parallel 
exp erim en ts (n o t show n ) th e levels o f  p hosp h atid ic acid levels w ere  
m easured  as in 5 ,  and a 10-fold  in crease in phosp h atid ic acid w as 
m easured  in sam ples treated  w ith  ex o g en o u s P L D  com p ared  w ith  
con tro l sam ples. R esu lts (/3IX* spectrin  b ind ing to G o lg i) are ex 
pressed as percen t o f  con tro ls (A R F  and G T P y S ). E ach  data represent  
the average o f  four exp er im en ts ( ± 1  S D ).

blocker of the Ptdlns4 kinase responsible for the synthesis of 
PtdIns4P, the precursor of PtdIns4,5P2, ref. 33) also inhibited 
ARF-dependent PtdInsP2 generation and spectrin binding 
(Fig. 4 5  and D ). Broad spectrum protein kinase inhibitors
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such as staurosporine, H89, and genistein had no effect on 
spectrin’s binding (not shown). Consistent with a requirement 
for neo-synthesized PtdlnsPa is the observation that the bind
ing of spectrin, but not that of ARF or /3-COP, to Golgi 
fractions was strictly ATP dependent (Fig. 4D).

A  moderate stimulatory effect of ARF on PtdlnsP^ synthesis 
has been reported in HL-60 cells (34) and has been attributed 
to ARF stimulation of phospholipase D (PLD). However, PLD 
stimulation did not appear to be the mechanism by which ARF 
induced spectrin recruitment in the system studied here, 
because neither 1-butanol or ethanol (inhibitors of the forma
tion of phosphatidic acid by PLD) (35) specifically affected the 
ARF stimulation of binding, nor did the addition of exogenous 
PLD (36) stimulate binding (Fig. 41s).

Spectrin Binding to the Golgi Complex Is Required for ER 
to Golgi Transport of the VSV G Protein. Given that at least 
two sites by which spectrin binds to Golgi had been identified, 
it was of interest to determine whether binding at either or 
both sites is required for Golgi function. To this end we used 
the above-described recombinant peptides or antibodies to 
block the assembly of native Golgi spectrin in semi-intact 
VSV-infected NRK cells and measured the ER to Golgi 
transport of VSV-G protein. Under control conditions 60% 
and 80% of VSV-G protein was transported at 32°C from the 
ER to the Golgi after 60 and 90 min, respectively (Fig. 5). 
These values are similar to those observed by others (21). With 
the exception of Btk, all fusion proteins and mAbVIIIC? 
suppressed transport of VSV-G from the ER to medial Golgi 
(Fig. 5>4). The MAD 1-encompassing polypeptide was the most 
effective inhibitor of transport, in agreement with in vivo 
transfection data obtained in MDCK cells (7). None of the 
above agents, added after 60 min at 32°C under control
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F ig . 5. S pectrin  b in d in g  to G olg i is required for E R  to G olgi 
transport o f  V S V -G . (A  )  E R -G o lg i transport. V S V -in fec ted  N R K  cells  
w ere p u lse -lab e led  w ith  [35S ]-m eth ion in e at 40°C, p erm eab ilized , and  
incubated  w ith  cy toso l and 3 n M  G S T  (a ) or 3 /xM G S T -fu sed  
p olyp ep tid es as illustrated  in the sch em atic representation  o f  spectrin  
in Fig. 3B, i.e ., /3In-4 (6 ) , /3 In -9 (c ) , M A D 2  (con ta in in g  the P H  d om ain )  
o f  /3IS2 spectrin  (d), 3 p,M  G S T -fu sed  P H  d om ain s o f  /3H spectrin  (e), 
or Btk ( / )  for 90 min at 32°C. g  ind icates sam ples that, after th e  pulse  
at 40°C , w ere m ain ta in ed  on  ice for the next 90 m in. T h e anti-/3I 
spectrin  m A b m A b V IIIC ? (at th e  indicated  con cen tration s) was 
preincubated  w ith  p erm eab ilized  ce lls  for 45 m in on  ice after th e  40°C  
incubation , b efo re  the sh ift  to 32°C. T w o con tro l m A bs had n o effec t.  
R esults  are exp ressed  as percen t o f  con tro ls  (a ). (B )  Intra-G olgi 
transport. A fter  p ulse and  p erm eab ilization , N R K  ce lls  w ere sh ifted  to  
32°C  fo r  60 m in (to  le t th e  V S V -G  protein  reach the m ed ia l-G olg i), 
then transferred to  4°C, and a fter th e  addition o f  the agen ts sp ecified  
in ,4 , sh ifted  again  to 32°C  for 90 m in. g  ind icates sam ples that, after  
the p u lse  at 40°C  and 60  m in at 32°C , w ere kept on  ice for the next 90  
min. R esu lts are exp ressed  as p ercen t o f  con tro ls  (a). D a ta  represent  
the average o f  fou r exp er im en ts ( ± 1  S D ).

conditions (to let the VSV-G protein reach the medial Golgi), 
affected the trans-Golgi/trans-Golgi network (TGN) arrival of 
VSV-G (Fig. 5B). Thus, it appears that spectrin binding to the 
Golgi is required for VSV-G transport from the ER to Golgi, 
but not for its subsequent transport to the trans-Golgi/TGN.

DISCUSSION
The association of spectrin with membranes is multivalent and 
cooperative and involves both direct and adapter-mediated 
membrane attachment sites (17). Based on the data presented 
here and previous data, we envisage that the binding of 
spectrin to Golgi membranes involves at least two binding 
domains, one (MAD1) bearing a targeting signal (?) and 
responsible for constitutive localization to the Golgi complex, 
and one (MAD2) acting to enhance the affinity of this binding 
and to render it sensitive to FtdInsF^ regulation. Because the 
overall affinity of such a two-site interaction equals the 
product of the affinities of each individual site, it is conceivable 
that the most stable spectrin-membrane associations are 
achieved only at Golgi-specific docking sites where, and when, 
the local density of PtdlnsP; reaches a threshold necessary to 
engage the spectrin PH domain (i.e., MAD2). It is also possible 
that interactions mediated by other adapter proteins, such as 
ankyrin, contribute to Golgi binding given their prominence as 
a membrane linker in the erythrocyte membrane skeleton. 
Finally, although a growing body of evidence indicates that 
phosphoinositides are essential to the function of the secretory 
apparatus (37), the molecular mechanisms and the targets of 
phosphoinositides remain uncertain. Our results indicate that 
PtdlnsP; is required for the ARF-dependent association of 
/3I2* spectrin to the Golgi complex.

The data reported here together with data reported in 
parallel studies in transfected cells (?) demonstrate that the 
association of spectrin to Golgi is required for ER to Golgi 
transport. However, the precise role of spectrin in Golgi 
function remains to be defined. Spectrin does not belong to any 
of the known classes of proteins so far implicated in the 
management of protein traffic in the secretory pathway. Two 
nonmutually exclusive models can be proposed at this time. 
Spectrin might function as a novel type of vesicular coat, 
mediating the capture and anterograde transport of specific 
cargo molecules between the ER and Golgi (7). In this model, 
spectrin also might mediate the interaction between Golgi 
membranes and the machinery of dynein-driven transport by 
direct binding to the dynactin complex (7, 38). Another 
attractive role of the spectrin-based Golgi skeleton, consider
ing spectrin’s established role at the plasma membrane to 
guarantee structural integrity and organize membrane do
mains, could be to organize incoming ER-derived membranes 
into a cis-Golgi compartment (39). Such a function would be 
particularly appealing in the context of recently proposed 
versions of the cisternal progression-maturation model (40,41) 
that envisage the existence of a dynamic Golgi scaffold able to 
undergo rapid remodeling to integrate the new membranes 
coming from pre-Golgi compartments, and to release Golgi 
membranes destined to post-Golgi compartments. Within this 
framework it is difficult to distinguish a pure “structural” from 
a “functional” role of spectrin in the Golgi complex: the block 
of spectrin association, caused in our experiments by compet
ing peptides and antibodies, would impair the organization and 
integration of incoming ER-derived membranes into the Golgi 
complex, thereby inhibiting transport of cargo molecules from 
the ER.

It has long been clear that some kind of matrix or skeleton 
must play a critical role in maintaining the structure and 
function of the Golgi complex. Studies with BFA and mitotic 
Golgi (1, 24, 42) indicate that the Golgi skeleton must be 
dynamic and controlled by ARF, able to quickly disassemble 
and reassemble. The studies reported reveal the identity of
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such a skeleton, define one mechanism by which it is regulated, 
and define useful biochemical approaches to further dissect its 
function.
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The small GTPase ADP-ribosylation factor (ARF) regulates the structure and function of the Golgi com plex through 
m echanism s that are understood only in part, and which include an ability to control the assem bly of coat 
com plexes and phospholipase D (PLD). Here we describe a new property of ARF, the ability to recruit 
phosphatidylmositol-4-OH kinase-p and a still unidentified phosphatidylinositol-4-phosphate-5-OH kinase to the 
Golg | com plex, resulting m a potent stimulation of synthesis of phosphatidylinositol-4-phosphate and 
phosphatidylinositoM .B-bisphosphate; this ability is independent of its activities on coat proteins and PLD.
n Î!lSi55aî  y Î S ;0H*klï aue-.p is required for the structural integrity of the Golgi complex: transfection of a 
dominant-negative mutant of the kinase markedly alters the organization of the organelle.

Polyphosphoinositides (PPIs) control fundamental cell func
tions, such as signal transduction, membrane traffic and 
cytoskeleton remodelling1-2. As these functions can be acti

vated independently, mechanisms must exist to compartmentalize 
the synthesis of the activating lipids. Phosphatidylinositol, from 
which the PPIs derive, is converted by the activity of phosphatidyli
nositol kinases, acting selectively on positions 3, 4 or 5 of the inosi
tol ring, to form phosphatidylinositol monophosphates, 
phosphatidylinositol bisphosphates and phosphatidylinositol- 
3,4,5-trisphosphate (PtdIns(3,4,5)P3). The PPIs may then exert 
their functions directly (phosphatidylinositol-4,5-bisphosphate 
(PtdIns(4,5)P2) and PtdIns(3,4,5)P3) or, as in the case of 
PtdIns(4,5)P2, may be processed by phosphatidylinositol-specific 
phospholipase C (PLC) to give rise to the second messengers inosi
tol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Although 
the synthesis of phosphatidylinositol occurs in the endoplasmic 
reticulum (ER), the subsequent phosphorylation steps probably 
take place in different cellular compartments. Indeed, phosphati
dylinositol kinases have been localized to the plasma membrane, 
nucleus, secretory granules, endosomes, ER and Golgi complex3"5. 
However, the mechanisms responsible for the targeting of the dif
ferent phosphatidylinositol kinases are still unclear.

The Golgi complex is known to possess both phosphatidylinosi- 
tol-3-OH kinase (PtdIns-3-OH kinase) and phosphatidylinositol- 
4-OH kinase (PtdIns-4-OH kinase) activities. PtdIns-3-OH kinase 
is probably the best understood phosphatidylinositol kinase in 
terms of its targeting mechanisms: different PtdIns-3-OH-kinase 
isoforms reside in late-Golgi compartments in yeast and mammals, 
largely because of an interaction with a serine/threonine kinase6,7. 
PtdIns-3-OH kinase participates in late-Golgi-mediated sorting 
events (Golgi-to-vacuole and Golgi-to-lysosome sorting in yeast 
and mammals, respectively) and plays a direct part in exocytic ves
icle budding from the frans-Golgi network (TGN)8,9. Much less is 
known about the Golgi PtdIns-4-OH kinase, which is required for 
the synthesis of PtdIns(4,5)P2, the lipid source of IP3, as well as act
ing as a binding site for important regulatory proteins.

Multiple types of PtdIns-4-OH kinase exist in mammalian cells4 
and cell-fractionation studies indicate that a consistent fraction of 
the total cellular PtdIns-4-OH kinase activity is located in the Golgi

membranes10. Furthermore, two different PtdIns-4-OH kinase iso
forms have been localized to the Golgi complex, although their role 
and regulation remain undefined1112. Here we show that both a 
PtdIns-4-OH kinase isoform (PI4K|3) and a still unidentified 
PtdIns-4-phosphate-5-OH kinase are recruited by the small 
GTPase ARF to the Golgi complex, and there generate high levels of 
phosphatidylinositol-4-phosphate (PtdIns(4)P) and PtdIns(4,5)P2. 
These effects are independent of the known activities of ARF on 
COP-I coat proteins and PLD. The activity of the ARF-regulated 
PI4KP is required to maintain the structural integrity of the Golgi 
complex, possibly acting through molecular machineries regulated 
by PtdIns(4,5)P2, such as spectrin and dynamin1314.

Results
ARF stimulates PtdIns(4)P and PtdIns(4,5)P2 synthesis in Golgi 
membranes. We studied the effect of the selective activation of ARF 
on phosphatidylinositol metabolism in Golgi membranes by using 
purified ARF and isolated Golgi fractions. Golgi membranes were 
incubated in the absence or presence of ARF and/or GTP-yS, pel
leted, washed and incubated with [32P]ATP in the absence or pres
ence of cytosol to monitor the levels of newly formed 
[32P]phospholipids. Activated ARF (ARF + GTP-yS) induced a 
marked increase in both [32P]phosphatidylinositol bisphosphate 
(up to 5-fold) and [32P]phosphatidylinositol monophosphate (up 
to 2.5-fold) (Fig. la). Cytosol was required for this effect. In the 
absence of cytosol, the basal level of [32P] phosphatidylinositol 
monophosphate was increased only slightly by the combined pres
ence of ARF and GTP-yS, and no [32P] phosphatidylinositol 
bisphosphate could be detected. We analysed the [32P]phosphati- 
dylinositol monophosphate and [32P ] phosphatidylinositol bisphos
phate by HPLC. We identified the major products, under both basal 
and ARF-stimulated conditions, as PtdIns(4)P and PtdIns(4,5)P, 
(Fig. lb). No PtdIns(3,4,5)P3 could be detected either under basal 
conditions or in the presence of activated ARF. Activated ARF also 
induced a threefold increase in [32P]phosphatidic acid. This is con
sistent with the known effect of this GTPase on PLD, the enzyme 
that generates phosphatidic acid from phosphatidylcholine1516. This 
labelled phosphatidic acid must result from a phosphatidic acid/
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Figure 1 ARF increases Ptdlns(4)P and Ptdlns(4,5)P2 levels in Golgi 
membranes in a cytosol-dependent manner. Golgi membranes were incubated 
in a first step with buffer (control) or with the indicated agents (ARF and/or GTP-yS) 
for 15min. Membranes were pelleted, rinsed and incubated in a second step with 
[32P]ATP in the absence or presence of cytosol for 15min. Membranes were pelleted 
and rinsed and lipids were extracted, a, [32P]lipids were analysed by TLC and 
quantified using an Instant Imager. [32P]lipids were identified as phosphatidic acid 
(PA), phosphatidylinositol monophosphate (PIP) and phosphatidylinositol 
bisphosphate (PIP2) using standards. A representative chromatogram is shown; note
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that in the absence of added cytosol only [32P]PIP could be detected. Bars show the 
levels of each [32P]lipid expressed as percentages of controls (buffer alone in the first 
step) and represent the mean±s.d. of six independent experiments. The absolute 
values of pPlPIP in the controls were higher in the absence than in the presence of 
cytosol (10 and Spmoles, respectively), b, P fllip ids were deacylated and the 
derived glycerophosphoinositols (GPIs) were analysed by HPLC as described (see 
Methods41). Peaks corresponding to glycerophosphoinositol-4-phosphate (GPI4P) 
and glycerophosphoinositoM),5-bisphosphate (GPI4,5P2) are indicated.

DAG dephosphorylation/phosphorylation cycle, as confirmed by 
the fact that the ARF-induced increase in phosphatidic acid was 
inhibited in the presence of phosphatidic acid phosphatase inhibi
tors (propranolol) or DAG kinase inhibitors (R59949). Both phos
phatidic acid phosphatase and DAG kinase activities were largely 
cytosolic, as no [32P]phosphatidic acid could be detected in the 
absence of cytosol (Fig. la). That the increase of [32P]phosphatidic 
acid was due to PLD activity was confirmed in a PLD-activity-spe- 
cific assay using ARF, Golgi membranes and the exogenous fluores
cent substrate C6NBD-phosphatidylcholine17; in this assay, ARF 
also caused a threefold increase in phosphatidic acid generation 
(data not shown).

We analysed the increase in [ 32P] phosphatidylinositol mono
phosphate and [32P]phosphatidylinositol bisphosphate levels fur
ther, as the stimulation by activated ARF might be the result of either 
an increase in their synthesis or an inhibition of their degradation. 
Both synthesis and degradation processes were present, as suggested 
by the time course of lipid levels (a peak value at 5 min and a decline 
during the subsequent 15-30 min) and by the fact that lipid levels 
were higher under conditions in which phospholipid degradation 
was inhibited by the phosphatase inhibitor orthovanadate (Fig. 2) or 
by neomycin, which sequesters PtdIns(4,5)P2 and prevents its

hydrolysis by PLC (data not shown). The effect of activated ARF was 
due to a stimulation of PPI synthesis rather than an inhibitory effect 
on PPI degradation, as it was maintained in the presence of phos
phatase inhibitors (Fig. 2) and neomycin. The [32P]phosphatidyli- 
nositol-monophosophate-degrading activities resided largely in the 
cytosol: the levels of [32P] phosphatidylinositol monophosophate 
measured in Golgi membranes in the absence of cytosol were much 
more stable (data not shown) than those in the presence of cytosol, 
consistent with previous reports10.

The effects of ARF on PtdIns(4,5)P2 synthesis might also be medi
ated by its ability to increase the levels of phosphatidic acid (Fig. la), 
as it is known that phosphatidic acid can stimulate the activity of a 
PtdIns-4-phosphate-5-OH kinase18'19, the enzyme that synthesizes 
PtdIns(4,5)P2 from PtdIns(4)P. This has been suggested to be the 
mechanism by which ARF stimulates a 40% increase in PtdIns(4,5)P2 
production in permeabilized cells and in total membranes20 21. More
over, the possibility that this might happen in the Golgi has been pro
posed in the context of a model in which PtdIns(4,5)P2, acting on an 
ARF nucleotide-exchange factor, contributes to the activation of ARF 
and, acting as a PLD co-factor, potentiates the stimulatory effect of 
ARF on PLD, resulting in a positive-feedback loop22. To test this- 
hypothesis, we adopted a twofold approach: phosphatidic acid levels
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Figure 2 ARF stimulates Ptdlns(4)P and Ptdlns(4,5)P2 synthesis, a, b, Golgi 
membranes were incubated as described in Fig. 1 with GTP-yS alone or with ARF and 
GTP-yS in the first step, and with cytosol and PPJATP in the absence (control) or 
presence of the phosphatase inhibitor orthovanadate (vanadate) for the indicated 
times in the second step. The samples were analysed by TLC, with [32P]Ptdlns(4)P 
([32P]-PIP) (a) and MPW.SP? ([32P]-PIP2) (b) being quantified (Instant Imager) and 
expressed as pmol per sample. Data are means ±s.d. of at least three independent 
experiments.

were increased by adding exogenous PLD and/or exogenous phos
phatidic acid, and phosphatidic acid production was inhibited using 
primary alcohols (which divert the transphosphaddylation activity of 
PLD towards the generation of the phosphatidylalcohol in place of 
phosphatidic acid23) (Fig. 3a, b). Neither exogenously added PLD, 
which induced a fivefold increase in endogenous phosphatidic acid, 
nor exogenously added phosphatidic acid was able to stimulate 
PtdIns(4,5)P2 synthesis in the absence of activated ARF in Golgi 
membranes. Moreover, the incubation with primary alcohols mark
edly decreased [32P]phosphatidic acid levels (Fig. 3b), while inducing 
only a slight and nonspecific inhibition in the ARF-induced stimula
tion of PtdIns(4,5)P2 formation (Fig. 3 legend). Together, these 
results indicate that phosphatidic acid does not mediate the effect of 
ARF on PtdIns(4)P and PtdIns(4,5)P2 levels in Golgi membranes, 
and suggest that ARF can affect PPI metabolism through an unpre
dicted, possibly new mechanism.
ARF recruits and activates Pl4K|i and PtdIns(4)P-5-OH kinase. A 
reasonable mechanism that may explain the reported simultaneous 
increase in PtdIns(4)P and PtdIns(4,5)P2 synthesis induced by ARF 
is a coordinated activation of kinases that sequentially act on phos
phatidylinositol to generate PtdIns(4)P and PtdIns(4,5)P2, namely 
PtdIns-4-OH kinase and PtdIns(4)P-5-OH kinase. To investigate
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Figure 3 Phosphatidic acid does not mediate the ARF-induced stimulation of 
Ptdlns(4,5)Pj synthesis, a, Golgi membranes were incubated, where indicated, 
with ARF in the first step (see legend to Fig. 1) in the presence of GTP-yS and with 
Streptomyces chromofuscus PLD (0.2 units mb') and phosphatidic acid (PA) 
liposomes (80 pM) in the second step, in the presence of cytosol and [32P]ATP. The 
samples were analysed by TLC, with [32P]Ptdlns(4)P (PIP) and [32P]Ptdlns(4,5)P2 (PIP2) 
being quantified (Instant Imager) and expressed as a percentage of control levels 
(sample incubated with GTP-yS alone in the first step and cytosol in the second step). 
Note that exogenous PLD (which potently stimulates PA production) or the addition 
of exogenous PA does not affect Ptd lns(4,5)P2 levels in the absence of activated 
ARF. Data are means ±s.d. of three independent experiments, b, Golgi membranes 
were incubated in the first step with ARF and GTP-yS (control) and with the indicated 
concentrations of 1-butanol or 2-butanol, and in the second step with [32P]ATP and 
cytosol. The alcohols were also present during the second step. Data are means of 
three experiments (±s.d.). Note that 0.3% 1-butanol inhibits PA formation but does 
not affect Ptdlns(4,5)P2; 1% 1-butanol inhibits Ptdlns(4,5)P2 (and Ptdlns(4)P) 
formation, but a similar decrease also occurs in the presence of 
2-butanol, which is not a PLD substrate.

the role of PtdIns-4-OH kinase in the ARF-induced stimulation of 
PtdIns(4,5)P2 synthesis, we took advantage of the ability of adenos
ine, at millimolar concentrations, to inhibit all the known Ptdlns- 
4-OH kinase isoforms without affecting PtdIns(4)P-5-OH kinase 
activity24. As expected, in the presence of 2.5 mM adenosine the 
neosynthesis of phosphatidylinositol monophosphate (both basal 
and ARF-stimulated) was inhibited. PtdIns(4,5)P2 synthesis in 
response to activated ARF was also almost completely prevented 
(Fig. 4a). We tested whether this effect resulted from an as-yet- 
unreported direct interference of adenosine with PtdIns(4)P-5-OH 
kinase activity by assaying the enzyme in the presence of pure exog
enous PtdIns(4)P. Adenosine had no effect on PtdIns(4)P-5-OH
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Figure 4 ARF recruits Ptdlns-4-0H kinase and Ptdlns(4)P-5-0H kinase to 
Golgi membranes, a, Golgi membranes were incubated in the first step with GTP- 
yS alone (ARF-) or with ARF (ARF+) and, where indicated, with 2.5 mM adenosine, 
then with cytosol and [32P]ATP. Adenosine was also present in the second step. The 
samples were analysed by TLC, with [32P]Ptdlns(4)P (t32P]-PIP) and [32P]Ptdlns(4,5)P2 
(t32P]-PIP2) being quantified (Instant Imager) and expressed as pmoles of [32P]PPIs 
generated during the 15-min incubation per sample. Data are means ±s.d. of at least 
three experiments, b. Golgi membranes were incubated with GTP-yS (control) and/ 
or ARF in the first step (I), pelleted, rinsed, then incubated with cytosol in the second 
step (II), and pelleted then rinsed to remove residual cytosol. The pellet, containing 
Golgi membranes and the cytosolic proteins recruited during the second step, was 
incubated in the third step (III) with [32P]ATP to measure synthesis of [32P]Ptdlns(4)P 
and [32P]Ptdlns(4,5)P2. Results are percentages of controls, for which the absolute 
values were 16 and 3 pmoles for (32P)Ptd!ns(4)P and [32P]Ptdlns(4,5)P2, respectively. 
Data are means ±s.d. of at least seven experiments, c, Golgi membranes were 
incubated in the first and second step as in b. In the third step, liposomes containing 
pure phosphatidylinositol (PI;2mgmM) or Ptdlns(4)P (2m gm f) were added with
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(“ PJATP to measure Ptdlns-4-OH kinase and Ptdlns(4)P-5-0H kinase activities 
separately (see Methods). Results are percentages of controls. Data are means 
±s.d. of at least four experiments. Ptdlns-4-0H kinase and Ptdlns(4)P-5-OH kinase 
activities concomitantly measured in the supernatants of samples incubated with ARF 
and GTP^S were decreased (20% decrease) compared with those measured in the 
supernatants of samples incubated with GTP^S alone, d, Rat liver subcellular 
fractions (see Methods) were incubated as described in c; the ARF-stimulated Ptdlns-
4-OH kinase activity of each fraction was measured and initially calculated as fold- -  
stimulation over basal. The fractions were also tested in immunoblot for the 
presence of marker proteins, such as mannosidase II (Manll, a Golgi marker), the 
calcium-binding protein CaBPl (an ER marker42) and ecto-ATPase HA4 (a plasma- 
membrane marker43). The data are percentages of the maximum value measured in 
the fractions, and are means ± s.d. of at least three experiments. PNS, postnuclear 
supernatant; 0, membrane felt resulting from the first centrifugation and loaded onto 
the sucrose gradient; III, II, I, P, the upper, intermediate and lower interfaces and 
pellet of the sucrose gradient, respectively.

kinase activity (data not shown), indicating that the inhibition of 
PtdIns(4,5)P2 synthesis was due to an inhibition of PtdIns-4-OH 
kinase. These results indicate that the ARF-induced increase in 
PtdIns(4,5)P2 synthesis may require the sequential activity of 
PtdIns-4-OH kinase and PtdIns(4)P-5-OH kinase.

As noted, cytosol is required for ARF-stimulated PtdIns(4)P and 
PtdIns(4,5)P2 synthesis (Fig. 1). Some PtdIns-4-OH kinases and 
PtdIns(4)P-5-OH kinase are cytosolic, so we tested the possibility 
that cytosol acts as a source of phosphatidylinositol kinases and that 
they translocate to Golgi membranes in the presence of activated 
ARF. To this end, Golgi membranes were first incubated with ARF 
and/or GTP-yS, pelleted, rinsed, and incubated with cytosol, and 
then pelleted and rinsed to remove residual cytosol. We incubated 
the pellet, which contained Golgi membranes and the cytosolic pro
teins selectively recruited by ARF, with [32P]ATP to measure 
PtdIns-4-OH kinase and PtdIns(4)P-5-OH kinase activities. In 
ARF- and GTP^S-treated membranes, both activities were mark
edly increased compared with control membranes, consistent with 
the possibility that cytosolic lipid kinase(s) had indeed translocated 
to the Golgi membranes (Fig. 4b). In this respect, the slight stimu
latory activity of ARF on PtdIns(4)P synthesis in the absence of 
cytosol might be explained by the ability of ARF to stabilize

cytosolic PtdIns-4-OH kinase activities co-isolated with Golgi 
membranes (Fig. la).

To analyse the recruitment of PtdIns-4-OH kinase and 
PtdIns(4)P-5-OH kinase separately, we performed enzyme assays 
in which only one exogenous substrate (phosphatidylinositol or 
PtdIns(4)P) was added. Activated ARF induced a twofold stimula
tion of PtdIns-4-OH kinase activity and an eightfold stimulation of 
PtdIns(4)P-5-OH kinase activity (Fig. 4c). Concomitantly, the 
same activities measured in the supernatants of samples incubated 
with membranes primed with ARF decreased, albeit slightly (20%), 
compared with those incubated with control membranes, consist
ent with enzyme translocation to ARF-primed membranes (see also 
below). This translocation of PtdIns-4-OH kinase and PtdIns(4)P-
5-OH kinase by ARF was Golgi selective, as assessed by testing the 
different subcellular membrane fractions in PtdIns-4-OH kinase 
and PtdIns(4)P-5-OH kinase assays. The peak of the stimulatory 
effect of ARF on PtdIns-4-OH kinase (Fig. 4d) and PtdIns(4)P-5- 
OH kinase (data not shown) coincided exactly with the peak of the 
Golgi marker mannosidase II, indicating that Golgi membranes are 
specifically required for ARF to recruit both lipid kinase activities.

We then used biochemical and immunological criteria to iden
tify the PtdIns-4-OH kinase and PtdIns(4)P-5-OH kinase isoforms
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Figure 5 PI4Kp associates with the Golgi complex in an ARF-dependent 
manner, a, Golgi membranes were incubated as indicated, with GTP-yS and/or ARF 
in the first step, then pelleted, rinsed and incubated with cytosol. The proteins 
present in pellets or supernatants (SN) were analysed by SDS-PAGE and 
immunoblotting with polyclonal anti-PMKp, antFPWKa and anti-ARF antibodies. Lanes 
1 -4 ,7 ,8 , the first-step incubation included ARF purified from rat brain cytosol; lanes 
5, 6, the first-step incubation included GST-dARFIII (ref. 26) which was detected in 
the immunoblot with anti-GST antibodies. Representative blots are shown. Similar 
results were obtained in at least six independent experiments, b, Golgi membranes 
were incubated as indicated, with GTP-yS and/or ARF in the first step, then pelleted, 
rinsed and incubated with cytosol from COS-7 cells overexpressing haemagglutinin- 
A (HA)-PI4Kp or with rat brain cytosol supplemented with the recombinant fusion 
protein GST-PI4Kp. The Golgi-associated recombinant PI4Kps were detected with 
anti-HA or anti-GST antibodies. Representative blots are shown. Similar results were 
obtained in at least three independent experiments, c, Golgi membranes were 
washed with 1 M KOI (to remove associated coatomer), and were incubated with GTP- 
yS and ARF in the first step, then pelleted, rinsed and incubated with control cytosol 
(empty bars), coatomer-depleted cytosol (high-speed centrifuged cytosol, light grey

bars), or immunodepleted cytosol (dark grey bars) (see Methods). Binding is 
expressed as a percentage of that of control cytosol. The blot shows the p-COP 
(coatomer) content of the cytosol preparations (50 pg per lane) used in the binding 
assay. The amounts of proteins bound to Golgi membranes were analysed by SDS- 
PAGE and immunoblotting and quantified by densitometry. Similar results were 
obtained in at least three independent experiments, d, Rat liver subcellular fractions 
(for definitions, see Fig. 4d) were incubated as in a, and the amounts of PI4Kp and 
ARF bound to the fractions were analysed by SDS-PAGE and immunoblotting and 
quantified by densitometry. The ARF-induced stimulation of PI4Kp binding to the 
fractions was initially calculated. Data are expressed as percentages of the maximum 
values measured in the fractions, and are means ± s.d. of at least three experiments, 
e, NRK cells were treated with 2pg mh1 BFA for 1 min (BFA) or kept at 15°C for 2h 
(15°C). Cells were processed for immunofluorescence and stained, as indicated, 
with anti-PI4Kp, anti-giantin or anti-p-COP antibodies. Inset, superimposition of the 
anti-PI4Kp and anti-giantin stainings; yellow indicates overlapping of the two antibody 
stainings. Similar results were obtained in at least five independent experiments.

selectively regulated by ARF in the Golgi. The different PtdIns-4- 
OH kinase isoforms have distinct biochemical profiles in terms of 
sensitivity to stimulators (detergents) or inhibitors (adenosine, 
wortmannin and specific blocking antibodies)24. We therefore 
investigated whether the basal and ARF-stimulated PtdIns-4-OH 
kinase activities had a similar biochemical profile. After using the 
above agents, we concluded that the basal and ARF-stimulated 
PtdIns-4-OH kinase activities were supported by different enzymes. 
Indeed, the basal PtdIns-4-OH kinase activity was stimulated by 
non-ionic detergents and inhibited by adenosine (at micromolar 
concentrations) and by the specific monoclonal antibody 4C5G 
(ref. 25), whereas the ARF-stimulated PtdIns-4-OH kinase activity 
was insensitive to detergents and 4C5G, sensitive to adenosine only 
at millimolar concentrations, and selectively inhibited by wortman
nin (Table 1). Interestingly, wortmannin markedly inhibited the 
ARF-induced increase in PtdIns(4,5)P2 levels (60% inhibition), 
indicating that the activity of the ARF-stimulated PtdIns-4-OH 
kinase (and not that of the basal PtdIns-4-OH kinase) is required to 
sustain the increase in PtdIns(4,5)P2 synthesis in Golgi membranes.

Two PtdIns-4-OH kinase isoforms, PI4KP and PI4Ka, both of 
which are inhibited by wortmannin, have been found to be associated 
with the Golgi complex11,12. Hence, we investigated whether the 
PtdIns-4-OH kinase recruited to Golgi membranes by activated ARF 
was PI4KP and/or PI4Ka. To this end, the role of ARF on the associ
ation of these kinases with Golgi membranes was investigated. In the 
same experimental setting in which we measured the kinase activity, 
activated ARF induced translocation of PI4K|3, but not PI4Ka, from 
cytosol to Golgi membranes (Fig. 5a). Pl4Ka was detectable on Golgi

membranes under basal conditions, but its levels were not sensitive to 
ARF activation. Recombinant ARF26, similar to the protein purified 
from rat brain cytosol, was able to stimulate the binding of PI4Kp to 
Golgi membranes (Fig. 5a). We confirmed that ARF induces translo
cation of PI4Kp to Golgi membranes by using cytosol from COS-7 
cells that expressed haemagglutinin-A-tagged PI4K|3 (see Methods) 
or adding the recombinant fusion protein glutathione-S-transferase 
(GST)-PI4Kp in the binding assay. Compared with endogenous 
PI4KP, the haemagglutinin-A-tagged and GST fusion proteins 
showed a somewhat higher level of binding to Golgi membranes 
under basal conditions, but were, nevertheless, similarly sensitive to

Table 1 Properties of basal and ARF-stimulated Golgi Ptdlns-4-OH kinase
Treatment Basal

(pmol)
ARF
(pmol)

ARF/basal

Control 3.6±0.2 7.3±0.3 2
NP40 13±1 13.6H .2 1

Ab4C5G 1 ± 0 .1 4.9±0.3 4.9
Adenosine 1.5±0.2 4.7±0.4 3.1
Wortmannin 3.8±0.2 4.3±0.3 1.1

Ptdlns-4-0H kinase activity was m easured in the p resence of pure exogenous 
phosphatidylinositol (Fig. 4 c  legend) after incubation with GTP-yS alone (basal) o r with ARF and 
GTP-yS (ARF), and in the ab sen ce  (control) o r p resence of the following agents: 0.3%  NP40, 
5 pg  per sam ple monoclonal anhbody 4C5G, 2 00  pM adenosine, o r IpM  wortmannin. Two 
control monoclonal antibodies had no effect in the assay . Data are m eans ±s.d. of a t least 
th ree independent experim ents.
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Figure 6 PI4Kp activity is required to create and maintain the structural 
integrity of the Golgi complex. COS-7 cells were transfected with wild-type 
haemagglutinin-A (HAHagged PI4Kp complementary DNA (a-d) or mutated (D656A) 
HA-tagged PI4KP cDNA encoding a protein devoid of kinase activity (e-h). 15h after 
transfection, the cells were treated with control medium (control) or with 5pg mM 
BFA for 20min (BFA), or were pretreated with 5pg m l'1 BFA for 20 min, washed and 
allowed to recover in a BFA-free medium for 30 and 60 min (recovery). Cells were

then processed for immunofluorescence and double-stained with anti-giantin antibody 
(red) and with anti-HA antibody to detect transfected cells (green, inset in a, e). 
Asterisks indicate untransfected cells. The insets in d, h show enlarged views of the 
giantin-labelled areas indicated with arrowheads. The figure shows representative 
fields. The extent of transfection was 60% and the labelling patterns shown were 
present in >80% of transfected cells. Similar results were obtained in three separate 
experiments run in duplicate.

ARF-induced recruitment (Fig. 5b). The ARF-dependent recruit
ment of PI4Kp also occurred at 4°C, did not require ATP (data not 
shown), and did not depend on the presence of coatomer, as assessed 
by using salt-washed Golgi membranes and coatomer-depleted 
cytosol in the binding assay (Fig. 5c). The ARF-driven translocation 
of PI4KP was Golgi selective, as the binding to other subcellular frac
tions was much lower under basal conditions, and much less sensi
tive, if at all, to ARF activation (Fig. 5d).

We studied the role of ARF in determining the intracellular distri
bution of PI4K(3 in immunofluorescence experiments using intact 
NRK cells. The staining for PI4KP was mainly restricted to a perinu
clear Golgi-like area and showed good coincidence with staining for 
Golgi markers, such as mannosidase II and giantin. In addition to the 
Golgi complex, the anti-PI4KP antibody faintly stained punctate 
cytoplasmic structures (Fig. 5e). To assess the role of ARF in control
ling the localization of PI4Kp, we treated NRK cells with brefeldin A 
(BFA), a fungal toxin that prevents the activation of ARF and induces 
the disassembly of the Golgi complex27. At very early times of BFA 
treatment (30—60 s), when the overall Golgi morphology is still 
unperturbed as judged by the distribution of Golgi markers such as 
giantin, the only change induced by BFA is the cytosolic redistribu
tion of ARF and the ARF-dependent coat proteins27. At the same 
time, PI4KP (and the coatomer protein p-COP) was completely 
redistributed into the cytosol, indicating that its association with the 
Golgi membranes is strictly ARF dependent (Fig. 5e). This BFA- 
induced redistribution of PI4KP was also reversible, as the enzyme 
regained its perinuclear positioning quickly after removal of the drug 
(data not shown). In this respect, the behaviour of PI4Kp was indis- 
tuinguishable from that of p-COP, a protein that recycles between the 
intermediate compartment and the Golgi complex. Unlike P-COP, 
however, the PI4KP distribution did not change upon shifting the 
cells from 37 °C to 15 °C. Under these temperature conditions, pro
teins recycling between the intermediate compartment and the Golgi 
complex, such as P-COP (Fig. 5d), accumulate in the intermediate

compartment. At 15 °C, the staining pattern of P-COP changed from 
perinuclear to peripheral punctate (typical of intermediate compart
ment), whereas that of Pl4Kp was unchanged (Fig. 5e). Together, the 
results of the immunofluorescence and in vitro binding experiments 
indicate that PI4KP associates with the Golgi complex in an ARF- 
dependent and coatomer-independent manner.

As further support for the idea that PI4KP associates with the 
Golgi complex, the co-localization of PI4KP with Golgi markers 
was maintained after dispersal of the Golgi complex induced by the 
microtubule-disrupting agent nocodazole. Upon nocodazole treat
ment, both the Golgi marker giantin and PI4Kp redistributed to 
the same peripheral structures, with very similar time courses (data 
not shown). Finally, during mitosis, when the Golgi complex 
becomes fragmented and loses its functions, PI4KP changed its 
perinuclear Golgi-like distribution into a diffuse, cytoplasmic one 
(data not shown).
PI4KP controls the structural integrity of the Golgi complex. We 
investigated the function of PI4KP in the Golgi by assessing the 
effects on the organelle morphology of the expression of wild-type 
PI4KP and a mutant with a single point mutation (PI4KP(D656A)) 
that is devoid of kinase activity (see Methods). Both the wild-type 
enzyme and PI4K(3(D656A), when expressed at low-to-intermedi- 
ate levels in COS-7 cells, localized to perinuclear structures, show
ing a good co-localization with similar structures stained by anti- 
Golgi-marker antibodies, confirming the Golgi targeting of PI4KP 
(Fig. 6). At higher levels of PI4KP expression, in addition to the 
perinuclear structures, thin tubules that were more spread inside 
the cell were labelled. Finally, at very high levels of expression, the 
perinuclear staining was masked by an intense diffuse cytoplasmic 
distribution (data not shown). In untransfected cells, the Golgi 
complex, as evaluated by the staining of the resident Golgi protein 
giantin, appeared to be composed of interconnected, regular, loop
shaped elements located in the perinuclear area. This is a typical 
giantin labelling pattern in many cell types28. This pattern was not
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affected by the expression of wild-type PI4Kp at both low and high 
levels (Fig. 6). In contrast, in cells transfected with PI4KP(D656A), 
the staining pattern was grossly disorganized and changed into 
irregular, thick, filamentous/punctate structures that maintained a 
perinuclear location. The distribution of another Golgi marker, 
GM-130, was also markedly altered by expression of 
PI4Kp(D656A) but not of the wild-type PI4KP (data not shown).

We then analysed the impact of wild-type and mutant PI4KP on 
Golgi-complex dynamics, and in particular on the disassembly and 
reassembly processes that occur upon treatment with and removal 
of BFA, respectively. As expected, BFA induced the redistribution of 
Golgi markers into the ER, and it did so to a similar extent in both 
untransfected cells and cells transfected with wild-type or mutant 
PI4KP (Fig. 6). In contrast, the reassembly of the Golgi complex 
that followed removal of the drug differed markedly according to 
the type of PI4KP transfected. In untransfected cells and in cells 
transfected with wild-type PI4KP, the Golgi complex fully recov
ered its organization of interconnected and regular loops. In cells 
transfected with PI4Kp(D656A), however, the reassembly of the 
Golgi complex was slower, and resulted in the formation of irregu
lar, tubular structures in the perinuclear area (Fig. 6). These results 
indicate that the activity of the ARF-regulated PI4KP may be 
required to create and maintain the structural integrity of the Golgi.

D iscussion
The small GTPase ARF regulates the structure and function of the 
Golgi complex through mechanisms that are understood only in 
part, and which involve an ability to control the assembly of coat 
complexes and PLD activity2930. We have described here a new 
property of ARF, namely the ability to recruit PI4Kp and 
PtdIns(4)P-5-OH kinase to the Golgi complex, resulting in a potent 
stimulation of PtdIns(4)P and PtdIns(4,5)P2 synthesis. This effect 
significantly contributes to the functions of ARF in this organelle, as 
shown by the disorganization of the Golgi structure caused by dom
inant-negative PI4K|3.

The evidence for ARF-mediated recruitment of PI4K(3 to Golgi 
membranes is based on a direct in vitro assay of translocation of both 
endogenous and recombinant PI4KP to Golgi membranes and on the 
in vivo study of the dynamic and BFA-sensibve association of the 
enzyme with the Golgi complex. In the case of PtdIns(4)P-5-OH 
kinase, the evidence is based on an assay of enzyme activity that shows 
a concomitant increase in PtdIns(4)P-5-OH kinase activity in the 
ARF-primed Golgi membranes, and a decrease in such activity in the 
cytosol. The coordinate recruitment of these two enzymes indicates 
that they might be organized in a complex on the Golgi apparatus. 
The existence of phosphatidylinositol kinases/phosphatases/phos- 
pholipases in multi-enzymatic complexes has been reported previ
ously. PtdIns-4-OH kinase (the isoform of relative molecular mass 
55,000) can be co-immunoprecipitated with phosphatidylinositol- 
specific PEG and the phosphatidylinositol-transfer protein upon 
stimulation of A431 cells with epidermal growth factor31, and Ptdlns- 
4-OH kinase and PtdIns(4)P-5-OH kinase activities are both co- 
immunoprecipitated together with protein kinase C-g in COS-7 and 
Swiss 3T3 cells32. Finally, it is interesting that Pikl (ref. 33), the yeast 
homologue of Pl4Kp, physically and functionally interacts with a PPI 
5'-phosphatase3\

This organization of phosphatidylinositol-metabolizing enzymes 
into multiprotein complexes specifically targeted to various intracel
lular membrane districts might be an efficient means by which to 
compartmentalize and to spatially and temporally coordinate the 
synthesis and degradation of the PPIs. Hence, we suggest that ARF 
may play a crucial part in regulating the assembly of a similar com
plex in the Golgi, by controlling PI4Kp and a still unidentified 
PtdIns(4)P-5-OH kinase. PI4Kp might be responsible for the synthe
sis of a specific pool of phosphatidylinositol monophosphate that, 
perhaps because of its temporal and/or spatial positioning, would 
constitute the preferred substrate from which the ARF-regulated

PtdIns(4)P-5-OH kinase synthesizes PtdIns(4,5)Pr The mechanism 
by which ARF recruits PI4KP to the Golgi does not involve ARF’s 
activities on coat proteins and PLD, and remains to be clarified. A 
direct interaction between the small GTPase and the kinase has not 
been demonstrated so far, as ARF could not be co-immunoprecipi
tated with PI4Kp from either cells or isolated Golgi membranes incu
bated with cytosol, even in the presence of chemical crosslinkers (our 
unpublished results). These data, together with the observation that, 
in spite of a broader profile of ARF binding to subcellular mem
branes, PI4KP selectively associates with Golgi membranes (Fig. 5c), 
indicate that the Golgi-specific targeting of PI4KP involves a kinase 
receptor present on Golgi membranes.

PI4KP is important in maintaining the structure and function of 
the Golgi complex, as indicated by the changes induced by the 
expression of mutated PI4Kp(D656A), which lacks kinase activity. 
PI4KP(D656A) exerts a dominant-negative effect, possibly by 
engaging molecular partners of the endogenous PI4Kj3 in unpro
ductive interactions. The function of PI4Kp in the Golgi complex 
appears to be conserved from yeast to mammals, as p ik l  mutant 
Saccharomyces cerevisiae cells have a defective Golgi function (C. 
Walch-Solimena and P. Novick, personal communication).

The disorganization of Golgi elements induced by PI4KP(D656A) 
in COS cells is consistent with a role of the enzyme and its products in 
controlling the structure of the cisternae and the stacking process. 
Phosphoinositides are known to play a central part in the secretory 
apparatus, most likely because of their ability to act as a binding site for 
important regulatory proteins1. One such protein might be spectrin, 
which is recruited to the Golgi by an ARF- and PtdIns(4,5)Pr depend- 
ent mechanism13'35. Spectrin controls the ER-to-Golgi transport of 
secretory proteins, although the mechanism underlying this control 
remains to be clarified. Spectrin is known to guarantee plasma-mem- 
brane structural integrity, and hence it might have a similar role in the 
Golgi, as a component of a dynamic scaffold responsible for organiz
ing incoming membranes into stacked cisternae.

There are other proteins that associate with Golgi membranes in 
a PtdIns(4,5)P2-dependent manner13. The identification of the pre
cise function of ARF-regulated PI4Kp and PtdIns(4)P-5-OH kinase 
and their products in controlling the structure of the cisternae and 
the stacking process remains a challenge for future studies. □

M ethods
ARF, cytosol and Golgi preparation.
ARF was purified from bovine brain cytosol by using the three-chromatographic-step procedure 
described in ref. 36. The purity o f  the ARF preparation was 95% as evaluated by silver staining o f  the 
proteins present in the preparation after SDS-PAGE. Golgi membranes were obtained from NRK cells 
or from rat liver, and cytosol was obtained from rat brain or from NRK and COS-7 ceUs as described"-". 
In some experiments, the cytosol was depleted o f coatomer using the CM 1A 10 anti-coatom er antibody’* 
o r was subjected to high-speed centrifugation to lower the coatomer content to 10% o f the original 
value” .

Antibodies and plasmids.
Two anti-PMKp antibodies were used, namely one characterized in ref. 12, and one purchased from 
Upstate Biotechnology. The anti-ARF ( 1D9) antibody was provided by R. Kahn; the anti-PM Ka 
antibody by J. Backer; the anti-giantin antibody by P. Hauri; the CM1A10 anti-coatom er antibody by F. 
Wieland; and the anti-p-COP antibody (M3A5) was purchased from Sigma.

N-terminaUy haemagglutinin-A-tagged PMKP was generated by amplification o f full-length PMKp 
from pKS 4KP (ref. 40) by polymerase chain reaction (PGR), using a S' sense prim er containing a Smal 
site and a 3' antisense prim er containing an EcoRV site. The Smal/EcoRV-digcsted product was blunt- 
end-doncd into Sful-digested HapSK (Bluescript vector encoding a 9-amino-acid epitope tag from the 
influenza virus haemagglutinin protein), to generate HApSK4Kpwt. Kinase-dead PMKP was generated 
from this construct by site-directed mutagenesis using the transform er site-directed mutagenesis kit 
(Clontec). Following the m anufacturer's procedures and using the m utating oligonucleotide 
CAAGTCAAGGCCAGACACAATG to convert amino acid 0656 (GAG) to A656 (GCC), we generated 
HApSKmut4KP(D656A). For mammalian expression, HApSK4Kpwt and HApSK4KpD656A were 
digested with Kpn\IXba\ to excise the tagged PMKP inserts and which were then subcloned into XbaV  
KpnI-digested pcDNA3 to generate pcDNA3-HA-PMKPwt and pcDNA3-HA-D656A-PMKp, 
respectively. To generate the untagged mammalian constructs, we excised full-length PMKP from 
pKS4KP (ref. 20) by SmaMNoü digestion and directly cloned it into EcoRV/Nofl-cleaved pcDNA3, 
yielding pcDNA3-PMKp. To generate the untagged m utant construct, HApSK4KpD656A was PCR- 
amplified using a S' sense prim er containing a Smal site just upstream of the PMKP-initiating ATG, and 
a 3' antisense prim er containing a ZVofl site just downstream o f the PMKP stop codon. Digestion with 
Smal/Nofi and subcloning into EcoRV/JVorl-digested pcDNA3 destroyed the EcoRV site and created
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pcDNA3-D656A-PI4KP .The kinase activity o f the constructs was analysed using the haemagglutinin- 
A-tagged forms. 293 cells were transfected with em pty vector, haemagglutinin-A-tagged wild-type PMKp 
or haemagglutinin-A-tagged mutated PMKp; the cell extracts were im munoprecipitated with anti- 
haemagglutinin-A antibodies and each im munoprecipitate was split in two identical aliquots. One 
aliquot o f each sample was analysed by SDS-PAGE and western blot using anti-hacmagglutinin-A 
antibodies, and the other was assayed for Ptdl ns-4-OH kinase activity. Comparable am ounts o f wild-type 
PMKP and PMKP(D656A) were used in the assay. The PtdIns-4-OH kinase activity, expressed in 
arbitrary units, was 1.2,12, and 7,817 in the immunoprecipitatcs from cells transfected with empty 
vector, PMKP(D656A) and wild-type PMKP, respectively. Hence, the PtdIns-4-OH kinase activity of 
PMKp(D656A) was <0.2% o f that measured for wild-type PMKp.

To generate the PMKP-GST fusion protein, we linearized pcDNA3-PMKP by H indlll digestion. The 
blunt-end/Aforl fragment, lacking the first 178 base pairs o f the coding sequence, was subcloned into 
Sma!/AM -digested pGEX4T3.

Analysis of [32P]phospholipids in isolated Golgi membranes.
The effect o f the selective activation o f ARF on phospholipid metabolism in Golgi membranes was studied 
by using a multistep incubation (see below). The first step, that is, incubation o f pure ARF 
( 1 |lM ), Golgi membranes and GTP-yS, allowed the activation of ARF and the subsequent incubation of 
ARF-primed and control membranes with cytosol to be done in the absence of GTP-yS, thus preventing the 
activation of cytosolic GTPases by the nucleotide. The calculated concentrations of activated ARF during 
the second and third steps o f  the incubation were 200nM and 100 nM, respectively, as the excess unbound 
ARF was removed by washing the membrane pellets at the end of each incubation step.

For the two-step incubation, Golgi fractions were first incubated in binding buffer (25 mM HEPES, 
pH 7.2, 25mM NaCI, 2.5mM  MgCI,, 0.2 M sucrose, 1 mM dithiothreitol (DTT), 1 mM ATP, 5 mM 
creatine phosphate, 101U ml ' creatine phosphokinase) with 20 pM  GTP-yS or 1 pM  purified bovine 
ARF, o r with both, for 15 min at 37°C (first step). M embranes were then pelleted, rinsed, and incubated 
in a modified binding buffer (25 mM HEPES, pH 7.2,25 mM NaCI, 2.5 mM MgCI,, 0.2 M sucrose, 1 mM 
DTP, 0.5 mM ATP) for 15 min at 37 °C with 2pC i per sample (y-MP]ATP in the presence or absence of 
1 mg ml"' cytosol (second step) At the end of the second step, membranes were pelleted and rinsed, and 
lipids were extracted in chloroform:methanol (1:1) and analysed by thin-layer chromatography (TLC), 
with the radioactive products being quantified using a Packard Instant Imager.

For the three-step-incubation protocol, the incubations were run  as described above, but the 
[y-’!P]ATP ( I pC i) was added only at the end o f  the second-step incubation to the pelleted Golgi 
membranes with the associated cytosolic proteins (third step) in a buffer containing 0.2 M sucrose,
0.5.mM ATP, 20 mM HEPES, pH 7.4,10 mM MgCI,.

For PtdIns-4-OH kinase and Ptdlns(4)P-5-OH kinase assays, Golgi fractions, ARF and cytosol were 
incubated as described for the three-step incubation, but the [y-” P]ATP was added to the final pellet 
together with pure exogenous lipid substrates. PtdIns-4-OH kinase and PtdIns(4)P-5-OH kinase assays 
were done as described'u ‘. Briefly, the reaction m ixture (100 pi) contained 40pM  ATP, 2 0 mM HEPES, 
pH 7.4, 0.2 mg ml"1 sonicated phosphatidylinositol o r PtdIns(4)P, 10 mM MgCI, and 1 pCi |y-MP]ATP. 
Assays were performed at 37 °C for 10 min and then stopped with 25 pi 5 M HCI. Lipids were extracted 
and analysed by TLC as described above.

For HPLC analysis, in selected experiments, [MP)phospholipids, extracted as above, were deacylated and 
analysed by anion-exchange HPLC on a Partis» 10 SAX column (4.6 m m  X 25 cm; Whatman) as described 
in ref. 41. Relevant peaks were identified by co-elution with commercially available ’H-labelled standards".

Binding to Golgi membranes.
Golgi membranes, purified ARF and cytosol were incubated as described above (two-step incubation) 
w ithout [HP]ATP. Membranes were pelleted and rinsed and the proteins were analysed by SDS-PAGE 
and im munoblotting with specific antibodies, and quantified by densitometry".

Immunofluorescence.
Untransfected cells and cells 16h after lipofectamine transfection with PMKp constructs (Gibco) were 
processed for imunofluorescence as follows. Cells were treated as indicated and then fixed in 1.9% 
paraformaldehyde, permeabUized with 0.01% saponin, and treated with primary antibodies and with 
specific Cy3- o r fluorescein isothiocyanate (FITC)-conjugated secondary antibodies.
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