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Abstract

The Golgi complex represents a crossroad for many intracellular trafficking 

pathways and is therefore subjected to a continuous flux o f membranes. Despite this, 

the Golgi complex preserves a unique architecture that has been the subject of many 

investigations. Its organisation is the result of the combined actions of many 

molecular machineries that are only partially characterised. Cytoskeletal structures, 

such as the spectrin-based cytoskeleton, and multiprotein complexes, such as the 

Golgi matrix (a Triton-X-100-resistant complex of proteins), have been suggested to 

be involved in the generation of the Golgi architecture. Recently, (3-spectrin, actin, 

ankyrin and adducin, components of the spectrin skeleton, have been found to be 

associated with Golgi membranes in a way that is controlled by a key regulator of the 

Golgi function: the small GTPase ARF. Spectrin has been functionally implicated in 

the transport o f newly-synthesised proteins from the endoplasmic reticulum (ER) to 

the Golgi. The role of spectrin as a membrane organiser in other membrane 

compartments suggests, however, that it may also be involved in the structural 

organisation of the Golgi complex. The role and possible relationships of the Golgi 

matrix and the Golgi-associated spectrin skeleton have been investigated in the 

present study. The results obtained indicate that the spectrin skeleton does indeed 

participate in the structural organisation of the Golgi complex, and that Golgi matrix 

proteins undergo recycling through pre-Golgi compartments, and are likely to play an 

important role in the morphogenesis of ER-derived transport complexes into Golgi 

cistemae at the cis pole of the Golgi stacks.
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Chapter 1 

Introduction

1.1 Background

Because of its intriguing morphology, the “apparato reticolare interno” has 

generated great interest among scientists, since it was first described by Camillo Golgi 

in 1898. After more than a century of studies, we now know a lot about the 

ultrastructural organisation and the physiological role of the Golgi complex (GC). 

Many molecular mechanisms involved in membrane trafficking through the Golgi 

have been also identified. However, a complete description o f the morphological 

organisation o f the GC, as well as an understanding of how its architecture is 

maintained, still awaits clarification. The technologies now available, involving GFP 

fusion proteins, laser-scan confocal microscopy (LSCM) and correlative light electron 

microscopy (CLEM) have provided unanticipated insights into the dynamics of 

intracellular organelles, and are helping to better define our view of the Golgi complex 

and its associated transport processes. In this thesis, these technologies have been 

exploited to gain insight into the intracellular dynamics and mode of action of 

proteins important for the organisation of the GC, and in particular, the spectrin 

skeleton and the Golgi matrix. The results obtained have advanced our knowledge of 

the mechanisms operating at the ER/Golgi interface that are essential for GC 

biogenesis.
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1.2 The organisation of the Golgi complex

1.2.1 Distinctive features

With the development of electron microscopy (EM) in the 1950s, the 

ultrastructure of the Golgi complex (GC) was first elucidated, confirming its unique 

organisation of stacks of flattened cistemae, closely apposed to one another (Dalton 

and Felix, 1954). Further observations led to a more detailed description of the GC 

which together with ordered stacks of cistemae (from 3 to 11 in mammalian cells), 

also included membranous vesicular/tubular structures (Beams and Kessel, 1968, 

Morre et al. 1971, Farquhar and Palade, 1981, Rambourg and Clermont 1990). 

Progress in the morphological characterisation o f the Golgi apparatus was 

accompanied by the discovery of its function (Palade, 1975; Fleischer et al., 1969; 

Morre et al., 1969). The GC is involved in the intracellular transport and 

glycosylation of proteins that are destined for secretion, or for other intracellular 

organelles.

The structure and the function of the Golgi complex immediately suggested an 

inter-dependency between the two. The enzymes that process newly-synthesised 

proteins are arranged across the stack, as they act over time, such that the early- 

acting enzymes (i.e. a-mannosidase I) are located at one side of the Golgi stack, while 

late-acting enzymes (i.e. sialyltransferases) are enriched at the other side (Kornfeld 

and Komfeld, 1985; Roth, 1997). Each cisterna of the stack displays a different 

content of modifying enzymes or, more precisely, different mixtures. In fact, further 

observations revealed that each Golgi enzyme is not confined to a single cisterna but 

rather is asymmetrically distributed across the stack (Rabouille et al., 1995; Whitters 

et al., 1994). Together with morphological considerations, this led to the 

identification o f cis, medial and trans cistemae within a single stack (see Figure 1.1,

18



A) (Novikoff and Goldfischer, 1971; Farquhar and Palade, 1981; Rambourg and 

Clermont, 1997). In addition, networks of vesicular/tubular structures were found at 

the cis and trans pole of the stack, and referred to as the cis Golgi network (CGN) 

and tram  Golgi network (TGN), respectively (see Figure 1.1, B and C) (Duden et al., 

1991; Griffiths and Simons, 1986).

The cz's-Golgi cisternae, typically 1 or 2, are recognisable by their unusual 

architecture, being perforated by so-called “fenestrae” and emanating tubular 

projections into the cytoplasm (Lindsey and Ellisman, 1985; Ladinsky et al. 1999). 

Adjacent to the cis cistemae, there is a variable number (depending on the cell type) 

of medial cistemae which are flattened in shape and with a thin lumen diameter (10 

nm on average).

The tra/rs-Golgi cistemae share several morphological features with the cis 

cisternae, such as the presence of fenestrae and tubular structures projecting into the 

cytoplasm and interconnected into a network that also includes small vesicular 

profiles. In addition, and as detailed in Section 1.4.1.2, trans cistemae display distinct 

clathrin coated buds (ladinsky et al., 1999; also reviewed in Farquhar and Hauri, 

1997). The tubular network and small vesicles have been suggested to be distinct 

from the saccular part and to constitute the trans Golgi network (TGN) (Griffiths 

and Simons, 1986; Clermont et al., 1995) a specialised compartment for the sorting 

and packaging of cargo destined to lysosomes, plasma membrane (PM) and secretory 

granules, but also implicated in the recycling of PM  markers via endosomes (for 

review see Robinson and Bonifacino, 2001). This concept has been challenged by 

recent studies (Ladinsky et al., 1994; Ladinsky et al., 1999) using rapid-freezing 

fixation and high voltage electron microscopy (HVEM) on thick sections, in which 

the authors reported the absence of the extensive tubular

19



Figure 1.1 Structural 
organisation of the Golgi 
complex
A:Tomographic reconstitution 
of a portion of the Golgi 
ribbon from a fast-frozen, 
freeze-substitution-fixed NRK 
cell. ERGIC (see Section 1.3) 
is in yellow, cis cistemae are 
in green and purple, medial 
cistemae are in rose, olive and 
pink, tram  cistemae are in 
bronze and red, the non
compact region interposed 
between adjacent stacks is 
depicted in light pink and 
gold, the ER is in blue-grey, 
and the small purple spheres 
are ribosomes (modified from 
Ladinsky et al., 1999). B: An 
EM image showing a 
longitudinal section of the 
Golgi ribbon in a non-ciliated 
epithelial cell of the ductuli 
efferentes.. Two compact 
stacks of cistemae (S) are 
separated by a non-compact tubular region (large dark arrow). A trans 
cistema is indicated by a small dark arrow, while an open arrow indicates 
the TGN. Other labels: L: lysosomes, m: mitochondrion, CGN: cis Golgi 
network, (modified from Rambourg and Clermont, 1997). C: Schematic 
representation of the Golgi ribbon. Non-compact regions (NCR) made up 
of fenestrated saccules and tubules bridge the cistemae of adjacent stacks 
(compact regions (CR)). The cis Golgi network (CGN) and the tram  Golgi 
network (TGN) are also indicated (modified from Rambourg and 
Clermont, 1997).



network at the trans pole of the Golgi stacks, originally seen in chemically fixed 

material (Griffiths and Simons., 1986; Clermont et al., 1995 ).

Adjacent Golgi stacks are inter-connected by a network of anastomosed 

tubules and fenestrated sacculi that compose the so-called “non compact zone” 

(Clermont et al., 1994). The presence of such an interconnection between adjacent 

stacks introduced the definition of ribbon-like Golgi network to identify the GC of 

mammal cells, where this organisation is typically found (see Figure 1.1 B and C).

1.2.2 Organisation of the GC in mammals, yeast and plants

In mammalian cells, the Golgi complex is invariably centred around the 

microtubule organising center (MTOC), and actively maintained there by its 

interaction with the microtubule (MT) array (see Figure 1.2 A) (Ho et al., 1989; Ho 

et al., 1990; Lippincott-Schwartz, 1998). Cytoplasmic dyneins take part in the 

localisation of the Golgi complex (Burkhardt et al., 1997; Harada et al., 1998). They 

are motor proteins that move towards the minus end o f microtubules, and interact 

with Golgi membranes via the dynactin complex (Gill et al., 1991). Dynactin in turn, 

is a large protein complex comprising p i 50 (homologous to the drosophila glued 

protein), dynamitin, and a filament of centractin (ARP1) capped by an actin capping 

protein and a unique dynactin subunit of 62 kDa (for review see Burkhardt, 1998). 

This complex links microtubules to Golgi membranes probably by interacting with 

the spectrin skeleton that has recently been found associated with the Golgi complex 

(see Figure 1.2 B) (Beck et al., 1994). In fact, a direct interaction between the 

dynactin component centractin and Golgi spectrin has been suggested by several lines 

of evidence (Holleran et al., 1996; Holleran et al., 2001).
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Figure 1.2 The Golgi complex localises to the pericentriolar area in a MT- 
dependent manner
A: Schematic representation of a mammalian cell showing the Golgi complex 
centred around the MTOC and the transport carriers (see Sections 1.3 and 1.4) 
operating between ER and Golgi or Golgi and plasma membrane, (modified from 
Lippincott-Schwartz, 1998). B: Model for the assembly of the dynactin complex 
linking MTs to membranous compartments. Cytoplasmic dynein (red) binds with 
its globular heads to MTs and with its intermediate chains (DIC) to the dynactin 
subunit pl50Glued. The rest of the dynactin complex comprises dynamitin and an 
ARP1 filament (see Section 1.6.6) with capping proteins at both ends (round 
shapes). The binding to membranes probably occurs via the interaction between 
the ARP1 filament and the membrane-associated spectrin lactice (modified from 
Burkhardt, 1998).
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In plants, Golgi stacks are present in a highly-variable number (from 20 to 

10000) scattered in the cytoplasm as single units or small clusters (for review see 

Driouich and Staehelin, 1997). The number of cistemae per stack is also variable, 

reaching the value of 30 in scale-secreting algal cells. The MT array seems to play a 

less relevant role in positioning the GC of plants, while the interaction with other 

cytoskeletal structures, such as actin microfilaments and/or the cytoplasmic 

streaming, have been proposed to control the intracellular distribution of Golgi-stacks 

(Driouich and Staehelin, 1997).

In yeast, stacks of Golgi cisternae are observed in S. pombe but less 

frequently in S. Cerevisiae, where isolated Golgi cistemae, dispersed throughout the 

cytoplasm, represent ca. 60 % of the Golgi membranes (Preuss et al., 1992). 

Nevertheless, even in the absence of stacks, compartmentalisation is observed and 

Golgi-resident enzymes are heterogeneously distributed among cisternae (Brigance et 

al., 2000). The mechanisms of transport have been largely investigated in yeast, 

through a number of temperature-sensitive “sec” mutations that block transport at 

different stages (for review see Duden and Schekman, 1997).

1.3 ER-Golgi intermediate compartment

Vesicular/tubular membranous elements interposed between the ER and the 

cis Golgi, and mediating ER-to-Golgi transport, were described by the work of 

Saraste and Kuismanen (1984) and Tooze et al. (1988). The existence of an ER-to- 

Golgi intermediate compartment (ERGIC or IC), made of pleiomorphic structures 

including networks of convoluted tubules and vesicular/tubular clusters (VTC) was 

later suggested (Schweizer et al., 1990). Several proteins have been found associated 

with these structures, such as ERGIC 53, KDEL receptor and (3-COP (see Figure
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Figure 1.3 Distribution and 
organisation of the ERGIC.
A: Double immunofluorescence 
microscopy in normal human 
fibroblasts. The ER-to-Golgi 
intermediate compartment is 
labelled by an antibody against 
ERGIC53 (green), while the 
GC is labeled by an anti- 
galactosyl-transferase antibody 
(red). Yellow indicates the 
merge of the two staining 
patterns. B: EM image of the 
intermediate compartment 
elements in Hep-2 cells 
transfected with horseradish 
peroxidase (HRP) cDNA 
carrying a KDEL retrieval 
signal. The KDEL amino acidic 
sequence causes the retrieval of 
the protein to the ER (Pelham, 
1988). HRP is seen in clusters 
of vesicles (vesicular-tubular 
structures; VTCs) interposed 
between the GC and the ER (te) 
(modified from Rambourg and 
Clermont, 1997)
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1.3) (Schweizer et a l, 1988; Tang et a l, 1993; Griffiths et al., 1995). The nature of 

the IC has been controversial, on one hand IC elements have been suggested to be 

continuous with ER cisternae (Sitia and Meldolesi 1992; Krijnse-Locker et a l, 1995) 

or cis Golgi (Mellman and Simons, 1992) while according to others, the IC and the 

Golgi/ER are distinct compartments that exchange proteins and membranes via 

vesicular transport intermediates (Lotti et a l, 1992; Hauri and Schweiser, 1992).

The development o f technologies suitable to follow the intracellular dynamics 

of fluorescently-tagged proteins has allowed the investigation of the dynamics of IC 

elements, revealing their transient and mobile nature. A fusion protein between green 

fluorescent protein (GFP) and the G protein of the vesicular stomatitis virus (VSV- 

G) has been used to visualise elements of the IC that mediate transport between the 

ER and Golgi. Transport starts with the concentration o f the fluorescent chimera in 

puncta scattered throughout the cell, corresponding to the so-called ER exit sites. The 

fluorescent puncta, ca. 1 pm in diameter, sometimes stretching into tubules, 

subsequently move in a stop-and-go fashion towards the central Golgi complex, and 

merge, without apparently losing or acquiring fluorescence. This suggest that ER-to- 

Golgi transport carriers are large pleiomorphic structures which move en bloc along 

microtubules (the speed is typical of a MT-based transport) until they fuse with the 

GC (Presley et a l, 1997).

Additional studies suggested that these transport intermediates are able to 

homotypically fuse during their movement (Rowe et a l,  1998), and undergo 

maturation by progressively modifying their content of proteins (Tang et a l, 1995). 

In fact, soon after exit from the ER they acquire the COP I coat which, according to 

Martinez-Menarguez et al. (1999), is responsible for segregation of anterogradely- 

directed from retrogradely directed cargo. The detachment of COP I coated vesicles 

with their content of ER-directed proteins, would therefore concentrate the 

anterograde cargo within VTCs while moving towards the Golgi complex, as
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previously described (Martinez-Menarguez et al., 1999). Therefore, the IC should 

not be considered as a static compartment, exchanging material with Golgi and ER via 

vesicles, rather a dynamic one, comprising large pleiomorphic transport complexes. 

This model also implies that Golgi cisternae are continuously formed at the cis-side 

o f the stack by maturation and coalescence of transport intermediates, in a process 

that couples secretory transport with Golgi biogenesis.

This view of the IC is not universally accepted and according to Hauri et al. 

(2000) the same evidence can be used to support a model in which the IC is a stable 

compartment. According to this alternative model, the ER-derived vesicles would 

fuse with pre-existing IC-elements rather than with themselves. Further detachment 

of anterograde or retrograde transport carriers would not entirely consume the IC 

elements, but part of them would remain, representing an acceptor for new membrane 

traffic from both ER and cis Golgi. Although not transient, the IC elements are mobile 

also for the supporters of this model and their movement is based on MT and M T- 

dependent motor proteins. Additional evidence is therefore required in order to better 

understand the dynamics and functional role of the IC, and this is the focus of the 

present study.

1.4 Intracellular transport of proteins and membranes

1.4.1 Molecular mechanisms of transport.

The transport and modification of proteins are the main activities of the Golgi 

complex. Work of outstanding importance, carried out in the early 1990s, allowed the 

identification of many of the factors comprising the transport machinery, and led to a 

model which is still viable, although controversial (Rothman and Orci, 1992; Balch et 

al;, 1994; Rothman and Orci, 1996; Schekman and Orci, 1996). This “vesicular
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model”, resembled the “stationary cistemae” model originally proposed by Farquhar 

and Palade in 1981. According to the vesicular model, Golgi cisternae are static 

entities and cargo proteins enter, traverse and exit via vesicular transport carriers 

which corresponds to the ca. 60 nm vesicles found by EM analysis close to Golgi 

cisternae or at the cis and trans poles of the stack. A number o f proteins involved in 

budding, fission, docking and fusion of transport vesicles, together with factors that 

mediate targeting to the acceptor compartment, have been identified over the past 

years (Gaynor et a l, 1998a and b; for review see Nichols and Pelham, 1998a). 

Currently, three major classes of transport vesicles are known; clathrin-coated, COP 

I-coated and COP II-coated (Kreis et a l, 1995; Kreis and Pepperkok, 1994; 

Schekman and Orci, 1996). The protein coat of transport vesicles is composed of 

several subunits which assemble at the site where the vesicle buds, and recruited there 

by the activation of small GTP-binding proteins, such as ARF in the case of COP I 

and clathrin, or Sari for COP II. Coat assembly is believed to drive vesicle budding, 

which is followed by membrane fission and release o f a fully-formed coated vesicle. 

Vesicles lose their coat soon after fission and are directed towards the acceptor 

membrane via a targeting mechanism in which small GTP-binding proteins of the Rab 

family play a key role (for review see Martinez and Goud, 1998; Zerial and McBride, 

2001). These proteins are associated with transport vesicles and are present in a large 

number of varities that may be specific for each transport step. Once the vesicle has 

found its target membrane, a link is established between the two. This event is called 

docking of the vesicle since it occurs prior to fusion of membranes and is mediated by 

several factors belonging to the SNARE family (Soluble NSF attachment receptor 

proteins).
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1.4.1.1 Role o f SNAREs (Soluble NSF attachment receptor proteins)

SNAREs were originally divided into two sets, one being specifically 

associated with vesicles (vSNAREs) and the other with target membranes 

(tSNAREs). The interaction between specific v- and t-SNAREs mediates the docking 

of vesicles to the correct acceptor membrane, and precedes fusion, which occurs after 

the SNAP (soluble NSF attachment proteins)-mediated recruitment of NSF (N- 

ethylmaleimide sensitive factor). NSF is an ATPase and the hydrolysis of ATP by 

NSF has been suggested to trigger membrane fusion, after disassembly o f the entire 

complex (reviewed in Nichols and Pelham, 1998). This model has been revised over 

the past years, and it is now thought that SNAREs are more likely to be involved in 

the fusion of membranes rather than in docking, with NSF and SNAP being 

responsible for disassembly of the entire complex. NSF would therefore act rather as 

a chaperone to re-activate SNAREs after one round of fusion (for review see Chen 

and Scheller, 2001). Supporting this interpretation is the observation that the absence 

of SNARE activity does not prevent vesicle docking (Hunt et a l,  1994) and that 

SNARE-deficient flies show an increased, not decreased, number of docked vesicles 

(Schulze et al., 1995; Broadie et al., 1995). It seems likely, therefore, that additional 

mechanisms are involved in the docking of vesicles (tethering) and that this is 

independent of SNAREs.

The tethering step has been identified in different transport pathways and 

organisms, and although the proteins involved have different primary sequence, they 

share the characteristic of being either elongated coiled-coil proteins or multi-protein 

complexes (for review see Lowe, 2000a). A typical example o f the first category is 

the yeast protein Usolp, while the TRAPP complex belongs to the second one. 

These two factors, together with the sec 34/35 complex, are involved in docking of
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ER-derived vesicles to the cis Golgi, in yeast (Lowe, 2000a). A tethering machinery is 

present in the mammalian Golgi complex, that involves p i 15, the mammalian 

homologue of U solp, together with GM130 and giantin. Additional tethering 

complexes are involved at the PM  (sec6/sec8) (for review see Hsu et al., 1999), or in 

the fusion of endosomes (EEA1 and Rab 5) (Christoforidis et al., 1999), or in vacuole 

fusion in yeast (for review see Waters and Hughson, 2000).

Once the vesicle is tethered to the acceptor compartment, fusion can occur 

probably via SNARE pairing. This process is now known in some detail, thanks to 

the crystallisation of the SNARE core complex (for review see Chen and Scheller, 

2001). It involves the coiled-coil domains of four SNAREs (2 o f the SNAP-25 

family, and one each of the syntaxin and VAMP family) which intertwine to form a 

four-stranded coiled-coil structure. The arrangement of this structure would be 

parallel to the membranes and would bring membranes into close apposition, 

favouring their fusion (see Figure 1.4) (for review see Chen and Scheller, 2001).

1.4.1.2 Role o f  coated vesicles

Vesicles with different coats are involved in different transport steps. Clathrin 

coated vesicles were the first to be identified, because of the peculiar organisation of 

their protein coat, made of the so-called "clathrin triskelions" (Traub, 1997a and b). 

They bud from the TGN and are responsible for transport to lysosomes, or from the 

PM  where they mediate endocytosis (for review see Hirst and Robinson, 1998). 

Transport specificity is determined by the specific adapter complex to which the 

clathrin coat binds. AP-1 is the adaptor complex of TGN-derived vesicles while AP-2 

is present in endocytic vesicles. The adaptor complexes act as an interface between 

the protein coat and the cargo to be transported, and are important in defining the 

route to be followed. On the basis of their similarities to AP-1 and AP-2, other
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Figure 1.4 Proposed mechanism for SNARE mediated fusion
SNARE proteins form a four-helical-bundle complex that drives 
membrane fusion. VAMP (blue) on the vesicle interacts with syntaxin 
(red) and SNAP-25 (green) on the plasma membrane to form a four-helix 
bundle that zips up concomitant with bilayer fusion, (modified from Chen 
and Scheller, 2001)
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adaptor complexes have been identified (AP-3, AP-4 and GGAs) but their exact role 

is still a matter of debate (for review see Robinson and Bonifacino, 2001).

COPI-coated vesicles are involved in ER-to-Golgi transport (Pepperkok et al., 

1993), but display a wider intracellular distribution and are present in the GC, on the 

TGN and on endosomes (Whitney et al., 1995). COPII-coated vesicles are also 

implicated in transport between ER and Golgi (Barlowe et al., 1994). Different 

models have been proposed, over the past years, to account for the simultaneous 

presence of two different classes of vesicles in the same transport step. Now, it is 

becoming clear that the two types of vesicles act sequentially. COP II vesicles are 

responsible for the exit of cargo from the ER, at specific sites o f the ER membrane 

(ER exit sites), where cargo proteins are concentrated before being packed into 

vesicles (Aridor et al., 1999). Soon after fission, COP II vesicles lose their coat and, 

according to different models, either fuse to each other (Balch et al., 1994) or to a pre

existing larger structure representing the IC elements (Lotti et al., 1992). The COP I 

coat is then recruited to these elements, thus mediating their segregation from 

anterograde transport of proteins destined for retrieval back to the ER (Martinez- 

Menarguez et al., 1999). As previously mentioned, the repeated detachment of COPI 

vesicles would concentrate the anterograde cargo within VTCs, that are finally 

delivered to the Golgi. However, there is also evidence of a role of COP I vesicles in 

anterograde transport from IC to Golgi (Shima et al., 1999; Scales et al., 1997) or in 

intra Golgi transport (Rothman and Orci, 1992), although the latter is currently 

controversial.

Besides the COP I and COP II coats, a complex protein machinery operates 

on the IC elements, that is responsible for targeting, tethering/docking, and fusion of 

transport intermediates with acceptor compartments. Among them there are SNARE 

proteins such as Bet 1 and Sec 22, thought to be involved in the homotypic fusion of 

COP II vesicles as they pinch off from the ER, and Syntaxin 5 and membrin that are
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important for the heterotypic fusion of transport complexes to Golgi cisternae 

(Nichols and Pelham, 1998a). The intracellular dynamics of these SNAREs have been 

investigated with the help of GFP-fusion proteins and Betl and Sec22 appeared to 

remain associated with peripheral sites, while syntaxin 5 and membrin can be seen 

travelling fast toward the Golgi, on the same carriers which transport VSV-G (Chao et 

a l,  1999). The delivery of cargo to Golgi cisternae requires the tethering/docking and 

fusion of transport carriers to acceptor membranes.

1.4.1.3 Factors mediating tethering o f ER-to-Golgi transport intermediates

Tethering factors involved in ER-to-Golgi transport are TA P/pll5(see 

Section 1.7.4 for further details) and its homologous in yeast U solp, the sec34/35 

and the TRAPP I complexes, pi 15 is involved in different transport steps such as 

intra-Golgi transport (Waters et a l, 1992), and transcytosis (Barroso et a l, 1995). 

Cycling through pre-Golgi compartments of p i 15 was demonstrated recently in 

mammalian cells (Nelson et a l, 1998), consistent with what is already known for 

U solp in yeast, which is required for ER-to-Golgi transport. U solp is recruited to 

transport vesicles by the activation of the small GTP-binding protein Y ptlp, and 

participates in their docking to the Golgi (Cao et a l, 1998). A similar function has 

been proposed for p i 15 in mammals, since it is recruited to transport complexes by 

GTP-bound Rabl (mammalian homologue of Y ptlp) (for review see Martinez and 

Goud, 1998) and interfering with p i 15 prevents delivery to the Golgi of cargo- 

containing transport complexes that accumulate in the cytoplasm (Alvarez et a l, 

2001) .

The TRAPP (for transport protein particles) complex comprises 10 subunits. 

It was initially identified in yeast (Sacher et a l,  1998) but subsequently found also in 

mammals. Concerning the yeast TRAPP, the first identified subunit was Bet3p by 

virtue of its genetic interaction with Betlp. The other subunits of yeast TRAPP were
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subsequently identified by co-immunoprecipitation with Bet3p. Recent findings 

suggest that TRAPP subunits are distributed in two different complexes, I and II 

(Sacher et al., 2001a). TRAPP I comprises seven subunits and acts in ER-to-Golgi 

transport as suggested by its genetic interaction with U solP and Yptlp (Barrowman 

et al., 2000). Several lines of evidence indicate the tethering and fusion of ER-derived 

transport complexes to Golgi membranes as the specific step in which TRAPP I is 

involved (see Figure 1.5). In fact, the inhibition o f SNARE assembly prevents fusion 

but not vesicle attachment to Golgi membranes, which is abolished by depletion of 

Bet3p (Barrowman et al., 2000). The TRAPP II complex is made of ten subunits and 

according to genetic, biochemical and morphological analyses, it functions in intra- 

Golgi traffic or at the exit from the Golgi in yeast (Sacher et al., 2001a)

1.4.2 Models of intra-Golgi transport

The vesicular model of transport fails to explain how supramolecular 

structures such as algal scales, procollagen, casein sub-micellae, which cannot fit a 60 

nm vesicle, are transported through the Golgi complex (for review see Mironov et al., 

1997). In addition, the presence o f secretory cargo within vesicles and at higher 

concentrations than in cistemae is controversial (Orci et al., 1997; Dahan et al., 1994). 

There is, however, mounting evidence that Golgi resident enzymes are present in 

transport vesicles, at a concentrations higher than in cisternae (Klumperman et al., 

2000). These considerations have led to an alternative model of transport resembling 

the “cisternal maturation” model of Grasse, originally proposed in 1957 (Grasse, 

1957; Allan and Balch, 1999a; Glick, 2000; Mironov et al., 1997).
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Figure 1.5 A model for vesicle tethering in ER-to-Golgi transport
According to the current model, the site of vesicle docking is specified by a 
tethering complex restricted to that location (TRAPP). Binding of a GTP- 
bound Rab protein (Yptlp) to that site stimulates recruitment of an elongated 
coiled-coil tethering protein (Usolp). This, in turn, facilitates capture of the 
transport vesicle, forming a bridge between the vesicle and the target 
membrane. The Sec34p-Sec35p complex might also participate in this 
tethering event. Tethering of the vesicle triggers release of the inhibitory t- 
SNARE-binding protein Slylp, making the t-SNARE competent for binding to 
a v-SNARE. Reorganisation of the tethering complex then facilitates v- 
SNARE-t-SNARE pairing across the membrane junction, which leads, either 
directly or indirectly, to membrane fusion (modified from Lowe, 2000)
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According to this model, new cisternae form at the cis pole of the Golgi stack 

via fusion of transport complexes coming from the ER. They acquire Golgi enzymes 

via retrograde vesicle-mediated transport from previously formed cistemae. The 

transport and processing of cargo occur, therefore, simultaneous to the maturation of 

cisternae that progressively acquire medial- and trans-Golgi enzymes. The 

continuous formation o f cistemae at the cis pole, their consumption at the trans pole, 

and the retrograde transport of resident enzymes preserve the compartimentalisation 

of the Golgi complex (see Figure 1.6).

The consumption o f cisternae at the trans pole occurs via segregation of 

anterograde cargo from resident enzymes, into membrane domains that subsequently 

detach as large pleiomorphic structures or tubules, that move to the 

vesicular/tubular(or other intracellular destinations). Evidence in favour of this model 

was recently reported by Bonfanti et al., (1998), showing that procollagen is 

transported across the Golgi without leaving the lumen of the cisternae.

An attempt to reconcile the vesicular and cisternal maturation models has 

been made in which anterograde vesicular transport and maturation of cistemae co

exist, mediating transport o f different types of cargo, with different speeds. 

According to this model, intra-Golgi transport of small-sized cargo would occur via 

percolating vesicles, which are small vesicles continuously shuttling between adjacent 

cisternae. The large-sized cargo, on the other hand, would progress together with 

cistemae, at a slower rate, as reported for the transport of procollagen (Bonfanti et 

al., 1998; Pelham and Rothman, 2000)
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Figure 1.6 Models for intra-Golgi transport
According to the “vesicular-transport” model, cargo (in yellow) traverses the 
Golgi apparatus via vesicular carriers (round shapes) which originate from one 
cistema and fuse with the next, while cistemae and their content of modifying 
enzymes (triangles) are stationary. In the “cisternal-maturation” model, cargo- 
containing IC elements merge at the cis pole of the stack to form a Golgi 
cistema that further progresses towards the trans pole, sequentially acquiring 
Golgi enzymes (triangles) that constitutively move backwards via vesiscles. At 
the trans pole, cistemae break down into pleiomorphic transport carriers, which 
move towards the plasma membrane and/or other intracellular destinations.
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1.5 Dynamics of the Golgi complex

As anticipated above, the Golgi complex is responsible for the post- 

translational modification of newly-synthesised proteins, but it is important also for 

the synthesis of lipids, such as sphingomyelin (Jeckel et al., 1990; for review see also 

Van Meer, 1998). Furthermore, the GC is the crossroad of many intracellular 

trafficking pathways, including those heading to the plasma membrane, or to 

lysosomes, those mediating the recycling of PM-associated proteins via endosomes, 

or those shuttling between the Golgi and the ER. As a consequence, the GC is 

constantly traversed by a huge amount of protein and membrane, each undergoing its 

proper processing and following its own route, in an amazingly efficient way. This 

massive flow of material is the cause of the highly dynamic organisation of the GC, 

yet in spite o f this continuous remodelling, the GC keeps its typical architecture 

almost unaltered. How this "highly dynamic" stability is accomplished is largely 

unknown, and represents the subject of many studies, including this work.

It is still unclear to what extent the structural organisation of the Golgi 

complex is relevant for its function. As mentioned above, in mammalian cells the 

Golgi complex displays a typical structural organisation and intracellular location, but 

in organisms such as plants or yeast, it is markedly different. Despite this, the 

function of the GC is the same in all these organisms. Indeed, there are conditions in 

which the GC loses its organisation but not its function. Depolymerisation of 

microtubules by nocodazole, for example, causes the breakdown of the GC in 

mammalian cells, but it does not significantly alter Golgi function, since transport of 

newly-synthesised proteins to the plasma membrane occurs unperturbed (Rogalski et 

al., 1984; Cole et al., 1996). It is nevertheless of note that other trafficking pathways 

are altered in such conditions, for instance the transport of proteins targeted to 

lysosomes (Scheel et al., 1990), or the delivery of cargo proteins to specific sub
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domains o f the PM, in polarised cells (Lafont and Simons, 1996). A possible 

explanation could be that an unperturbed MT array and an intact ribbon-like Golgi 

network, although not required for the basic processes of PM-directed transport, are 

required for correct sorting and targeting to specific compartments. Since M T 

Depolymerisation does not prevent the formation of stacks of cistemae, but induces 

the dispersal o f “mini stacks” (Cole et al., 1996) in the cytoplasm, it might also be 

concluded that Golgi stacks are the minimal requirement for the correct processing 

and transport of cargo proteins. Again, this is contradicted by the presence of 

unstacked cisternae in S. Cerevisiae, which represent over 60 % of the overall Golgi 

membranes (Preuss et al., 1992).

In order to clarify the relationship between organisation and function, it is 

important to understand how the architecture of the Golgi complex is generated and 

preserved, in spite of the continuous flux o f membranes through this organelle. 

Several experimental approaches have been exploited to investigate this issue, such as 

the study o f GC disassembly/reassembly occurring during cell division, or the 

reversible breakdown of the GC caused by drugs such as Brefeldin A (BFA) or 

Ilimaquinone (IQ). Finally, the use of chimerae between GFP and Golgi associated 

proteins has considerably improved our knowledge of Golgi dynamics in living cells.

1.5.1 The Golgi complex and mitosis

During mitosis, the vertebrate GC breaks down concomitant with a block in 

the secretory transport (for review see Cabrera-Poch et al., 1998). This breakdown is 

accomplished by a multi-step process in which the ribbon-like Golgi network is first 

fragmented during prophase into isolated stacks, which scatter throughout the 

cytoplasm. The isolated stacks are further disassembled during metaphase, into 

vesicular/tubular membrane clusters, which represent the endpoint of the GC mitotic
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breakdown (see Figure 1.7). The molecular mechanisms responsible for this process 

are still a matter of debate and basically two different models have been proposed.

One model relies on the observation that GC breakdown is concurrent with 

the block in transport, and a significant fraction of the breakdown products (ca. 60%) 

are COP I-coated vesicles (Misteli and Warren, 1995). Therefore, the fragmentation 

of the GC might be the consequence of the accumulation of vesicular transport 

intermediates, which form normally, but fail to dock and fuse with acceptor 

compartments, causing the parallel consumption of cistemae. Concerning the 

remaining 40 % of Golgi membranes, they appear as network of tubules and vesicles 

larger than COP I-coated vesicles. The mechanism leading to their formation is not 

clearly defined but it has some similarities to the fragmentation of the GC caused by 

IQ (Lowe et al., 1998a).

The above model, has been recently challenged by the proposal that GC 

fragmentation is a consequence of a block in recycling of Golgi proteins through the 

ER, that occurs at the onset of mitosis. This alternative model is supported by the 

finding that Golgi membranes and proteins continuously cycle through the ER during 

interphase (Storrie et al., 1998). According to Zaal et al. (1999) at steady state, 30 % 

of the Golgi-resident protein GalT is found in the ER, in dynamic equilibrium with 

the remaining fraction associated with the GC. During mitosis, GalT disperses 

throughout the cell in structures thought to be ER cistemae, on the basis of EM 

observations and the analysis of the GalT diffusion rate (Zaal et al., 1999). Since exit 

from the ER is blocked during mitosis (Featherstone et al., 1985; Farmaki et al., 

1999), the dispersal of GalT, and other Golgi proteins, throughout the cell might be 

the consequence of their entrapment within the ER. When the anterograde transport 

from ER resumes, during cytokinesis, the GC is
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Figure 1.7 Disassembly of the Golgi complex during mitosis
Golgi morphology during different stages of the cell cycle in 
L929 fibroblasts visualised by immunostaining of the cfs-Golgi 
marker GM130. Arrowheads indicate mitotic Golgi clusters in 
the metaphase cell. Bar, 5 pm (modified from Cabrera-Poch et 
al., 1998)



allowed to recover in the daughter cells. This is indirectly confirmed by the finding 

that inhibiting the activity of the small GTPase Sari (which is required for the normal 

assembly of the COP Il-coated vesicles and therefore, for the transport out of the 

ER) prevents the reconstitution of the GC after mitosis (Zaal et al., 1999).

Whatever the mechanism leading to their formation, mitotic Golgi fragments 

are the precursors through which the GC reforms, during cytokinesis. Most of the 

data concerning Golgi re-assembly after mitosis have been obtained in reconstituted in 

vitro systems and several factors which are involved in the re-growth and stacking of 

cisternae have been identified. As the majority of mitotic fragments are COP I 

vesicles, it is not surprising that membrane associated proteins, which mediate the 

fusion of COP I vesicles to Golgi membranes, are also involved in Golgi re-assembly. 

NSF (N-ethylmaleimide sensitive factor), p97 (an NSF-like ATPase), SNAPs 

(soluble NSF attachment proteins) p i 15 (see Section 1.7.4), vSNAREs and 

tSNAREs and other factors involved in tethering and fusion of transport vesicles are 

thought to be involved in the reconstitution of the GC after mitosis (Rabouille et al., 

1995; Shorter et al., 1999a; Shorter et al., 1999).

The synergistic action o f two pathways appears to be required for the re

assembly of the GC after mitosis. If re-assembly is carried out in the absence of p97, 

the formation of defective stacks, made up of 2-3 short cisternae, is observed, while 

in the presence of p97, but in the absence of p i 15, long cistemae form. Subsequent 

addition of p i 15 is sufficient to induce the formation of stacks, suggesting that p i 15 

acts as a stacking factor. However, in the absence of both p97 and p i 15, no re

formation of isolated cistemae or stacks is observed indicating that if p97 is lacking, 

pi 15 is required not only for stacking, but also for cisternal re-growth (Shorter et al., 

1999a). These data are consistent with the proposal that p97 is required for the 

assembly of cistemae (Rabouille et al., 1995) and with the finding that in the recovery 

from IQ (see below) the abolition of p97 activity inhibits the formation of cisternae
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from large clusters of vesicles (Acharya et al., 1995). p i 15 needs giantin and GM130 

as co-factors in stacking of cistemae, (Shorter et al., 1999a) and components 

necessary for transport also appear to play a role in the structural organisation of the 

Golgi complex.

Other proteins are involved in Golgi re-assembly such as GRASP65 and its 

homologue GRASP55 (Shorter et al., 1999). Both proteins are associated with Golgi 

membranes and are part o f the so-called Golgi matrix, that includes also GM130 and 

giantin, as will be detailed in Section 1.7.

1.5.2 BFA

Treatment of many cell types with Brefeldin A (a fungal metabolite obtained 

from pénicillium brefeldianum) leads to the redistribution o f Golgi membranes and 

proteins into the ER (Fujiwara et al., 1988; Lippincott-Schwartz et al., 1989). This is 

a consequence o f a massive stimulation of retrograde, tubule-mediated, Golgi-to-ER 

transport, simultaneous to a block in anterograde transport from ER to the GC 

(Klausner et al., 1992). Under the action of BFA, no recognisable Golgi structures 

persist in the perinuclear area, while long and wide tubular networks form in the 

cytoplasm, resulting from the tubulation of lysosomes and from the intermixing and 

tubulation of the TGN and recycling endosomes (Lippincott-Schwartz et al., 1991).

The effect of BFA is reversible and this has allowed analysis of the steps by 

which the recovery of the normal GC organisation takes place. If cells treated with 

BFA for 1 h are placed in drug-free medium, then by 5 min the diffuse ER-like 

distribution of Golgi markers (such as MannII) turns into a more punctate one. This 

suggests that Golgi enzymes first concentrate into discrete structures and, by 10 min, 

these have increased in size. By 30 min, they appear as large structures scattered
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throughout the cell. After 1 h, these large structures gather in a pericentriolar area and 

finally merge into a new GC, which is indistinguishable from that o f untreated cells 

(Lippincott-Schwartz et a l,  1990). The re-assembly of the GC after BFA treatment 

is MT dependent, since treatment o f cells with nocodazole during the recovery 

process, leads to the formation of polarised “mini stacks” of cistemae at the ER exit 

sites, which fail to congregate in the pericentriolar area or to merge into the typical 

ribbon-like Golgi network (Cole et a l, 1996). In addition, the re-assembly process 

requires membrane fusion events since it is inhibited if NSF is not functional (Alcade 

et a l, (1992), and it occurs in a cis-to-trans direction, as suggested by the work of 

Alcade et a l,  (1992). In this study, re-assembly of the cis and tram  Golgi were 

independently analysed showing that re-assembly o f the cis compartment occurs in a 

shorter time, and under conditions where re-assembly of the trans compartment is 

inhibited. Therefore the re-assembly of the GC after treatment with BFA represents 

a powerful experimental approach to test the role of proteins that might be involved 

in the organisation o f the Golgi complex and we have used this in the present study 

(see Chapter 3).

1.5.3 Ilimaquinone

Ilimaquinone (IQ) is a sea sponge metabolite from Hippospongia 

metachromia, which causes complete vesiculation of the Golgi complex (Takizawa et 

al., 1993). IQ-dependent breakdown of the Golgi complex is a MT and ARF/p-COP 

independent process and involves heterotrimeric G-proteins (particularly the py- 

subunit) and PKD (or PKC|a, a protein kinase belonging to the PKC family) which is 

localised to the GC (Veit et a l, 1993; Jamora et a l, 1997; Jamora et a l, 1999).
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The effect of IQ is reversible, therefore, the GC progressively recovers upon 

removal of the drug, via a mechanism that has been described both in morphological 

and molecular terms. The Golgi-derived vesicles produced by the action of IQ, after 

drug withdrawal, start fusing to each other into larger structures of approximately 

200-300 nm, which are seen within 5 min of recovery, scattered throughout the 

cytoplasm. These vesicles then transform into tubular and short cisternal elements 

that, by 2 h, assemble into stacks of cisternae (Acharya et a l ,  1995).

This re-assembly process is dependent on NSF and on the presence of 

functional a-, (1-, and y-SNAP as demonstrated by studies in perforated cells 

(Acharya et al., 1995). The activity of these factors is required to obtain larger 

structures (200-300 nm) from smaller units, but not sufficient to allow re-formation 

of cisternae and their organisation into stacks. For these subsequent steps, the action 

of p97, an additional NSF-like ATPase, is needed (Acharya et al., 1995). Unlike 

BFA, the effect of IQ and the recovery o f the GC after IQ treatment are independent 

o f ARF or Rab. This suggests that the action of IQ is mediated by a distinct 

pathway, which is still poorly defined.

1.5.4 Golgi dynamics in living cells

The recent development of chimerae between GFP and Golgi-resident 

proteins, or molecules normally transported along the secretory pathway, has 

allowed Golgi dynamics to be viewed in living cells. For the first time it has been 

possible to look at intracellular structures, the dynamics o f which had been only 

deduced from in vitro or in vivo assays.

One of the key questions concerning Golgi complex dynamics is how resident 

proteins are retained, despite the continous flux of membrane. The use of GFP-tagged
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Golgi-membrane proteins and LSCM techniques such as Fluorescence Loss in 

Photobleaching (FLIP) or fluorescence recovery after photobleaching (FRAP), have 

significantly contributed to this issue.

FLIP is a well-established procedure, which relies on laser-scan technology to 

follow the intracellular dynamics of fluorescently-tagged proteins. Maximising the 

intensity o f the laser beam, it is possible to bleach a fluorescent molecule bound to 

the protein of interest, in a precisely-defined area of the cell. Since the normal cycling 

o f the protein is not affected, the bleached protein exchanges with non-bleached 

molecules that will then be bleached themselves, and so on. In the case of a cycling 

protein, this will result in a loss o f fluorescence outside the bleached area. In FRAP 

experiments, an area of interest within the cell is similarly bleached, but in this case, 

the recovery o f the fluorescent signal in the bleached area is monitored, which is 

indicative o f the diffusion of fluorescent protein into the selected area.

In HeLa cells transfected with GFP fused to Galactosyl transferase (GalT) or 

KDEL receptor (KDEL-R), Sciaky et al., (1997) described a remarkable plasticity of 

Golgi elements which constantly underwent remodelling via formation and 

breakdown of thin tubule processes, interconnecting between adjacent Golgi 

elements. Often these tubules appeared to initiate more stable and thicker membrane 

connections between Golgi elements. These tubules were also found to extend 

rapidly, break off, or detach from the rims of Golgi stacks, and move on curvilinear 

tracks with an average speed of 0.6 pm/s. Using FRAP and FLIP experiments the 

intra-Golgi diffusion rate of fluorescently tagged Golgi proteins such as GFP-GalT 

was calculated and found to be in the range of 3-5 pm sec’ (Cole et al., 1996), which 

is strikingly higher than that of vesicular/tubular proteins, and inconsistent with the 

hypothesis that Golgi-resident proteins form large immobile aggregates responsible 

for their retention (Munro, 1998).

45



1.6 The spectrin cytoskeleton and the Golgi complex

Important and well-characterised cytoskeletal factors, such as spectrin and 

ankyrin, have been localised to Golgi membranes (Beck et al., 1994). Further 

investigation revealed that other spectrin-related proteins, found in spectrin-based 

cytoskeletons, are also present on the Golgi complex. This raised the intriguing 

possibility that such a supramolecular structure could contribute to the organisation 

of this organelle.

The spectrin-based cytoskeleton was firstly identified and extensively 

investigated in red cells, where it is responsible for the stabilisation of the plasma 

membrane (Marchesi and Steers, 1968; Marchesi et al., 1972; Tillack et al., 1970). 

Indeed, when the PM of erythrocytes is solubilised by treatment with the anionic 

detergent Triton X-100, a macromolecular structure is uncovered, beneath the PM, 

which still preserves the typical shape of red cells (Hainfeld and Steck, 1977; Sheetz, 

1979). Further investigation revealed that, in addition to spectrin, this structure is 

composed of an ensemble of approximately sixteen proteins which are listed in Table 

l.a. These proteins form lateral associations within the plane of the cortical 

cytoskeleton, or firmly anchor it to at least three distinct integral membrane proteins: 

Band 3 (or anion exchanger 1), Glycophorin, and Na,K ATPase (Bennett and 

Gilligan, 1993; Coleman et al., 1989). A schematic view of the spectrin skeleton 

organisation is provided in Figure 1.8.

The spectrin-based cortical skeleton provides erythrocytes with their typical 

shape, and more generally, controls the viscoelastic properties of the plasma 

membrane. Disassembly of the spectrin skeleton by means of low ionic strength, 

induces vesiculation of the PM (Elgsaeter et al., 1976). The underlying spectrin
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S D S  gel 
B a n d -

P r o t e in S D S - P A G E  
M r + 103

c o p ie s /
s p e c t r in

1 a l- s p e c tr in 2 4 0 1 .0
2 p i-sp e c tr in 2 2 0 1 .0
2 .1 - 2 .3 a n ky rin 2 1 0 - 1 9 0 0 .5
3 ’ (p rim e) a-adducin 1 0 5 0 .1

p-adducin 1 0 0 0 .1
3 anion exchanger 1 9 0 - 1 0 0 5 .0
4 .1 protein 4 .1 a 8 0 0 .8

protein 4 .1b 7 8
4 .2 pallid in 7 2 1 .0
4 .5 p55 5 5 0 .3
4 .9 dem atin 48 & 52 0 .6

5 p-actin 4 3 2 .1
tropom odulin 4 3 0 .1

6 G 3PD 35 2 .1
7 .1 tropom yosin 27 & 29 0 .3
7 .2 stom atin 31 0 .8
P A S glycophorin A 3 6 4 .2
P A S - 2 glycophorin C 3 2 0 .8
P A S - 3 glycophorin B 2 0 0 .8

glycophorin D 2 3
qlycophorin E

Table l.a  Major components of the human erythrocyte membrane skeleton
A list of the components of the spectrin skeleton in erythrocytes giving the 
molecular weight (Da), as assessed by SDS-PAGE, together with the copy number 
per spectrin molecule (modified from Morrow et al., 1996).
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Figure 1.8 Organisation of the spectrin skeleton in erythrocytes
The spectrin-actin subcortical skeleton underlies the plasma membrane of 
erythrocytes, as shown by the EM picture in A. Spectrin tetramers (arrows) 
are crosslinked at junction points (arrowheads) by short filaments of F- 
actin and protein 4.1/adducin, as shown also in B. The spectrin skeleton is 
anchored to the membrane via at least three different integral membrane 
proteins, band 3, glycophorin, and Na/K ATPase (B). Modified from 
Morrow et al. (1996) and Bennett and Baynes (2001).



skeleton is therefore fundamental for the stability of the erythrocyte PM, and for the 

frequent shape changes that erythrocytes undergo to withstand the huge physical 

stress they are exposed to in the blood stream.

Spectrin accounts for over 20% of the total mass of the spectrin cytoskeleton. 

In red cells, it is usually arranged in heterodimers of an alpha and a beta subunit, 

paired antiparallel, although in other cells homodimers and multimers of just beta- 

type spectrins may exist (Malchiodi-Albedi et al., 1993; Bloch and Morrow, 1989). 

Several isoforms of spectrin have been identified so far, resulting from the alternative 

splicing of 2 a-spectrin and 5 P-spectrin genes (see also Sections 1.6.1 and 1.6.2). 

The full list of the identified spectrin isoforms is reported in Table l.b. All spectrins 

are filamentous proteins characterised by the presence of a variable number of 

homologous repeats, each comprising about 106 amino acids, and other typical 

functional domains (Morrow et al., 1996).

1.6.1 P-spectrins

/3-spectrins have a tripartite structure comprising unrelated domains at their 

N- and C- termini (domain I and III, respectively) and an homologous region of 17 

repeats corresponding to domain II. The amino-terminal domain I contains a 27- 

residue sequence comprising two adjacent calponin homology domains, which are 

required for actin binding (reviewed in Hartwig, 1994; Hartwig and Kwiatkowski, 

1991). Domain III, that is absent in the erythroid P-spectrin, contains a pleckstrin 

homology (PH) domain which is involved in the interaction with lipids, and is found 

in a wide array of signalling and cytoskeletal proteins (Haslam et al., 1993; Mayer et 

al., 1993).
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Table l.b  List of the identified spectrin isoforms with mention of their 

intracellular distribution (modified from De Matteis and Morrow, 2000)

S p e c tr in h u m a n

C h r o m o so m e

Pre-

G o lg i

G o lg i T G N /E n d o /

L y so

P M .
co m m en ts

al 1 no no yes yes Predominant in red cells; 
also endo/lysosomal 

compartment.
all 9 no no no yes generalized plasma 

membrane a-spectrin
PI 14 yes yes yes yes Predominant in red cells 

(plZl). Also in brain and 
muscle (pl£2). 

Immunoreactive with 
Golgi forms.

PH 2 no no no yes generalized plasma 
membrane 3-spectrin

p in 11 yes yes yes no

(trace)

Golgi and TC associated 
spectrin. Binds ARP1 

and muncl3.

p iv 19 no peri

nuclear

yes yes MAD2 domain contains 
novel ICA/512 secretory 
granule protein binding 
domain. Associates also 
with nodes of Ranvier.

p v 15 ND ND ND ND preserved actin binding 
and MAD 1 domains 
(Stabach & Morrow, 

GenBank pending). Role 
uncharacterized.
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(3-spectrin includes three domains that mediate ankyrin-independent binding 

to membranes. The membrane association domain I (MADI) localises within the first 

106 aa repeat of both (31- and (311-spectrin (Lombardo et a l, 1994). Recombinant 

polypeptides encompassing this repeat bind to stripped brain membranes and inhibit 

subsequent binding of full-length native all/(3ll spectrin dimers. A second membrane 

association domain (MAD2) resides in the COOH-terminal domain III of (3122 and 

(311 spectrin (Davis and Bennett, 1994; Lombardo et a l, 1994). MAD2 is not found 

in domain III of (3121 (erythrocyte) spectrin. This site binds strongly to brain 

membranes in vitro, and also strongly inhibits the binding of native all/(3ll spectrin 

to these membranes (Lombardo et a l, 1994). MAD2 encompasses the PH domain of 

spectrin, and it has been demonstrated that the MAD2 domain of (3122 spectrin gains 

its membrane binding activity from its PH domain (Godi et a l, 1999) (Davis and 

Bennett, 1994, Lombardo et a l, 1994, Wang and Shaw, 1995). A third domain 

mediating direct interaction with membranes (MAD3) is located between repeats 2 

and 7 (Davis and Bennett, 1994). MAD3 binds to a 64 kDa calmodulin-sensitive 

membrane glycoprotein which is supposed to interact with laminin, a component of 

the extracellular matrix (Davis et a l, 1995), this representing an interesting link 

between the spectrin skeleton and the extracellular matrix. Additional functional 

domains of (3-spectrin are the ankyrin binding domain located in the 15th repeat and 

the self dimérisation domain located at repeats 1 and 2, that is needed to trigger the 

antiparallel self-association process between an a  and a [3 subunit (see Figure 1.9) 

(Kennedy et a l,  1994; Morrow et a l,  1980; Tse et a l,  1990).

1.6.1.1 pi-spectrin

Five genes have so far been identified encoding (3-spectrin isoforms. The (31- 

spectrin gene is located on human chromosome 14 and produces the erythroid
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Figure 1.9: Schematic representation of the p-spectrin molecule
A: spectrin exhibits a tripartite structure, comprising an N-terminal domain 
I (red) in which reside the binding sites for actin/centractin and protein 4.1, a 
medial domain II (green) containing 17 tandem repeats of 106 aa, containing 
the MAD land MAD3 ankyrin-independent membrane-association domains, 
the spectrin dimérisation domain (SDD) and the ankyrin binding site. Finally, 
a domain III (blue) containing the MAD2 domain is found at the C-terminus 
of the molecule, which also includes a PH domain. Modified from Morrow et 
al. (1996)
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spectrin and muscle (3IS2 spectrin, by differential splicing o f the mRNA. The 

erythroid isoform is shorter than (3IE2, since it lacks the C-terminal PH domain 

present in domain III of (31X2. The erythroid isoform is considered specific to red 

cells, but recently, its transcript has been identified by polymerase chain reaction 

(PCR) in MDCK cells (J. Morrow personal communication). (31X2 is abundant in 

muscle cells but also present in granular cells of the cerebellum (Porter et al., 1992; 

Malchiodi-Albedi et al., 1993), where it is specifically concentrated at post-synaptic 

densities. Recently, this isoform has been suggested to be specifically associated with 

the Golgi complex, on the basis o f several lines of evidence that will be discussed 

further below.

1.6.1.2 ¡511-spectrin

More recently, other genes have been identified encoding (311, (3111-, IV- and 

V- spectrins. They are located on human chromosomes 2, 11, 19 and 15 respectively 

and, for some of them, different splice variants are known which still await a full 

definition of their tissue specificity and intracellular distribution.

The (311-spectrin transcript undergoes splicing into a long form, containing a 

PH domain at the C-terminus, and a short one devoid of it. (311 spectrin is widely 

expressed, with the exception of muscle tissue, and is invariably associated with the 

PM (for review see Morrow et al., 1996).

1.6.1.3 ¡5111-spectrin

Concerning (3111-spectrin, this isoform has been identified by screening the 

GenBank database (Stankewich et al., 1998); it is highly similar to (31 and (311 

spectrins and shares all the known functional domains (i.e. actin and ankyrin binding
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domains, and MAD 1 and 2). It is widely expressed in human tissues, although at 

different levels, and its intracellular distribution partially overlaps that of bona fide 

Golgi markers, suggesting that this isoform is at least one of the spectrin isoforms 

associated with the Golgi complex and secretory compartments (see below for further 

details).

1.6.1.4 filV-spectrin

(3IV spectrin is located on human chromosome 19 and preferentially 

expressed in brain and pancreatic islets. It localises to the nodes of Ranvier in neurons 

and at undefined cytoplasmic structures in pancreatic islets (Berghs et al., 2000; 

Stabach et al., 2000). Four distinct splicing variants (PIVEI to 4) are generated by the 

piV-spectrin mRNA, but their subcellular localisation has not been defined.

1.6.1.5 fiV-spectrin

pV-spectrin is the mammalian orthologue of the Drosophila PH spectrin 

(Stabach et al., 2000). It is 417 kDa and contains 30 homologous repeats, instead of 

the 17 of the other p-spectrins. In addition to the functional domains shared by other 

P-isoforms, PV-spectrin contains a protein-protein interaction domain found also in 

some viral proteins (Stabach et al., 2000). The gene encoding PV-spectrin is located 

on human chromosome 15 and is expressed in photoreceptor rods and cones, as well 

as in gastric cells, where PV-spectrin localises to the basolateral membrane. No 

alternative splicing for the p v  transcript has been identified so far.
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1.6.2 a-spectrin isoforms

a-spectrins comprise 22 domains among which the first 9, and domains 12 to 

21, are homologous repeats similar to those in (3-spectrins. In addition, domain 10 

contains an SH3 domain (SRC homology domain 3), while domain 11 comprises a 

calmodulin binding site, together with a cleavage site for calcium-activated proteases. 

At the C-terminus (domain 22) a calcium-binding domain is present that belongs to 

the EF-hand type. Unlike (3-spectrin, a-spectrin does not bind ankyrin, but 

associates in an antiparallel way to (3-spectrin via its 20th and 21st domains.

al-spectrin is a 280 kDa protein and its expression has only been 

convincingly demonstrated in erythrocytes, although a recent report suggests it is also 

present in cerebellum, in association with (31X2. a l l  spectrin is expressed in a wide 

array of tissues including brain, where it is particularly abundant and is associated 

with (311 spectrin (for review see Morrow et al., 1996; Bennett and Baines, 2001).

1.6.3 Ankyrin

Ankyrins are large proteins that act as adapter molecules linking integral 

membrane proteins to the spectrin-based cytoskeleton (reviewed in Bennett, 1992; 

Bennett and lambert, 1992). First described in erythrocytes (Luna et al., 1979), 

ankyrin-like proteins have now been discovered in virtually all vertebrate cells (Lux et 

al., 1990). Most ankyrins described to date comprise three independently folded 

domains. The first is a highly conserved N-terminal domain made of 24 tandemly 

arrayed repeats, each consisting of 33 amino acids, that associates with several 

membrane proteins. The second is a well-conserved 62-67 kDa domain that binds (3- 

spectrin and the third is a variably sized C-terminal “regulatory” domain of ca. 55 

kDa, that can modulate the activities o f the first two domains (reviewed in Bennet
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and Baines, 2001). The second domain is conserved in all human isoforms of ankyrin 

characterised to date. Within this region, the "‘minimal” spectrin-binding region has 

been identified and this includes a less well conserved region that may impart upon 

different members of the ankyrin family their characteristic spectrin-binding affinities 

(Davis and Bennett, 1990; Fearon et al., 1992; Platt et al., 1993).

Ankyrin-like repeats are present in an intriguing number of apparently 

unrelated proteins (Bennett, 1992, Lux et al., 1990), including membrane proteins 

involved in cell differentiation such as Drosophila Notch and C. elegans Glp-1; 

cytoplasmic proteins that regulate the cell cycle such as S. cerevisiae SW16 and 

SW14; and nuclear proteins such as the transcription factors Nf-kB and GABP-fL 

Several novel ankyrin isoforms, some of which lack all or part of the repetitive or 

regulatory domain, have been reported (Devarajan et al., 1996; Kordeli et al., 1995; 

Peters et al., 1995). Among them, AnkG119 is an isoform specifically associated 

with Golgi membranes (Devarajan et al., 1996) and which lacks the regulatory C- 

terminal domain. This is not the only Golgi-specific ankyrin and a 195 kDa isoform 

localised to the trans Golgi and TGN, has been identified immunologically (Beck et 

al., 1997). Other ankyrins have been described associated with late endolysosomes in 

macrophages (Hoock et al., 1997). The presence o f specific ankyrin isoforms in 

secretory, endocytic/lysosomal, and PM  compartments suggest a role for ankyrins in 

maintaining their morphological organisation.

1.6.4 Adduciti

Adducin subunits exist as either a ß  heterodimers, or (a ß )2 tetramers, with 

the latter probably representing the predominant species (Hughes et a l, 1995). The 

binding of adducin stabilises spectrin/actin complexes in the cytoskeleton (Gardner 

and Bennett 1987; Mische et ¿r/. ,1987), in a protein kinase C (PKC) regulated manner,
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since adducin phosphorylation by this kinase reduces its affinity for spectrin 

(Matsuoka et a l,  1995). The binding sites in adducin for spectrin and actin have been 

localized to the tails of both the a - and (3-subunits. Adducin has been localized to the 

sites of cell-cell contact in cultured epithelial cells. Immunofluorescence studies 

indicate that some-anti adducin antibodies decorate the GC in MDCK and COS7 cells 

(A. Di Campli and T. Daniele unpublished results).

1.6.5 Actin

Actin is the major component of the microfilamentous cytoskeleton and three 

major isoforms of actin have been described (a , (3, and y). Stress fibers and 

sarcomeres are composed predominantly of a  actin, while the cortical cytoskeleton is 

mainly (3 actin. y actin is generally expressed in cells lacking the [3 isoform (reviewed 

in Herman, 1993). Except for mammalian red cells, the actin-based cytoskeleton is 

present in the cytoplasm of all cells, (for review see Morrow, 1996) and is structured 

and organised through the activity of diverse actin cross-linking, bundling, capping, 

and severing proteins. Similarly, other actin binding proteins use the actin 

cytoskeleton as an organising center to localise or optimise specific functions. The 

actin cytoskeleton is used for driving cell motility, and actin filaments are the 

substrate for myosin based contractile activity.

The importance of the actin cytoskeleton in the organisation of the Golgi 

complex is poorly defined. Actin binding proteins (such as comitin) are found at the 

Golgi complex and immunogold electron microscopy studies have shown that [3 and y 

actin isoforms localise to Golgi-associated COPI-coated buds and vesicles 

(Valderrama et a l, 2000), confirming a potential role of actin in vesicle budding. 

Cytochalasin B alters the formation of VSVG-GFP transport intermediates from 

Golgi membranes in living cells (Hirschberg et al 1999) and actin cytoskeleton
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rearrangements induce morphological changes in the Golgi complex (Di campli et al., 

1999), in addition, the coalescence of Golgi fragments in nocodazole-treated cells is 

also inhibited by depolimerisation of actin filaments. However, contradictory data 

show that cytochalasin D, does not affect Golgi-to-PAf traffic of VSV-G, or 

glycosaminoglycan release into culture medium (Valderrama et al, 1998; Di Campli et 

al\ 1999).

Convincing evidence of a role for actin filaments and actin-based motors in 

intracellular transport have been obtained in S. Cerevisiae, where mutated Myo2 (a 

myosin V gene product), causes defective post-Golgi transport and accumulation of 

transport vesicles destined to vacuoles or exocytosis (Govindan et al., 1995). In 

mammalian cells, three different isoforms of myosin have been localised to the Golgi 

complex. Chicken brush-border myosin I is found on Golgi derived vesicles in 

polarized epithelial cells, where it is thought to facilitate movement along actin 

filaments (Fath and Burgess, 1993; Fath et al, 1994), at the cell periphery. Non

muscle myosin IIA, initially identified as a 200 kDa phosphoprotein is also 

associated with the Golgi complex (Narula et al, 1992), and on vesicles budding from 

the TGN (Narula and Stow, 1995; Ikonen et al, 1996). It is not clear which transport 

pathway specifically involves p200/myosinIIA (Ikonen et al, 1996; Simon et al, 

1998; Musch et al, 1997). The recent localisation of myosin IIB on Golgi derived 

vesicles suggests that both nonmuscle myosin II isoforms are involved in trafficking, 

but probably in different transport pathways (Heimann et al 1999). Finally, Myosin 

VI is also on the Golgi complex (Buss et al, 1998), but its function is unknown.

The presence of so many actin-related proteins on the Golgi complex 

indicates an important role for the actin cytoskeleton in intracellular transport, 

through the mechanisms still remain to be elucidated.
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1.6.6 ARP1

Recently, a series o f actin-related proteins have been described, markedly 

expanding the diversity of actin types and presumably actin’s functions (Schroer et 

al., 1994). These actin-related proteins (ARPs) usually form part of larger structures 

(Clark and Mayer, 1992; Clark and Meyer, 1994). Most convincingly, ARP1, which 

is a component of the centromere, has been purified and shown to be competent to 

form filaments like conventional actin (Schafer et al., 1994). ARP1 (also known as 

centractin) forms filaments that are associated with the dynactin complex mediating 

the interaction between microtubules and membranous compartments including the 

Golgi. In fact, over-expression of ARP1 produces longer and thicker filaments of 

centractin to which Golgi spectrin binds together with bona fide Golgi markers. As a 

consequence the Golgi morphology in ARP 1-transfected cells is perturbed (Holleran 

et al., 1996).

1.6.7 Spectrin-based cytoskeleton in non-erythroid cells

Heterodimers of a  and [3 spectrin further associate into a tetramer and this 

oligomerisation is triggered by the ankyrin dependent binding of the N-terminus of a - 

spectrin with sequences located within the 17th repeat of (3-spectrin (see Figure 1.10) 

(DeSilva et al., 1992; Kennedy et al., 1994). In erythrocytes, the assembly of the 

spectrin cytoskeleton also involves the interaction o f protein 4.1 with the N-terminus 

o f (3-spectrin to a site close to the actin binding site. This interaction is thought to 

stabilise the interaction of spectrin with F-actin (filamentous actin). A spectrin based 

cytoskeleton is also found in other cell types, though its association with the PM is 

dynamic and in many cases, developmentally regulated, (for review see Morrow et 

al., 1996). Neurons for example, express a wide array of spectrin
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Figure 1.10: Schematic representation of the spectrin tetramer
B: (3-spectrin binds in an antiparallel configuration to a-spectrin, to form 
heterodimers that associate into tetramers, as shown (modified from Morrow et al., 
1996).
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isoforms, the most common of which are splice variants of a l l  and (311 (Goodman, 

1995). (3IZ2, which was originally identified in muscle cells, is also present in 

cerebellar granule cells and in regions of the frontal cortex, enriched in specific 

domains of the PM and in synaptic vesicles (Malchiodi-Albedi et al., 1993). The 

association of spectrin with transport complexes mediating axonal transport (Willard 

et al., 1987), and with synaptic vesicles at the nerve terminals (Sikorski et al., 1991), 

suggests a role in secretory transport. In chromaffin cells, the stimulation of secretion 

coincides with a dramatic change in spectrin distribution, which concentrates into 

patches at the PM, while introduction of spectrin antibodies into permeabilised cells 

reduces catecholamine secretion by 50%. These findings have led to the conclusion 

that spectrin inhibits the docking and fusion of regulated secretory vesicles (Aunis 

and Bader, 1988).

A well-established role for the spectrin skeleton at the PM is the formation of 

functional sub-domains through an association with membrane receptors, ion 

channels or adhesion molecules. In epithelial cells, the localisation of the NA/K 

ATPase at the basolateral domain of the PM requires interaction with the underlying 

spectrin skeleton. Similarly, at sites of cell-cell contact, a complex of E-cadherin, 

spectrin and ankyrin, is required for the formation of cell polarity, immediately 

following the establishment of cadherin-mediated cell adhesion.

In muscle cells, spectrin is required for the clustering of acetylcholine 

receptors in specific domains of the sarcolemma (Bloch and Morrow, 1989; 

Dmytrenko et al., 1993), but is also involved in myogenesis. In primary avian 

myoblasts, the predominant (3 spectrin iso form termed “y” spectrin is related to (311 

spectrin, down regulated upon myotube fusion and replaced with (31 spectrin 

isoforms (Nelson and Lazarides, 1983). In mammalian systems, the (311 spectrin
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subunit can be thought of as a “fetal” isoform during myogenesis while the (3IZ2 

subunit is the “adult” form.

1.6.8 Spectrin skeleton and Golgi

Antibodies specific for (31 spectrin stain the Golgi complex in several cell 

lines, and recognise a 220-240 kDa protein in western blots of isolated Golgi proteins 

(Beck etal., 1994; Devarajan and morrow, 1996; Godi et al., 1998). Spectrin-derived 

polypeptides encompassing the MADI domain of (3-spectrin associate with Golgi 

membranes, when transfected into MDCK cells and can compete with the binding of 

spectrin to isolated Golgi membranes in vitro. Two different isoforms of ankyrin 

(119 kDa and 195 kDa) and adducin have been localised on the Golgi complex by 

immunologic methods, indicating that a spectrin-based skeleton might be associated 

with this organelle. Further studies demonstrated that the recruitment of spectrin 

(and actin) to isolated Golgi membranes is regulated by ARF, via ARF-stimulated 

synthesis of PIP2. It appears that activated ARF recruits PtdIns-4-kinase-beta and a 

still unspecified PtdIns-4-phosphate 5-kinase to Golgi membranes, leading to 

synthesis of PIP2 followed by binding of spectrin via its PH domain (Godi et al., 

1999). Although evidence indicates that Golgi spectrin is a (3IZ2-Iike spectrin, the 

exact sequence of this isoform is still unknown. Recently a new (3-spectrin isoform 

has been identified, namely (3111-spectrin, which displays an intracellular localisation 

including the Golgi complex (Stankewich et al., 1998).

A functional spectrin skeleton on Golgi membranes is required for the correct 

localisation of Na/K ATPase at the PM in MDCK cells (Devarajan et al., 1997). In 

addition ER-to-Golgi transport of VSV-G is impaired by interfering with spectrin 

binding to Golgi membranes in semi-intact cells (Godi et al., 1998). These data point 

to a role for spectrin in the transport o f newly-synthesised proteins, in ER-to-Golgi
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transport and from the point of view of the maturation model, spectrin could be 

involved in the assembly of new cistemae at the c/.s-Golgi. The spectrin skeleton 

could also be required for the fusion of transport complexes coming from the ER and 

their subsequent re-arrangement into a cisterna. Therefore, interfering with spectrin 

binding to Golgi membranes would result in impairment of transport and perturbation 

of Golgi morphology. This working hypothesis has been tested in the present study 

(Chapter 3).

1.7 Golgi matrix

The existence of a proteinaceous matrix linking together the cisternae o f a 

Golgi stack has been suggested on the basis of several observations; (i) the existence 

of a so called “exclusion zone” containing many fibrillar structures, surrounding Golgi 

stacks (Mollenhauer and Morré, 1978), (ii) the inter-cisternal space, is relatively 

constant in width, and contains electron-dense material and filamentous bridges 

(Mollenhauer et al., 1973; Mollenhauer and Morré, 1975; Franke et a l, 1971; Cluett 

and Brown, 1992), (iii) Golgi stacks are preserved after isolation of Golgi membranes 

by mild procedures (Morré and Mollenhauer, 1964). In addition, the inter-cisternal 

electron-dense “material” is made up mainly of protein and is responsible for 

stacking, since treatment of isolated Golgi membranes with proteases leads to de

stacking of cisternae (Cluett and Brown, 1992).

Triton X-100 extraction used previously in the isolation of large multiprotein 

structures such as cytoskeletal elements, or the nuclear lamina (Worman et a l, 1988), 

has been exploited to isolate a possible Golgi skeleton (Slusarewicz et a l, 1994). 

Extraction o f isolated Golgi membranes with 2% Triton X-100 resulted in 

solubilisation of 60% of their protein content and the protein composition o f the
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insoluble was analysed (Slusarewicz et a l, 1994). Most of the ER-specific or 

lysosome-specific enzymes, which usually contaminate isolated Golgi membranes, 

were absent from the insoluble fraction, whereas most of the original medial-Golgi 

enzymes, such as N-acetylglucosaminyltransferase I (NAGT I) or 

galactosyltransférase (GalT), were present. Further treatment of the triton pellet with 

increasing concentrations of NaCl led to the complete solubilisation of both NAGTI 

and GalT and the remaining insoluble fraction corresponded to ca. 10 % of the 

original Golgi proteins (see Figure 1.11, A). Interestingly, this fraction was able to re

bind Golgi enzymes when the salt was removed, suggesting a specific interaction 

between Golgi enzymes and the components of this fraction. The Golgi protein 

fraction that is insoluble in Triton X-100 and high salt has been defined as the “Golgi 

matrix” (GM) and ultrastructure analysis has revealed that it retains an organisation 

reminiscent of Golgi stacks (see Figure 1.11, B). The authors concluded that the 

proteins isolated using this protocol participate in a multi-protein structure that 

binds to Golgi enzymes and is responsible for the organisation of Golgi stacks 

(Slusarewicz et a l, 1994).

1.7.1 GM130

Some of the proteins o f the Golgi matrix have been identified and 

characterised. Human GM130 is a 989 aa protein that, like its 986 aa rat orthologue, 

is a hydrophilic protein likely to assume a coiled-coil structure. The putative coiled- 

coil domains span almost all the molecule with the exception of the N-terminal 50-70 

and the C- terminal 70-90 amino acids. The N-terminal 73 aa contain a binding site for 

p i 15, while the last 8 aa are required for interaction with GRASP65. Rat GM130 is

85.5 % similar to G95, a human protein previously identified by Fritzler et al. 

(1993), which lacks the N-terminal 370 aa of GM130 and is recognised by
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A B

giantin
GM130

GRASP65

Figure 1.11 Organisation and composition of the Golgi matrix.
A: An SDS-PAGE analysis of the GM components. Several discrete bands 
are evident, some of which, such as giantin, GM130, GRASP65, have been 
identified. B: EM picture of rat liver Golgi stacks before (a) and after (b) 
extraction with 2% Triton X-100. The structures which are not solubilised 
by Triton largely resemble the original organisation of the Golgi stacks, as 
indicated by arrows. Note that amorphous material is also present (*) 
(modified from Slusarewicz et al., 1994).



autoantibodies from patients with Sjogrens syndrome. In this context, it is interesting 

to note that sera from patients affected by other autoimmune diseases (Lupus 

eritematosus) also contain auto-antibodies against Golgi proteins, collectively called 

Golgins (Fritzler et al., 1995; Griffith et al., 1997; Erlich et al., 1996).

Initially considered as a human variant of GM130, G95 is now believed to be a 

degradation product of GM130 (Eystathioy et al., 2000).

GM130 shows weak similarity (20-50 %) to other proteins with predicted coiled-coil 

domains including giantin, pi 15, pi 50 (a subunit of the dynactin complex (Holzbaur 

et al., 1991) and various myosin heavy chains (Sun and Chantler, 1992). 

Immunolocalisation of GM130 in EleLa cells showed a better co-localisation with cis- 

Golgi markers such as syntaxin 5, than with medial (N-acetylglucosaminyltransferase 

I) or trans-Golgi markers (sialytransferase). This was confirmed by EM observations 

showing localisation of GM130 at the cis side o f the Golgi stack, on tubular 

structures and in inter-cisternal space (Nakamura et al., 1995). GM130 is associated 

with the Golgi membranes via its interaction with GRASP65 (Barr et al., 1998) and is 

only removed by treatment of the membranes with 1 M KC1. GM130 is effectively 

detached from Golgi membranes by 6M urea, by treatment with pH 11.0, or in 1 % 

Triton X-l 14 (Nakamura et al., 1995). Serine 25 of GM130 is substrate for the Cdc2 

kinase and is heavily phosphorylated during mitosis. Although phosphorylated 

GM130 can still bind GRASP65 (Barr et al., 1997), but it no longer binds p i 15 and 

the disruption of this interaction likely represents one of the events that trigger 

mitotic breakdown of the Golgi complex.
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1.7.2 GRASP65

GRASP65 (Golgi re-assembly stacking protein) is another component of the 

Golgi matrix. It was initially identified as one of the major targets of the alkylating 

agent NEM (N-ethylmaleimide), which blocks re-assembly of Golgi stacks from 

mitotic fragments, in vitro (Rabouille et a l, 1995; Barr et al., 1997). The role of 

GRASP65 in GC re-assembly was confirmed using antibodies and recombinant 

proteins (Barr et a l, 1997). GRASP65 is tightly bound to Golgi membranes via a 

myristoyl group at its N-terminus and it binds GM130 through a conserved region 

corresponding to amino acids 189-201 (Barr et a l, 1998). Recently, a 55 kDa 

homologue of GRASP65, GRASP55, has been identified which shows almost the 

same features as GRASP65 but displays a wider distribution across the Golgi stack 

(Shorter et a l, 1999).

1.7.3 Giantin

Giantin was originally identified in rat (GCP360) and subsequently in human 

(GCP-372) (Linstedt et al., 1993) and its name derives from its high MW, which, 

depending on the species, can be 360 or 372 kDa. This protein is anchored to Golgi 

membranes through its 22 terminal aa, while the rest of the molecule protrudes into 

the cytosol. At least five predicted coiled-coil domains are present in the cytosolic 

portion o f this protein, suggesting a structural role. It binds to p i 15 at a site close to 

(Sonnichsen et al., 1998), if not overlapping with (Linstedt et al,. 2000) that of 

GM130. It is of note that the signal responsible for the localisation of giantin to the 

Golgi complex resides in the cytosolic portion of the molecule and not in its 

transmembrane domain (Misumi et a l, 2001), raising the interesting possibility that
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the interaction of giantin with cytoplasmic structures, is responsible for its 

intracellular localisation.

1.7.4 p l l 5

p i 15 is not by itself a component of the GM but binds at least two 

components o f the GM, giantin and GM130. It has a crucial role both in transport 

and in Golgi stacking (Shorter et al., 1999a). p i 15 is a cytosolic protein that normally 

forms dimers. The structure of both monomer and dimer have been imaged by 

rotatory shadowing; each monomer is formed by a globular head and a “rod-like” tail 

which, by mean of coiled-coil domains, is responsible for homo-dimerisation 

(Sapperstein et al., 1995). The p i 15 structure largely resembles that of motor 

proteins like kinesins or myosin II, but it lacks a nucleotide binding site, p i 15 was 

initially identified as a factor involved in the intra-Golgi vesicle transport (Waters et 

al., 1992), and later shown in polarised cells to act as a docking factor for transcytotic 

vesicles. It is highly homologue to U solp, a protein that in yeast is involved in ER- 

to-Golgi transport (Sapperstein et al., 1995). Similarly, in yeast U solp is important 

for the docking to Golgi membranes, of transport vesicles coming from the ER, a step 

this, that is preliminary to SNARE-mediated membrane fusion (Cao et al., 1998). A 

role in lipid metabolism has also been proposed for p i 15 since it is a co-factor of 

cytidylyltransferase; a major regulatory enzyme in the biosynthesis of 

phosphatidylcholine (Feldman et al., 1998). Additional evidence obtained over the 

past 7 years have enforced the idea that p i 15 is an important docking factor in 

intracellular transport (see above), and is localised to the Golgi complex and some 

pre-Golgi compartments (Nelson et al., 1998; Alvarez et al., 2001). According to 

Alvarez et al. (2001) p i 15 is involved in ER to Golgi transport since interfering with 

this protein causes a defect in the delivery of cargo protein to Golgi cisternae. p i 15
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binds GM130 and giantin and the interaction between these proteins is thought to be 

required for transport and for reconstitution of the Golgi complex from mitotic 

fragments (Shorter et al., 1999a).

The multiple interactions between the various Golgi proteins, together with the 

observation that giantin, but not GM130, is found on transport vesicles (Sonnichsen 

et a l,  1998), has led to the following proposal. Vesicle-associated giantin binds p i 15, 

which in turn binds GM130. that is restricted to cisternae, via its interaction with 

GRASP65. A long tether (ca. 200 nm) is therefore formed, which prevents vesicles 

moving away from Golgi cistemae and may be involved in correctly directing them 

towards their site of fusion (Sonnichsen et al., 1998). Consistent with this model is 

the finding that interfering with the formation of this tether leads to the impairment 

of secretory transport, and the accumulation of 60 nm vesicles (Seemann et al., 

2000a). As schematically shown in Figure 1.12, such a multiprotein tether would also 

be important for the stacking of adjacent cistemae and, likely, represent the 

proteinaceous bridges observed in EM in the inter-cisternal space (Mollenhauer et al., 

1973; Mollenhauer and Morre, 1975). A dissenting view has been proposed by the 

recent suggestion that the GM130 and giantin binding sites on pi 15 overlap. This 

implies that the two proteins cannot bind p i 15 at the same time (Linstedt et al., 

2000).

At the onset of mitosis, activation of the CDC2 kinase causes phosphorylation of 

GM130 and the release of pi 15. The inhibition of the interaction between pi 15 and 

GM130 would be a key event in the breakdown of the Golgi complex that is 

observed in mitosis (Lowe et al., 1998a) suggesting a role for these proteins also in 

stacking. This role has been demonstrated in in vitro assays of cisternal re-growth and 

stacking from mitotic Golgi fragments. Taken together, there is growing evidence that 

GM and associated proteins are responsible for both transport and organisation of 

the Golgi complex.
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Figure 1.12: Components of the Golgi matrix are involved in cisternal 
stacking and transport of vesicles.
A schematic model for the role of GRASP65, GM130, p i 15, and giantin in 
cisternal stacking and vesicular transport. A long proteinaceous filament 
resulting from the interaction of these proteins would act as a link between 
adjacent cistemae and as a tether for transport vesicles.
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Since most o f the evidence supporting these ideas has so far come from in vitro 

studies on isolated Golgi membranes, it is important to examine the intracellular 

dynamics of these proteins. In the present study, the distribution of GM proteins in 

living cells has been analysed and unanticipated behaviour of GM130 has been 

observed.
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Chapter 2

Materials and methods

2.1 Cell-line culture

2.1.1 Materials

Normal rat kidney (NRK) and african-green-monkey COS7 cells were 

purchased from American Tissue Type Collection (ATTC, USA). SWISS 3T6 cells 

(mouse fibroblast) were purchased from Istituto Zooprofilattico Sperimentale di 

Brescia (Brescia, Italy). Canine-Kidney MDCK cells were kindly provided by J. 

Morrow’s laboratory (Yale University, CT, USA). Dulbecco’s Modified Eagles 

Medium (DMEM), Fetal Calf Serum (FCS), Calf Serum (CS), penicillin, 

streptomycin, trypsin-EDTA, and L-glutamine were from GIBCO (NY, USA). All 

these reagents were 10X stock solutions. All the plastic materials were from Coming 

(NY, USA). Filters (0.45 and 0.2 pm) were from Amicon (MA, USA)

2.1.2 Growth media

NRK cells were grown in DMEM supplemented with non-essential amino 

acids 4.5 g/L glucose, 2 mM glutamine, 1 U/ml penicillin and streptomycin and 10 % 

FCS. COS7 and MDCK cells were grown in DMEM supplemented with 4.5 g/L 

glucose, 2 mM L-glutamine 1 U/ml penicillin and streptomycin and 10% FCS. SWISS
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3T6 cells were grown in DMEM supplemented with 2 mM glutamine 1 U/ml PS, and 

10% CS. Complete media were prepared by diluting concentrated stock solutions 

with sterile water (DIACO, Italy) and filtering the mixture through 0.2 |im filter.

2.1.3 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 

then added back to block protease action and the cells were collected into a plastic 

tube. After centrifugation for 5 min at 300 x g, the pellet was resuspended in fresh 

medium.

2.2 Glutathione-S-Transferase (GST) fusion-protein  

preparation

The following procedures were carried out in collaboration with G. Di Tullio 

(Consorzio Mario Negri Sud, Italy).

2.2.1 Materials

Gluthathione, lysozyme, IPTG, sodium azide, Triton X-100, Freund’s 

adjuvant, potassium acetate, RbCl, CaCl2, MnCl2 were from Sigma Chemical Co. 

(MO, USA). The gluthathione sepharose resin and the pGEX 4T vectors were from 

Pharmacia Bio-Tec, UK. Leupeptine, benzamidine, and PMSF were from Sigma 

Chemical Co. (MO, USA).
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2.2.2 Expression and purification of GST-fusion proteins

A single colony of E. Coli transformed by a pGEX vector containing the 

GST-fusion protein o f interest was used to inoculate 100 ml o f LB-broth. The 

bacterial culture was grown to an optical density at 600 nm of 0.6. Expression was 

induced with ImM IPTG for 3 h at 37°C. Bacteria were harvested by centrifugation 

(6000 rpm, JA10 rotor, Beckman, CA, USA) for 10 min at 4°C. The bacterial pellet 

was resuspended in 25 ml of 20 mM TRIS-HC1 pH 8,0, 100 mM NaCl, 1 mM 

EDTA, 1 mg/ml lysozyme in the presence of a cocktail of protease inhibitors 

(leupeptin, benzamidine, and PMSF). TritonX-100 (1%) was added and the 

suspension agitated continously for 30 minutes, and then sonicated for 2 min on ice. 

The lysed bacteria were centrifuged for 20 min (1800 rpm, JA20) and the pellet 

discarded. Meanwhile, 2.5 ml of a glutathione-sepharose resin were diluted to 40 ml 

and centrifuged (2,000 x g) for 5 min to remove the preservative. The supernatant 

was discarded and the resin was resuspended in PBS. This procedure was repeated 

twice. The cleared bacterial lysate (see above) was then added to the glutathione- 

sepharose resin, and incubated for 30 min at 4°C with occasional agitation. The beads 

were washed 3 times with 50 ml o f PBS and percolated on a column. The resin was 

allowed to pack for 10 min, and the protein was eluted with 1 ml of elution buffer 

(100 mM Tris-HCl, 20 mM gluthathione, 5 mM DTT). The eluate was collected and 

this operation was repeated for an additional five times. The protein content of each 

of the six fractions collected was analysed by SDS-PAGE and fractions containing 

the higher protein concentration were pooled together and stored in aliquots.

2.3 Preparation of antibodies.

A list o f the antibodies used in this study is provided in Table 2.a and 2.b
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Table 2.a List of primary antibodies used in the present study

Antibody Dilution
IF

Dilution
WB

Type Source

Adducin - 1:1000 mouse Prof. Bianchi, Prassis, 
Milano,Italy

Ank G-119 1:200 1:500 rabbit J. Morrow, Yale University, CT, 
USA

P-COP 1:500 - rabbit T. Kreis, Geneva, Switzerland
ERGIC53 1:500 mouse Dr. H. P. Hauri (University of 

Basel, Switzerland)
Flag 1:1000 1:5000 mouse Sigma (USA)

giantin 1:1000 1:5000 mouse P. Hauri, University o f Basel, 
Switzerland

giantin 1:2000 1:5000 rabbit home made
G95 1:500 rabbit home made

GM130

GRASP65

1/50

1:500

1/500 mouse Transduction Laboratories 
(Lexington, KY, USA)

Dr. F. Barr (Max Planck 
Institute for Biochemistry, 

Germany)
KDEL-R 1:500 mouse StressGen Biotechnologies Corp. 

(Victoria, Canada),
mannosidase I 1:100 rabbit Dr. K. W. Moremen (University 

of Georgia, USA)
mannosidase II 1:1000 1:5000 rabbit K. Moreman University of 

Georgia, Athens, GA
Mus 2 1:500 1:2000 rabbit our laboratory

p23 1:200 rabbit Dr. J. Gruenberg (University of 
Geneva, Switzerland)

p i 15 1:500 1:2000 rabbit home made
SEC 13 1:100 rabbit Dr. B. L. Tang (University of 

Singapore, Singapore)
SEC31 1:100 rabbit Dr. B. L. Tang (University of 

Singapore, Singapore)
VSV-G (P5D4 

Cy3-
conjugated)

1:500 mouse Sigma (USA)
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Table 2.b: list of the secondary antibodies used in the present study

Antibody Dilution Dilution Type Source
IF WB

Alexa™488-conjugated 1:500 goat Molecular Probes, Inc.
anti-mouse IgG (H+L) (Eugene, OR, USA)
Alexa™488-conjugated 1:500 goat Molecular Probes, Inc.
anti-rabbit IgG (H+L) (Eugene, OR, USA)
Cy3 conjugated 1:500 goat Sigma (MO, USA)
anti-mouse IgG (H+L)

Cy3 conjugated 1:500 goat Sigma Chemical Co. (Saint
anti-rabbit IgG (H+L) Louis, MO, USA)
FluoroLink™Cy™5 1:500 goat Amersham Pharmacia
labeled anti-mouse IgG Biotech (Buckinghamshire,
(H+L) UK).
FluoroLink™Cy™5 1:500 goat Amersham Pharmacia
labeled anti-rabbit IgG Biotech (Buckinghamshire,
(H+L) UK).
HRP-conjugated anti- 1:2000 Calbiochem (CA, USA)
rabbit IgG (H+L)
HRP-conjugated 1:2000 Calbiochem (CA, USA)
anti-mouse IgG (H+L)
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The preparation of the antibodies mentioned below was done by G. Di Tullio

(Consorzio Mario Negri Sud, Italy), with the following procedure.

2.3.1 Immunisation of the rabbit

One mg of the specific antigen was resuspended in 2 ml of PBS (1.5 mM 

KH2P 0 4, 8 mM Na2H P 04, 137 mM NaCl and 2.7 mM KC1, pH 7.4). Two ml of 

complete Freund's adjuvant were added and this mixture used to immunise New 

Zealand rabbits. The rabbits were boosted after 21 and 42 days with lmg of antigen 

containing the same volume of incomplete Freund's adjuvant. The rabbits were bled 

and the serum prepared as described below.

2.3.2 Serum preparation

After collection, blood was allowed to clot at 37 °C for 60 min, then kept 

overnight at 4 °C in order to make the clot contract. The serum was removed from the 

clot and the insoluble material, by centrifugation at 10000 x g for 10 min at 4 °C, and 

stored at -80 °C in aliquots.

2.3.3 Protein-A purification of IgGs

Protein-A-sepharose beads (500 mg), suspended in 5 ml of distilled water, 

were packed into a column and washed with 100 ml of distilled water under constant 

flow. The packed beads were washed with 20 ml o f PBS and 2 ml of anti-MUS2 

serum were loaded onto the column at 0.5 ml/min in a FPLC (Fast Protein Liquid 

Chromatography) system (Pharmacia Bio-Tec, UK). The beads were washed with 30 

ml of PBS and the retained IgGs were detached using 15 ml of 100 mM glycine pH
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2.5. Fractions of 1 ml were collected and their protein content quantitated by 

spectrometry (by the FPLC system). The six fractions containing the highest 

concentration of protein were pooled and the pH neutralised with 1 M Tris, pH 11. 

The protein concentration of the pooled fractions was determined using a 

commercially available protein assay kit (Biorad, UK) according to the manifacturer 

instructions. Typically this was 2.5 mg/ml. Different dilutions of the IgGs were 

tested both in Immuno-fluorescence (IF) and in Western blot (WB) and optimal 

working dilutions were determined to be 1:500 for WB and 1:200 for IF.

2.3.4 Anti-MUS2 antibody

2.3.4.1 MUS 2 peptide

The 15 aa MUS2 peptide (see Figure 3.10) was synthesised by Dr. M. 

Salmona and co-workers (Istituto di Ricerche Farmacologiche Mario Negri, Milano, 

Italy) and provided lyophilised both free or attached to a polylysine polymer (50% 

w/w).

2.3.4.2 Affinity purification o f the anti-MUS2 antiserum on MUS2 peptide

Free MUS2 peptide was covalently bound to a Hi-trap NHS-activated matrix 

(N-Hydroxysuccinimid) resin (Pharmacia Bio-Tec, UK), by dissolving 10 mg of the 

peptide in 1 ml of coupling buffer ( 0.2 M N aHC03, 0.5 M NaCl, pH 8.3). The resin 

is provided packed into a column which was mounted on a FPLC system. The 

isopropanol present as a column preservative was removed with 6 ml o f ImM HC1 at 

0.5 ml/min at 4 °C. One ml of the ligand solution was immediately loaded onto the
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column which was then sealed and kept at 4 °C for 4 h. The unbound peptide was 

removed and the matrix de-activated with 6 ml o f solution A (0.5 m ethanolamine, 0.5 

M NaCl pH 8.3) followed by 6 ml of solution B ( 0.1 M NaCH3COO, 0.5 M NaCl 

pH 4.0) applied under constant flow (0.5 ml/min). Six ml o f solution A were added 

again, the column sealed and kept at 4 °C for 30 min. The column was washed with 6 

ml of solution B followed by 6ml of solution A and again 6 ml of solution B. The 

column was then washed with PBS sealed and stored at 4 °C.

For affinity purification, 2 ml of anti-MUS2 antiserum were loaded onto the 

column at 0.5ml/min. The resin was washed with 20 ml of PBS and the retained IgGs 

were eluted usingl5 ml of 100 mM glycine pH 2.5. One ml fractions were collected 

and the protein concentration of each assessed by spectrometry. The 2 fractions 

containing the elution peak were pooled and the pH neutralised with 1 M TrisHCl, 

pH 11. Two aliquots (8 and 18 |fi) of the pooled fractions were analysed by SDS- 

PAGE (see Fig. 2.1) the rest was concentrated by centricon microconcentrators 

(Amicon, MA, USA) and then dialysed against a 10-fold excess of PBS for 10 h at 4 

°C. The protein content of the concentrated volume was determined by the BioRad 

Protein Assay Kit (Biorad, UK).

2.3 .43 Affinity purification o f Protein-A-purified IgGs on MUS2 peptide

Protein-A purified IgGs from Section 2.3.3 (1 ml) were loaded onto the 

column at 0.5ml/min. The flow-through (5 ml), containing the bulk o f the unbound 

proteins was collected for further analysis and the resin was washed with 20 ml of 

PBS. The retained IgGs were eluted, the fractions containing the elution peak were 

pooled and the pH neutralised as described in the previous Section. An aliquot of the 

flow-through and the elution fractions was analysed by SDS-PAGE (Fig 2.1). The
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remaining volume of the eluation fraction was concentrated by centricon and dialysed 

against PBS, as described in Section 2.3.4.2.

2.3.5 Anti-G95, Anti p-115 and Anti-giantin antibodies

The recombinant GST-G95, G ST -pll5  600-C and GST-Clone 26 insert (see 

Section 2.11.5) were prepared as described in Section 2.2. One mg of the purified 

fusion proteins were used to immunise 2 rabbits each, according to the procedure 

detailed in Section 2.3.1. The immune sera were collected as described in Section 2.3.2 

and the IgGs were affinity purified on GST-G95 immobilized on a glutathione- 

Sepharose 4B column (Pharmacia Bio-Tec, UK) according to the procedure detailed 

in Section 2.3.4.3.
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chain ---------►

<—  94 kDa 
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IgG light 
chain ---------► 30 kDa

Figure 2.1 Affinity purification of MUS2 antiserum using MUS2 
peptide
Lane a and b contain 16 and 8 pi respectively of the pooled eluate 
fractions obtained by the purification of the immune serum. Lane c-e, 
refer to the affinity purification from protein-A-purified IgGs. Lane c 
contains 1/200 (v/v) of the column input corresponding to 12.5 pg of 
IgGs. Lane d contains 1/200 (v/v) of the flow through. Lane e: 1/100 
(v/v) of the eluate



column (Pharmacia Bio-Tec, UK) according to the procedure detailed in Section 

2.3.4.3.

2.4 Isolation of Golgi membranes from rat liver

This method is a modification of a protocol described by Malhotra et al.

(1989).

Six male Sprague-Dawley rats (180-200 g) were starved for 20 h then killed 

by decapitation. The livers were quickly removed and immediately placed in 250 ml 

of ice-cold 10 mM Tris-HCl (pH 7.4), 0.5 M sucrose and 5 mM EDTA, minced with 

clean 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 was collected and filtered through 

cheesecloth. Thirty-ml portions were layered on top of 8 ml of 1.25 M sucrose 

(dissolved in 10 mM Tris-HCl pH 7.4), and centrifuged at 25000 rpm for 90 min in 

an 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 aliquots of the membrane 

fractions were put in ultracentrifuge tubes covered with a sucrose step gradient (10 

ml of 1.1 M sucrose, 10 ml of 1 M sucrose and 5 ml of 0.5 M sucrose, in 10 mM 

Tris-HCl, pH 7.4) and centrifuged for 2.5 hr 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.
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2.5 Cytosol preparation from rat brain

In a standard preparation (a modification of the protocol described by 

Malhotra et al 1989) six Sprague-Dawey male rats ( 200-250 g each) were starved for 

20 h, then killed by decapitation. The brains were removed placed in ice-cold 25 mM 

Tri-HCl pH 7.4, 0.32 M sucrose, and washed extensively to expel blood. Brains were 

placed in ice-cold breaking 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 homogenized in a total volume of 12 ml 

using an Ultraturrax homogenizer (4 strokes 20 sec each, at medium speed). The 

homogenate was centrifuged at 5000 x g for 30 min to eliminate large fragments and 

ultracentrifugated at 60,000 rpm (TL 100.1) for 90 min. The resulting supernatant 

was dialysed against 25 mM Tris-HCl pH 8, 50mM 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 rotor Beckman, CA, USA). The supernatant obtained was 

frozen in liquid nitrogen and stored at -80°C.

2.6 In  v itro  binding assay to isolated Golgi membranes

Golgi membranes (15 (ig/sample) were incubated for 15 min at 37°C with rat- 

brain cytosol (150 (ig/sample) in 90 |il binding buffer (25 mM Hepes-KOH pH 7.2, 

25 mM KC1, 2.5 mM MgCl2, 1 mM ATP, 1 mM DTT, 0.2 M sucrose, 5 mM 

creatine phosphate, 10 Ul/ml creatine phosphokinase, 0.2 M sucrose) with or 

without 1 |iM  of the specified GST-fused polypeptides. One fiM of GST alone was 

incubated as above and referred to as the control sample. The reaction was stopped 

on ice and the samples centrifuged at 15000 rpm for 10 min at 4°C in an Eppendorf
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microfuge. The supernatant was discarded, the pellet was washed with binding buffer 

and resuspended into Laemmli sample buffer. Proteins were analysed by SDS-PAGE 

on 4-15% gels and WB as described in Section 2.7. Quantitation o f the bands of 

interest was performed with a digitalised image of the Immunoblot and densitometry 

analysis with an NIH-image software.

2.7 SDS-PAGE

Mono- and bis-acrylamide, sodium dodecyl sulphate (SDS), chloronaphthol, 

bovine serum albumin (BSA), red ponceau, tween-20, ammonium persulphate (APS), 

DL-dithiothreitol (DTT), pre-stained molecular weight markers, glycine, and tris 

were from Sigma (WI, USA) methanol, sodium chloride, and acetic acid were from 

Carlo Erba (Italy). TEMED was from Biorad (UK). Hydrogen peroxide (30%) was 

from Sigma Chemical Co. (MO, USA). The secondary antibodies conjugated with 

horse-radish peroxidase (HRP) and directed against mouse or rabbit IgGs were from 

Calbiochem (CA, USA).

2.7.1 Solutions

Aerylamide-bisacrylamide mixture: 30% acrylamide, 0.8% bisacrylamide; 

running buffer: 0,2 M glycine, 20 mM Trizma base, 4 mM SDS pH 8.3; IX sample 

buffer: 0.125 M TRIZMA base, 4% SDS, 20% glycerol, 10 % P-mercaptoethanol, 

pH 6.8
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2.7.2 Assembling of polyacrylamide gels

Two 16 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 plates. 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 then prepared using 

two solutions o f 4 and 15% polyacrylamide in a gradient maker device, to make a 4- 

15% gradient gel.

2.7.3 Sample preparation and run

Samples were prepared by adding sample buffer and boiling for 5 min before 

loading on the gel. The end wells were loaded with 3 pi of pre-stained molecular 

weight standards (Sigma Chemical Co., MO, USA). The chamber was then assembled 

into the electrophoresis apparatus (Hoefer Scientific Instruments) and 

electrophoresis was carried out under a constant current of 8 mA (for overnight runs) 

or 30-40 mA (for 4 hours runs).

2.7.4 Gel stainings

The gels were incubated in staining solution (Methanol, H20 , acetic acid 

5:5:2, and 0.1 % brilliant blue) for 2 hours, washed and destaind with 30% methanol 

10 % acetic acid. The gels were dried with a gel dryer (Hoefer Scientific Instruments, 

Germany).
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2.8 Western blotting (WB)

2.8.1 Solutions

Transfer buffer: 0,2 M glycine, 20 mM Trizma base, pH 8.3; blocking buffer: 

1% BSA (or alternatively 5% dry skim milk) , 0.05% Tween 20, 150 mM NaCl, 50 

mM Tris-HCl pH 7.5; developing solution: 10 mg chloronaphthol, 3 ml methanol, 17 

ml TBS (150 mM NaCl, 50 mM Tris-HCl pH 7.5), 10 [lì H20 2 30%.

2.8.2 Western blotting

The polyacrilamide gel was soaked for 15 min in transfer buffer, placed on a 

sheet of 3 MM paper (Whatmann) and covered by a nitrocellulose filter (Schleicher & 

Schuell, Germany). The filter was covered by a second sheet o f 3MM paper, to form 

a "sandwich" which was subsequently assembled into the blotting apparatus (Hoefer 

Scientific Instruments,Ge). Protein transfer occurred at 500 mA for 4-5 h. At the end 

of the run, the sandwich was disassembled and the nitrocellulose filter was soaked in 

0.2% red ponceau and 5% acetic acid for 5 min to visualize the protein bands, and 

then rinsed with 5% acetic acid to remove the excess of unbound dye. The 

nitrocellulose filters were cut into strips with a razor blade. The strips containing the 

proteins of interest were incubated in blocking solution for 30 min at room 

temperature (RT) and then with fresh blocking solution containing the primary 

antibody at its working concentration. After 2 h incubation at RT, or overnight at 

4°C, the antibody was removed and the strips washed in TTBS (0.05% Tween 20, 

150 mM NaCl, 50 mM Tris-HCl pH 7.5) for 3 x 3  min. The strips were next 

incubated for 1 hour with the appropriate HRP-conjugated secondary antibody 

(1:500 in blocking buffer) and washed 2 x 3  min with TTBS and 2 x 3  min with TBS.
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After washing, the strips were incubated with developing solution and the reaction 

stopped in deionized water.

2.9 Preparation of bacteria competent for transformation

A single colony of XL-1 Blue E. Coli bacteria was picked from a LB-agar plate 

and used to inoculate 10 ml o f LB-broth. Bacteria were grown overnight, then diluted 

in 190 ml of fresh LB-broth and incubated at 37 °C until the optical density reached 

0.5 (at 600 nm). Bacteria were harvested by centrifugation at 6000 rpm in JA10 rotor 

for 10 min at 4 °C. The bacterial pellet was resuspended in 40 ml of 30 mM 

potassium acetate, 100 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 15% glycerol pH 

5.8, and left on ice for 2 hours. After centrifugation and resuspension o f the pellet in 

4 ml o f 10 mM MOPS, 75 mM CaCl2, 10 mM RbCl, 15% glycerol pH 7, cells stored 

at -80 °C in 400 |il aliquots.

2.10 Transformation of bacteria

The DNA plasmid of interest (10 ng) was added to 200 pi o f competent 

bacteria (see Section 2.9) previously thawed on ice. After gentle mixing, the cells were 

left on ice for 30 min, heat shocked for 90 sec at 42°C., and after addition of 800 pi 

LB-broth (10 g/1 NaCl, 5 g/1 yeast extract (DIFCO, USA), 10 g/1 Tryptone Peptone 

(DIFCO), plus ampicillin (100 pg/ml), incubated with shaking at 37°C for 45 min. 

Bacteria were plated on LB agar containing the appropriate selective antibiotic and 

incubated overnight, at 37 °C. The next day, an isolated bacterial colony was picked 

and used to inoculate 2ml o f LB-Broth containing the appropriate antibiotic. The
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culture was incubated at 37 °C, overnight. Sterile 200 ¡il glycerol was added to 500 jlxI 

of the bacterial culture and stored at -80 °C.

2.11 Production of DNA constructs

2.11.1 pcDNAIII-AB vectors.

PcDNAIII-AB is a modified version of the pcDNAIIl vector (Invitrogen, 

USA) containing the sequence of the FLAG tag at the 5' end of the polylinker. This 

vector has been produced by P. Stabach (Yale University, CT, USA) in three 

versions (1AB, 2AB, 3AB) that differ in the reading frame of the polylinker.

2.11.2 Spectrin-derived polypeptides

The pGEX 3X vectors (Pharmacia Bio-Tec, UK) containing (31 N-9-GST or pi N- 

4-GST fusion proteins were a kind gift of Dr. J. Morrow (Yale University, CT, 

USA). (31 N-9-GST and pi N-4-GST constructs were obtainined by inserting the first 

3642 bp (pi N-9) or the first 1998 bp (pi N-4) of human pIX2 cDNA into pGEX 3X 

vector. The pcDNAIII vectors containing pi N-9 or pi N-5 polypeptides with a FLAG 

tag at their N-termini were also produced in the laboratory of Dr. J. Morrow as 

described in Devarajan et al. (1997).

2.11.3 p l l 5  600-C

For the production of the GST-P115 600-C chimera, the insert o f clone 54 

(see Section 3.3.2.2) was excised with Noti, and ligated in-frame to pGEX 4T1 

(Pharmacia Bio-Tec, UK) digested with Not I. The
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same insert was ligated in-frame to pcDNAIII 1AB digested with Notl in order to 

obtain a FLAG-tagged version of the polypeptide.

2.11.4 G95

cDNA encoding G95 was a kind gift of Dr. E. Chan (The Scripps Research 

Institute, California, USA). For the production of the GST-G95 chimera, G95 cDNA 

was digested with EcoRI and Notl and ligated to pGEX 4T3 digested with the same 

enzymes. The GFP-G95 chimera was obtained by subcloning G95 digested with 

EcoRI/ Sal I, into pEGFP-Cl (Clontech Laboratories Inc., CA, USA), digested with 

the same enzymes. The GFP-G95/GRASP construct, which lacks the C-terminal 29 

aa of G95, was generated by excision of the 500 bp Smal/Smal fragment from 

pEGFP-Cl/G95. The FLAG-tagged version of G95 was obtained by in-frame 

insertion of G95 cDNA digested with BamHI/Notl into pcDNAIII 1AB digested 

with the same enzymes.

2.11.5 Clone 26 insert

The insert of clone 26 corresponding to the region from amino acid 48 to 652 

of giantin (see Section 3.3.2.1) was excised by digestion with Not I and fused in

frame to GST by ligation to pGEX 4T2 digested with Not I.

2.11.6 Full lenght GM130 and deletion mutants

The cDNA of human GM130 was kindly provided by Dr. Yukio Ikehara 

(Fukuoka University, Fukuoka, Japan). Full-length human GM130 cDNA, digested 

with EcoRI/PmaCI, was inserted into the EcoRI/Smal restriction site o f pEGFP-C2,
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or pEYFP-C2 (Clontech Laboratories Inc., CA, USA). To produce FLAG-tagged 

GM130, the same insert was ligated to an EcoRI/EcoRV-digested pcDNAIII 1AB. 

The GM130/300N constructs, encoding amino acids 1-307, were generated by in

frame insertion of the Hindlll cDNA fragment of pEYFP-C2/GM130 into either the 

Hindlll site o f the pEGFP-C2 or the Hindlll site of pcDNAIII 1AB.

2.11.7 VSV-G

The cDNA covering the entire coding region o f the VSVts045-G protein was 

inserted into the EcoRI/Sall restriction site o f pECFP-Nl or pEGFPNl (Clontech 

Laboratories Inc., CA, USA). Cells transfected with these constructs were incubated 

at 40 °C until the experiment (typically 20 h), in order to allow protein expression 

and accumulation in the ER.

2.12 Cell transfection

2.12.1 Large scale preparation of plasmid DNA

The Qiagen plasmid kit for large-scale plasmid DNA preparation was from 

Qiagen (USA). A single colony of XL-lBlue E. Coli bacteria, transformed with the 

plasmid of interest was used to inoculate 500 ml of LB-broth plus selective 

antibiotic. After a 15-20 h incubation, bacteria were collected by centrifugation at 

6000 rpm in a JA 10 rotor for 10 min at 4 °C and processed according to the maxi

plasmid purification protocol of the “Qiagen-plasmid-kif’. The DNA obtained was 

resuspended in TE buffer (10 mM TrisHCl, 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.
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2.12.2 Lipofectamine-reagent based cell transfection

The Lipofectamine reagent was from GIBCO (UK). Cells were plated on 

glass coverslips, in normal culture medium, at a concentration suitable to have 50-70 

% confluence for transfection. The day after, a transfection mixture was prepared 

diluting the DNA 0.3 mg/ml in serum-free culture medium. In a separate vial, the 

Lipofectamine Reagent was diluted 10 fold with serum-free medium, added to the 

transfection mixture to give a final ratio of 2 pi of reagent per ml of the transfection 

mixture. The mixture was inverted and 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 plate) for up to 4 hours. At the end 

of the incubation the transfection mixture was replaced by complete culture medium 

and cells incubated for additional 12-20 h prior to assay.

2.12.3 Electroporation-based cell transfection

Exponentially growing cells were detached as described in Section 2.1.3, and 6 

x 106 cells were resuspended in 300 pi PBS containing 12 pg of the DNA to be 

transfected. The suspension was placed in a electroporation cuvette (BIORAD, UK) 

with a gap of 0.4 cm, inverted and kept at RT for 5 min. For the electroporation a 

Gene-Pulser Electroporator (BIORAD, UK) was used with the following working 

parameters. Voltage: 220 V, capacitor: 950 pF. After the pulse, cells were suspended 

in normal culture medium at a concentration of 0.25 x 106 / ml and plated on 

coverslips (1 ml per coverslip).
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2.13 Cell microinjection

The day before injection the cells to be injected were plated on glass 

coverslips in normal culture medium. Four circles were previously marked, by a glass 

pen, on the coverslips with the aim of identifying the cells after injection. For 

injection, the marked glass coverslips were put in Petri dishes (3 cm diameter) 

containing normal culture medium buffered by 20mM HEPES pH 7.4. The Petri 

dishes were subsequently put on the thermo-regulated stage of an inverted ZEISS IM  

35 microscope, at 37 °C. Injections were performed using a transjector 5246 

controlled by the micromanipulator 5171(Eppendorf, Germany), in the manual mode. 

The injection pressure was variable depending on the conditions of the injection 

needle or the viscosity of the solution to be injected, ranging from 50 to 500 hPa. The 

injection time was manually defined by the operator as the shortest necessary to 

observe the propagation through the cytoplasm, of a circular wave originating from 

the needle’s tip. The injections were made in the perinuclear area where the thickness 

of the cell is higher than in the periphery.

The needles for injection were prepared from 1.0 mm-intemal-diameter glass 

capillaries (World Precision Instruments, USA), using an automatic capillary puller 

(Inject+Matic,CH) with the heat controller set to 3. This setting was the best to 

provide the injection needle with a less slender shape and this significantly decreased 

trapped air-bubbles which occurred during loading. The capillaries ready for injection 

were loaded with 5 |J,1 of injection solution ( 70mM KC1, 10 mM NaH2P 0 4 pH 7.2) 

containing the polypeptide to be injected. The solution diffused by capillarity action 

within a few seconds.
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2.14 Brefeldin A (BFAÌ or Ilimaquinone (IO) treatment and 

recovery after drug removai

NRK or COS7 cells were treated with 5 |lg/ml of BFA (Sigma Chemical Co. 

(MO, USA)) in normal culture medium buffered by 20 mM HEPES pH 7.4. for 15 

min at 37 °C. The drug-containing medium was then removed and the cells were 

washed three times with normal culture medium and incubated for up to 1 h in normal 

culture medium at 37 °C. For injection, the cells were initially treated with BFA for 

15 min, then shifted to the microscope stage to be injected as described in Section 

2.13. After injection, which lasted not more then 30 min, the cells were washed and 

placed in drug-free culture medium.

IQ was a kind gift of Prof. V. Malhotra (University o f California, S. Diego, 

CA). NRK cells were treated with 25 jlM IQ in normal culture medium buffered by 

20mM HEPES pH 7.4 for 30 min at 37 °C. The recovery occurred in normal culture 

medium after three washes as described for the BFA recovery (see above). For 

injection, cells previously treated with IQ were put on the microscope stage and 

injected during a time interval not exceeding 30 min. The prolongation of the 

incubation with IQ had no significant consequences on the recovery timing. After 

injection the cells were washed as before.

2.15 Expression screening of a SWISS 3T6 cDNA library

2.15.1 Materials

The “Mouse fibroblast 5’-STRETCH PLUS cDNA Library” was purchased 

from Clontech Laboratories Inc. (Palo Alto, CA, USA). The library was amplified 

once by the producer and declared to contain 2,5 X 106 independent clones whose
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average size was 1.8 kb ranging from 0.9 to 4.0 kb. The bacterial host was the 

Y1090r" E.Coli strain, provided with the library. All additional materials employed in 

the screening procedure were conforming to the library-manufacturer instruction.

2.15.2 Titering of the library

A single colony of the bacterial host was picked from an LB-agar plate and 

used to inoculate LB broth plus 10 mM M gS04 plus 0.2 % maltose, without 

antibiotics. The culture was incubated overnight at 37 °C until the optical density 

(600 nm) reached 2.0. Sequential dilutions of the phage lysate were prepared in X 

dilution buffer (100 mM NaCl, 10 mM M gS04, 2% gelatin 100 mM Tris-HCl pH  

7.5) and added to 200 pi of the bacterial culture (see above) in a final volume of 300 

pi. The mixture was kept at 37 °C for 15 min, added to 3 ml of melted LB soft top 

agar (1 0  mM M gS04, agar 7g/l in LB-broth), and the mixture poured onto LB-agar 

plates (150 mm of diameter) containing 10 mM M gS04. The plates were incubated 

for 6-7 h before the phage plaques were counted and the library titer estimated. 

Typically this was 1011 pfu/pl.

2.15.3 First screening step

A host bacterial culture was prepared as described in Section 2.13.2. Two 

hundred pi of the culture were added to the correct phage lysate dilution in order to 

have 30000 pfu in the final mixture. After incubation for 15 min 3 ml of LB-broth 

soft top agarose were added and the mixture plated on LB-agar plates containing 10 

mM M gS04. The plates were incubated at 42 °C to allow lytic phage growth. When 

the phage plaques were visible the plates were covered with a nitrocellulose filters 

previously soaked in 10 mM IPTG. Several marker holes were made in the filter and
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the agar plate beneath to allow superimposition of the filter on the plate after 

identification of positive plaques. The plates and filters were incubated for 4 h at 37°. 

The filters were then removed, rinsed in TBST (150 mM NaCl, 0.05% Tween-20, 50 

mM Tris-HCl pH 7.9), and incubated with 4% (w/v) low fat skim milk powder in 

TBST for 15 min, under constant agitation. Incubation with MUS2 IgGs, diluted as 

for the IB analysis (see Section 2.8.2) were carried out in 4% (w/v) low fat skim milk 

powder in TBST, overnight, with constant agitation. The filters were washed 3 times 

with TBST (10 min each) and incubated with the peroxidase - conjugated secondary 

antibody (see scetion 2.2.4) in TBST with 4% (w/v) low fat skim milk powder, for 

1 h at RT, under constant agitation. The filters were washed ,as previously described, 

and incubated with the developing solution as described in Section 2.8.2, for the 

detection of the positive plaques. The filters displaying positive plaques were 

overlaid on the corresponding plates and the plaque picked with the help o f a glass 

Pasteur pipette. Plaques were stored in 1 ml of X dilution buffer plus 3 drops of 

chloroform.

2.15.4 Second screening step

Each single positive plaque was titrated as described in Section 2.15.2, by 

sequential dilutions. Subsequently each phage lysate was amplified on an agar plate, 

as described for the first screening round, to obtain 5000 pfu per plate. A replica 

plating was performed for each phage lysate and screened with pre-immune IgGs. 

This step, which was performed as described in Section 2.15.6, was made to 

eliminate those plaques not specifically recognised by the anti-MUS2 IgGs. Those 

phage plaques for which it was not possible to take a single isolated phage colony 

underwent an additional screening step.
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2.15.5 Third screening step

All the putative single phage colonies obtained by the previous screening 

steps were checked for homogeneity by titration and plating at a density of 2000- 

4000 per plate. All the pfu produced were tested for recognition by the probe and in 

the case where all of them were clearly recognised the phage clone was considered 

homogeneous.

2.15.6 Identification of clones recognised by pre-immune rabbit IgGs

Pre-immune IgGs were purified on protein-A using the same procedure as for 

the anti-MUS2 peptide IgGs., as described in Section 2.3.3. Pre-immune IgGs at a 

concentration of 2.0 mg/ml were diluted 1:100 and incubated with nitrocellulose 

filters, obtained as reported in Section 2.15.4, and using the same procedure described 

for the anti-MUS2 IgGs. Clones for which the intensity of staining with anti-MUS2 

IgGs was comparable to that obtained with the pre-immune IgGS were discarded.

2.15.7 Identification of the intracellular localisation of the positive- 

clone inserts

To obtain information about the intracellular localisation of the proteins 

encoded by recombinant phages, an appropriate dilution o f the phage lysates was 

used to infect host bacterial cells and plated on 5 agar-plates ( 95 mm od diameter), as 

previously described (see Section 2.15.2), to produce a confluent population of lysis 

plaques. The plates were then covered with a nitrocellulose filter saturated by IPTG, 

according to the procedure described in Section 2.15.3. After expression of the clone 

inserts, the filters were incubated with the anti-MUS2 IgGs diltuted 1/200, as
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described in Section 2.15.3 in final volume of 4 ml, overnight at 4 °C, in constant 

agitation. After incubation, the filters were washed 4 times (10 min each) with TBST 

at RT and the bound IgGs were removed with 4ml of 100 mM glicine pH 2.5 for 10 

min at 4 °C with agitation. The pH was neutralised with 200 (il of Tris-HCl pH 11 

and IgG concentrated to 100 |ll using centricon filters ( Amicon, MA, USA). Ten |il 

of each of the clone-specific IgGs, purified and concentrated as above, were assayed 

by IF on a coverslip ( 1 cm2) containing fixed and permeabilised (see Section 2.16.1) 

SWISS 3T6 cells at 70% confluence for 2 h at RT. The intracellular localisation of 

each single IgG pool was visualised according to the described IF procedure see 

Section 2.16.2. For WB analysis, rat liver Golgi proteins were separated on SDS- 

PAGE, transferred to filter, and stained with the clone specific IgGs, diluted 1/20 in 

blocking buffer and incubated as described in Section 2.8.2

2.16 Immunofluorescence (IF)

2.16.1 Sample preparation

Cells were fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at RT, 

followed by blocking (0.05 % saponin, 0.5 % BSA, 50 mM NH4C1 0.02% NaN3 in 

PBS pH 7.4) for 30 min at Room Temperature (RT). The cells were subsequently 

incubated with the specified diluted antibodies for 1 h at RT, or overnight at 4 °C. 

After incubation with the primary antibody, cells were washed three times in PBS 

and incubated with a fluorescent-probe conjugated secondary antibody directed 

against the constant region of the primary IgG molecule for 1 h at RT. Commonly 

CY3 (Sigma Chemical Co. (MO, USA)) or Alexa-488 (Molecular probes, OR, USA) 

conjugated anti-rabbit or anti-mouse goat antibodies were used singularly or in 

combination, at a dilution of 1/500 in blocking solution.
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2.16.2 Analysis of the IF samples by LSCM (Laser Scan Confocal 

M icroscopy)

IF samples were observed by a LSM 510 confocal microscope (ZEISS) 

equipped with a 40X and 63X objectives was used. Optical sections were taken at 1 

Airy unit with a resolution of 1024x1024 pixels, then exported as JPEG files and 

further processed by Adobe Photoshop 6.0.1 or NIH-Image.

2.16.2.1 Evaluation o f the effect o f [il N-4 and [11N-9 on Golgi complex recovery

To evaluate the effect caused by (31 N-4 and (31 N-9 injection on the Golgi 

complex recovery after IQ treatment (see Section 3.2.3 and Fig 3.8), injected cells 

were imaged by LSCM. For each cell, the optical section displaying the highest 

amount of discrete MannII-positive structures was taken. The number o f discrete 

MannII-containing structures present was determined by manual counting. The same 

procedure was followed for injected cells (found within the marked areas of the 

coverslip, for details see Section 2.13) and for non-injected cells randomly selected in 

the remaining part o f the coverlip, or for untreated cells (cells not treated with IQ) 

randomly selected as for non-injected cells.

2.16.2.2 Assessment o f cell damage or death

The evaluation of cell death (see Section 3.4) was performed by comparing 

the number of (31 N-4 or (31 N-9-transfected cells to that of GFP-transfected ones, 

after different time periods following DNA addition (for details see Section 3.4). 

Concerning the assessment of cell damage, (31 N-4 or pi N-9-transfected cells were 

compared to GFP-transfected ones with respect to the following morphological
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parameters: flat/round shape and normal/abnormal shape of the nucleus (abnormal 

nuclei had multiple évaginations and invaginations of the membrane).

2.16.2.3 Quantitation o f co-localization

Confocal images of double or triple labeled COS cells were acquired, exported 

as JPEG files, and analyzed for fluorescent signal overlap. Using Adobe Photoshop 

5, a grid (each grid square covered 1% of the image) was projected onto the image of 

each channel, and all fluorescent structures were counted. Signals were considered as 

individual structures if they consisted of spots of intensity values >50 (in a range of 

0-255). Then the merged images were analyzed and the co-localizing structures were 

counted. At least 10 cells per sample were analyzed, counting from 15 to 250 

structures (depending on the examined marker) per cell.

2.16.3 Analysis of the intracellular dynamics of GFP fusion proteins

Cells expressing GFP-fusion proteins were placed in a glass-bottom Petri dish 

containing culture medium buffered with 20 mM HEPES pH 7.2. The Petri dish was 

placed on the stage of a LSM-510 confocal microscope (ZEISS, Germany) equipped 

with a thermoregulation device set to 37 °C. Movies were produced under a 63x oil- 

immersion objective, at a definition of 512x512 pixels, with the pinhole diameter set 

at its maximum value. The GFP was excited using a 488 nm laser line and imaged 

through a 505-550 band-pass filter. For CFP, 458 nm (excitation) and 475-525 nm 

(band pass emission filter) were used. For YFP, 514 nm (excitation) and 530 (long 

pass emission filter) were used. The scan speed was the maximum and, for double 

imaging of the same sample, the multi-track configuration was applied. Movie files 

were converted to TIFF format by Graphic Converter 4.0, edited by NIH Image 

1.6.2, and again converted into QuickTime format.

99



2.16.3.1 Dimensions, life span and velocity o f mobile structures

The dimensions of the observed structures were measured by the LSM 510 

software (ZEISS, Germany) on digital images. The speed of movement of dynamic 

structures was calculated as the ratio between distance (calculated on the exact 

trajectory followed) and time. The life span of GM130 tubules was the time elapsed 

from the moment in which they appeared as an elongated profile, to that in which 

they transformed into a globular structure or were absorbed by another structure.

2.16.3.2 FRAP (Fluorescence Recovery After Photobleaching) and FLIP 

(Fluorescence Loss In Photobleaching) experiments

Cells expressing a GFP fusion protein were treated as described in Section 

2.16.3. For FRAP or FLIP experiments the area to be bleached was selected and 

entirely scanned 100 times with a maximum-intensity laser beam of the relevant 

wavelength. In FRAP experiments the fluorescence recovery in the scanned area was 

observed for the indicated time, with an attenuated laser beam. In FLIP experiments 

additional rounds o f bleaching were performed as indicated, and the loss of 

fluorescence outside the scanned area was observed.

2.16.3.3 Frequency ofpuncta and tubules in cells arrested at different stages o f the cell 

cycle

Exponentially growing cells were arrested at Gl/S by treatment with excess 

aphidicolin (5 ¡ig/ml) for 24 h in normal culture medium. Cells were then washed 

several times with sterile PBS to remove the drug and incubated in fresh medium to 

allow progression through the cell cycle. Cells were fixed at intervals of 4 h from the 

release, together with control cells grown in the same condition but in the absence of
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aphidicolin. Aphidicolin-treated cells were considered in the S/G2 phase four hours 

after the release of the block (Matherly et al., 1989). Cells were stained with anti 

GM130 antibodies and the number o f cells displaying peripheral structures (tubules 

or puncta) containing GM130 was scored at any of the time points.
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2.17 Electron microscopy techniques

2.17.1 Correlative light immuno electron microscopy (CLEM)

Cells grown on CELLocate coverslips (Eppendorf, Germany) were fixed with 

0.05 % glutaraldehyde, 4 % paraformaldehyde in 0.2 M HEPES (pH 7.4) for 15 min, 

and then with 4 % paraformaldehyde in the same buffer for 30 min. After washing, 

cells were incubated in 0.2 % saponin dissolved in blocking solution (PBS 

supplemented with 1 % BSA and 50 mM NH4C1) for 30 min, and then with 

polyclonal anti-GM130 antibodies in blocking solution overnight. Cells were then 

washed 3 times with PBS and incubated with a CY3-conjugated anti-rabbit antibody 

(Sigma Chemical Co. (MO, USA)) for 60 min. After washing, samples were analysed 

by LSCM, the cell o f interest was selected and its position determined by means of a 

grid present on the coverslip. Optical sections o f the cell were taken along the Z axis 

and the sample was further incubated with nanogold-conjugated Fab fragments of 

anti-rabbit IgG (NanoProbes) diluted in blocking solution (1:100), for 60 min, 

extensively washed and fixed with 1 % glutaraldehyde in 0.2 M HEPES (pH 7.3) for 

5 min. Formation of larger gold particles was enhanced by GoldEnhancer 

(NanoProbes, USA) according to the instruction of the manufacter. Routinely, the 

time of enhancement was about 4-6 min. After washing samples were treated with 1 

% O s04 plus 1.5 % potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.3) for 

2 h on ice in the dark, then dehydrated, embedded in Epoxy resin, and incubated for 

at least 24 in order to let the resin polymerise. The CELLocate coverslips were then 

dissolved with 40 % hydrofluoric acid, and the samples were extensively washed 

with buffer. The cell of interest was sectioned tangetially. One hundred nm serial 

sections were collected on slot grids covered with formvar-carbon supporting film 

and examined at 80 kV in a Zeiss 109 electron microscope. The images collected by
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LSCM and EM were aligned with Adobe Photoshop, and the structure of interest 

was identified on the basis o f its position in space and its labeling with colloidal gold.

2.17.2 Diaminobenzidine (DAB) reaction and silver enhancement

For the immunoEM co-localization of HP lectin and GM130 a double labeling 

protocol was performed using the DAB reaction and silver enhancement. RBL cells 

were fixed and permeabilized as described above and incubated with the anti-GM130 

polyclonal antibody. Next, cells were washed and treated with nanogold-conjugated 

Fab' fragment of anti-rabbit IgG (NanoProbes). Gold particles were enhanced by 

Silver Enhancer (Aurion, The Netherlands) according to the manufacter's instructions. 

The enhancement reaction was developed for 60 min at 20°C in the dark. After 

washing, cells were incubated with HRP-conjugated HP lectin (diluted 1:20 in 

blocking solution) overnight. Afterwards, cells were washed, fixed in 1% 

glutaraldehyde in phosphate buffer (pH 7.4) for 5 minutes and treated with DAB and 

H20 2 for 10 min at room temperature according to Perez-Vilar et al., (1991). After 

washing, samples were treated with 0.5% osmium tetraoxide plus 0.75% potassium 

ferrocyanide in 0.1 M cacodylate buffer (pH 7.3), dehydrated, and embedded in 

Epoxy resin. Seventy nm serial sections were collected on copper grids and examined 

at 80 kV in a Zeiss 109 electron microscope.

2.17.3 Cryo electron microscopy

Cells were fixed in 4 % paraformaldehyde, 1% glutaraldehyde for 2 h at RT, 

then extensively washed with PBS and scraped into 2 % gelatin (in 0.1M sodium 

phosphate buffer pH 7.4). Samples were then post-fixed in 0.5 % paraformaldehyde
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and subsequently embedded in 10 % gelatin. The embedded samples were cut into 

small pieces, infused with 2.3 M sucrose ( as a cryoprotectant) and then placed onto 

small specimen pins. The pins were frozen by immersion in liquid nitrogen, quickly 

transferred to a pre-cooled (-60 °C) cryochamber fitted onto an ultramicrotome and 

trimmed to a suitable shape. The section were then cut at -120 °C using a dry 

diamond knife and collected on the kinfe surface. The sections were retrieved from 

the knife by picking them up on a small drop of either sucrose or sucrose/methyl 

cellulose or uranylacetate/methylcellulose and transferred onto butvar-coated 

specimen grids. The samples were processed for immuno labelling as described in the 

previous section.

2.18 Assessment of the p!15 binding activity of GFP-GM130

These experiments were done in collaboration with G. Di Tullio (Consorzio 

Mario Negri Sud, Italy), with the following procedure.

Briefly cells transfected with an empty vector or with the GFP-GM130 

construct, were treated with lysis buffer (50mM Tris/HCl, pH 7.5, 150 mM NaCl, 

1% (v/v) Triton X-100, ImM EDTA, and protease inhibitors). Cell lysates were 

incubated with preimmune or specific antibodies overnight at 4 °C, then with Protein 

A-Sepharose for lh  at 4°C. The immunoprecipitates were washed extensively (7 x in 

lysis buffer) and analyzed by SDS-PAGE. Alternatively, cell lysates, prepared as 

described above, were incubated with GST-pl 15 600-C immobilized on a glutatione 

Sepharose column, for 1 h at 4 °C, and, after extensive washes in PBS, the retained 

proteins were eluted with 1 M glycine and analyzed by SDS-PAGE. After 

electroblotting, the nitrocellulose filters were incubated with anti-GM130 antibodies. 

The bands of interest (i.e. the 130kDa band corresponding to the endogenous

104



GM130, and the 160 kDa protein corresponding to the recombinant GFP-GM130 

protein, as confirmed by anti-GFP antibodies) were quantified by densitometry, and 

the co-precipitated or retained proteins were expressed as percentages of the total 

protein present in the extract. In the immunoprécipitation experiments, 14% (±3%) 

o f the total endogenous GM130 protein and 12% (±4%) of the total recombinant 

GFP-GM130 protein (which was 3-4-fold more abundant compared to endogenous 

GM130) was co-immunoprecipitated with p i 15. The efficiency of p i 15 

immunoprécipitation in the different samples was comparable as assessed by testing 

the immunoprecipitates for the presence o f p i 15. In the p i 15 600-C affinity column 

experiments, 12% (±3%) of the endogenous GM130 and 10% (±2%) of the 

recombinat GFP-GM130 present in the lysates were specifically retained.

2.19 Isolation of the Golgi matrix

The Golgi matrix was isolated following the procedure described in 

Slusarewicz et ah, (1994). Golgi membranes (typically lmg), prepared as described in 

Section 2.4 were isolated after centrifugation at 50,000 rpm for 5 min at 4 °C in a TL-

100.1 rotor (Beckman Ins., USA) and were resuspended in extraction buffer 

(typically 1ml) containing 2% (w/v) Triton X-100, 150 mM NaCl, 0.1 mM MgC12, 1 

mM DTT, 10 % (w/v) sucrose, 50 mM MOPS-NaOH pH 7.0. The suspension was 

incubated in ice for 30 min at 4 °C and then centrifuged at 20,000 rpm for 30 min at 4 

°C in a TL-100.1 rotor. The supernatant was removed and stored, the pellet was 

washed gently with an equal volume of extraction buffer then resuspended in the 

same buffer.
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2.20 Triton extraction of cells

Cells plated on a coverslip were washed twice with PBS then placed in 

MEMA buffer (1 mM EGTA, 0.5 MgC12, 1 mM NaN3, 100 mM MES pH 6.5) 

containing 2 % (w/v) Triton X-100 and 60 mM NaCl, for 10 min at RT. After 

incubation, the mixture was gently replaced with 2 % paraformaldehyde in PBS. Cells 

were then treated for IF.

2.21 Cell infection with Vesicular Stomatitis Virus (VSV)

The infectious stocks of the temperature sensitive mutant of Vesicular 

Stomatitis Virus (VSV) were prepared by Antonella Di Campli (Department of Cell 

Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro, Italy) 

according to Bergmann et al., (1989). For each infectious stock, the optimal working 

concentration was experimentally defined as the lowest causing 100 % infection of 

Cos 7 cells as judged by staining for the viral membrane glycoprotein (G).

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 (VSVG) 

to accumulate in the ER. The temperature was then shifted to 32°C to allow protein 

transport out of the ER in the presence of 100 |ig/ml cycloheximide to stop protein 

synthesis. Alternatively, after the incubation at 40°C, cells were kept at 15°C for 2 

hours with 50 fig/ml cycloheximide, to accumulate VSV-G in the IC, before shifting 

the temperature to 32 °C to follow IC-to-Golgi transport of the viral protein. The 

quantitative evaluation of VSV-G transport was performed as detailed below

106



Cells were observed after fixation and staining for the viral G-protein and a 

Golgi marker, as specified in Figure legends. Two typical staining patterns were 

identified, one consisting in an almost complete colocalisation between the viral G- 

protein and the Golgi marker while the other displaying more than 3 clearly identifiable 

peripheral structures containing the viral protein but devoid of the Golgi marker. The 

first staining pattern was indicative of an efficient transport to the Golgi complex 

whereas the second was associated with a defect in the delivery of cargo protein from 

the L-ICs to Golgi cisternae with accumulation of cargo protein in the former. The 

number of cells displaying the two patterns was counted in cells transfected with GFP 

only or with GFP fused to G95, from three independent experiments, for a total of ca. 

200 cells for sample. Data from three independent experiments were averaged and the 

standard deviation (SD) calculated and plotted in a graph with the EXCEL software 

(Microsoft Inc. USA).
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Chapter 3

Role of spectrin in the organisation of the Golgi 
complex

3.1 Background

As mentioned in the Introduction, a set o f cytosolic proteins, including a 240 

kDa protein recognised by several anti-pl-spectrin antibodies and actin, binds to 

Golgi membranes in an ARF-dependent and BFA-sensitive way. The increase of PIP2 

in Golgi membranes, caused by ARF activation, is required for spectrin and actin 

binding to these membranes (Godi et al., 1998). This finding, together with 

immunological evidence (Godi et al., 1998), and data concerning the intracellular 

localisation of pi-spectrin-derived polypeptides (see Introduction), suggested that 

Golgi-spectrin is similar to the (3IE2 isoform, which is identical to erythroid ([31X1) 

spectrin in its N-terminal part, but has, in addition, a PIP2-binding PH-domain at its 

C-terminus (Winkelmann et al., 1990). Spectrin binding to Golgi membranes requires 

its PH-domain (Godi et al., 1998) but also the N-terminally-located membrane 

association domain I (MADI), as demonstrated by the following results.

3.2 Interfering with Golgi-spectrin dynamics affects the Golgi 

complex morphology
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3.2.1 Designing a suitable experimental system to study Golgi spectrin in 

living cells

Recombinant polypeptides encompassing domain I+MADI of (3IZ2 spectrin 

interfere in a dose-dependent manner with spectrin binding to isolated Golgi 

membranes and block the transport of VSV-G from ER to Golgi, in an in vitro assay 

(Godi et al., 1998). Moreover, (31 N-5 (a polypeptide resembling domain I, and the 

first 5 repeats of (3IE2), blocks the transport of Na,K-ATPase to the plasma 

membrane, when expressed in MDCK cells, consistent with a requirement o f Golgi- 

spectrin for efficient protein transport (Devarajan et al., 1997). This points to a 

pivotal role for Golgi spectrin in determining Golgi function. In addition, there is 

compelling evidence that spectrin is a fundamental component of the scaffold that 

determines the shape of other membrane compartments (Morrow et al., 1996). 

Hence, it is conceivable that the flat shape of Golgi cistemae and/or their organization 

in ordered stacks are, at least in part, due to the presence of a spectrin-based Golgi 

skeleton, since, in addition to spectrin, other spectrin related proteins such as two 

different isoforms of ankyrin, adducin and actin, have co-localised with Golgi 

markers, in different cell types (Figure 3.1) (Beck et al., 1997, Devarajan et al., 1996, 

Valderrama et al., 2000, Valderrama et al., 1998).

In order to investigate the role of spectrin in controlling the morphology of 

the Golgi-complex, we could not rely on in vitro or semi-m vitro systems, exploiting 

isolated Golgi membranes or perforated cells, since it is known that the Golgi 

complex (GC) undergoes morphological modifications upon cell permeabilisation or
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adducin —  ■  Ankvrin G119 —

Figure 3.1 Spectrin , adducin, and ankyrin associate with the Golgi 
complex
NRK cells were double labelled for giantin (a) and spectrin (MUS2 
antibody) (b); note the overlap of the two staining patterns on the Golgi 
complex. In c and d NRK cells were labelled with anti-adducin and 
anti-ankyrin G119 antibodies, which stained the Golgi complex. Scale 
bars: 2 pm

110



during subcellular fractionation (Ladinsky et al., 1999). An in vivo system was used, 

therefore, to study the effect of spectrin skeleton disruption on Golgi complex 

morphology, based on microinjection of recombinant spectrin-derived GST-fused 

polypeptides: (31 N-4 and (31 N-9 (Figure 3.2, A). As shown in Figure 3.2 (B), these 

recombinant polypeptides efficiently competed with endogenous spectrin in in vitro 

binding assays. The effect of spectrin displacement, caused by injection of (31 N-4 or 

(31 N-9, was observed in vivo by staining the GC for several bona fide Golgi markers 

including giantin and mannosidase II (Mann II). Considerable effort was put in setting 

up the microinjection conditions, in order to get the best injection efficiency and 

post-injection cell survival. The polypeptides to be injected displayed a tendency to 

form large aggregates during their purification and concentration, causing repeated 

clogging of needles and continous variations of the injection parameters (i.e. pressure 

and duration). Modifications to the needle-pulling parameters (i.e. lowering the 

current through the heating loop, keeping constant the pulling force) resulted in a less 

slender taper to the injection needles, which reduced clogging.

Preliminary experiments were performed in order to optimise the injection 

parameters. One hundred pM  of both polypeptides ((31 N-4 and (31 N-9) ensured 

reproducibility to the injection, and good (80%) cell survival. Since the volume 

delivered by microinjection is in the range o f 1 to 10% of the cell volume (Wang, 

1994), we assumed a 1 to 10 pM  final concentration of the injected polypeptides 

within the cell. To identify the injected cells a circle was marked on the cover-slip and 

only cells inside the circle were injected. This was preferred to co-injecting a 

fluorescent dye or fluorescein-conjugated antibodies since they were found to 

increase needle clogging.

Finally, it is known that microinjection leads to calcium transients and, 

possibly, activates some downstream processes (Wang, 1994). In addition, we 

observed that the mechanical stress due to injection, sometimes caused partial
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Figure 3.2
A: Schematic representation of pi22 spectrin. Like the other spectrins, pi22 
has a tripartite structure in which the central domain II (17 repeats of 106 aa 
each) is flanked by domain I (blue) at the N-terminus, and domain III (red), at 
the C-terminus, which encompasses the PH-domain. The pi N-4 (domain I plus 
the first 4 repeats) and pi N-9 (domain I plus the first 9 repeats) polypeptides 
are indicated in yellow and green respectively.
B: pi N-4 and pi N-9 inhibit spectrin and actin binding to isolated Golgi 
membranes. Spectrin binding to isolated Golgi membranes was assayed and 
quantitated as reported in M.M. The data, which represent the mean of three 
independent experiments, show the binding of spectrin in the presence of 1 pM 
pi N-4 or pi N-9 and are expressed as percent of control.
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detachment of cells from the cover-slip. For these reasons, it is generally 

recommended to leave cells for 1 h after injection, before processing (Wang, 1994). In 

our case, we performed observations at different times beginning from 15 min after

injection, until 48 h, always checking control-injected cells in order to rule out non

specific effects.

3.2.2 Microinjection of |3I N-4 and pi N-9 polypeptides

NRK and COS7 cells were injected with the two polypeptides, incubated, as 

just reported, for different times up to 48 h, then processed for IF. A panel of 

antibodies raised against different Golgi markers (ankyrin G-l 19, giantin, Mann II, 13- 

COP) was used to study the morphology of the Golgi complex in the injected cells. 

Using the above conditions, the staining pattern of none o f the above markers was 

significantly different from cells injected with GST-protein (Figure 3.3).

The lack of a detectable effect could be due to several reasons. The resolution 

limits o f light microscopy may not detect subtle changes in Golgi stack organisation, 

which might require EM analysis. Alternatively, the peptides might compete 

inefficiently with the endogenous spectrin, due to a too low intracellular 

concentration o f the injected polypeptides, or a slow rate of cycling o f spectrin 

between Golgi membranes and cytosol. Unfortunately, due to their propensity to 

form aggregates, the spectrin-derived polypeptides could not be used at higher 

concentrations. Thus we decided to investigate the effects of the same polypeptides 

under conditions in which the rate of spectrin cycling was likely to be increased, such 

as during the re-assembly of the GC that occurs upon the withdrawal of reversible 

Golgi-disrupting drugs, such as brefeldin A (BFA) or ilimaquinone (IQ).
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Figure 3.3
pi N-9 injection does 
not affect the 
morphology of the 
Golgi complex

Uninjected NRK (a, b) 
or MDCK (c) or COS7 
(d) cells and pi N-9- 
injected NRK (e, f) or 
MDCK (g) or COS7 (h) 
cells were fixed 120 min 
post-injection, as 
reported in M.M. and 
stained for giantin (a, e) 
mannosidase II (b, f) 
ankyrin G-119 (c, g) and 
b-COP (d, h). No 
modification of the 
staining patterns was 
observed, after injection. 
Scale bars: 2 pm
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3.2.3 Microinjection of pi N-4 or pi N-9 polypeptides in cells treated with BFA 

or IQ

3.2.3.1 Recovery o f the Golgi complex morphology after BFA withdrawal is impaired 

in [51 N-4 or [51 N-9 injected cells

As mentioned in the introduction, BFA is a fimgal toxin obtained from 

Pénicillium brefeldianum which causes the disassembly of the GC and redistribution 

of Golgi enzymes into the ER. Proteins normally recycling between the GC and the 

ER-Golgi intermediate compartment, redistribute to disperse puncta (Figure 3.4, a,b). 

The BFA effect is mediated by the inactivation of the small GTPase ARF, via 

inhibition of an ARF-specific GDP-GTP-exchange factor (Ulmer et a l, 1991, 

Klausner et al, 1992, Tsai et a l, 1993). The inactivation of ARF and the release of 

ARF-dependent proteins, such as the COPI complex (Figure 3.4, g,h), leads to 

extensive tubulation of Golgi membranes and final redistribution into the ER (Figure 

3.4, c,d). As known from published studies from our laboratory, Golgi spectrin 

detaches from membranes under the action of BFA (Figure 3.4, e,f) (Godi et al, 

1998). Upon BFA withdrawal, the GC progressively recovers its normal structure 

(Lippincott-Schwartz et a l, 1989). We reasoned that, under these conditions, the 

injection of spectrin polypeptides just before BFA removal, was likely to compete 

better with endogenous spectrin. This might prevent spectrin binding to re

assembling Golgi membranes, and lead to an effect on Golgi morphology detectable at 

the light-microscopy level.

We performed seven experiments in which both GST-fused (31 N-4 and (31 N- 

9 were injected (100 pM in the injection medium) into NRK or COS cells, previously 

treated with BFA, in order to obtain complete redistribution o f Golgi-membranes
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Untreated BFA
Figure 3.4 
Effect of BFA on 
different Golgi proteins.
Untreated (a, c, e, g) or 
BFA (5 pg/ml) treated (b, 
d, f, h) NRK cells were 
stained for the indicated 
Golgi proteins. The cis- 
Golgi marker GM130, 
which in untreated cells 
co-localises with Mann II 
on the ribbon-like Golgi 
network (compare a and 
c) associates with more 
peripheral discrete puncta, 
upon the action of BFA, 
(b) while MannII is 
completely redistributed 
to the ER (d). Golgi 
spectrin (e, f  stained by 
MUS2) detaches from 
Golgi membranes under 
the action of BFA 
similarly to the coatomer- 
component (3-COP (g-h). 
Scale bars: 2 pm
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into the ER. The injection occurred in the presence of the drug, to prevent re

formation of stacks during the injection period. After injection, cells were placed in 

BFA-free medium and allowed to recover for different time intervals ranging from 15 

min to 1 h. At the end of the incubation, cells were fixed, permeabilised and stained 

for Golgi markers, then observed according to the procedure described in M.M.

The features of the recovery of a nomial GC morphology, as judged from the 

staining pattern of Golgi integral proteins (i.e. giantin and MannII) in uninjected or 

GST-injected cells, were as follows. Initially, Golgi resident enzymes were diffuse 

throughout the cell, including the nuclear envelope, as ER markers (Figure 3.5 a). By 

15 min, small puncta staining brightly for Golgi markers appeared, which were 

scattered all over the cell (Figure 3.5 b,f) and at 30 min, the puncta had increased in 

size and appeared to move towards the pericentriolar area (Figure 3.5 c,g). The 

centralization o f puncta was complete in 80% of the cells, by 45 min, and the ribbon

like Golgi network began to re-appear (Figure 3.5 d, h). Finally at 60 min: the Golgi 

staining pattern was fully recovered (Figure 3.5, e, i).

In the p i N-4 or p i N-9-injected cells, the recovery o f the Golgi-complex 

morphology was as follows. Initially Golgi markers were indistinguishable from that 

of control cells. As shown in Figure 3.5 (j), at 15 min small puncta appeared (similar 

to control cells), but by 30 min, although there was an increase in the size of the 

peripheral puncta, they failed to centralise, and most remained dispersed throughout 

the cell (Figure 3.5, k). After 45 min, the impaired movement to the center o f the cell 

was more evident, and up to 90% of the injected cells showed giantin-positive puncta 

scattered towards the cell periphery. Those few that did congregate at the 

pericentriolar area failed to merge into a ribbon-like Golgi network (Figure 3.5, 1). At 

60 min, the giantin staining pattern revealed distinct central fragments which were not 

connected to each other in a ribbon-like structure, in addition to peripheral puncta
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Figure 3.5 Injection of pi N-9 
impairs the recovery of the Golgi 
complex morphology after BFA 
withdrawal.

uninjected GST pi N-9-GST

NRK cells were treated with BFA (5 pg/ml), then injected with pi N-9 fused to GST 
or GST alone as reported in the M.M. and allowed to recover for the indicated times, 
after removal of BFA. After BFA treatment and injection in the presence of BFA,
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the Golgi membranes redistributed to the ER, as judged by staining for 
MannII (a). Sixty min after BFA withdrawal the recovery of a normal 
ribbon-like Golgi complex was complete in uninjected or GST-injected 
cells (compare b-e to f-i) but was only partial in pi N-9-GST injected 
cells (j-m) (see text for details). Similar patterns were observed in four 
separate experiments in which 60 injected cells per sample (on average) 
were observed. Scale bars: 2 pm
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(Figure 3.5, m). We wondered whether the effect observed was restricted to BFA 

recovery or common to other Golgi-disrupting agents, such as IQ.

3.2.3.2 Recovery o f Golgi complex morphology after IQ withdrawal is defective in 

¡31N -4 or ¡31N -9 injected cells

IQ is a major metabolite of several dictyoceratid sponges, obtained from 

Hippospongia metachromia. As shown in Figure 3.6 (a), when 25 (iM IQ is added to 

many cell types at 37° C, the Golgi membranes become highly fragmented and, 

within 30 min, disperse throughout the cytoplasm as small vesicular structures 

(Takizawa et a l, 1993). The mode of action of IQ is not fully understood but it is 

different from that of BFA, since it does not lead to redistribution, via tubulation, of 

Golgi membranes into the ER (Takizawa et a l, 1993). After IQ addition, Golgi 

spectrin does not disperse in the cytosol but remains associated with Golgi-derived 

vesicles (Figure 3.6). As with BFA, the IQ effect is also reversible, and a normal GC 

structure, is recovered around 2 h after drug withdrawal (Acharya et a l, 1995).

The following steps were observed during recovery from IQ treatment in both 

non-injected or GST-injected cells. At time 0, different Golgi markers (giantin, 

MannII) appeared in small Golgi-derived vesicles dispersed throughout the cell, 

(Figure 3.7, a). After 30 min, the small disperse Golgi-derived vesicles fused to form 

larger spots (Figure 3.7, b,e), and by 60 min, the spots had decreased in number and 

enlarged in size, though still remaining peripheral and separated (Figure 3.7, c,f). 

Finally, by 120 min, peripheral puncta had congregated to the pericentriolar area, and 

merged into a normal Golgi network in almost all the treated cells. (Figure 3.7, d,g).

In pi N-4 or (II N-9-injected cells, the centralization steps, and merging of 

peripheral puncta, were still only partial by 2 h, leaving a significant amount of 

several Golgi markers in dispersed large structures clearly separated from the central
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untreated IQ

Figure 3.6 IQ disrupts the Golgi complex organization

In the presence of IQ (25 pM) the typical ribbon-like Golgi complex (a) 
is disrupted into numerous puncta scattered throughout the cell (b) (as 
judged by the MannII staining). Golgi spectrin localisation as assessed 
with the MUS2 antibody, undergoes the same modification becoming 
dispersed into discrete puncta (c-d). Scale bars: 2 pm
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NRK cells were treated with IQ and injected in the presence of IQ. Immediately 
after injection the effect of IQ appeared complete (a). During the 120 min following 
IQ removal, the Golgi complex progressively recovered its normal organization 
both in uninjected and GST-injected cells as judged by staining with an anti MannII 
antibody (compare b-d to e-g) while in pi N-9-GST-injected cells recovery is 
partial (h-j) (see text for details). Similar patterns were observed in four separate 
experiments in which 60 injected cells per sample (on average) were observed. 
Scale bars: 2 pm 122



GC (Figure 3.7). A quantitative evaluation of these effects with IQ, was performed 

by counting the percentage of cells displaying a defective Golgi network and 

peripheral giantin-or-Mannll-positive puncta, in (31 N-9-injected compared to 

control-injected or non-injected cells. The measurements showed an inhibitory effect 

of interfering (3-spectrin constructs, on the coalescence and centralization of the 

MannII-positive structures which form during the recovery of a normal GC 

morphology (Figure 3.8).

3.2.4 Transfected pi N-5 or pi N-9 do not perturb Golgi complex recovery after 

treatment with BFA

In order to gain further insight at the ultrastructural level, of the defective GC 

induced by pi N-4 or (31 N-9, constructs fused to the FLAG epitope were expressed 

by transfection. In these experiments, a FLAG-tagged pi N-5 polypeptide was used, 

which is identical to pi N-4 and including, in addition, the fifth repeat of P-spectrin. 

The aim of this approach was to increase the number of sample cells available for EM 

analysis, since it is quite limited in the microinjection experiments, and to reproduce 

the observed effects under different experimental conditions. The same FT .AG-tagged 

Pi N-9 and pi N-5 have been stably transfected in MDCK cells (Devarajan et al., 

1997) and reported to co-localise with Golgi markers, but produce no significant 

perturbation of the GC morphology. It is possible though, that the choice of a stable- 

transfected cell line might have impeded the detection of an effect because of the low 

expression level of the transfected protein, or because of an adaptation process during 

cell selection. Therefore, we decided to perform transient-transfection experiments in 

order to check the acute effect of pi N-5 and pi N-9 overexpression. In addition the 

transfected cells would be assayed after BFA or IQ treatment.
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Figure 3.8 Quantitation of the pi N-9 inhibitory effect on Golgi complex 
recovery after treatment with IQ.
The number of discrete MannII-positive structures per optical section, observed 
at 90 min after IQ withdrawal, was counted in cells injected with pi N-9-GST, 
or GST as well as in non-injected cells. As an additional control, untreated cells 
were also analysed. Twenty five cells per sample were observed by LSCM. For 
each of these the optical section displaying the highest number of identifiable 
structures was used for counting. The number of puncta observed in pi N-9-GST 
injected cells (23±6) was significantly higher than that in GST-injected (11 ±4) 
or uninjected (9±2) or untreated cells(6±2).
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We observed the morphology of the Golgi complex in [ft N-5 or pi N-9 transfected 

cells at steady state, after different times from the onset of expression (6 to 48 h). 

Transfected cells were treated with BFA or IQ and GC recovery was followed as 

previously reported. In order to stimulate competition, we either increased the 

amount of exogenous polypeptides by means of VT7-Pol-driven expression (Fuerst 

et al., 1986), or destabilized microfilaments by treating with actin-depolymerizing 

drugs such as cytochalasin-D or latrunculin-B. In each case, we could not observe any 

significant structural perturbation of the GC (Figure 3.9). Although the microinjection 

data suggested that polypetides derived from pi spectrin were able to interfere with 

the endogenous Golgi spectrin and with the mechanisms responsible for the 

organization of the GC, the negative results obtained in the transfection experiments 

led to an opposite conclusion. The possible explanations for these conflicting results 

are fully discussed in Section 3.4. The findings obtained prompted us to identify the 

exact sequence o f the Golgi-specific spectrin isoform, in order to produce more 

specific molecular tools for our in vivo studies.

3.3 Expression cloning of the Golgi-specific spectrin isoform

The exact Golgi-specific spectrin isoform is not known, despite of a great deal 

of effort by many groups. Cloning strategies have relied on the proposed similarity 

between Golgi spectrin and erythroid spectrin, and have consisted of cDNA-library 

screening or PCR-amplification from messenger RNA. We decided to take a new 

approach to the cloning of Golgi spectrin by screening a mouse-SWISS-3T6-cell 

cDNA expression library, with the anti-pII2-spectrin MUS2 antibody. This 

antibody, which stains the GC in several cell types including SWISS 3T6, was raised

125



61 N-5 MannII

Figure 3.9 Transfected pi N-5 does not alter the recovery of the Golgi 
complex morphology after BFA withdrawal.
NRk cells were transfected with FLAG-tagged pi N-5. After 20 h 
expression, the cells were fixed and stained with FLAG (a) or MannII (b) 
antibodies, or treated with BFA as reported in M.M., then fixed and stained 
for FLAG-pi N-5 (c) or Mann II (d). BFA-treated transfected cells were 
allowed to recover a normal Golgi complex for 60 min after BFA removal, 
then fixed and stained for FLAG-pi N-5 (e) and Mann II (f) No significant 
differences are evident between transfected cells (asterisk) and 
neighbouring untransfected cells in both experimental conditions 
tested.Similar results were observed in 3 separate experiments in which 
100 transfected cells (on average) were observed. Scale bar: 2 pm



against a unique 15 aa-epitope of the (3lZ2-PH-domain, that is not shared by other 

known PH-domain and/or spectrin isoforms (Figure 3.10). In fact, an homology 

search performed across all the available nucleotide-sequence databases resulted in 

few sequences displaying any significant similarity with the MUS2-peptide (Figure 

3.11).

To improve the screening selectivity, we affinity purified MUS2 IgG on 

column-bound MUS2-antigen. Many attempts were performed to collect an IgG pool 

specifically retained by the column, without success. This was likely due to the 

inaccessibility or incorrect conformation of the peptide when bound to the column 

matrix, or to a relatively weak antigen-antibody interaction (for further details see 

M.M.). Nevertheless, since in WB the antibody gave a staining pattern identical to 

that o f other anti-fll-spectrin antibodies, and no staining o f additional non-spectrin 

bands was detected, we carried out the screening of the expression library using 

MUS2 IgG. This resulted in the isolation of 75 positive clones that were subjected to 

an additional more stringent protocol o f screening aiming at isolating the most 

specific, by the procedure described below.

3.3.1 WB-IF-combined expression screening of a SWISS 3T6 cDNA library

To increase the stringency of the screening protocol, an additional step was included. 

The clones isolated by the initial three rounds of screening were re-probed with pre- 

immune IgGs, in order to identify all the positive clones not specifically recognised 

by the anti-(3lE2-IgGs. After this screen, 29 clones out of the initial 75, were isolated 

and excluded from further analysis. For each of the remaining 46 clones, we assessed 

the intracellular localisation of the expressed protein as follows. A single
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pI22-spectrin
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PH Domain

PH Domain

MUS 2 epitope

-bbbbbbbb-
N-MEGYLGRKHDLE 3PNKKASNRSWNNLY CNL] INSELTFYKDAKNLALGMPYH

-bbbbbbJ -bbbbb—

GEEPLA LRH AICEIA AN Y KKKKH V FKLRLSNGSE WLFHGKDEEEMLS WLQGNST 
—bbbbbbb—bbb---------------------- bbbbbbbbb--------- bbbbbb-------- aaaaaaaaaaaaaaaaa

AINESQSIRNKAQSLPLPSLSGPDASLGKKDKEKRFSEFFPKKK-c 
Aaaaaaaa------------------------------------------ ------ -------------------

Figure 3.10 The MUS2-peptide amino acid sequence belongs to a unique region 
of the |3IZ2 PH-domain
A: schematic representation of the |3I22 spectrin molecule , see legend to figure 3.2 
B: aminoacidic sequence of the |3IZ2-PH domain in which the MUS2 peptide 
sequence is highlighted in yellow. “b”= b-strands ;“a”= a-helices
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Above threshold
MUSCLE BETA-SPECTRIN
100.0* identity in 15 aa overlap

10
MUS2 LEGPNKKASNRSWNN

111111111111111
hsspcl SEGDEPATLPAPRDHGQSVQMEGYLGRKHDLEGPNKKASNRSWNNLYCVLRNSELTFYKD 

1110 1120 1130 1140 1150 1160

hsspcl AKNLALGMPYHGEEPLALRHAICEIAANYKKKKHVFKLRLSNGSEWLFHGKDEEEMLSWL 
1170 1180 1190 1200 1210 1220

spIQ010821SPCO_ HUMAN SPECTRIN BETA CHAIN, BRAIN 
Identities - 10/14 (71*), Positives -12/14 C85*)

MUS2 : 2 EGPNKKASNRSWNN 15 
E NKKAS+RSW+N

Sbjct: 2211 EAHNKKASSRSWHN 2224

gnl I PIDIdl033436 (AB001347) BRAIN BETA 3 SPECTRIN [Rattus norvegicus]

Identities -9/11 (81*), Positives -10/11 (90*)

MUS2 : 5 NKKASNRSWNN 15 
NKKA+NRSW N

Sbjct: 2235 NKKAANRSWQN 2245

sp IQ009631 SPCB_DROME SPECTRIN BETA CHAIN >gi 14237771 pi 
beta chain -

fruit fly (Drosophila nelanogaster )> 
Identities -8 /9 (88X), Positives -9/9(99*)
MUS2 : 6 KKASNRSWN 14 

KKASNRSW+
Sbjct: 2165 KKASNRSWD 2173

Below threshold
Bovine herpesvirus type 1 early-intermediate transcription 
control . . .
50.0* identity in 12 aa overlap

10
MUS2 LEGPNKKASNRSWNN111:::::: 111
hehsbb GRRGARGKGFACVSPLDPETRGRGYGERDGEGPGRRPAGRSWLAGRGWMSVSLAGRLSAP 

1750 1760 1770 1780 1790 1800

hehsbb SSPLALPFLARSPCVLPDGGGGRVSLLSPRLFLVPRASFLAVSSFLAPAAAAAAAAAG VA
1810 1820 1830 1840 1850 1860

Mouse glandular kallikrein gene . . .
53.8* identity in 13 aa overlap

10
MUS2 LEGPNKK ASNRSWNN

I I I  l : : : : l  II
mmgk5 MTTETLEMXIQTGDRQTTRQKRKKQYSDPSLEGGVKREPRRSWIVSASPTCLPFSTPACP 

530 540 550 560 570 580

mmgk5 GVMFSGWPPCFPVSTLTHSL WQNAAVRTQLAFSRTPPHXYLVKRYTATCQGWEFFSQLNP 
590 600 610 620 630 640

ragC gene; ragD gene.
Bradyrhizobium japonicua 
54.5* identity in 11 aa overlap

10
MUS2 LEGPNKKASNRSWNNII : : : : I : III
bja225 XRRSRSXXRXAKRPGGHPRGRYSAGPGHRRGPGRRPSGRSWPRWRTXPGSCXDPGSWPAL 

1650 1660 1670 1680 1690 1700

Drosophila genes for chorion proteins S36 and S38
38.5* identity in 13 aa overlap

10
MUS2 LEGPNKKASNRSWNNII::::::111:;
dmchor STXVEETPXY ALAAMRAIYQHLAKFRSHRVGPERNSRHRSWHQSKCHVPGAGDASGAYLK 

1030 1040 1050 1060 1070 1080

dmchor XSATNGGQQKTADSPSGSTPEAEEQLELQLGDKMTRSTYIWALAACLIVSVQARNLRINP 
1090 1100 1110 1120 1130 1140

Myxococcus xanthus ribosomal protein S21 (rpsU 
41.7* identity in 12 aa overlap

10
MUS2 LEGPNKKASNRSWNN:11 :::::: 111:
mx2066 TKAAPPAPTSPAAASPTRRPWRSAWAGRRSNGPHXRSASRSWACWSGRRRPAWSSSATAA 

1130 1140 1150 1160 1170 1180

mx2066 TATTTSSAAEXWCPSARRRAAPSPSVAVXLARMKGPSTSTRASPGSTTRARRSSAWTSLA 
1190 1 200 1210 1220 1230 1240

Bos taurus frizzled-related protein FrzA m R NA, complete cds 
50.0* identity in 12 aa overlap

10
MUS2 LEGPNKKASNRSWN NII::: 1:111:
u85945 SLPXGXKSKKXKRKTATRRLSPRRRSPXSWGPSRRRSXRSWSYTXRTGPTAPATSWTTSA 

270 280 290 300 310 320

u85945 TTSSSWAARSRASTCXPPSTSGTRK 
330 340 350

TRSSRPSXRRXRITSVPLSSRSSSDSWEGGAGWGG 
360 370 380

bja225 RWFERCTGCRRSSSCRSAASDSGCXPHXRCRAASIRATAACSDRYRPXSAGICRRQAWEG 
1710 1720 1730 1740 1750 1760

H.sapiens gene for N-methyl-D-aspartate receptor R1 
40.0* identity in 15 aa overlap

10
MUS2 LEGPNKKASNRSWNN: 111: :::: 1: 11:
hsnmda KFLLPRVHSPWXHCLKAQGSPQPGPGSSGRMEGPRGRNXDRGWNSHLPEALKALACPL GT

1860 1870 1880 1890 1900 1910

hsnmda QTAPPRXLHLWPNEGGGLIFVPSGTTSFASLGTSFLTCEGEKMALPRKAASGQMKGGGNG 
1920 1930 1940 1950 1960 1970

Figure 3.11 The MUS2 peptide is unique to |3IZ2 spectrin, highly conserved in some 
spectrin molecules, but absent in all the other sequences present in the available 
databases.
The sequence of the MUS2 peptide was used to search a collection of NCBI databases 
(identified as “nr”) by the TBLASTN algorithm. Matches were displayed as “above 
threshold” or “below threshold” by the TBLASTN algorithm, according to its default 
setting.
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positive clone was amplified on a plate and transferred to a nitro-cellulose filter, 

soaked into an IPTG solution. This was placed on a plate to allow expression from 

the insert and filter binding of the product protein. At the end of the incubation, the 

filter was processed for WB using the MUS2 antiserum. After extensive washing, 

any retained IgGs were then removed using an acidic pH treatment. After 

neutralisation, the released antibody was used in an IF assay, on SWISS 3T6 cells 

(Figure 3.12, for further details see M.M.).

Unexpectedly, as shown in Figure 3.13, many of these IgG pools stained 

intracellular structures or compartments different from the Golgi, though a Golgi 

staining pattern was found in several cases. The two additional steps were clearly 

effective in reducing the final number of cloned inserts to be sequenced since from the 

46 clones remaining, only 8 encoded Golgi-associated proteins. These 8 were further 

processed for sequencing, but surprisingly, none was similar to any known isoform 

of spectrin. Two corresponded to known Golgi proteins (Clone 26 and 54), one to a 

MT-binding protein (Clone7), three: clones 68,74, and 75 were homologous to 

uncharacterised proteins and two were cloning artifacts ( clones 20 and 47)

3.3.2 Description of the positive clones

A detailed description of the inserts isolated from the screen is reported 

below, starting from those encoding for Golgi-associated proteins.

3.3.2.1 Clone 26

The Clone 26 insert encodes the mouse homologue of giantin: a well- 

characterised Golgi protein which, as mentioned in the introduction, was identified in 

rat as GCP360, and subsequently in Homo sapiens as GCP-372 (Linstedt et al,
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Figure 3.12: Procedure for 
assessing the intracellular 
localisation of positive clones

A single positive phage colony 
was picked and amplified on an 
agar plate, as described in M.M. 
(1st step). An IPTG-saturated 
nitrocellulose filter was laid on 
the plate to trigger protein 
expression (2nd step). The filter 
with the protein attached was 
overlaid with the MUS2 IgGs as 
described in M.M. (3rd step). 
Unbound IgGs were washed out 
(4th step) and specifically- 
retained IgGs were detached at 
acidic pH (2.5) (5th step) and 
used to probe SWISS 3T6 cells 
by IF (6th step) (see M.M.)

1st step
Amplification 
of a positive 
phage colony

2nd step
Replica on 
filter

3rd step
Overlay with 
Mus2 Ab

4th step
Washes

5th step
Acid elution of 
retained Ab

6th step
IF staining with the eluted Ab



Figure 3.13: IF staining patterns of MUS2 IgGs purified on the expression 
clones
MUS2 IgGs were affinity purified on proteins expressed from inserts of different 
clones and the collected clone-specific IgGs were used to stain SWISS 3T6 cells 
as reported in Chapter 3 and M.M. Different staining patterns were obtained such 
as staining of the Golgi complex (clone 26), of nuclear speckles (clone 39), of 
actin stress fibers (clone 8) or of cytosol (clone 15). Scale bars: 2 pm
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1993). A picture of the intracellular staining pattern produced by Clone 26-specific 

IgGs is shown in Figure 3.14, (A) while that obtained in WB is shown in Figure 3.14, 

(B). The amino acidic sequence of clone 26 insert represents the region of GCP360 

encompassed by residues 48 to 652, which bears the first putative coiled-coil domain 

of giantin. A homology search showed no a significant match with the MUS2-antigen, 

although shorter stretches of amino acids (from 3 to 11) present in the latter, were 

found at different sites within the clone (Figure 3.14, C). Two possibilities could 

explain these findings: MUS2 antibody recognises a very short epitope common to 

the MUS2 peptide and to giantin or the antigenicity of MUS2-peptide lies in its 

recognition of secondary rather than primary structure. Since it is difficult, if not 

impossible, to predict a stable secondary structure for such a short peptide, it was 

hard to verify this hypothesis. As shown in Figure 3.14 (B), the staining pattern of 

the clone26-specific IgGs, produced by WB, includes a high MW band (more then 

300kDa) present in the Golgi-enriched protein fraction.

33.2.2 Clone 54

Clone 54 contained amino acid 571 to the C-terminus o f mouse T A P /p ll5 . 

This is a cytosolic protein that associates with Golgi membranes, as mentioned in the 

introduction, and suggested to act as a tethering factor for transport vesicles 

(Sonnichsen et al., 1998). The IF staining pattern of Clone 54-specific IgGs is shown 

in Figure 3.15, (A). The WB pattern of the Clone54-specific IgGs assayed on 

fractionated Golgi-associated proteins, revealed a 115 kDa protein (Figure 3.15, B). 

No significant similarities where found between the MUS2 peptide and the clone-54 

insert, except for short stretches not exceeding 5 amino acids. Clone 54 encompasses 

the entire “rod-like” C-terminal portion of p i 15, as shown if Figure 3.15 (D).
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C l .  26  

MUS2

LKAENEKLSSR NETASQTS EAQNRA KKAA NRS 
l : : I : l l : l i : l I : I : : l I : I I I :  I I I
LEGPNKKASNR NKKASNRS KASNRS KKAS NRS

Coiled-coil domain-forming regions

CLONE-26 INSERT

3259

Figure 3.14 Clone 26 is identical to giantin
A: MUS2 IgGs affinity purified on clone 26 insert and probed on SWISS 3T6 cells by IF 
B: the same IgGs probed by WB on Golgi enriched proteins from rat liver (clone 26) as a 
control, the same proteins were also probed by an anti-giantin monoclonal antibody 
(giantin). Note that a band with a MW > 300 kDa is recognised in both lanes. C: results 
of an homology search for sequences similar to the MUS2 peptide present in the clone 26 
insert. The algorithm used was LALIGN (at the GENESTREAM network server) with its 
default setting, the pairings shown are the best and all are classified as “not significant”. 
D: schematical representation of giantin with its multiple coiled-coil domains (green 
boxes), trans membrane domain (red box), and the region corresponding to the clone-26 
insert (blue segment). Scale bar: 2 jrm
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CL. 5 4 

MUS2

LEGVITKAIYKS 
I I I  I I  : |
LEGPNKKASNRS

GMSEQAS GMSEQAS DKK 
I : : : I I I : : : I I : I I
GPNKKAS GPNKKAS NKK

Clone 54

Figure 3.15 Clone 54 is identical to mouse TAP/pll5
A: MUS2 IgGs affinity purified on clone 54 insert and used to immunostain SWISS 
3T6 cells. B: the same IgGs used on western blots of isolated Golgi proteins from rat 
liver (clone 54) together with an a n ti-p ll5  antibody (p i 15). Note that a 115 kf)a band 
is specifically recognised by both antibodies. C: Results of a homology search for 
sequences similar to the MUS2 peptide present in the clone 54 insert. The algorithm 
LALIGN (at the GENESTREAM network server) was used with its default setting, and 
the pair wise alignement shown are is the best found. It is classified as “not 
significant”. D: schematic representation of T A P /p ll5  in which the globular head is 
represented in green, the “rod-like” coiled-coil domain in red, and the GM 130-binding 
site in blue. Scale bars: 2 [im
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3.3.23 Clone 7

Clone 7 insert represents the mouse orthologue of human CLIP170, a M T- 

binding protein that links intracellular membrane compartments (mainly endocytic) 

and microtubules (Pierre et a l, 1992). Clone 7 did not share significant similarity with 

the MUS2 epitope except short (up to 5) aa stretches, (Figure 3.16). When probed 

on Golgi proteins separated by SDS-PAGE, the Clone7-specific IgGs stained a 190 

kDa a 60 kDa protein as well as a 115 kDa which was also recognized by MUS2 

IgGs purified on clone 54, as shown in Figure 3.16 (B). This finding suggests a cross

reactivity o f clone-7-specific IgGs with p i 15, and provides an explanation for the 

Golgi staining produced by this IgG pool. It is worth mentioning that the reported 

staining of a 60 kDa band (see above) could be due to a 59 kDa protein belonging to 

the ClipR-family of CLIP-related proteins, found in association with membranous 

compartments (possibly endosomes) juxtaposed to the GC, in mammalian cells 

(Figure 3.16) (Perez et al, 1999). The expression, by transfection, of the Clone-7 

insert in COS7 cells produced clear association of the transfected protein with 

microtubules and large cytoplasmic structures, possibly microtubules bundles, with 

no localisation on the Golgi complex, as also reported in Pierre et a l, (1994) (Figure 

3.16, E). This finding supports the antibody cross-reactivity with p i 15 (or with a 

different CLIP 170 isoform), and explains the Golgi staining observed with the clone 7 

specific IgGs.

33.2.4 Clone 68

Clone 68 insert showed 85% similarity to a human uncharacterised cDNA 

(KIAA0378), which itself shares significant homology with myosin. Western blots 

using clone 68-specific IgGs were almost identical to clone 54 IgG blots suggesting
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Figure 3.16 Clone 7 is the mouse 
ortholog of CLIP170
A:MUS2 IgGs affinity purified on clone 7 
insert and used to immunostain on SWISS 
3T6 cells. B: the same IgGs used on 
western blots of isolated Golgi proteins 
from rat liver (clone 7) together with the 
clone 54-specific MUS2 IgGs (clone 54).
Note that the 115 kDa band is recognised 
in both lanes. C: Results of an homology 
search for sequences similar to the MUS2 
peptide present in clone 7. The algorithm 
LALIGN (at the GENESTREAM network server) was used with its default setting, 
and the pairment shown is the best found. It is classified as “not significant”. D: 
schematic representation of CLIP 170, the green box represents the coiled-coil 
domain and the red ones, the microtubule-binding domains of CLIP170. E: FLAG- 
tagged Clone7 insert expressed by transfection in COS7 cells, note that large 
structures are labelled which are likely bundles of microtubules. Scale bars: 2 pm
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that cross reactivity to p i 15 was the likely reason for the Golgi staining. No further 

investigation was carried out on this clone.

3.3.2.5 Clone (74-75)

These two clones encompassed different regions of an uncharacterised cDNA, 

(AK01910). As for all the clones analysed so far, no significant similarity with the 

MUS2 peptide, except very short stretches, was found. Western blots using clone74- 

specific IgGs revealed at least three bands at 45, 47 and 55 kDa in the Golgi fraction. 

No further investigation was carried out on these two clones.

3.32.6 Clone 20

This clone was likely a cloning artifact, since the expressed ORF was the 

reverse complement of the N-methyl-D-aspartate (NMDA)-receptor gene. The most 

obvious explanation for such a finding is that the gene for this protein was ligated to 

the cloning vector, in the wrong orientation. We did not perform any further 

investigation aiming at verifying whether the reverse complement of the NM DA 

receptor is actually transcribed in cells, therefore we cannot role out this possibility, 

although we consider it unlikely.

3.32.7  Clone 47

The insert o f Clone 47 was 90% identical to ribosomal RNA. Therefore it was 

considered a cloning artifact. Western blots using the clone 47-specific IgGs fraction 

suggested that the Golgi staining was likely due to the recognition o f p i 15, since a 

band of the corrensponding MW was observed. We did not obtain additional 

information on this clone.

138



Overall, the findings of the expression-cloning screening demonstrated that the 

immunisation using the 15aa-peptide MUS2 either gave rise to antibodies against 

short (3-5 aa) epitopes or against particular conformations assumed by the peptide, 

that can be found in numerous other proteins unrelated to MUS2.

In case the screening criteria were too stringent we repeated the screening 

procedure and looked at clones showing only faint perinuclear staining. Again, 

sequencing of these clones yelded mainly uncharacterised proteins sharing a certain 

similarity with MT or microfilaments binding proteins, but none of them displayed 

an encouraging similarity with spectrin-like molecules. Nevertheless, it cannot be 

ruled out that a spectrin-like molecule was present in the original 75 positive clones, 

but the evidence obtained suggests that this molecule is not responsible for the 

staining of the Golgi complex showed by the MUS2 antibody.

3.4 Discussion

Microinjection of NRK or COS7 cells with the spectrin-derived (31 N-4 or (31 

N-9 polypeptides led to an impaired recovery of the morphology of the Golgi- 

complex, after treatment with IQ or BFA. The effect could be described as a defective 

centralization and merging of the giantin and MannII-positive structures. These 

structures gathered to the pericentriolar area in control injected cells, but in (31 N-4 or 

(31 N-9 injected cells mostly remained dispersed and separate. A further and more 

detailed characterization of the effect required EM analysis and, therefore, a higher 

number of sample cells were needed. However, the morphological Golgi defects could 

not be reproduced in MDCK or COS7 cell transiently transfected with (31 N-9 and (31 

N-5 fused to a FLAG-tag. These data were in apparent disagreement with those 

showing the association of FLAG-tagged (31 N-9 and (31 N-5 to the GC in stable-
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transfected MDCK cells (Devarajan et a l, 1997), and with the in vitro experiments in 

which (31 N-4 or pi N-9 inhibited the ARF-stimulated spectrin binding to isolated 

Golgi membranes, impairing the ER-to-Golgi cargo transport (Godi et a l, 1998). The 

reason of the observed inconsistency is unknown, several possible explanations can 

be, however, suggested which take into consideration the differences existing between 

the experimental protocols used. Assuming a low specificity of the pi N-4 or pi N-9 

polypeptides for Golgi spectrin, high levels of polypeptide would be required to 

compete with endogenous spectrin, and this could account for different results 

obtained by microinjection, transfection and the in vitro assay. Both in microinjection 

and in in vitro experiments, an excess polypeptide is added to the system and the 

effect is observed within a short time frame in which, feasibly, the efficiency of 

competition with the endogenous spectrin is maximal. In transfection experiments, 

conversely, the polypeptides are synthesised in the cytoplasm over a time period of 

20 h typically, prior to be assayed. During that time, several inactivating phenomena 

can possibly occur such as degradation, modification or sequestration into structures 

that would prevent them to effectively interfere with Golgi spectrin.

Furthermore, since it is known that spectrin iso forms can partially 

compensate for each other in vitro, an additional consideration has to be taken into 

account for the data obtained in in vitro systems. Here, isolated Golgi membranes 

from liver were added to cytosol from brain. Since, peripherally associated proteins 

(like spectrin) are partially released from Golgi membranes during the isolation 

procedure, it is possible that spectrin isoforms particularly abundant in brain, such as 

(3IZ2, substitute for the Golgi spectrin. As a consequence, the addition o f the pi N-4 

or pi N-9 fragments may be more effective in preventing pl£2-spectrin binding to 

Golgi membranes.

Concerning the data obtained by Devarajan and co-workers (Devarajan et al., 

1997) in MDCK cells transfected with pi N-5 or pi N-9, it has to be considered that
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the GC localisation o f the two polypeptides was obtained in stable transfected 

clones. It is known that stable-transfected cell lines result from an adaptative 

selection. Thus, the Golgi localisation of [II N-5 or [II N-9 achieved in the stable- 

transfected MDCK clones, which was not reproduced by us in transiently 

transfected NRK or MDCK cells, might have been due to adaptative events occurring 

during selection.

Clearly, in light of these data it was essential to isolate the actual Golgi-specific 

spectrin isoform. To this end, we undertook expression-screening of a cDNA library, 

exploiting the MUS2 IgGs as a probe. Approaches by other groups relying on the 

sequence similarity between Golgi spectrin and the (3l-isoform had been unsuccessful 

(J.Morrow personal communication). The screen generated several positive clones, 

encoding Golgi associated proteins, but none shared any encouraging similarity with 

spectrin. Since none of the sequenced positive clones displayed significant homology 

to the 15 aa MUS2-antigen, we concluded that either the immunisation induced 

antibodies against very short epitopes, or that the antibodies were able to recognise a 

structural conformation assumed by this peptide. In fact, short amino acidic sequences, 

that were present in the MUS2-peptide sequence were found in every positive clone. 

Moreover, all the positive clones shared at least one putative coiled-coil domain, and it is 

known that this type of structure is highly effective in triggering immunisation.

In conclusion our data suggest some functional and antigenic similarity 

between Golgi and [3122 spectrin but also point to significant diversity. This raised 

the possibility that a Golgi-specific spectrin isoform, different from (II, exists. At the 

same time as these experiments were being performed, the cloning and 

characterisation of a novel spectrin isoform, [Illl-spectrin, was reported by another 

group. (Illl-spectrin specifically associated with Golgi membranes (Stankewich et al., 

1998). As mentioned in the introduction the fllll-spectrin gene structure contains
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conserved actin, protein 4.1 and ankyrin binding domains together with MAD1 and 

MAD2 and a pleckstrin homology domain, in which the MUS2 peptide is not 

conserved. The intracellular distribution of [Mil-spectrin was shown to overlap with 

that of different Golgi markers, as well as intermediate compartment markers but also 

extended to other uncharacterised cytoplasmic structures, both in MDCK and NRK 

cells. Data obtained in our laboratory showed that, in vitro, [Mil-spectrin binds to 

Golgi membranes in a way that is dependent on ARF and sensitive to the addition of 

competing recombinant [MI I-spectrin PH-domain. However, additional

characterisation is needed in order to assess the (Mil-spectrin specificity of the GC in 

vivo, together with its importance for Golgi morphology and/or function. The 

possibility o f a pi-erythroid-like spectrin on the GC is also attracting new interest 

because of the recent identification by PCR-amplification, of a pl-erythroid-spectrin 

transcript, in MDCK cells (J.Morrow personal communication).

Finally, as mentioned in the Introduction, two novel spectrin genes, [MV and PV, 

have been identified and partially characterised for their splicing variants and 

intracellular localisation. However, they do not seem to include the Golgi complex. [MV 

spectrin localises to the nodes of Ranvier, in neurons and at undefined cytoplasmic 

structures in pancreatic islets (Berghs et al., 2000, Stabach et al., 2000), pV-spectrin is 

the mammalian orthologue of the Drosophila PH spectrin (Stabach et al., 2000) and is 

expressed in photoreceptor rods and cones and also in gastric cells were it localises at 

the basolateral membrane. Finally, the sequencing of the human genome indicates that 

there are only 5 P-spectrin genes (Figure 3.17). Thus, there is no Golgi specific P- 

spectrin gene. However it is still possible that a Golgi specific spectrin isoform might 

be made from an alternative splicing process of one of the five
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Figure 3.17 Five ^-spectrin genes are present in the human genome
Chromosomal mapping of the 5 human (3-spectrin genes ((31 to (3V) as obtained 
searching the Homo sapiens genome at the NCBI web site.
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known spectrin genes.

In order to critically evaluate the evidence collected so far in favour o f the 

existence of a spectrin-based Golgi skeleton we have to consider the solid and 

reproducible array of in vitro data showing the ARF-mediated and PIP2-dependent 

association of a (31-like spectrin isoform with Golgi membranes and its role in 

transport of cargo protein between the ER and the Golgi, in perforated cells (Godi et 

al., 1998). These data are consistent with immunological evidence showing that 

antibodies against (31, but not a  spectrin, produce a clear staining of the Golgi 

complex in different cell lines (Beck et al., 1994). However, in the present study we 

show that the same molecular tools successfully used in the above-mentioned in vitro 

experiments to interfere with Golgi spectrin localisation and function, produced a less 

potent effect or no effect at all, depending on the experimental system, when assayed 

in living cells. It is also noteworthy that it has been impossible, so far, to clone the 

Golgi-specific spectrin isoform on the basis of its supposed similarity to (31-spectrin, 

although a big effort has been put on this project by different laboratories (J.S. 

Morrow personal communication). Moreover, new preparations of the anti- (31- 

spectrin antibodies originally showed to stain the Golgi complex, failed to re-produce 

the same staining pattern, the major exception is the MUS2 antibody, that, however, 

in the present study is shown to cross react with at least two already known Golgi 

associated proteins such as p i 15 and giantin.

In light of these data, the existence of a (31-like spectrin on the Golgi complex 

remains uncertain, while, as previously mentioned, other possibilities become more 

viable like the existence of a different spectrin isoform specific for the Golgi, such as
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pill (Stankewich et al., 1998 ). In this study we have not investigated this issue but a 

future development of this project will be the production o f molecular tools specific 

for p ill to be used in in vivo experiments similarly to what done in this study, with 

the expectation o f a more efficient competition with endogenous Golgi spectrin. At 

the same time, genes encoding for additional spectrin isoforms have been identified 

and , as reported in the previous section, the intracellular localisation of them has not 

been fully investigated. Furthermore, the identification of at least two ankyrin 

isoforms associated with Golgi membranes (Beck et al., 1997; Devarajan et al., 1996) 

makes it feasible to exploit these two molecules as baits to isolate, in biochemical 

assays, other components of the spectrin skeleton of Golgi membranes. This 

alternative approach could overcome the uncertainty about Golgi spectrin and lead to 

a better characterisation of the macromolecular structure in which ankyrin and 

possibly spectrin participate. Finally, at present it cannot be excluded the possibility 

that the molecule we have been considering as a spectrin isoform, mostly on the basis 

of immunological evidence, might be something different, sharing a certain degree of 

similarity with the known spectrins but belonging to a different class o f proteins. The 

ongoing development of the proteomics of the Golgi complex, ( Taylor et al., 2000) 

which is increasing our knowledge about the proteins associated with the Golgi 

complex of mammalian cells, will likely help in clarifying this point.
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Chapter 4

Dynamics of the Golgi matrix in living cells

4.1 Background

As mentioned in the Introduction, our main interest is to understand the 

mechanisms that determine the Golgi-complex structure, and the processes by which 

incoming transport complexes are integrated into Golgi cisternae. Besides the 

spectrin-based Golgi skeleton, another multi-protein complex has been implicated in 

generating the Golgi architecture: the Golgi matrix (GM). This complex o f proteins 

was originally identified on the basis of its resistance to detergent and salt extraction, 

and partially characterised with respect to its composition and ultrastructural 

organisation (Slusarewicz et al„ 1994). However, the overall composition and the 

"mechanism of action" of the GM are still not clear. Thus, we decided to investigate 

whether the GM contained elements of the spectrin skeleton and how it contributes 

to the organisation of Golgi membranes by studying the dynamics o f GM 

components in living cells.

4.2 Golgi spectrin is part of the Golgi matrix

As detailed in the biochemical assay designed by Warren and co-workers to 

isolate the GM (Slusarewicz et a l, 1994), Golgi membranes were incubated with 2 % 

Triton X-100 and 150 mM NaCl, as described in M.M. After 30 min at 4 °C, the 

insoluble and soluble fractions were separated by centrifugation, and analysed by
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SDS-PAGE. The protein pattern (see figure 4.1, A) included several bands, the 

molecular weights of which ranged from 10 to > 250 kDa and were similar to those 

described by Slusarewicz et al, (1994). After migration, the proteins were transferred 

to a nitrocellulose filter and probed with antibodies against spectrin, actin, (3-COP 

and a known component of the GM, GM130. The anti-spectrin antibodies 

recognised a 250 kDa band which partitioned in the insoluble and soluble fractions 

with a ratio similar to that of GM130 (on average, 40% of the total into the insoluble 

pellet, see figure 4.1, B). As expected, other Golgi proteins that are not part of the 

GM, such as [3-COP, were almost completely recovered in the soluble fraction. 

Interestingly, actin was also found in the insoluble fraction (ca. 40%, on average), 

consistent with the idea that several (if not all) components of the spectrin-based 

Golgi skeleton are part of the GM. These findings support the proposed view of the 

GM as a large, multi-protein scaffold that is responsible for the structural 

organisation and function of the Golgi apparatus. This finding that spectrin may be 

part o f the GM prompted us to investigate the possible interactions between Golgi 

spectrin and other GM components, with the aim of obtaining insight into the overall 

organisation of the GM.

The search for a direct interaction between spectrin and GM components was 

performed by Tania Maffucci (at Consorzio M. Negri Sud, S.M. Imbaro, Italy), 

adopting affinity chromatography and immunoprécipitation approaches. The chance 

cloning of a portion of giantin (clone 26) and p i 15 (clone 54, see Section 3.3.2) 

allowed these polypeptides, and further spectrin-derived ones ((31 N-4 and (31 N-9), 

to be used to affinity purify giantin and pi 15 interactors from Triton X-100- 

solubilised Golgi membranes. The aim was to verify the possible direct binding of 

giantin and/or p i 15 to Golgi spectrin. With this purpose, the giantin- and p 115- 

derived polypeptides were also used to raise polyclonal antibodies, for use in co- 

immunoprecipitation experiments. While the results of the above experiments
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Figure 4.1 Spectrin is part of the Golgi matrix
Golgi membranes were extracted with 2% Triton X-100 and 150 mM NaCl, and 
centrifuged as described in M.M. The pellet and supernatant fractions were analysed 
by SDS-PAGE and transferred to a nitrocellulose filter, as described in M.M. A: The 
red-Ponceau staining of the SDS-PAGE including the pellet (from 500 pg 
membranes), the supernatant (50 pg), and untreated Golgi membranes (50 pg). 
Several discrete bands are evident in the pellet fraction which correspond to the 
Golgi-matrix components. B: Fifty pg of isolated Golgi proteins (total), the Triton-X- 
100-insoluble pellet (from 100 pg Golgi proteins; pellet) and 50 pg of Triton-X-100- 
soluble Golgi proteins (supernatant) were probed with the MUS2 anti-serum 
(spectrin), an anti-GM130 monoclonal antibody, a polyclonal antibody against 13- 
COP and a monoclonal antibody against actin. The partitioning of spectrin between 
the Triton soluble and insoluble fractions largely resembles that of Golgi-matrix 
component GM130, but is different from that of (3-COP, which is completely 
solubilised (see text).
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suggested the existence of a direct interaction between p i 15 and spectrin, they are 

still at a preliminary stage and do not allow definitive conclusions on the existence of 

such an interaction to be drawn.

4.3 Dynamics of GM130 in living cells

The investigation into the dynamics of the GM components (particularly 

GM130) and related proteins, which is reported below, has significantly contributed 

to the overall understanding of the mechanism by which the GM assembles at the cis- 

Golgi compartment and drives the organisation of the incoming ER-to-Golgi transport 

complexes into stacked cistemae.

We expressed a GFP-GM130 fusion protein in COS7 cells and followed the 

intracellular dynamics of this chimera at steady state by time-lapse confocal 

microscopy, as described in M.M. The reliability of this chimera as a tracer for 

endogenous GM130 dynamics was initially tested by checking the intracellular 

localisation of the transfected chimera by IF. As shown in Figure 4.2, an almost 

complete co-localisation with the Golgi-marker giantin was observed, as expected. 

The ability of the chimera to bind the known GM130 interactor p i 15 was also tested 

in affinity chromatography assays and was shown to be indistinguishable from that 

of the endogenous protein (see M.M.). Finally, the effective inclusion of GFP- 

GM130 into the Golgi matrix, was verified by extraction with Triton X-100 and salt 

of transfected cells, according to the original protocol for the isolation o f the G M 

(described in M.M). Again, no different behaviour from that of the endogenous 

protein was seen .
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Figure 4.2 GFP-GM130 localises to the Golgi complex and to peripheral 
structures
COS7 cells were transfected with GFP-GM130, fixed and stained with an anti-giantin 
antibody (red) which specifically decorated the Golgi complex. The distribution of the 
transfected chimera (green) largely overlapped that of giantin on the central Golgi 
area (yellow) including additional peripheral structures. Scale bar: 4 pm.
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When the distribution o f GFP-GM130 in living cells was observed, we were 

surprised to note an unanticipated high mobility of the chimera which associated not 

only with the GC, but also with peripheral structures, having the shape of puncta 

and tubules. These structures appeared to be distributed throughout the cytoplasm, 

although they were more concentrated around the Golgi area. They also displayed 

high motility in all directions, with a marked preference for movement towards and 

outwards from the GC. The average size of these peripheral structures was measured 

as 0.5 |im in diameter (ranging from 0.2 to lpm ) for puncta, and 6 pm in length 

(ranging from 3 to 12 pm), for tubules (for further details see M.M.). Their speed of 

movement was also calculated, as described in M.M., and found to vary from 0.2 to 

0.8 pm/s. This value, together with the linear trajectory followed during their 

movement, was suggestive of microtubule (MT)-based movement, and was 

subsequently proven to be so experimentally, as will be described below. During their 

movement, the GM130-containing structures sometimes underwent modification, 

changing from a tubular to a more globular shape, and vice versa. Some stationary 

puncta were also noted, although they were seen to hover around a fixed position, 

while continuously receiving and emitting mobile tubular structures.

The dynamics of these structures were rather complex; nevertheless, it was 

possible to distinguish between more static and stable structures (puncta) and more 

mobile and transient ones (tubules). In order to better characterise these GM 130- 

positive tubular structures and understand the meaning of their high-rate motility, a 

detailed analysis of their dynamics was performed.

4.3.1 GFP-GM130 associates with peripheral puncta and tubules

151



The GM 130-positive tubules elongated and moved in centrifugal, centripetal 

and lateral directions. Generally, they originated from GM130-labelled peripheral 

puncta, projected centripetally towards the Golgi area while still connected with the 

original puncta, and upon reaching this area, disappeared into the Golgi mass (Figure 

4.3, A). Other tubules also extended centrifugally from the central area towards 

peripheral puncta. Finally, tubules were seen emanating from peripheral puncta, 

elongating towards neighbouring or distanct puncta, to which they connected, and 

eventually, disappearing into acceptor structures, see Figure 4.3, B). In some cases, 

the tubules did not establish a continuity between two structures, but apparently, 

detached from the puncta from which they originated, and moved towards their 

destination, see Figure 4.3, B. The average life span of tubules, measured as described 

in M.M., was ca. 5 s (ranging from 2 to 11 s). As shown in Figure 4.4, the tubules 

were co-linear with MTs, as assessed by co-staining transfected cells with an anti

tubulin antibody, and were completely dependent on the presence of an intact M T 

system, since they disappeared in cells treated with nocodazole (a M T- 

depolymerising drug; see Figure 4.5). Interestingly, the disappearance of tubules was 

not accompanied by the disappearance of peripheral puncta, which persisted as 

isolated structures, see Figure 4.5. This unexpected wide distribution of GFP- 

GM130 observed in living cells prompted the re-examination of the distribution of 

endogenous GM130 by immunofluorescence as compared to that of Golgi, IC, and 

ER markers.

4.3.2 The GFP-GM130 tubules are both anterograde and retrograde
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Figure 4.3 Dynamics of GM130 in 
living COS7 cells.
Individual images from movies of 
cells expressing GFP-GM130. Time 
is given in mm.ss. A: An 
anterograde tubule originating from 
a puncta (01.18) elongated towards 
the Golgi area (01.20), transiently 
connected the donor and acceptor 
compartments (01.21) , detached
from the puncta (01.22), and finally disappeared into the central Golgi 
area (01.24) while the peripheral puncta remained apparently 
unchanged (compare 01.18 with 01.24). B: Frames from 00.09 to 
00.30 show a retrograde tubule originating from the Golgi area 
(asterisk), detaching from the latter, moving towards, and fusing with 
a peripheral puncta (indicated with a filled arrowhead). The trajectory 
of the movement of the puncta is indicated by a dashed line, the open 
arrowhead indicate the position of the puncta in the 00.18 frame. The 
same puncta, received a tubule from a neighbouring puncta (00.34). 
This tubule transiently connected the two puncta before fusing and 
disappearing into the acceptor puncta (00.37). Scale bars: 2 pm.
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Figure 4.4 GM130 tubules are co-linear with microtubules
A: COS7 cells were fixed and stained for GM130 (green) and tubulin (red). The boxed 
area is shown at higher magnification in B. GM130-positive tubules appear to be co- 
linear with MTs. Scale bar: 4 pm.
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33 \ iM  nocodazole fo*: 15 min

Figure 4.5 Depolimerisation of microtubules induces the disappearance of the 
GM130 tubules.
COS7 cells were treated with nocodazole (33 pM) for 15 min (see M.M.), fixed 
and double-stained for giantin (red) and GM130 (green). The 15-min treatment 
with nocodazole resulted in an almost complete breakdown of microtubules 
without dispersion of the Golgi complex, as is normally observed at longer 
incubation times of 1 h or more. GM130 was found on the central Golgi and 
peripheral puncta, but no GM 130-positive tubules were detected. Scale bar: 4 pm.
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4.4 Distribution of endogenous GM130

4.4.1 GM130 peripheral structures are highly sensitive to fixatives

A technical difficulty in studying GM130 tubules in fixed cells was seen by 

their sensitiveness to the commonly used fixatives. When cells expressing GFP- 

GM130 were fixed with paraformaldehyde (4% v/v), most tubules fragmented into 

strings of small punctate structures and became obviously less fluorescent, 

sometimes undetectable. This was evident when the GFP-GM130 transfected cells 

were fixed just after observation, while still on the microscope stage. Hence, cells that 

were displaying numerous tubular structures were seen to lose them, a few seconds 

after paraformaldehyde addition. A possible explanation relates to sensitivity of GFP 

to paraformaldehyde, which has been noted in other cases. Therefore, fixed cells were 

stained with an anti-GM130 antibody; however when the same living and fixed cell 

was compared using the grid present on the cover-slip, no staining of the tubular 

structures that had been observed just before addition of the fixative was seen. 

Nevertheless, the structures that remained were sufficient for a characterisation of the 

compartment, and were qualitatively similar to those seen in living cells (Figure 4.6).

Peripheral tubules and puncta containing GM130 were also observed in 

different cell lines, including HepG2 and RBL cells, although, routinely, only 30±10 

% of the fixed cells displayed clearly-detectable GM130-positive peripheral 

structures, representing either tubules or puncta, or both. This was in apparent 

contradiction to that observed in living cells, where the appearance of such structures 

was always observed (although at different levels), over a time period of several 

minutes (generally up to 10 or 15 min). Several explanations might account for the 

infrequent occurrence of GM130 peripheral structures in fixed cells. One is certainly
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Figure 4.6 GM130 tubules are 
sensitive to fixatives.
C0S7 cells were transfected with 
GFP-GM130, and observed with 
a confocal microscope as 
described in M.M. A: a cell with 
several GM 130-positive tubules 
(arrows) was imaged prior to 
being fixed with 4% (v/v) 
paraformaldehyde on the 
microscope stage. B: the same 
cell as observed 10 min after the 
paraformaldehyde addition. Note 
that the GM130 tubules have 
disappeared after fixation 
(compare A and B). This was not 
due to the decrease in overall 
fluorescence also observed since 
peripheral puncta were still 
visible after fixation (arrowheads 
in A and B). C: in addition, the 
further staining with an anti- 
GM130 antibody did not recover 
the original pattern of 
fluorescence. Scale bars: 4 pm.
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their sensitivity to fixative, as discussed above, another reason is the transient nature 

o f the GM130-labelled tubules and puncta, observed in living cells. As a 

consequence, the under-estimation of their abundance in fixed cells is likely.

Peripheral structures can vary significantly in number over time, as seen in 

GFP-GM130 transfected cells observed at intervals o f 4 h, for a total observation 

time o f 12 h. The rate o f formation of GM130-containing peripheral structures was 

measured, as described in M.M., and found to vary dramatically, from cell to cell, 

and, within the same cell, from one time point to another. Typically, the formation of 

5 tubules per minute was observed. It is noteworthy that at certain time points, no 

peripheral structures were observed in cells which had displayed clearly-recognisable 

tubules or puncta just 4 h before (or later). This, confirms the highly dynamic nature 

of these structures and suggests a so-far-undetected cyclic activity of the secretory 

pathway, that could be related to stages of the cell cycle. This hypothesis has also 

been investigated and will be described in Chapter 5.

4.4.2 C is-Golgi markers are absent in the GM130-positive peripheral 

structures

The localisation o f endogenous GM130 was further assessed in COS7, RBL 

or NRK cells with a monoclonal anti-rat GM130 (rGM130) and a polyclonal anti

human GM130 antibodies (see Figure 4.7). In line with the data obtained in living 

cells, GM130 localised at the central Golgi complex and at peripheral puncta and 

extremely thin tubules that connected the puncta with each other and with the central 

Golgi area. A very good co-localisation was found between GM130 and another GM 

component, GRASP65 (see Figure 4.7 i,j), indicating that these two interacting 

proteins are closely associated in the periphery as well as in the central Golgi pool. 

As also seen in Figure 4.7, both the

158



Figure 4.7 GM130 
positive puncta and 
tubules are devoid of 
bona fide Golgi markers, 
but contain GRASP65.
C0S7 cells (a, b, g, h), 
RBL cells (c, d) and NRK 
cells (e, f, i, j) were 
labelled with anti-GM130 
antibodies (see text) (a, c, 
e, g, i) and either with 
anti-Mann I (b), FITC- 
conjugated HP-lectin 
binding protein (d), anti- 
Mann II (f), anti-giantin 
(h), or anti-GRASP65 (j) 
antibodies. Note that the 
GM 130-positive puncta 
and tubules (filled 
arrowheads) are positive 
for GRASP65 (filled 
arrowheads), but are not 
labelled by anti-Mannl or 
II, or anti-giantin 
antibodies, or HP lectin 
(empty arrowheads). Scale 
bars: 2 pm.
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puncta and the tubules labelled with GM130 were devoid of bona-fide Golgi markers, 

such the cA-Golgi markers Mann I and the HP-lectin binding protein (Perez-Vilar et 

al., 1991), the medial-Golgi marker Mann II, and the all-round Golgi marker giantin.

4.4.3 IC markers co-localise with GM130 on peripheral puncta and 

tubules

Some o f the features of the GM 130-positive puncta and tubules suggested a 

similarity with the IC (Klumperman J. et al., 2000; Lippincott-Schwartz et al., 2000). 

To verify this, the distribution o f GM130 was analysed and compared to that o f IC 

proteins, such as the KDEL-receptor (KDEL-R), p i 15, ERGIC53 and p-CO P. This 

analysis showed that in all cases there was a co-localisation between GM130 and the 

IC markers at the level of the peripheral structures (see Figure 4.8). This co

localisation with two of the above markers was quantified as described in M.M. and 

the results showed that 91±2% of GM 130-positive structures contained KDEL-R, 

while 78±2 % contained P-COP. Remarkably, the distribution of the IC markers was 

broader than that o f GM130. Thus, only 12±4 % of KDEL-R-positive and 5±2 % of 

PCOP-positive peripheral structures contained GM130. A clear picture was 

therefore emerging in which the GM130 intracellular distribution is wider than 

assumed in previous reports (Nakamura et al., 1995, Nelson et al., 1998). Hence, 

GM130 is not just restricted to the Golgi complex, but is also found in some of the 

IC elements that are located in close vicinity to the Golgi complex.

The intracellular distribution of GM130 was further defined with respect to 

different IC markers. The partitioning o f the IC markers (i.e. P-COP) and GM130 

between the central Golgi area and peripheral structures was found to be different. 

Approximately, 80% of total GM130 labelling and 40% of COPI labelling co-incided 

with the central Golgi area. All the remaining GM130 labelling was restricted to the

160



Figure 4.8 GM130-positive 
tubules and puncta contain 
IC markers.
COS7 cells were double- 
stained with anti-GM130 
antibodies (a, c, e, g) and with 
anti-KDEL-R (b),-pl 15 (d), - 
ERGIC53 (f) or -p~COP (h) 
antibodies. Note that the 
GM 130-positive tubules 
(filled arrowheads) in most 
cases contain markers of the 
IC (KDEL-R, p i 15, ERGIC53 
and P-COP; filled 
arrowheads) and in one case 
not (empty arrowhead in b). 
Note also the IC markers are 
present on many peripheral 
puncta (some of which are 
indicated by filled arrows in 
b, d, f, h) that can be devoid 
of (empty arrows in a, c, e) 
GM130, or present with (e, g). 
Scale bars: 2 pm.
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next 10 Jim around the Golgi, while only around 60% of the non-Golgi COPI labelling 

was present in the same area, with the rest distributed in more peripheral zones. 

Also, the average size of COP-I elements was smaller than that of GM130 puncta 

(with the apparent average diameter of COPI-positive, GM 130-negative elements 

being ca. 0.25 pm, and that of COPI-, GM 130-positive elements being ca. 0.6 pm).

4.4.4 ER-exit-site markers are excluded from GM130 peripheral 

structures

In order to better characterise the nature of the peripheral GM 130-positive 

structures the presence of ER-exit-sites (ERES) markers, such as the COPII 

components SEC 13 or SEC31, were determined. A poor co-localisation was found 

between GM130 and proteins localised at the ERES, with less than 10% of GM130 

puncta apparently co-localising with SEC 13 or SEC31 (see Figure 4.9 A). The co

localisation of ERES markers with IC markers such as KDEL-R was also quantified, 

but only a partial overlap was found: 17±4% of KDEL-R-positive elements co

localised with SEC 13 and 16±5% of SEC 13 elements co-localised with KDEL-R (see 

Figure 4.9, B). It is also worth noting that while the staining of SEC 13 and KDEL-R 

co-localised, these were not concentric, as previously reported (Hammond and Glick, 

2000), indicating that either the labelled structures are distinct, or they correspond to 

sub-domains of the same structure.

4.4.5 GM130 is sensitive to Triton X-100 extraction when associated 

with peripheral tubules and puncta

When COS7 cells were treated with Triton X-100 and 150 mM NaCl (as 

described for the isolation of the Golgi matrix, see M.M.) the GM130 pool localised
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Figure 4.9 Markers of the ERES are absent on GM130 tubules and 
puncta, and partially co-localise with IC markers.
A: The GM 130-positive puncta and tubules (filled arrowheads) almost 
exclude SEC 13 (empty arrowheads) similarly SEC 13-positive puncta (filled 
arrows) exclude GM130 (empty arrows). B: KDEL-R and SEC 13 partially 
co-localise on cytoplasmic puncta outside the central Golgi area (yellow). 
Scale bars: 2 pm.
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at the Golgi complex was resistant to extraction (around 40% of the protein remain 

insoluble) (Nakamura et al., 1995). Interestingly, in the present study we observed 

that the fraction of GM130 associated with peripheral structures was completely 

solubilised since almost none of the treated cells displayed peripheral GM 130- 

positive structures (see Figure 4.10). This finding suggests that during its normal 

cycling, GM130 can continuously associate with and dissociate from the GM, to 

allow constant remodelling of the GM at the c/s-side of the Golgi complex.

4.4.6 GM130 redistributes in the IC at 15 °C

Incubation at 15 °C for 2 h blocks the anterograde but not the retrograde IC/Golgi 

transport, producing an accumulation of recycling proteins in the IC (Schweizer et al., 

1990; Klumpermann et al., 1998). As shown in Figure 4.11, under these conditions, 

the amount of GM130 found in association with the IC elements increased, as 

compared to the steady state (60 % of cells presenting peripheral GM130-labelled 

puncta in addition to the central Golgi staining, compared to 30% under control 

conditions). This confirms that the protein undergoes continuous and fast recycling 

through the IC. However, the situation was qualitatively similar to that observed at 

32 or 37 °C. In fact, the co-localisation of the recycling proteins KDEL-R and 

ERGIC53 with GM130 remained partial. KDEL-R and ERGIC53 were present both 

in very peripheral, small spots and in more central, larger ones, while GM130 was 

exclusively in the latter (see Figure 4.11, a-f). The only difference seen was that 

GM130, which did not co-localise at the periphery with SEC 13 (a marker of the 

ERES) at 37 °C (see Figure 4.9 A), did localise with the larger SEC 13-positive units, 

at 15 °C (see Figure 4.11 g-i). These findings are consistent with the recent
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Figure 4.10 GM130 associated with peripheral puncta and 
tubules is extracted by TritonX-100 and salt.
COS7 cells were extracted with Triton X-100 and salt as described in 
M.M., and fixed and stained for GM130. Peripheral tubules and 
puncta were present in control, non-extracted, cells (a), but were not 
observed in extracted cells (b). Scale bars: 2 ¡xm

165



HR(iIC53 mcrsie
▼ ▼

A—

*  ^

T ▼

a b c

T ▼
cS *

▼ [ / ▼* . • «»-C

d e f

▼ ▼
> ,k *

s  ■
1 ▲ , \ * *

a h i

Figure 4.11 GM130 partially redistributes to the IC at 15 °C.
C0S7 cells (a-c, g-i) or NRK cells (d-f) were incubated for 2 h at 15 °C, processed 
for IF and then double-stained for GM130 (a, d, g) and ERGIC53 (b), KDEL-R 
(e) or SEC13 (h). The merges are shown in c, f  and i. Note that GM130 partially 
redistributes to peripheral puncta, and co-localises with markers of the IC (ERGIC 
53 and KDEL-R; filled arrowheads). However, the IC markers are also present on 
more peripheral spots (b, e; filled arrows) devoid of GM130 (a, d; empty arrows). 
Note that in contrast to that observed under steady-state conditions (see Figure 4.9, 
A), there is a marginal (g, h; filled arrowheads) but not total (g, empty arrows; h, 
filled arrows) co-localisation between GM130 and SEC 13 on punctate structures; 
see text for details. Scale bars: 2 pm.
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observation that the ERES and the IC are district elements at 37 °C, but intermix at 

15 °C ( Hammond and Glick, 2000).

4.5 GM130 cycles between the Golgi complex and a sub- 

domain of the IC

Altogether, this information has allowed the identification of three sub- 

domains of the IC. One domain partially overlaps with the ERES and is devoid of 

GM130 and other IC markers; the second contains IC markers but is devoid of 

GM130; and the third contains IC markers and GM130. To confirm this 

interpretation, triple-labelling experiments in GFP-GM130 transfected cells were 

performed, in order to follow the distribution of an ERES marker (SEC 13 or SEC31), 

an IC marker (ERGIC53), and GM130, in the same cell. In doing this analysis, the 

central Golgi area was not considered due to the crowding of overlapping structures, 

making it impossible to distinguish specific staining patterns. Hence, our attention 

was concentrated on the discrete peripheral structures present throughout the 

cytoplasm. Four main populations of elements could be identified: one labelled 

exclusively by SEC31 (ERES), another by SEC31 and the IC-marker ERGIC53 

(though with local segregation o f staining), another exclusively by ERGIC 53, and the 

last by ERGIC53 and GM130 (see Figure 4.12). The structures containing only 

ERGIC53 are now considered as being early IC (E-IC), while those containing both 

ERGIC 53 and GM130 (and GRASP65), as late IC (L-IC). This is due to the latter 

being positive for Golgi markers and closer to the Golgi complex, hence being "late" in 

the ER-to-Golgi transport segment. Additional evidence in favour o f such a 

distinction will be provided in Section 5.2.1.
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Figure 4.12 GM130 identifies a sub-domain of the IC
COS7 cells were transfected with GFP-GM130 (green) and labelled for an IC 
marker (ERGIC53, red) and an ERES marker (SEC31, blue). The boxed area is 
enlarged in the insets. Four populations of elements can be distinguished: one 
labelled exclusively by SEC31 (blue), one by SEC31 and ERGIC53 (purple, 
early IC), one labelled exclusively by ERGIC 53 (red), and one by ERGIC53 and 
GM130 (yellow, GM130 (late-IC)). Note that in many cases the co-localization 
between SEC31 and ERGIC53 is not complete since the blue (SEC31) and red 
(ERGIC53) elements are not concentric. Scale bars: 2 pm.
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The presence o f GM130 on the central Golgi complex, together with this 

specialised sub-domain of the IC: the L-IC, prompted the investigation o f the 

relationships existing between these two pools of proteins. The above-described 

observation of highly-dynamic tubular structures transiently connecting these spots 

to each other and to the Golgi suggest a rapid shuttling o f GM130 between the 

central Golgi and the L-IC. In order to clarity this point, we analysed in more detail 

the function of the GM130-positive tubules.

4.6 Tubular structures mediate GM130 cycling through L-IC

To gain further insight into the dynamic relationships existing between the 

peripheral (tubules and puncta) and the central (Golgi area) pool of GM130, the 

Golgi area, or the puncta and tubules, were bleached repeatedly by a laser beam, as 

described in M.M., and the loss o f fluorescence (Fluorescence Loss in 

Photobleaching; FLIP) o f the GM 130-positive structures out of the bleached area, 

was followed.

FLIP is a well established procedure which relies on laser-scan technology to 

follow the intracellular dynamics of fluorescently-tagged proteins. Modulating the 

intensity of the laser beam and specifically selecting the area to be scanned, it is 

possible to break down (bleach) the fluorescent molecule bound to the protein of 

interest. This thus abolishes the signal in a precisely-defined area of the cell. Since the 

normal cycling of the protein is not affected, as the bleached protein migrates out of 

the scanned area, it exchanges for other fluorescent molecules that will then be 

bleached themselves; and so on. At the end of the treatment, it is possible to observe 

fluorescence loss not only in the area directly scanned by the laser beam, but also in
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all other cellular compartments were the bleached proteins have diffused to, during 

the bleaching period.

In the present study, five bleaching rounds o f the Golgi area o f GFP-GM130 

transfected cells were performed (for details, see M.M.). As a consequence, a 

complete loss of fluorescence was observed not only in the scanned Golgi area, but 

also in the peripheral puncta, which became no longer detectable (Figure 4.13). Using 

a different protocol, the area to be bleached was selected in order to include all of the 

GM 130-positive peripheral puncta and tubules, while excluding the central Golgi 

complex. Five bleaching rounds were again performed obtaining both a significant 

decrease (ca. 50% reduction on average) of the fluorescence in the Golgi area, and the 

disappearance of all peripheral structures, see Figure . 4.13. The above data strongly 

support our hypothesis of a continuous cycling of GM130 between the Golgi- 

associated and the L-IC pool.

To clearly visualise the tubule-mediated retrograde transport of GM130 to L- 

IC elements, the above-described bleaching of an area external to the Golgi complex 

but containing the GM 130-positive peripheral structures was repeated with only one 

bleaching round being performed. So doing, the fluorescence in peripheral puncta and 

tubules were eliminated, without decreasing significantly that of the central Golgi 

area. Subsequently, the recovery of fluorescence after photobleaching (FRAP) in 

peripheral structures was monitored as shown in Figure 4.14. Tubular GM 130- 

positive structures were seen to protrude from the Golgi complex towards the cell 

periphery, delivering fluorescent protein to peripheral puncta that thus became 

detectable within 2 min after bleaching. These data were obtained in 3 independent 

experiments, looking at 10 different cells per experiment and indicates that the pools 

of GM130 which are located at the central Golgi area and are associated with 

peripheral puncta, continuously exchange their content, via transient tubular 

connections. Nevertheless, the possibility still remained that the cycling of GM130
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Figure 4.13 Bleaching of the Golgi area induces fluorescence loss of the 
GM130-positive peripheral puncta.
The FLIP (see Section 4.5.1) of GM 130-positive peripheral puncta was 
observed in COS7 cells transfected with GFP-GM130 and bleached. An area 
including the Golgi complex was delineated (red profile in a) and five 
bleaching rounds (total time of 3 min) were performed. At the end of the 
treatment an almost complete loss of fluorescence was observed in the 
peripheral puncta (b). Scale bar: 2 pm.
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Figure 4.14 GM130 retrograde tubules mediate the fluorescence 
recovery after photobleaching (FRAP) of the peripheral puncta.
C0S7 cells were transfected with GFP-GM130 and analysed by 
LSCM (see Section 4.5.1). Two red profiles were chosen to delimit 
the area containing GM 130-positive puncta and tubules (top left 
frame). This area, which excluded the central Golgi complex, was 
bleached (one bleaching round of 100 iterations), and the FRAP of 
this area was recorded over 2 min after the bleaching. Note that 
numerous tubules emanated from the Golgi area (01.08, 01.31) and 
generated puncta that were first interconnected by tubules (01.56) 
and later appeared as puncta (01.58). Scale bar: 2 pm.



could also involve a cytosolic pool of the protein, or could be wider then assumed 

and occur through the ER in spite of the poor co-localisation of GM130 with ERES 

markers observed above. To rule out these possibilities, additional FLIP experiments 

were performed, with the following procedure (for further details see M.M.). COS7 

cells were transfected with GFP-GM130 and observed by LSCM. An extensive 

cytoplasmic area was selected, which included the ER membranes but was devoid of 

any recognisable GM130-positive structures. This area was repeatedly bleached (5 

rounds), as described above, and the fluorescence of all the GM-positive structures 

was measured both before and after bleaching. No FLIP in the Golgi area was 

observed. As a control, the repeated bleaching of the area containing the peripheral 

GM 130-positive structures, but excluding the central Golgi complex, was 

subsequently performed in the same cell. Hence, as expected, a significant decrease of 

fluorescence in the central Golgi area (ca. 50%) was observed (Figure 4.15).

The only case in which the bleaching of cytoplasmic areas devoid o f GM 130- 

positive puncta and tubules induced fluorescence loss in the Golgi area was that of 

heavily-overexpressing cells (which were usually excluded from the analysis), in 

which a large cytosolic pool of GM130 was evident also under steady state 

conditions. Given the absence of a cytosolic pool of the endogenous GM130 protein 

(Nakamura et al., 1995) the cytosolic distribution of GM130 is likely due to the 

saturation of the membrane binding sites (i.e. GRASP65) by the overexpressed 

protein. In conclusion, the above results indicate the existence o f a fast Golgi-IC 

recycling pathway of GM130. However, they do not exclude the possibility that a 

slower recycling pathway involving the ER might occur, and hence be relevant for 

long-term processes (Miles and Storrie, 2000).
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Figure 4.15 Bleaching of the puncta and tubules, but not of a 
wide cytoplasmic area devoid of puncta and tubules induced 
fluorescence loss in the Golgi area.

The GFP-GM130-transfected cell shown in a, was subjected to 
repeated bleaching first in the peripheral area delimited by the red 
profile in (a) and (b) (5 bleaching rounds in a total time of 16 min), 
and then in the area including puncta and tubules and delimited by 
the blue profile in (a), and (d) (5 bleaching rounds over 10 min). It 
was evident that the bleaching of the "blue" area, but not that of the 
"red" area, induced significant (ca. 70%) reduction of fluorescence in 
the Golgi area. Scale bars: 2 pm.
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4.7 Ultrastructural analysis of the peripheral GM 130- 

containing IC elem ents

The experimental work reported in this section was done in collaboration with 

Tiziana Daniele (Consorzio Mario Negri Sud, S.M.Imbaro, IT). The ultrastructure of 

the GM 130-positive puncta and bona fide tubules was characterised. For this 

purpose, the correlative light-electron microscopy (EM) technique (CLEM) was used 

(Mironov et al., 2000). This allows the ultrastructural analysis of intracellular 

structures that have been previously identified by immunofluorescence. A detailed 

description of this technique is provided in M.M. Very briefly, cells were stained by 

antibodies as indicated and imaged by LSCM. Sequential optical sections were taken 

along the Z-axis showing the structures of interest in order to have a record of their 

intracellular localisation. The sample was subsequently processed for immuno-EM 

using the gold-enhancement procedure. This allows the detection of a primary 

antibody by addition of a nanogold-conjugated specific secondary antibody which 

can easily diffuse because o f the small size of the gold particle. The signal is further 

enhanced by local deposition o f a gold precipitate. After staining, cells are processed 

for EM, and due to a grid present on the cover-slip, the cell of interest can be 

recovered for observation. Thus, as described below, GM130 was localised by 

CLEM to the cis face of the Golgi complex, as reported also by Nakamura et al., 

(1994). GM130 localized to the first (or first two) cisterna o f the stacks and co

localized with the HP lectin (Figure 4.16 A). The GM130 label was also present on 

clusters of convoluted tubular profiles (tubular clusters; TCs) with an average 

diameter of 800 nm (Figure 4.17) and on tubulo-reticular elements apparently 

connecting adjacent stacks, presumably belonging to the non-compact zone 

(Rambourg et al., 1989) (Figure 4.18 B).
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Figure 4.16 GM130 associates with the cis cisternae, long tubular profiles and 
convoluted tubular clusters.
A: COS7 cells were labelled with HRP-conjugated HP lectin and anti-GM130 
antibodies adopting a pre-embedding double-labelling protocol (see M.M.). GM130 
and HP lectin co-localise and show a very polarised distribution in the stack at the 
level of the first two cistemae. The swelling of the cisterna is very likely due to an 
over-development of the diaminobenzidine reaction used for HRP detection. B: Low- 
magnification EM image of the GM 130-labeled area identified by LSCM and shown 
in the inset. Arrowheads show reference points along the nuclear membrane. Arrows 
indicate the Golgi area and a tubule labelled for GM130. The rectangular box includes 
the GM 130-positive membrane tubule (shown also in the inset) and the asterisk inside 
the rectangle indicates a lipid droplet. An enlargement of the rectangular box indicated 
in (a) is shown in (b), with the straight tangential membrane tubule (thin arrows) 
containing GM130 and closely associated with a lipid droplet (asterisk). The breaks 
along the tubule represent bending, which is visible in consecutive sections (not 
shown), c/d Images from the same series demonstrating GM130 localisation at 
peripheral tubular aggregates (c) and at the central Golgi (d). (c) shows a GM 130- 
positive tubular cluster localised in an area far from the central Golgi. Arrowheads 
indicate ER. (d) shows the concentration of GM130 labelling at the cA-side of the 
Golgi stack. External scale bar: A: 100 nm. B, a: 650 nm, b: 140 nm, c: 225 nm, d: 60 
nm.
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Figure 4.17 GM130 tubules are sometimes arranged in bundles and contain 
the IC-marker p-COP.
COS7 cells were labelled for GM130 and P-COP, by IF. Single labelling of the 
area of interest are shown in (a) (GM130) and b (p-COP) and the merge of the 
staining is shown in c. A low-magnification EM image of the GM130-labelled 
area (in a-c) identified by LSCM is shown in (d). The arrows in (a)-(d) indicate a 
tubule which is positive for GM130, and also, though in a discontinuous manner, 
for p-COP. (e) shows a larger view of the box in (d), including the tubular 
structure. Note that the tubular structure seen at IF level corresponds to a bundle 
of tubules with some of them containing flattened domains. Scale bar: a-c: 4 pm, 
d: 2 pm, e: 300 nm
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Figure 4.18 GM130 co-localises with MannI at the cis cisternae, but not on 
peripheral TCs, and is also found on non-compact zones separating adjacent stacks
A: COS7 cells were processed for cryo-EM and stained with an anti-GM130 antibody. 

Note that GM130 (arrows) localises to the first (sometimes to the first two) cistema of 
the stacks, and also on numerous tubular clusters juxtaposed to the cis cistema, usually 
concentrated on a side of the first (or first two) cistemae. B: COS7 cells were processed 
for cryo-EM and double-labelled for GM130 (10 nm gold particles, arrows) and Mann I 
(5 nm gold particles, arrowheads). GM130 and Mann I show a good co-localisation at 
the level of the first (or first two) cistema of the Golgi stacks (a). They do not co
localise on peripheral TCs which are positive for GM130, but not for Mann I. (b). 
GM130 also localises on tubulo-reticular structures connecting adjacent stacks, likely to 
belong to the non-compact zone (c). Scale bar: A: 250 nm., B, a: 250 nm,b: 95 nm, c: 
120 nm
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The analysis of the TCs in serial sections has previously allowed their 

identification as typical elements of the IC (Schweizer et al., 1990; Klumperman et 

al., 1998). These labelled IC membranes were located not only in close proximity to 

the Golgi but also in areas up to 10 jam distant from the Golgi, (see Figure 4.16 B, c- 

d). These peripheral elements corresponded to the large GM 130-positive puncta 

observed in IF experiments (see above). Thus, these observations indicated that the 

same type of GM130-positive IC components reside both in the periphery and in 

proximity to the Golgi stacks.

GM130 antibodies also labelled long and continuous membranous tubules 

(defined as tubular profiles visible in no more than two consecutive 100-nm-thick 

serial sections) emanating from GM130-stained TCs. These tubules had a thickness 

varying between 50 and 100 nm and a length ranging from 3 to 12 pm (see Figure 4.16 

B and Figure 4.17, d,e). Usually the tubules were straight or slightly bent. Strikingly, 

many tubules were arranged in pairs or in bundles with some of them containing 

flattened domains (see Figure 4.17, e), and in these cases the tubules corresponded at 

the IF level to thick tubular structures containing both GM130 and COPI (see Figure 

4.17).

Finally, the distribution of GM130 at the Golgi level was studied also with 

cryo-EM in single (see Figure 4.18, A) and double-labelling experiments (see Figure 

4.18, B). With this approach, it was possible to demonstrate that on the cis cistema 

GM130 co-localized with Mann I. This enzyme, like GM130 and HP, exhibited 

highly polarised localisation at the cis pole of stacks, usually corresponding to the 

first (sometimes to the first two) cistema, and thus maybe rightly considered, as a 

cw-Golgi marker. Conversely, a similar co-localisation between GM130 and Mann I 

was not found on peripheral TCs which contained GM130 but were devoid o f Mann 

I (see Figure 4.18 B).
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Altogether, the above EM results were in good agreement with observations 

both in living and in fixed cells, and show that GM130 associates not only with the 

cw-Golgi cistemae and TC close to the Golgi stacks, but also with peripheral straight 

tubules and TCs containing IC markers and devoid of cz's-Golgi markers.

4.8 D iscussion

Since it was originally described, the spectrin-based Golgi skeleton has been 

suggested to act as a scaffold for Golgi cistemae, responsible for their shape and 

organisation into ordered stacks (De Mattéis et a l, 2000). Another protein 

macrocomplex, the Golgi Matrix (GM), has also been ascribed the same function 

(Slusarewicz et al, 1994). The aim of this study has been to investigate interactions 

between these two protein complexes. Golgi spectrin and actin, two main 

components of the spectrin-based Golgi skeleton, were shown to be resistant to 2% 

Triton X-100 extraction in the presence o f 150 mM NaCl, similar to proteins in the 

GM. This finding prompted a search for direct physical interactions among the 

components of the two complexes. As detailed in Section 4.2, spectrin-derived 

polypeptides, together with constructs and antibodies against giantin and p i 15, were 

used in affinity chromatography or immunoprécipitation assays, but no conclusive 

evidence was obtained for an interaction. It is presently not possible, therefore, to 

conclude whether spectrin and actin directly interact with any of the known GM 

components.

A parallel approach was undertaken to identify how Golgi membranes are 

assembled into cisternae and stacks. For this, the localisation and dynamic activity of 

GM130 was analysed. In spite of published evidence suggesting that GM130 is a 

Golgi-resident protein (Nakamura et a l, 1995, Nelson et al, 1998), fast cycling of
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this protein through a pre-Golgi compartment (the intermediate compartment, IC) 

was observed. Interestingly, the distribution of GM130 was not homogeneous within 

the IC, but delineated a sub-domain of this compartment made up of discrete puncta 

and tubules, and located in the pericentriolar area. These puncta and particularly the 

tubules were highly mobile; continuously forming and disappearing, and transiently 

connecting the puncta to each other and to the central Golgi complex. These 

structures could be clearly observed in living cells transfected with GFP-GM130 ( 

see Section 4.4.1), but were found less frequently in fixed cells, which is why they 

have not been noted before. What makes this investigation original is the use o f a 

GFP-GM130 fusion protein that allowed the observation o f GM130 dynamics in 

living cells and in the absence of the artifacts caused by fixation.

The GM130 peripheral structures delineate a specialised sub-domain of the 

IC, that we now refer to as the late IC (L-IC). In fact, several IC markers were 

observed on these structures whereas bona fide cfr-Golgi markers, such as HP-lectin 

binding protein and Mann I, were absent. In addition, although tubular structures 

have previously been described emanating from the cfr-Golgi network (CGN) 

(Ladinsky et al., 1999; Lindsey et al., 1985) they have always been observed in 

continuity with the rest of the CGN structures. The observations reported here, 

however, show clearly that GM130 tubules and puncta are often found separated 

from the central Golgi mass by a distance o f up to 10 pm. Finally, treatments that 

block IC-to-Golgi transport, such as incubation at 15 °C for 2 h, caused a significant 

increase in the number and size of the GM130-containing peripheral structures that 

also contain cargo protein. This is not seen with other m-Golgi markers such as 

Mann I, or by medial- or trans-Golgi proteins.

In summary, the more extensive intracellular localisation of GM130 coupled 

with its movement through a specialised sub-domain of the IC suggest a role for
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GM130 in the late stages of ER-to-Golgi transport. This issue will be addressed in 

the next Chapter.
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Chapter 5

GM130 cycling through the L-IC is required for 
cargo protein delivery to the Golgi complex

5.1 Background

The evidence presented in Chapter 4 introduced a novel and more dynamic 

view of GM130 and the Golgi matrix, demonstrating the recycling of GM130 and 

GRASP65 through a sub-domain of the IC (the L-IC), via membranous tubules. The 

role o f this recycling pathway in the ER-to-Golgi transport o f newly-synthesised 

proteins and its regulation by known GM130 interactors such as p i 15 and 

GRASP65, will be clarified in this Chapter.

5.2 GM 130-positive IC elements contain secretory cargo

5.2.1 ER-to-Golgi transport intermediates acquire GM130 at late stages 

of transport

In order to assess whether the IC elements containing GM130 are involved in 

transporting cargo along the secretory pathway, the distribution of GM130 was 

studied simultaneously with that of a secretory membrane protein: the glycoprotein 

o f the tsO-45 strain of the vesicular stomatitis virus (VSV-G). In the tsO-45 strain, the 

VSV-G protein bears a point mutation which causes its misfolding at temperatures 

higher then 39.5 °C. The misfolded protein is excluded from the transport carriers and 

is retained in the ER (Whitt et al., 1990,Schnitzer et al., 1979, Rose and Bergmann
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1983). The transport of this protein can therefore be synchronised by accumulating 

the misfolded protein in the ER at 40 °C, and then releasing the block by shifting the 

temperature to 32 °C. At this permissive temperature, the misfolded protein recovers 

its proper folding, and a wave of VSV-G leaves the ER, travelling synchronously 

through the secretory pathway. This feature has made the VSV-G protein of the tsO- 

45 strain, a powerful tool for studying protein transport in mammalian cells. The 

recent development of a fusion protein between GFP and VSV-G has made it 

possible to follow its intracellular transport in living cells by time-lapse microscopy 

(Presley et al., 1997). This technology was thus used to investigate the role of 

GM130 and the GM130-positive peripheral structures, in the ER-to-Golgi transport.

COS7 cells were transfected with a VSV-G-GFP fusion protein, obtained as 

described in M.M., and kept at 40 °C for 16 h to allow synthesis and accumulation 

of the chimera in the ER. Protein transport out of the ER was then monitored at 32 

°C and at different time intervals up to 1 h, and the extent of co-localisation between 

the cargo protein and endogenous GM130 was assessed by IF. In the same cells, the 

distribution of the ERES marker SEC31 and the IC marker KDEL-R was also 

observed, with the following results.

As illustrated in Figure 5.1 A, 3 min after the shift to 32 °C, VSV-G began to 

accumulate in punctate structures scattered throughout the cells, that were almost 

devoid of GM130. Hence, the co-localisation between VSV-G and GM130 was poor 

at this stage of transport, with less than 10% of GM 130-positive puncta containing 

VSV-G (see Figure 5.1 B). The presence of the ERES marker SEC31 on these 

structures was assessed by triple labelling, as was that of the IC marker KDEL-R. 

Fifty-eight % of the VSV-G-positive elements contained SEC31, while KDEL-R co

localised with 87% (see Figure 5.1 B for example). In line with that described in
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Figure 5.1 At early stages of ER-to-Golgi transport, VSV-G and GM130 do not 
co-localise.
A: COS7 cells expressing GFP-VSV-G were kept at 40 °C for 16 h to accumulate 
VSV-G in the ER (a), with GM130 associated with the Golgi complex and 
peripheral tubules (b). After 3 min at 32 °C, VSV-G accumulated in punctate 
structures (c; filled arrows) which are devoid of GM130 (d; empty arrows).
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B: GFP-VSV-G transfected cells were fixed and double-stained for KDEL-R 
(red) and SEC31 (blue) in (a) and for KDEL-R (red) and GM130 (blue) in (b). 
The insets show larger views of the boxed areas shown in (a) and (b), and 
include the single labelling and the merge of the labelling, as indicated. Three 
min after the shift to 32 °C, VSV-G accumulates in punctate structures which 
contain SEC31 (light blue spots in a) or KDEL-R (yellow spots in a and b), 
but that are devoid of GM130 (blue puncta in b). Note that only a few VSV-G- 
containing puncta are positive for both SEC31 and KDEL-R (white spots in a). 
Scale bars: A: 10 pm, B: 4 pm
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Section 4.4.4, a partial co-localisation between KDEL-R and SEC31 was observed on 

VSV-G-containing puncta, although it was also possible to distinguish a population 

o f VSV-G-containing structures positive for KDEL-R, but not for SEC31 (see Figure.

5.1 B for example).

After 8 min of transport, co-localisation between VSV-G and GM130 on 

puncta and tubules was evident, as illustrated in Figure 5.2 A. At this time, VSV-G 

associated with larger spots and long tubules connecting the spots to each other and 

to the central Golgi area. Many (85±10%) GM 130-positive structures were positive 

for VSV-G (see also Figure 5.2 B).

At later times (15 min), VSV-G concentrated into the central Golgi area, with 

less frequent association with peripheral discrete structures. Finally, 30-40 min after 

the temperature shift, VSV-G localised both on puncta and tubules (most likely 

representing post-Golgi transport intermediates) which were never labelled for either 

IC markers or GM130, and on the plasma membrane (see Figure 5.3).

The detailed analysis of the ER-to-Golgi transport o f VSV-G described above 

provided additional elements in the definition of the E-IC and L-IC, which was 

initially discussed in Section 4.5. The E-IC corresponds to the IC elements which 

receive cargo at early times (2-3 min) after the transport onset. They are scattered 

throughout the cell and contain IC markers, but are devoid of COPII and GM130 (the 

yellow spots in Figure 5.1 B). Otherwise, the L-IC elements are those which receive 

cargo at later times (5-10 min); on average, they are less peripheral than the E-IC and 

contain both GM130 and IC markers (the white spots in Figure 5.2 B,b), but are 

devoid of ds-Golgi markers (such as Mann I or HP; see Figure 4.7.
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Figure 5.2 VSV-G co-localises with GM130 in the L-IC at late stages of the ER-to- 
Golgi transport
A: COS7 cells expressing GFP-VSV-G were kept at 40°C for 16 h and then at 32 °C for 
8 min. VSV-G (a) co-localized with GM130 (b) on peripheral puncta and tubules 
(filled arrows). B: cells treated as in A were stained for KDEL-R (red in a, b) and 
SEC31 (blue in a) or GM130 (blue in b). VSV-G-containing puncta positive for KDEL- 
R but devoid of GM130 or SEC31 are evident (yellow spots in a and b) together with 
VSV-G containing puncta positive both for KDEL and GM130 (white spots and tubule 
in b. Scale bars: A: 10 pm, B: 4 pm
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Figure 5.3 VSV-G does not co-localise with GM130 at late steps of intra Golgi 
or post Golgi transport
After 15 min at 32 °C, VSV-G was mainly found at the Golgi complex and was 
absent in most of the GM 130-positive peripheral puncta (empty arrows in a and b). 
Forty min after the temperature shift VSV-G localizes to the Golgi, the plasma 
membrane, and peripheral spots (filled arrows in d) that are devoid of GM130 
(empty arrows in e) and that are likely to represent post-Golgi transport 
intermediates. Scale bars 3 pm
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5.2.2 Time-lapse video microscopy of cargo progression through L-IC 

elements

In order to obtain insight into the mechanisms by which cargo proteins enter 

the GM 130-positive structures and are delivered to the Golgi complex, the 

progression of VSV-G through pre-Golgi compartments was studied by time-lapse 

video microscopy in living cells co-expressing ts045-VSV-G and GM130, each fused 

to a different fluorescent protein.

Indeed, the observation o f the intracellular dynamics of two different proteins 

in living cells has recently been made possible by the development of GFP mutants 

with different absorption and emission spectra. At present, several GFP mutants, 

including cyan fluorescent protein (CFP), yellow fluorescent protein (YFP) and blue 

fluorescent protein (BFP) have been used successfully in different cell types. By 

properly selecting a combination of GFP mutants with no overlapping of the 

absorption and emission spectra, it is possible to perform time-lapse imaging of two 

(or even more) proteins within the same cell using a suitable video-microscopy 

system like, as in our case, a laser-scan confocal microscope (ZEISS LSM510).

GM130 was thus fused to YFP, and VSV-G to CFP, and both were 

transfected into COS7 cells. As expected, after 16 h at 40 °C, VSV-G was found in 

the ER, while GM130 associated with the Golgi complex and with peripheral puncta 

and tubules.

Upon shifting the temperature to 32 °C, VSV-G progressively associated 

with punctate structures moving centripetally in a stop-and-go fashion, as has been 

previously described (Presley et a l,  1997; Scales et al., 1997). In agreement with the 

IF data reported above, the extent of co-localisation between GM130 and VSV-G 

was low when the cargo protein was at the level of small punctate peripheral
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structures (i.e. the ER exit sites and the associated E-IC elements), and increased on 

the larger and more central elements of the IC (i.e. L-IC elements). Indeed, many of 

the puncta containing GM130 were initially devoid of VSV-G, but acquired the cargo 

protein afterwards.

Upon cargo receipt, the GM130 puncta exhibited a number of dynamic 

behaviours. As shown in Figure 5.4, some transformed into tubules, which extended 

towards the central Golgi, and disappeared into it. Some other cargo-containing 

tubules detached from the GM130- and VSV-G-positive L-IC stations, moved 

towards the central Golgi area or other GM 130-positive elements, and finally fused 

with them (see Figure 5.5). Less frequently, GM 130-positive tubules emanated from 

the L-IC stations and established quite stable (or repetitive) connections between 

these stations and the central Golgi. In these cases, VSV-G-positive spots could be 

seen moving along/within the GM 130-positive tubules. Finally, the cargo and 

GM130-containing L-IC stations established multiple, variably-transient, tubular 

connections with other stations or with the central Golgi area, and underwent 

homotypic fusion.

These observations indicate that the GM 130-positive L-IC receives the ER- 

derived cargo from earlier IC-elements, and delivers it to the Golgi complex via 

anterograde tubules. An apparent discrepancy with this conclusion was that in a few 

cases, the cargo appeared to arrive directly at the central Golgi area (inside a GM130- 

negative E-IC element), apparently bypassing the GM 130-positive L-IC and tubules. 

However, and as shown by the EM data in Figure 4.18, there are numerous GM130- 

containing TCs in the central Golgi area. Thus, these exceptions might simply be due 

to the resolution limits of the LSCM analysis, which allows the detection of the 

arrival of cargo- containing E-IC elements
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Figure 5.4 VSV-G-positive L-IC elements can transform into tubules 
that extend to and fuse with the Golgi.
COS7 cells double-transfected with CFP-VSV-G (green) and YFP- 
GM130 (red) were kept overnight at 40 °C and then shifted to 32 °C. 
Individual frames of a movie taken 10-15 min after release from the 40 °C 
transport block are shown. A GM 130-positive puncta (L-IC, filled 
arrowhead in 00.00) that was initially devoid of VSV-G (empty 
arrowhead), acquired VSV-G (00.04), and generated/transformed into a 
tubule (00.06). Later, the tubule reached (00.28) and disappeared into the 
central Golgi area (00.32). Scale bar: 2 pm. Time in mm.ss.
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Figure 5.5 VSV-G-positive L-IC elements can produce tubular structures which 
detach, move and fuse to other peripheral puncta
COS7 cells double-transfected with CFP-VSV-G (green) and YFP-GM130 (red) were 
kept overnight at 40 °C, and then shifted to 32 °C. A GM130- and VSVG-positive 
tubule (filled arrowhead) originated from a GM130- and VSVG-positive puncta 
(00.00), detached from the puncta (00.02), moved (00.11, 00.17) and fused with 
another puncta (00.21). Scale bar: 2 pm.
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to the L-IC stations, only when these stations are sufficiently far from the 

Golgi complex, and does not allow the visualisation of this step when the L-IC 

stations are very close to, and not resolvable from, the central Golgi.

5.2.3 Ultrastructure of GM130-positive transport intermediates

To achieve the resolution level required to resolve these central structures, 

cryo-EM studies were performed. COS7 cells were infected by ts045-VSV, and the 

transport of VSV-G was followed, after accumulation of the mutant protein in the ER 

for 2 h at 40 °C, as previously described (see also M.M.). Cells were then processed 

for immuno-cryo-EM, as described in M.M., in order to analyse the distribution of 

VSV-G and GM130 in the peripheral tubulo-vesicular structures, focusing attention 

particularly on those structures in close vicinity to Golgi stacks. These studies 

showed a high degree of co-localisation of VSV-G with GM130 at the level o f central 

TCs (see Figure 5.6). The same studies showed that not all the VSV-G-containing 

peripheral TCs also contained GM130, thus confirming the observation that the 

GM 13 0-positive TCs identify a sub-domain of the IC.

5.2.4 Dynamics of GM130-positive transport intermediates upon release 

of 15 °C transport block

The dynamics of GM 130-positive L-IC and tubules upon release of the 15 °C 

temperature block of IC-to-Golgi transport was studied next. After 2 h at 15°C, the 

IC of VSV-infected COS7 cells was filled with VSV-G. In agreement with published 

reports (Kuismanen and Saraste 1989), it comprised higher number of elements of
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Figure 5.6 VSV-G and GM130 co-localise on central TCs close to Golgi stacks
VSV-infected COS7 cells were kept for 2 h at 40 °C and then shifted to 32°C for 8 
min. The cells were processed for cryo-EM and the sections were double-stained for 
GM130 (5 nm gold particles, arrowheads) and VSV-G (10 nm gold particles, 
arrows). Note that GM130 and VSV-G co-localized at the cis-cistema and at 
vesicular and tubular profiles juxtaposed to the cis-cistemae. Scale bar: 70 nm.
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larger size, as compared to those of non-infected cells, some of which also contained 

GM130 (see Figure 5.7, A). When the cells previously incubated at 15 °C were 

warmed up (to 32 or 37 °C), there was a massive proliferation of the GM 130- 

positive tubules originating from peripheral puncta. The majority of tubules 

contained VSV-G and transported both GM130 and VSV-G to the Golgi complex 

(see Figure 5.7 B).

To explore this tubule-mediated anterograde transport dynamically, FRAP 

experiments were performed on the central Golgi area. They were necessary since the 

incubation of VSV-infected cells at 15 °C led, as expected, to an accumulation of 

VSV-G not only in peripheral IC elements that were clearly separated from the Golgi 

complex, but also in structures which were coincident with, and not distinguishable 

from, the central Golgi area. In fact, IC elements are normally distributed throughout 

the cell, including the central Golgi area, (see Figure 4.8, f) (a similar distribution was 

also displayed by the ERES, as seen in Figure 4.9). As a consequence, upon release of 

the transport block, it was difficult to follow the arrival of the viral protein to Golgi 

elements because of the disturbing signal produced by the overlapping, VSV-G- 

containing, IC elements. In such a situation, the bleaching o f the Golgi area before 

releasing the transport block facilitated the detection of small amounts o f VSV-G 

moving from peripheral IC elements to the Golgi complex. The above-mentioned 

FRAP experiments were performed as follows. COS7 cells were co-transfected with 

YFP-GM130 and CFP-VSVG and kept at 15 °C for 2 h, before being shifted to 32 

°C while on the microscope stage. The bleaching of the central Golgi area was 

performed, as described in M.M., and the subsequent FRAP recorded over a time 

period of 3 min. An evident recovery of fluorescence was observed in the central 

Golgi area, both for VSV-G and GM130, and consequent to the appearance of several 

transient tubular connections containing the two proteins and bridging peripheral
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Figure 5.7 GM130 redistributes to VSV-G-containing IC elements upon 
prolonged exposure at 15 °C, and associates with VSV-G-positive tubules 
after release of the block.
VSV-infected COS7 cells (a-c) were kept for 2 h at 40 °C and then shifted for an 
additional 2 h at 15 °C and double-stained for GM130 and VSV-G. The cells were 
stained with anti-GM130 (a) and anti-VSV-G (b) antibodies. The merge of the 
two staining patterns is shown in c. Note that the more central and larger puncta 
positive for VSV-G also contain GM130 (filled arrowheads) while the more 
peripheral puncta contain VSV-G (filled arrows) but are devoid of GM130 (empty 
arrows). Three minutes after releasing the 15 °C transport block (d-e) a large 
number of tubules containing GM130 and VSV-G (filled arrowheads) formed, 
which connected the peripheral puncta to the central Golgi area. Scale bars: 5 pm
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structures to the central Golgi area. No massive centralisation of peripheral puncta 

and fusion to the Golgi was observed during this time (see Figure 5.8).

5.2.5 The proliferation of GM130 tubules correlates with the 

intracellular transport rate and varies during cell cycle progression

Interestingly, the GM130-tubulation was more pronounced in VSV-infected 

cells than in non-infected cells upon the release of the 15 °C transport block. As 

shown in Figure 5.7, B and Table 5.a, a significant increase both in the number of 

GM 130-positive tubules per cell and in the number of cells presenting GM 130- 

positive tubules was observed. The massive tubulation displayed by infected cells 

was due to overloading of the IC by cargo protein since the treatment with 

cycloheximide (100 pg/ml) during the accumulation in the IC at 15 °C (to abolish 

VSV-G synthesis) also caused a significant inhibition of the tubulation observed after 

release of the block (see also Table 5.a). This suggested that the GM130 tubulation 

might be controlled by the presence of cargo within the IC.

A marked stimulation of anterograde transport also occurs during the re

assembly of the Golgi complex after treatment with BFA. As described in Section 

3.2.3, the fungal toxin BFA induces a redistribution of Golgi enzymes into the ER, 

and GM130 to peripheral puncta containing IC markers (see Figures 3.4 and 5.9). 

This effect of BFA is reversible, and the normal localisation of Golgi enzymes and 

GM130 recovers within 60 min after BFA withdrawal.

The analysis of the recovery process indicated that 10 to 20 minutes after 

BFA withdrawal there was a massive proliferation of GM 130-positive tubules from 

the IC elements, and after a further 5-10 min an extensive tubular network containing 

GM130 was formed in almost every cell (see Figure 5.9). The Golgi proteins giantin
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Figure 5.8 Dynamics 
of YFP-GM130 and 
CFP-VSV-G upon 
release from 15 °C 
block
C0S7 cells double- 
transfected with YFP- 
GM130 and CFP- 
VSV-G were kept 
overnight at 40 °C, 
then for 2 h at 15 °C, 
and finally shifted to 
32 °C, and observed. 
After 4 min at 32 °C (- 
00.30) the central 
Golgi area (dotted 
line) was bleached 
(00.00) by 200 
iterations at maximal 
laser beam intensity. 
The recovery of the 
fluorescence in the 
bleached area was then 
recorded for an 
additional 2.5 min (c- 
j). Note that many 
tubules containing 
VSV-G and GM130 
(filled arrowheads) 
moved towards the 
central Golgi area, 
which gradually re
acquired both VSV-G 
and GM130. Scale bar 
2 pm



Table 5 .a G M 130-positive tubule proliferation during IC -to-G olgi 

transport o f  secretory cargo.

% of tubulated cells ± SD
(% of highly tubulated cel s ± SD)

15 °C 3 min 32 °C 40 °C 10 min 32 °C
after 15°C after 40 °C

11±3 25+3 20+3 22+4
Non infected cells

(3±1) (18+2) (9±1) (14±2)
14±2 60+5 29±2 59+4

VSV-infected cells
(4±1) (48±4) (8±2) (44+3)
12+1 17±2 22±3 30±3

VSV-infected cells 
+ CHX (4±1) (6+2) (3±1) (4±1)

VSV-infected and non-infected COS7 cells were incubated for 2 h at 40 ‘G (40 °C) 
and then shifted to 32 °C for 10 min ( 10 min at 32 °C after 40 °C). Alternatively they 
were incubated for 2 h at 40 °C, kept for additional 2 h at 15 °C (15 °C) and then 
shifted for 3 min to 32 °C (3 min 32 °C after 15 °C). Where indicated (+CHX), 
VSV-infected cells subjected to the above-described temperature shifts, were treated 
with cycloheximide (100 pg/ml) starting from the beginning of the 40 °C incubation 

period. At the end of each incubation treatment, the cells were fixed, processed for 
IF, and stained with anti-GM130 (and anti-VSV-G) antibodies, and the number of 
tubules/cell was quantified. Two hundred cells for each treatment were counted and 
classified as tubulated (possessing at least 1 GM 130-positive tubule) or highly 
tubulated (possessing more than 3 GM 130-positive tubules). The results are the 
means (±SD) of three independent experiments.
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Figure 5.9 GM130 tubules proliferate after withdrawal of BFA
C0S7 cells were treated with 5 pg/ml BFA for 30 min, and then fixed and 
stained for GM130 and giantin. Giantin appeared redistributed in the ER, 
while GM130 was in the IC. Thirty minutes after removal of BFA, the 
Golgi complex was recovering its normal organisation, and numerous 
GM130 tubules, which also transiently contained Golgi proteins coming 
from the ER, were evident in all cells. Scale bar: 6 pm
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and Mann II appeared transiently in these tubules during their transport to the 

nascent Golgi complex, suggesting that the massive transport of membranes and 

proteins occurring during the Golgi-complex recovery stimulates the formation of 

GM 13 0-positive tubules, which are involved in the building-up o f the Golgi complex 

from Golgi remnants.

Thus, the oscillations in the abundance of GM 130-positive puncta and 

tubules observed among different cells and within the same cell over time (as 

described in Section 4.4.1) can be correlated to the extent of ER-to-Golgi transport, 

suggesting an oscillating activity of the secretory pathway. It is also likely that this 

rate of activity is correlated with progression through the cell cycle. This point was 

addressed by taking the number of GM130 tubules and puncta as a marker of the rate 

of ER-to Golgi transport and by measuring the frequency of cells displaying GM 130- 

positive tubules and puncta in cells arrested at different stages of the cell cycle (for 

further details see M.M.). The number of cells presenting GM130-labelled tubules, 

and the number of tubules per cell, were higher during the S/G2 stages of the cell 

cycle, with 70 (±10)% of cells presenting tubules (vs ca. 30% in non-synchronized 

cells) and 40 ±5 % of tubulated cells presenting more than 3 tubular structures (vs ca. 

20% of non-synchronized cells). This evidence raises the intriguing possibility that 

the activity of the secretory system increases during the cell cycle phases preparative 

to the mitotic event.

202



5.3 Molecular interactions regulating GM130 recycling  

between the Golgi complex and the L-ICs

GRASP65 and p i 15, two known interactors of GM130 associate with 

GM 130-positive tubules (see Figures 4.7 and 4.8). The roles o f these two proteins in 

the mechanism controlling GM130 cycling were thus investigated.

5.3.1 The role of p i 15

p i 15 was originally identified as a protein involved in intra-Golgi transport 

and transcytosis (Barroso et al., 1995; Waters et al., 1992). It binds GM130, giantin 

(another GM component), and, according to recent findings, Rab 1 (Allan, et al., 

2000). It shows a wide intracellular distribution which includes the Golgi complex, 

the IC and ERES. p i 15 participates, with GM130 and GRASP65 in tethering 

complexes thought to play a role in membrane transport and in cistemae stacking at 

the Golgi-complex level (Shorter et al., 1999a; Sonnichsen et al., 1998; Alvarez et al., 

2001; Seemann et al., 2000).

The molecular structure and the functional domains of p 115 have been 

extensively investigated, p i 15 comprises an N-terminal globular head and a “rod-like” 

coiled-coil domain. Homo-dimers o f p i 15 have been described and imaged by 

rotatory shadowing (Sapperstein et al., 1995). Thus associate via the rod-like C- 

terminal domain in a way that is reminiscent of myosin dimerisation. In spite of the 

similarity in shape to motor proteins, such a role has never been reported for p i 15, 

which lacks an ATP-binding domain, p i 15 binds GM130 and giantin, contributing to 

the formation of a long proteinaceous tether that appears important for the correct 

docking of transport vesicles to acceptor membranes, (Sonnichsen et al., 1998). A
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little is known about the intracellular dynamics of p i 15, this aspect was investigated 

by exploiting a p i 15 deletion mutant: p i 15 600-C (corresponding to the clone 54 

insert obtained by library screening, and as described in Chapter 3), which comprises 

the C-terminal 359 aa of the protein (the "rod-like" coil-coiled domain) but lacks the 

N-terminal globular domain (see Figure 3.15).

p i 15 600-C includes the GM130-binding site and according to a recent report 

(Linstedt et al., 2000) and as verified in far-Westem assays (see Figure 5.10), also 

retains the ability to bind giantin (Figure 5.10, A). In in vitro assays, p i 15 600-C 

effectively competed with endogenous p i 15 for binding to Golgi membranes (Figure 

5.10, B). When transfected in COS7 cells, the FLAG-tagged or GFP-tagged 

polypeptide localised specifically to the Golgi complex, as demonstrated by double 

staining with GM130 and giantin, and shown in Figure 5.10, C. A cytosolic diffusion 

of the transfected polypeptide was observed in cells with high level of expression, 

but no staining of other cytoplasmic structures was seen. Therefore, the absence of 

the globular head prevented the association of p i 15 600-C with IC elements and 

ERES, but not with the Golgi complex.

Since it has been recently suggested that p i 15 cycles through different 

intracellular compartments exclusively in a membrane-bound form (Garcia-Mata et 

al., 1999), the lack o f the globular domain, should impair the ability of p i 15 600-C to 

associate with the transport complexes mediating anterograde/retrograde transport 

between the ER and the Golgi complex. In order to verify this hypothesis and define 

the effect of this p i 15 mutant on GM130 dynamics, p i 15 600-C was expressed in 

COS7 cells, and its localisation, together with that of GM130, was followed at 

steady state or under conditions where p i 15 and GM130 redistribution to the IC are 

stimulated.
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Figure 5.10 p i 15 600-C binds GM130 and giantin and associates with the 
Golgi complex in COS7 and N RK cells
A: p i 15 600-C fused to GST was employed in far-Westem assays on isolated 
Golgi proteins, as described in M.M. This polypeptide specifically bound giantin 
and GM130 as judged by staining with specific antibodies. B: pi 15 600-C 
competed effectively with endogenous pi 15 for the binding to isolated Golgi 
membranes. C: When expressed in COS7 (a-c) or NRK cells (d-f), FLAG- 
tagged p i 15 600-C associated with the Golgi complex, co-localising largely 
with GM130 (b, c) and giantin (e, f). Scale bars 4 pm



Interestingly, when C0S7 cells were transfected with a FLAG-tagged p i 15 

600-C, and stained for GM130, a reduced frequency of cells displaying peripheral 

GM 130-positive structures was noted. This was even more evident in cells kept at 

15 °C for 2 h, or treated with BFA (see Figure 5.11). In the former, the normal 

redistribution of GM130 to the IC observed in non-transfected cells was prevented 

by expression o f p i 15 600-C, while other recycling markers, such as KDEL-R, were 

unaffected. Similarly, in cells treated with BFA, the expression of p i 15 600-C 

impaired the normal redistribution o f GM 130 to peripheral spots. GM130 remained 

associated with large pleiomorphic structures located in the central Golgi area and 

containing pi 15 600-C together with other Golgi markers such as giantin or Mann II. 

This pattern was suggestive o f a defect in the retrograde transport responsible for the 

BFA-mediated redistribution to the ER.

The inhibition of pi 15 and GM130 cycling made the association of GM130 

to the GM more stable. As shown in Figure 5.12, in the presence of the pi 15-derived 

polypeptide, the amount of GM130 resistant to extraction by Triton X-100 and salt, 

increased significantly, while leaving unaltered that of giantin or (3-COP (the latter 

being completely solubilised in the presence or in the absence of p i 15 600-C). 

Consistently, in these in vitro assays, the association of GM130 with isolated Golgi 

membranes was also specifically increased in the presence of GST-pl 15 600-C.

To gain further insight into the role of p i 15 in GM130 dynamics, we have 

studied the intracellular dynamics of a GM130 mutant lacking the first 391 amino 

acids, and therefore devoid of the pi 15 binding site. This mutant corresponds exactly 

to G95. Figure 5.13 A demonstrates that GFP-G95 localised mainly on peripheral 

tubules, but also at the central Golgi complex . The GFP-G95 tubules were extremely 

dynamic and moved and extended with a speed similar to that of GFP-GM130 

tubules. However, a further comparison with GM130-tubulesshowed that they 

persisted longer with an average life span of ca. 14 s (with values ranging from 2 to
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Figure 5.11 p ll5  600-C prevents GM130 redistribution in the IC at 15 °C 
or under BFA action.
A: COS7 (a,b) and NRK (c, d) cells were transfected with FLAG-tagged 
p i 15 600-C and then kept at 15 °C for 2 h and stained with anti-FLAG (a, c), 
anti GM130 (b), or anti KDEL-R antibodies. The redistribution to peripheral 
puncta of GM130, which was normally observed in non-transfected cells was 
prevented in cells expressing p i 15 600-C  (b). Conversely, the redistribution 
of KDEL-R was not affected (d). B: Under the action of BFA, GM130 
redistributed to peripheral spots in non-transfected cells while remaining 
almost central in p i 15 600-C expressing cells. Scale bars 10 pm
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Figure 5.12 p ll5  600-C makes GM130, but not giantin, more resistant to 
TritonX-100 extraction.
A: COS7 cells were transfected with p i 15 600-C and extracted by TritonX-100 
and salt as described in M.M. The expression of p i 15 600-C reduced the amount of 
GM130 that was solubilised under these conditions (a, d) leaving unlatered those of 
giantin (b, e) (which is largely resistant) and f5-COP (c, f) (which is, conversely, 
almost completely solubilised). Scale bar: 10 pm. B: recombinant GST-fused 
p i 15 600-C was incubated with isolated Golgi membranes with or without cytosol, 
as described in M.M. After incubation, Golgi membranes were recovered by 
centrifugation and analysed by SDS-PAGE. Both p i 15 and GM130 partially 
dissociated from Golgi membranes during the incubation at 37°C (Compare lanel 
to lane 2). In the presence of G ST-pll5  600-C (revealed by an anti-GST antibody) 
the endogenous pi 15 was displaced from Golgi membranes (lane 5), whereas 
GM130 was stabilised (compare lanes 2 and 5 and lanes 4 and 6).
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Figure 5.13 p i 15 controls 
the dynamics of GM130- 
positive L-IC stations and 
tubules.
A: single frames from a 
movie showing the 
intracellular dynamics of 
GFP-G95, in COS7 cells. 
Time is given in mm.ss. 
Note the abundance of 
peripheral structures 
containing GFP-G95. 
Frames 00.08-00.16 show a 
tubule originating from a 
peripheral L-IC (filled 
arrowheads), moving 
laterally, and fusing with 
another peripheral L-IC. 
Frames 00.40-01.15 show a 
tubule originating from the 
Golgi area, moving 
retrogradely and eventually 
transforming into a 
peripheral puncta. B: COS7 
cells were transfected with 
Flag-G95 and double- 
stained with anti-Flag 
antibodies (a, c) and anti- 
hGM130 (b) or anti p23 (d) 
antibodies. Note the tubular 
staining pattern of GM130 
and p23 in cells expressing 
Flag-G95 as compared to 
control cells. Scale bars: 10 
¡am.
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40 s), as compared to ca. 5 s for GM130 tubules. The G95 tubules also showed more 

numerous and random changes in direction before projecting towards, contacting, and 

eventually disappearing into, other puncta or the central Golgi area. In fact, the G95- 

tubules had prevailing retrograde and lateral directions, and a less-obvious anterograde 

direction when compared to the GM130 tubules. In agreement with the data obtained 

in living cells, Flag-G95 presented a prevailing tubular pattern of staining in fixed cells 

(with ca. 90% of cells presenting G95-positive tubules); see Figure 5.13, B, with the 

same pattern being shared by other IC markers, such as p23, normally co-localising 

with GM130 on peripheral tubules and puncta (see Figure 5.13, B). One explanation 

for this distribution pattern o f G95 that is in line with the known tethering properties 

of p i 15 might be the inability o f the truncated G95 protein to bind pi 15, and thus to 

mediate the effective docking of the tubules to the Golgi complex.

5.3.2 The role of GRASP65

As shown in previous studies (Barr et al., 1997), GRASP65 is a peripheral 

protein tightly associated with Golgi membranes via an N-terminal myristoylated 

residue. It forms a very stable complex with GM130 and is responsible for the 

GM130 association with Golgi membranes.

The binding of GRASP65 to p i 15 was important for the efficient docking of 

the GM 130-positive tubules to the cA-Golgi, but was apparently not required for the 

localisation of GM130 on the L-IC and the cA-Golgi elements since a GM130 mutant 

devoid of the p i 15 binding site (G95) localised to these sites. Thus whether GRASP 

65 was responsible for membrane anchoring of GM130 at the L-IC as it is at the 

Golgi complex, was investigated, this was done by studying the distribution of two 

truncated forms of GM130: GM130/300N, lacking the GRASP65-binding site but
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containing the p i 15 binding site, and G95/GRASP65', lacking both the p i 15 and 

GRASP65 binding sites.

As shown in Figure 5.14, GM130/300N did not localise to the central Golgi 

or to peripheral tubules, indicating that the binding to GRASP65 is required for the 

association o f GM130 not only with the Golgi (Barr et al., 1997), but also with pre- 

Golgi membranes. Probably because o f its ability to bind p i 15, GM130/300N co

localised with p i 15 on peripheral elements of the IC (E-IC), with which p i 15 

associates, in a GM 13O-independent way (in agreement with a previous report 

(Alvarez et al., 1999). Interestingly, GM130/300N caused a redistribution of p i 15 

from the Golgi area to the peripheral E-IC elements. Finally, G95/GRASP65' which 

lacked both the p i 15 and GRASP65 binding sites, displayed a cytosolic distribution 

(data not shown).

Altogether, these results indicate that the interaction between GM130 and 

pi 15 is required for the anterograde transport/docking of L-IC elements to the central 

Golgi via the transient tubular structures which might also control the docking of E- 

IC to L-IC elements. Furthermore they also indicate that interfering with the 

interaction o f p i 15 with endogenous GM130 perturbs the normal p i 15 cycling 

between the Golgi and the periphery. Therefore the intracellular distribution of 

GM130 mutants lacking the GRASP65 binding site (GM130/300N and 

G95/GRASP65') demonstrated that the interaction of GM130 with GRASP65 is 

required for its correct targeting to Golgi and pre-Golgi membranes .
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Figure 5.14 Masking the GM130-binding site of p ll5  with GM130/300N 
redistributes p i 15 from the Golgi to the E-IC elements
COS7 cells were transfected with Flag-GM130/300N and double-stained with 
anti-Flag (green) and an ti-p ll5  (red) antibodies. Note that GM130/300N did not 
localise to the Golgi or central L-IC, but on peripheral puncta (two of which are 
indicated with filled arrowheads), there co-localising with p i 15. In addition, p i 15 
is redistributed to the periphery in cells expressing GM130/300N, suggesting that 
the docking/fusion of the E-IC with the more central L-ICs, and/or the Golgi area, 
is inhibited. Scale bar: 10 pm.
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5.4 GM130 tubules transport cargo from the IC to the G olgi

The role of GM130 in ER-to-Golgi transport was next investigated by 

exploiting the ability of the truncated GM130 construct, G95, to perturb the 

dynamics of the L-ICs and associated tubules, and by analysing the impact of G95 on 

the transport o f newly-synthesized VSV-G to the Golgi complex. COS7 cells were 

thus transfected by electroporation (see M.M.) with the GFP-G95 construct and, 

then infected by ts045-VSV as previously described (see M.M.). As shown in Figure 

5.15, the viral G-protein accumulated in the ER at 40 °C and was released by shifting 

the temperature to 32 °C, with its transport being followed for up to 1 h. Eight min 

from the temperature shift, VSV-G appeared in peripheral, discrete structures, both 

in G95-expressing cells and control cells that were either non-transfected, transfected 

with GFP-G95/GRASP65' or GFP alone. The presence of the transfected protein in 

some o f these structures indicated that the exit of VSV-G from ER and its arrival to 

the E-IC and L-IC were not affected by the presence o f the truncated form of 

GM130. After 15 min at 32 °C, VSV-G was mainly concentrated in the Golgi 

complex in most of the control cells, with only ca. 25 % of these cells presenting a 

significant amount of VSV-G still in peripheral puncta. Conversely, at the same time 

point, in 84 (±15)% of the cells transfected with G95, VSV-G was mainly present in 

peripheral puncta and tubules with a lower staining of the Golgi complex seen in 

Figure 5.15, A, a-c). This different distribution was maintained at the later time point 

(45 min) when 55 (±8)% of G95-transfected cells and 15 (±3)% of control cells 

presented VSV-G-positive peripheral puncta and tubules, indicating defective 

delivery/transport to the Golgi (see Figure 5.15 B,a).
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Figure 5.15 Interfering 
with GM130-tubule 
dynamics with G95 
inhibits the transport of 
VSV-G protein to the 
Golgi complex.
A. COS7 cells were 
transfected with GFP-G95.
After overnight expression, 
cells were infected with 
VSV, incubated at 40 °C 
for 2 h, and then shifted to 32 °C for 15 min (a-c). Alternatively, they were 
incubated at 40 °C for 2 h, at 15 °C for an additional 2 h, and then shifted to 32 °C 
for 5 min (d-f). Cells were further processed for IF, and labelled with anti-VSV-G 
(b, e) or anti-giantin (c, f) antibodies . Note that 15 min (b) and 5 min (e) after the 
shift to 32 °C, the VSV-G staining pattern is tubular and/or punctate in G95 
transfected cells, while it is mainly central in control cells, indicating a delay in 
VSV-G arrival to the Golgi complex. Note also that the general organization of the 
Golgi complex, as assessed by giantin staining (c, f), is not perturbed in cells 
expressing G95 at low-to-intermediate levels. Scale bars: 20 pm. B: G95 inhibits 
the transport of VSV-G from L-IC to the Golgi complex. COS7 cells transfected 
with GFP-G95 (G95) or with GFP alone (control) were infected with VSV, 
incubated at 40 °C for 2 h and shifted to 32 °C for the indicated times (a). 
Alternatively they were incubated at 40 °C for 2 h, at 15 °C for an additional 2 h, 
and then shifted to 32 °C for the indicated times (b). The cells were fixed, 
processed for IF and stained with an anti-VSV-G antibody. At each time point, 200 
cells were analyzed for the VSV-G staining pattern and classified as having a 
punctate pattern when possessing more than 5 (in a) or 10 (in b) peripheral 
structures (tubules or puncta) containing VSV-G. The results are expressed as 
percentages of cells exhibiting a punctate pattern of VSV-G staining and are the 
means (+SD) of three independent experiments.
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A similar scenario was also observed when the IC-to-Golgi transport in G95- 

transfected/VSV-infected COS7 cells was assayed. According to the protocol 

described in M.M., following the 2 h incubation at 40 °C, cells were kept for a 

further 2 h at 15 °C in order to accumulate VSV-G in the IC, and then shifted to 32 

°C. Again, the G95-transfected cells exhibited a slower rate of transport of VSV-G to 

the Golgi complex, as compared to control cells. Five minutes after the release o f the 

temperature block, 86 (±10)% of G95-transfected cells presented a large fraction of 

VSV-G still in the peripheral puncta with tubular structures also containing the 

transfected protein. At the same time, in 88 (±9)% of the control cells the main 

fraction of VSV-G appeared concentrated in the central Golgi area (Figure 5.15, A,B). 

This difference in VSV-G distribution was maximal after 5 and 12 min at 32 °C and 

decreased at the later time point (30 min).

The above results indicate that interfering with the dynamics of GM130 

tubules impairs the IC-to-Golgi transport of cargo. As noted above, G95 tubules have 

a longer half-life compared to GM130 tubules and are defective in docking and fusing 

with the Golgi complex. This docking defect might explain why the cargo is not 

efficiently delivered from the L-IC to the central Golgi complex.

5.5 DISCUSSION

The evidence presented in Chapter 4 demonstrated that GM130 and 

GRASP65 cycle between the civ-Golgi and the L-IC. In this chapter the involvement 

o f the L-IC elements in the transport of neo-synthesised proteins from IC to Golgi is 

demonstrated. In particular, the study of VSV-G transport indicated that L-IC 

elements and GM 130 tubules operate at the last step of ER-to-Golgi transport: the 

delivery of cargo to Golgi cistemae.
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In addition an interesting correlation was observed between the rate o f ER-to- 

Golgi transport and the proliferation of GM130 tubules. An increased demand on the 

transport machinery, occurring after release of the 15 °C IC-to-Golgi transport block, 

or during the recovery after treatment with BFA, led to a dramatic increase in the 

number of GM130-containing tubules. Assuming the proliferation of GM130 tubules 

can be used as a marker of highly transporting cells, this argues that a variable 

transport activity is displayed at any given time, by different cells or by the same 

cell, over a time of several hours. This interpretation would explain why GM130 

tubules are visible only in ca. 30 % of fixed cells, or to differing extents, during the 

cell cycle in living cells.

The use o f GM130 mutants with defective recycling (G95) indicated that 

GM130 cycling through the L-IC is required for an efficient IC-to-Golgi transport. 

The expression o f G95, which is the GM130 mutant lacking just the binding site for 

p i 15, led to accumulation of G95-containing tubules and puncta in the cytoplasm. 

According to the interpretation, the lack of the interaction between G95 and p 115 

impairs the docking and further fusion of the G95-positive peripheral elements to 

Golgi cisternae. This is consistent with the proposed role of p i 15 as a docking factor 

in trans-cytosis or intra-Golgi transport (Barroso et al., 1995). As a consequence, G- 

95-positive elements accumulate in the cytoplasm and, as they are filled with cargo 

protein, a significant perturbation of transport is observed in these G95 expressing 

cells. This finding indicates that GM130 tubules are important mediators of the 

transport of proteins and membranes, and operate at a step in which the membranes 

o f the pleiomorphic pre-Golgi compartments are re-arranged to be incorporated into 

Golgi cisternae. The issue whether they form ex-novo a civ-Golgi cisterna or fuse 

with a pre-existing one is important and still unsolved, but will be discussed further 

in Chapter 6.
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The importance of p i 15 in GM130 cycling was also confirmed by using the 

p i 15 deletion mutant: p i 15 600-C, which associates with the Golgi complex, 

competing effectively with endogenous p i 15, but is unable to cycle through pre- 

Golgi compartments, as does the full-length protein, p i 15 600-C includes the rod-like 

coiled-coil domain of p i 15 which is involved in the dimerisation of the protein and in 

the binding to giantin and GM130. In cells expressing pi 15 600-C, GM130 exhibited 

a defective cycling through the IC which was particularly evident after incubation at 

15 °C or under treatment with BFA, conditions that normally stimulate GM130 

redistribution to peripheral elements. Since the lack of binding to p i 15 does not 

inhibit G95 retrograde transport to the IC, the binding of GM130 to a Golgi-resident 

form of p i 15 should prevent its recruitment to retrograde transport complexes, thus 

stabilising GM130 in the Golgi matrix. Consistent with this, the fraction of GM130 

which is Triton/salt-extracted in cells expressing pi 15 600-C is markedly lower than 

in control cells.

It is also o f note that the Golgi localisation of p i 15 600-C is in apparent 

contradiction to previously-published data (Nelson et al., 1998), which indicate that 

several domains in the globular part o f p i 15 that are lacking in p i 15 600-C are 

necessary for p i 15 localisation to the Golgi. The use o f different experimental 

systems can probably account for this different data. Indeed, we used a polypeptide 

derived from mouse p i 15 instead of the ra t-p ll5  used by Nelson et al. (1998). In 

addition, the lengths of the two pi 15 fragments were different; that in the present 

study was shorter, and it is known that even a small difference in primary sequence 

can affect the ability o f polypeptides to properly fold and localise.

While p i 15 is important for the normal cycling of GM130, GRASP65 is 

required to localise GM130 on Golgi membranes and peripheral structures. In fact, 

GM130/300N, the GM130 mutant lacking the GRASP65 binding site, did not 

localised either on the Golgi complex or peripheral tubules. Conversely, it associated
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with peripheral E-IC elements, probably because of its ability to bind p 115. 

Remarkably, the expression of this mutant protein caused an evident relocation of 

p i 15 to the E-IC. This finding further confirms the previously-reported evidence that 

p i 15 associates to pre-Golgi elements (E-IC) in a GM 130-independent way (Nelson 

et al., 1998). Since it has also been proposed that p i 15 cycles through pre-Golgi 

compartments exclusively in a membrane-associated form (Garcia-Mata et al., 2000), 

the data obtained here with GM130/300N indicate that interfering with the 

interaction between pi 15 and GM130 inhibited the progression of p i 15-positive E- 

IC to later and more central stations, and suggested the possibility that the docking of 

E-IC with L-IC elements (both tubules and stations) might be controlled by p i 15.
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Chapter 6

Final discussion

The ordered organisation of internal membranes is preserved in spite of the 

diverse dynamic processes occurring within a cell. Many of the molecular 

components involved in such organisation are now known, and one key feature to 

emerge is the interaction o f the cytoskeleton with intracellular, membrane-bound 

compartments. For example, the nuclear lamina, a network of intermediate filaments, 

acts to link chromatin with proteins of the nuclear membrane, while the Golgi matrix 

controls the formation and stacking of Golgi cistemae. The distinctive organisation of 

the Golgi complex has been extensively investigated and it is clear that the 

microtubule (MT)-based cytoskeleton is required to localise Golgi stacks in the 

pericentriolar area of the cell and to organise the stacks into a ribbon-like network. 

Recently, however, spectrin and actin, two components of the actin cytoskeleton, 

have been localised to Golgi cistemae and implicated in Golgi function.

In the present study, I have investigated the role of spectrin in the structural 

organisation of the Golgi complex. Spectrin is best known for its association with the 

plasma membrane of erythrocytes, where it is responsible for its dynamic 

organisation. The spectrin skeleton also performs a key function in other cell types 

and it has been implicated in the clustering of transmembrane receptors, the 

localisation of ion channels and the formation of lipid micro-domains. More recently, 

several components of this cytoskeletal structure have been found associated with 

intracellular organelles (for review see De Mattéis and Morrow, 2000) suggesting a 

role for the spectrin skeleton in a wider set of membranous compartments.
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To explore the role of the spectrin skeleton in the Golgi complex, cell 

microinjection and transfection studies have been used to observe the consequences 

o f interfering with the spectrin skeleton assembly. The results I obtained suggest a 

role for spectrin in the localisation of Golgi membranes at the pericentriolar area and 

in merging membranes to form the ribbon-like Golgi network. These data are 

consistent with several lines of evidence pointing to a role for spectrin in linking 

Golgi membranes to microtubules, via the dynactin complex. The impairment of the 

anterograde transport of VSV-G or Na,K ATPase soon after interfering with Golgi- 

spectrin function, would also be consistent with spectrin playing a role in M T- 

dependent transport from ER to Golgi (Godi et al., 1998; Devarajan et al., 1997).

The data presented here also indicate that the exact spectrin isoforms present 

on the Golgi complex still remains to be identified. Although several pieces of 

evidence point to a (3lE2-like spectrin, the plX2-specific molecular tools exploited in 

my studies suggest that an alternative spectrin isoform is likely present on the Golgi 

complex. Interestingly, a new spectrin isoform, [3111, has recently been identified, that 

localises at least poorly, to the Golgi complex (Stankewich et al., 1998). This raises 

two possibilities, either [3III is the only Golgi spectrin, or there are two or more 

isoforms, including a [3122-like one.

The presence of spectrin in the Golgi matrix raises the interesting possibility 

that Golgi organisation is generated from a network of proteimprotein interactions 

that include the spectrin-based skeleton and the Golgi matrix. In the present study, 

the intracellular dynamics of the Golgi matrix have been investigated by studying one 

o f its best-characterised components, GM130. On the basis of previous in vitro 

studies, GM130 was thought to be stably associated with the Golgi complex, and to 

mediate stacking of cistemae and tethering of transport carriers. However, very little 

had been done on GM130 in the context of intact cells and nothing on its dynamics in 

living cells.
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The results of the present study, using intact cells, have provided some novel 

insights into of the intracellular distribution of GM130 and GRASP65, and the 

manner in which this promotes incorporation of incoming membranes at the cis side 

of the Golgi. In contrast to what was originally suggested, GM130 and GRASP65 are 

not stably retained in the Golgi complex, but cycle via membrane tubules, through 

specialized stations of the intermediate compartment (IC) that we define as late IC 

(L-IC). The L-IC, which does not contain cA-Golgi markers (such as MannI or HP- 

lectin binding protein), contains a relatively minor portion (20%) o f total GM130. 

However the L-IC- and Golgi-associated pools of GM130 exchange rapidly via 

membranous tubules, which establish functional and physical continuity among the 

central and peripheral GM 130-positive structures. As a result, they are likely to 

function as a homogeneous, well-mixed compartment. Morphologically and 

compositionally, the L-IC stations have similarities to traditional IC elements in that 

they exhibit the typical IC conformation of convoluted tubular clusters, and contain 

IC markers. Their distinctive features are i) the presence of the matrix proteins 

GM130 and GRASP65, ii) a more central location and, iii) a different role in the 

progression of cargo towards the central Golgi. This is apparent as they receive ER- 

derived cargo with a delay of 3-4 min from its appearance in the ER exit sites (ERES) 

and early IC (E-IC), well before its arrival at the central Golgi complex.

As shown in Figure 6.1, a working model derived from these observations, 

according to which cargo is incorporated into GM130-containing L-IC before entering 

Golgi stacks. This step is required since L-IC elements are the precursors from which 

new cis cisternae form. This is suggested by the presence of GM130 in flat, 

perforated, cisterna-like structures underlying the first Golgi cisterna that, we assume 

are produced by L-IC elements. Two possible mechanisms, could account for this, 

first the fusion of L-IC stations could occur between themselves and with the cis 

Golgi cisterna, followed by flattening of the
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ER-exit sites

Figure 6.1 Model for membrane trafficking from ER to the Golgi.
L-IC is a subdomain of the IC characterized by the presence of IC markers 
and the c/s-Golgi matrix proteins GM130 and GRASP65, by the absence of 
the c/s-Golgi markers Mann I and HP lectin, and by the propensity to 
generate tubules which connect L-IC units between themselves and with the 
Golgi. The transition from E-IC (containing IC markers but not GM130 and 
GRASP65) to L-IC (circles) occurs mainly by fusion of E-IC with GM 130- 
positive tubules (a) or L-IC stations (b). The incorporation of L-IC into the 
Golgi complex (rectangles), might involve one (or both) of two 
mechanisms: either fusion of L-IC with the cis Golgi cistema (c), or 
juxtaposition and flattening of L-IC under the cis most cistema (d).

222



membranes, or second, juxtaposition and flattening of L-IC stations under the cis- 

most cisterna. It is attractive to think that, in their capacity as Golgi matrix proteins, 

GM130 and GRASP65 might participate in the flattening and, in general, in the 

morphogenesis of this cis structure. Three observations suggest that Golgi spectrin 

might be involved in this process, i) the established role of the spectrin skeleton as a 

membrane organiser, ii) its role in IC-to-Golgi transport revealed in semi-intact cells 

(Godi etal., 1998), and iii) work described in this study, using BFA or IQ recovery 

experiments, indicating that fusion of the re-assembling Golgi elements is inhibited 

after interference with spectrin function. The availability of GM130 and GRASP65 

as markers of the interface between the IC and the Golgi, will hopefully facilitate the 

dissection of these critical events.

The carriers operating in the late traffic steps from the IC to the Golgi are 

either the L-IC stations, themselves moving en-bloc towards their destination, or the 

membranous tubules emanating from these stations (Figure 6.1). These tubules are 

likely to play a major role because of their abundance and fast turnover. They may 

dissociate from the original L-IC station and dock and fuse with the Golgi, or move 

en-bloc together with the L-IC station towards the Golgi complex and subsequently 

fuse with the Golgi membranes. Finally, they may form more stable connections 

between the L-IC station and the central Golgi allowing the cargo to move as a 

"bolus" (Hopkins et al., 1990). Recently, tubular structures emanating from IC 

elements upon release from a 15 °C block, and containing soluble exogenous cargo 

(soluble GFP), have been described and proposed as specific carriers for soluble 

cargo, whereas membrane proteins like VSV-G appear in these tubules only when 

these are heavily over-expressed (Blum et al., 2000) These observations differ from 

mine since I see the membrane protein VSV-G in GM 130-positive tubules even at 

very low levels o f expression. It is thus possible that the soluble GFP-containing
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tubules described by Blum et al. and the VSV-G and GM130-containing tubules 

described in this report represent two separate transport systems.

In addition, the impairment of the docking o f GM130 tubules to the Golgi 

complex and the slow-down of the anterograde transport o f VSV-G from the L-IC 

stations, caused by the expression of G95 (a truncated form of GM130), point to a 

major role o f GM130 tubules in protein transport. These data, obtained in living 

cells, are consistent with a role for GM130 in ER-to-Golgi transport as revealed using 

anti-GM130 antibodies in semi-intact cells (Alvarez et al., 2001; Moyer et al., 2001). 

However, the block of traffic caused by G95 is incomplete, and this could be due to a 

partial competition of exogenous G95 with endogenous GM130, or to the existence 

o f redundant docking mechanisms. Consistent with a role of L-IC stations and 

tubules in membrane transport to the Golgi complex is the finding that an increased 

demand on the transport machinery stimulates tubulation both in terms of the 

number of tubules per cell and the number of cells with tubules. This is observed 

upon releasing the 15°C temperature block of transport, when cargo that has 

accumulated in the IC is massively transported to the Golgi complex. Remarkably, 

the extent of GM130-tubulation correlates with the amount o f cargo to be 

transported, since tubulation is more evident in VSV-infected cells compared to non- 

infected cells, and it can be partially prevented by inhibiting protein synthesis. The 

identification of the factors underlying this regulatory mechanism represent a major 

objective of our future work.

An additional interesting issue is the relationship between the GM 130- 

positive L-IC tubule system and the molecular complexes that operate in ER-to-Golgi 

transport, containing COPII, COPI, SNAREs, Rabl and p i 15. As noted above, the 

GM 130-positive L-IC stations contain COPI, but not COPII components. As for the 

SNAREs, it is known that the intracellular distribution of GM130 largely overlaps 

with that of Syntaxin 5 (Nakamura et al., 1995), the dynamics of which has been
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observed together with that of other SNAREs. Differently from rbetl and sec22, 

which associate mainly with E-IC elements and the ER, membrin and syntaxin 5 are 

enriched in mobile, Golgi-adjacent IC elements, and cycle between these and the cis- 

Golgi (Chao et al., 1999; Hay et al., 1998). These SNAREs are therefore good 

candidates for controlling the docking/fusion events involving L-IC stations and 

tubules. A similar role for p i 15 is likely since a truncated form of GM130 lacking the 

p i 15 binding site leads to defects in the docking and fusion of L-IC elements with 

Golgi membranes. A good candidate for regulating both GM130 and pi 15 dynamics 

on pre-Golgi elements is the small GTPase Rabl. It recruits p i 15 to COPII vesicles 

and also interacts with GM130 on L-IC elements (Moyer et al., 2001; Weide et al., 

2001).

In conclusion, I have identified a specialised domain of the IC referred to as 

the L-IC, where important maturation events of ER-derived membranes occur, such 

as acquisition of structural Golgi components, homotypic fusion between L-IC units, 

and development of membrane tubules inter-connections. GM130, GRASP65 and 

pi 15 are all actively involved in these processes. The occurrence of these biochemical 

and morphological changes might be important in driving the incorporation o f newly- 

synthesised membranes into Golgi membranes. The characterisation of the molecular 

mechanisms involved in this GM130-regulated tubulation process remains challenge 

for future studies.
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List of abbreviations

AE1 anion exchange protein 1, also called band 3

AP adaptor complex

ARF ADP-ribosylation factor

ARP Actin related protein

BFA brefeldin A

BFP Blue fluorescent protein

BSA bovine serum albumin

cDNA complementary DNA

CFP cyan fluorescent protein

CGN CA-Golgi network

CLEM correlative light electron microscopy

COPI coat protein I or coatomer

CS calf serum

DAB 3 5’-diaminobenzidine

DEAE diethylaminoethyl

DMEM Dulbecco’s modified minimal essential medium

DNA deoxyribonuclease

DTT dithiothreitol

EDTA ethylenediamine tetraacetic acid

EGTA thyleneglycol-bis-(2-aminoethyllether)-N,N,N’,N’-tetracetic acid
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E-IC

EM

ER

ERES

ERGIC

FCS

FLIP

FRAP

GalT

GC

GM

GDP

GFP

GGA

GST

GTP

GTPase

HEPES

HF

HRP

HP

IC

early intermediate compartment 

electron microscopy 

endoplasmic reticulum 

endoplasmic reticulum exit sites 

ER-Golgi intermediate compartment 

fetal calf serum

fluorescence loss in photobleaching 

fluorescence recovery after photobleaching 

galactosyl transferase 

Golgi complex 

Golgi matrix

guanosine 5’-diphosphate 

green fluorescence protein

Golgi-localising gamma adaptin ear homology domain, ARF 

binding proteins 

glutathione S-transferase 

guanosine 5’-triphosphate 

guanosine triphosphatese

N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid

Human fibroblast

horseradish peroxidase

helix pomatia

Intermediate compartment



IF immunofluorescence

IPTG Isopropyl b-D-thiogalactopyranoside

IQ ilimaquinone

kDa kilo Dalton

KDEL-R KDEL receptor

LB Luria Broth

L-IC late intermediate compartmenf

LSCM laser scan confocal microscopy

MAD membrane association domain

MannI mannosidase 1

MannII mannosidase II

M.M. Materials and Methods

MOPS 4-morpholinepropanesulfonic acid

MT microtubule

MW molecular weight

NAGT-I N-acetylglucosaminyltransferase I

NMDA N-methyl D-aspartic

NSF N-ethylmaleimide-sensitive fusion

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PC phosphatidylcholine

PCR polymerase chain reaction

PE phosphatidylethanolamine



PH

PI

PKC

PM

PMSF

r p m

RT

SDS

SNARE

TBS

TCA

TGN

TRIS

TTBS

vsv

VSV-G

VTC

YFP

pleckstrin homology 

phosphoinositide 

protein kinase C 

plasma membrane 

phenylmethylsulphonyl fluoride 

revolution per minute 

room temperature 

Sodium dodecyl sulfate

N-ethylmaleimide-sensitive fusion attachment protein 

receptor

150 mM NaCl, 50 mM Tris-HCl pH 7.5

trichloroacetic acid

trans-Golgi network

tris(hydroxymethyl)aminomethane

0.05% Tween 20, 150 mM NaCl, 50 mM Tris-HCl pH 7.5

vesicular stomatitis virus

vesicular stomatitis virus G protein

vesicular-tubular cluster

yellow fluorescent protein



Acknowledgements

I would like to thank Dr Antonella De Matteis and Prof. Alan Hall for their 

support and helpful discussions during the course o f these investigations, and for 

their help in writing this thesis.

I am also grateful to Prof. Alexander Mironov and Dr. Alberto Luini for many 

stimulating conversations and to Dr Chris Berrie for his precious help with English.

Thanks go to all my lab colleagues, to Anna Cavallo and Roberta Le Donne 

for secretarial assistance, and to Dr. Roberto Buccione for his patience.

Finally, special thanks also go to Dr Anna Godi, who deserves a special 

mention for the invaluable help she has given me, in various aspects of this work.

230



References

Acharya, U., R. Jacobs, J.M. Peters, N. Watson, M.G. Farquhar, and V. Malhotra. 
1995. The formation of Golgi stacks from vesiculated Golgi membranes 
requires two distinct fusion events. Cell. 82:895-904.

Alcalde, J., P. Bonay, A. Roa, S. Vilaro, and I.V. Sandoval. 1992. Assembly and 
disassembly of the Golgi complex: two processes arranged in a cis-trans 
direction. J  Cell Biol. 116:69-83.

Allan, B.B., and W.E. Balch. 1999a. Protein sorting by directed maturation of Golgi 
compartments. Science. 285:63-66.

Allan, B.B., B.D. Moyer, and W.E. Balch. 2000. Rabl recruitment of pi 15 into a cis- 
SNARE complex: programming budding COPII vesicles for fusion. Science. 
289:444-448.

Allan, V.J., and T.A. Schroer. 1999. Membrane motors. Curr Opin Cell Biol. 11:476- 
482.

Alvarez, C., R. Garcia-Mata, H.P. Hauri, and E. Sztul. 2001. The pi 15-interactive 
proteins GM130 and giantin participate in endoplasmic reticulum-Golgi 
traffic. J  Biol Chem. 276:2693-2700.

Aridor, M., S.I. Bannykh, T. Rowe, and W.E. Balch. 1999. Cargo can modulate 
COPII vesicle formation from the endoplasmic reticulum. J  Biol Chem. 
274:4389-4399.

Aunis, D., and M.F. Bader. 1988. The cytoskeleton as a barrier to exocytosis in 
secretory cells. J  Exp Biol. 139:253-266.

Balch, W.E., J.M. McCaffery, H. Plutner, and M.G. Farquhar. 1994. Vesicular
stomatitis virus glycoprotein is sorted and concentrated during export from 
the endoplasmic reticulum. Cell. 76:841-852.

Barlowe, C., L. Orci, T. Yeung, M. Hosobuchi, S. Hamamoto, N. Salama, M.F. 
Rexach, M. Ravazzola, M. Amherdt, and R. Schekman. 1994. COPII: a 
membrane coat formed by Sec proteins that drive vesicle budding from the 
endoplasmic reticulum. Cell. 77:895-907.

231



Barr, F.A., N. Nakamura, and G. Warren. 1998. Mapping the interaction between 
GRASP65 and GM130, components of a protein complex involved in the 
stacking of Golgi cistemae. Embo J. 17:3258-3268.

Barr, F.A., M. Puype, J. Vandekerckhove, and G. Warren. 1997. GRASP65, a 
protein involved in the stacking of Golgi cistemae. Cell. 91:253-262.

Barroso, M., D.S. Nelson, and E. Sztul. 1995. Transcytosis-associated protein 
(TAP)/pl 15 is a general fusion factor required for binding of vesicles to 
acceptor membranes. Proc Natl Acad Sci US A .  92:527-531.

Barrowman, J., M. Sacher, and S. Ferro-Novick. 2000. TRAPP stably associates 
with the Golgi and is required for vesicle docking. Embo J. 19:862-869.

Beams, H.W., and R.G. Kessel. 1968. The Golgi apparatus: structure and function. 
Int Rev Cytol. 23:209-276.

Beck, K.A., J.A. Buchanan, V. Malhotra, and W.J. Nelson. 1994. Golgi spectrin:
identification of an erythroid beta-spectrin homolog associated with the Golgi 
complex. J  Cell Biol. 127:707-723.

Beck, K.A., J.A. Buchanan, and W.J. Nelson. 1997. Golgi membrane skeleton:
identification, localization and oligomerization of a 195 kDa ankyrin isoform 
associated with the Golgi complex. J  Cell Sci. 110:1239-1249.

Beck, K.A., and W.J. Nelson. 1998. A spectrin membrane skeleton of the Golgi 
complex. Biochim Biophys Acta. 1404:153-160.

Bennett, V. 1992. Ankyrins. Adaptors between diverse plasma membrane proteins 
and the cytoplasm. J  Biol Chem. 267:8703-8706.

Bennett, V., and A.J. Baines. 2001. Spectrin and ankyrin-based pathways: metazoan 
inventions for integrating cells into tissues. Physiol Rev. 81:1353-1392.

Bennett, V., and D.M. Gilligan. 1993. The spectrin-based membrane skeleton and
micron-scale organization of the plasma membrane. Annu Rev Cell Biol. 9:27-
66.

Bennett, V., and S. Lambert. 1991. The spectrin skeleton: from red cells to brain. J  
Clin Invest. 87:1483-1489.

Berghs, S., D. Aggujaro, R. Dirkx, Jr., E. Maksimova, P. Stabach, J.M. Hermel, J.P. 
Zhang, W. Philbrick, V. Slepnev, T. Ort, and M. Solimena. 2000. betalV 
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.

232



Bergmann, J.E., and P.J. Fusco. 1990. The G protein of vesicular stomatitis virus has 
free access into and egress from the smooth endoplasmic reticulum of UT-1 
cells. JC ell Biol. 110:625-635.

Bianchi, G., P. Ferrari, D. Trizio, M. Ferrandi, L. Torielli, B.R. Barber, and E. Polli. 
1985. Red blood cell abnormalities and spontaneous hypertension in the rat.
A genetically determined link. Hypertension. 7:319-325.

Birkenmeier, C.S., R.A. White, L.L. Peters, E.J. Hall, S.E. Lux, and J.E. Barker. 1993. 
Complex patterns of sequence variation and multiple 5' and 3' ends are found 
among transcripts of the erythroid ankyrin gene. J  Biol Chem. 268:9533-9540.

Bloch, R.J., and J.S. Morrow. 1989. An unusual beta-spectrin associated with 
clustered acetylcholine receptors. J  Cell Biol. 108:481-493.

Blum, R., D.J. Stephens, and I. Schulz. 2000. Lumenal targeted GFP, used as a
marker of soluble cargo, visualises rapid ERGIC to Golgi traffic by a tubulo- 
vesicular network. J  Cell Sci. 113:3151-3159.

Bonfanti, L., A.A. Mironov, Jr., J.A. Martinez-Menarguez, O. Martella, A. Fusella, 
M. Baldassarre, R. Buccione, H.J. Geuze, A.A. Mironov, and A. Luini. 1998. 
Procollagen traverses the Golgi stack without leaving the lumen of cisternae: 
evidence for cisternal maturation. Cell. 95:993-1003.

Bretscher, A. 1989. Rapid phosphorylation and reorganization of ezrin and spectrin 
accompany morphological changes induced in A-431 cells by epidermal 
growth factor. J  Cell Biol. 108:921-930.

Brigance, W.T., C. Barlowe, and T.R. Graham. 2000. Organization of the yeast Golgi 
complex into at least four functionally distinct compartments. Mol Biol Cell. 
11:171-182.

Broadie, K., A. Prokop, H.J. Bellen, C.J. O'Kane, K.L. Schulze, and S.T. Sweeney. 
1995. Syntaxin and synaptobrevin function downstream of vesicle docking in 
Drosophila. Neuron. 15:663-673.

Burkhardt, J.K. 1998. The role of microtubule-based motor proteins in maintaining 
the structure and function of the Golgi complex. Biochim Biophys Acta. 
1404:113-126.

Burkhardt, J.K., C.J. Echeverri, T. Nilsson, and R.B. Vallee. 1997. Overexpression of 
the dynamitin (p50) subunit of the dynactin complex disrupts dynein- 
dependent maintenance of membrane organelle distribution. J  Cell Biol. 
139:469-484.

233



Buss, F., J. Kendrick-Jones, C. Lionne, A.E. Knight, G.P. Cote, and J. Paul Luzio.
1998. The localization of myosin VI at the golgi complex and leading edge of 
fibroblasts and its phosphorylation and recruitment into membrane ruffles of 
A431 cells after growth factor stimulation. J  Cell Biol. 143:1535-1545.

Cabrera-Poch, N., R. Pepperkok, and D.T. Shima. 1998. Inheritance of the
mammalian Golgi apparatus during the cell cycle. Biochim Biophys Acta. 
1404:139-151.

Cao, X., N. Ballew, and C. Barlowe. 1998. Initial docking of ER-derived vesicles
requires U solp and Y ptlp but is independent of SNARE proteins. Embo J. 
17:2156-2165.

Chao, D.S., J.C. Hay, S. Winnick, R. Prekeris, J. Klumperman, and R.H. Scheller.
1999. SNARE membrane trafficking dynamics in vivo . J  Cell Biol. 144:869- 
881.

Chen, Y.A., and R.H. Scheller. 2001. SNARE-mediated membrane fusion. Nat Rev 
Mol Cell Biol. 2:98-106.

Christoforidis, S., H.M. McBride, R.D. Burgoyne, and M. Zerial. 1999. The Rab5 
effector EEA1 is a core component of endosome docking. Nature. 397:621- 
625.

Cianci, C., E. chen, and J.S. Morrow. 1987. cooperative interactions in the spectrin- 
based cortical cytoskeleton: a kinetic study. Federations Proocedings. 240.

Clark, S.W., and D.I. Meyer. 1992. Centractin is an actin homologue associated with 
the centrosome. Nature. 359:246-250.

Clark, S.W., O. Staub, I.B. Clark, E.L. Holzbaur, B.M. Paschal, R.B. Vallee, and D.I. 
Meyer. 1994. Beta-centractin: characterization and distribution of a new 
member of the centractin family of actin-related proteins. Mol Biol Cell. 
5:1301-1310.

Clermont, Y., A. Rambourg, and L. Hermo. 1994. Connections between the various 
elements of the cis- and mid- compartments of the Golgi apparatus o f early 
rat spermatids. Anat Rec. 240:469-480.

Clermont, Y., A. Rambourg, and L. Hermo. 1995. Trans-Golgi network (TGN) of 
different cell types: three-dimensional structural characteristics and 
variability. Anat Rec. 242:289-301.

Cluett, E.B., and W.J. Brown. 1992. Adhesion of Golgi cisternae by proteinaceous 
interactions: intercisternal bridges as putative adhesive structures. J  Cell Sci. 
103:773-784.

234



Cole, N.B., N. Sciaky, A. Marotta, J. Song, and J. Lippincott-Schwartz. 1996. Golgi 
dispersal during microtubule disruption: regeneration of Golgi stacks at 
peripheral endoplasmic reticulum exit sites. Mol Biol Cell. 7:631-650.

Coleman, T.R., D.J. Fishkind, M.S. Mooseker, and J.S. Morrow. 1989.
Contributions o f the beta-subunit to spectrin structure and function. Cell 
Motil Cytoskeleton. 12:248-263.

Conboy, J.G., J.Y. Chan, J.A. Chasis, Y.W. Kan, and N. Mohandas. 1991. Tissue- 
and development-specific alternative RNA splicing regulates expression of 
multiple isoforms of erythroid membrane protein 4.1. J  Biol Chem. 266:8273- 
8280.

Dahan, S., J.P. Ahluwalia, L. Wong, B.I. Posner, and J.J. Bergeron. 1994.
Concentration of intracellular hepatic apolipoprotein E in Golgi apparatus 
saccular distensions and endosomes. J  Cell Biol. 127:1859-1869.

Dalton, A.J., and M.D. Felix. 1954. Cytologic and cytochemical characteristics of the 
Golgi substance of epithelial cells of the epididymis-in situ, in homogenates 
and after isolation. Am. J. Anat. 94:171-187.

Davis, L.H., and V. Bennett. 1990. Mapping the binding sites of human erythrocyte 
ankyrin for the anion exchanger and spectrin. J  Biol Chem. 265:10589-10596.

Davis, L.H., and V. Bennett. 1994. Identification of two regions of beta G spectrin 
that bind to distinct sites in brain membranes. J  Biol Chem. 269:4409-4416.

Davis, L.H., and V. Bennett. 1995. Purification of a calmodulin-sensitive spectrin
binding membrane glycoprotein from brain. Mol Biol Cell. 6:1566A.

De Matteis, M.A., and J.S. Morrow. 2000. Spectrin tethers and mesh in the 
biosynthetic pathway. J  Cell Sci. 113:2331-2343.

DeSilva, T.M., K.C. Peng, K.D. Speicher, and D.W. Speicher. 1992. Analysis of 
human red cell spectrin tetramer (head-to-head) assembly using 
complementary univalent peptides. Biochemistry. 31:10872-10878.

Devarajan, P., P.R. Stabach, M.A. De Matteis, and J.S. Morrow. 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 US A .  94:10711-10716.

Devarajan, P., P.R. Stabach, A.S. Mann, T. Ardito, M. Kashgarian, and J.S. Morrow. 
1996. Identification of a small cytoplasmic ankyrin (AnkGl 19) in the kidney

235



and muscle that binds beta I sigma spectrin and associates with the Golgi 
apparatus. JC ell Biol. 133:819-830.

di Campli, A., F. Valderrama, T. Babia, M.A. De Matteis, A. Luini, and G. Egea. 
1999. Morphological changes in the Golgi complex correlate with actin 
cytoskeleton rearrangements. Cell Motil Cytoskeleton. 43:334-348.

Dmytrenko, G.M., D.W. Pumplin, and R.J. Bloch. 1993. Dystrophin in a membrane 
skeletal network: localization and comparison to other proteins. JNeurosci. 
13:547-558.

Driouich, A., A. Jauneau, and L.A. Staehelin. 1997. 7-Dehydrobrefeldin A, a
naturally occurring brefeldin A derivative, inhibits secretion and causes a cis- 
to-trans breakdown of Golgi stacks in plant cells. Plant Physiol. 113:487-492.

Driouich, A., and L.A. Staehelin. 1997. The plant Golgi apparatus: Structural 
organisation and functional properties. In: The Golgi Apparatus. Berger 
E.G.and Roth J., editor. Birkhauser Verlag, Basel (CH). 275-301.

Duden, R., G. Griffiths, R. Frank, P. Argos, and T.E. Kreis. 1991. Beta-COP, a 110 
kd protein associated with non-clathrin-coated vesicles and the Golgi 
complex, shows homology to beta-adaptin. Cell. 64:649-665.

Duden, R., and R. Schekman. 1997. insights into Golgi function through mutants in 
yeast and animal cells. In: The Golgi Apparatus. Berger E.G.and Roth J. , 
editor. Birkhauser Verlag, Basel (CH). 219-246.

Elgsaeter, A., D.M. Shotton, and D. Branton. 1976. Intramembrane particle
aggregation in erythrocyte ghosts. II. The influence o f spectrin aggregation. 
Biochim Biophys Acta. 426:101-122.

Erlich, R., P.A. Gleeson, P. Campbell, E. Dietzsch, and B.H. Toh. 1996. Molecular 
characterization of trans-Golgi p230. A human peripheral membrane protein 
encoded by a gene on chromosome 6p 12-22 contains extensive coiled-coil 
alpha-helical domains and a granin motif. J  Biol Chem. 271:8328-8337.

Eystathioy, T., A. Jakymiw, D.J. Fujita, M.J. Fritzler, and E.K. Chan. 2000. Human 
autoantibodies to a novel Golgi protein golgin-67: high similarity with golgin- 
95/gm 130 autoantigen. JAutoimmun. 14:179-187.

Farmaki, T., S. Ponnambalam, A.R. Prescott, H. Clausen, B.L. Tang, W. Hong, and 
J.M. Lucocq. 1999. Forward and retrograde trafficking in mitotic animal cells. 
ER-Golgi transport arrest restricts protein export from the ER into COPII- 
coated structures. J  Cell Sci. 112:589-600.

236



Farquhar, M.G., and H.P. Hauri. 1997. Protein sorting and vesicular transport in the 
Golgi apparatus. In: The Golgi Apparatus. Berger E.G.and Roth J. Birkhauser 
Verlag, Basel (CH).

Farquhar, M.G., and G.E. Palade. 1981. The Golgi apparatus (complex)-(1954- 
1981)-from artifact to center stage. J  Cell Biol. 91:77s-103s.

Fath, K.R., and D.R. Burgess. 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. 120:117-127.

Fath, K.R., G.M. Trimbur, and D.R. Burgess. 1994. Molecular motors are
differentially distributed on Golgi membranes from polarized epithelial cells. J  
Cell Biol. 126:661-675.

Fearon, E.R., T. Finkel, M.L. Gillison, S.P. Kennedy, J.F. Casella, G.F. Tomaselli,
J.S. Morrow, and C. Van Dang. 1992. Karyoplasmic interaction selection 
strategy: a general strategy to detect protein-protein interactions in 
mammalian cells. Proc Natl Acad Sci US A.  89:7958-7962.

Featherstone, C., G. Griffiths, and G. Warren. 1985. Newly synthesized G protein of 
vesicular stomatitis virus is not transported to the Golgi complex in mitotic 
cells . J  Cell Biol. 101:2036-2046.

Feldman, D.A., and P.A. Weinhold. 1998. Cytidylyltransferase-binding protein is 
identical to transcytosis- associated protein (TAP/pl 15) and enhances the 
lipid activation of cytidylyltransferase. J  Biol Chem. 273:102-109.

Ferrarri, P., L. Torielli, M. Ferrandi, and G. Bianchi. 1986. Volumes and Na
transports in intact red blood cells, resealed ghosts, and inside-out vesicles of 
Milan-hypertensive rats. Bianchi G., Carafoli E. and Scarpa A., New York. 
561-566 pp.

Fleischer, B., S. Fleischer, and H. Ozawa. 1969. Isolation and characterization of 
Golgi membranes from bovine liver . J  Cell Biol. 43:59-79.

Franck, Z., R. Gary, and A. Bretscher. 1993. Moesin, like ezrin, colocalizes with 
actin in the cortical cytoskeleton in cultured cells, but its expression is more 
variable. J  Cell Sci. 105:219-231.

Franke, W.W., D.J. Morre, B. Deumling, R.D. Cheetham, J. Kartenbeck, E.D.
Jarasch, and H.W. Zentgraf. 1971. Synthesis and turnover of membrane 
proteins in rat liver: an examination of the membrane flow hypothesis. Z 
Naturforsch B. 26:1031-1039.

237



Fritzler, M.J., J.C. Hamel, R.L. Ochs, and E.K. Chan. 1993. Molecular
characterization of two human autoantigens: unique cDNAs encoding 95- and 
160-kD proteins of a putative family in the Golgi complex. J  Exp Med. 
178:49-62.

Fritzler, M.J., C.C. Lung, J.C. Hamel, K.J. Griffith, and E.K. Chan. 1995. Molecular 
characterization of Golgin-245, a novel Golgi complex protein containing a 
granin signature. J  Biol Chem. 270:31262-31268.

Fuerst, T.R., E.G. Niles, F.W. Studier, and B. Moss. 1986. Eukaryotic transient- 
expression system based on recombinant vaccinia virus that synthesizes 
bacteriophage T7 RNA polymerase. Proc Natl AcadSci US A .  83:8122-8126.

Fujiwara, T., K. Oda, S. Yokota, A. Takatsuki, and Y. Ikehara. 1988. Brefeldin A 
causes disassembly of the Golgi complex and accumulation of secretory 
proteins in the endoplasmic reticulum. J  Biol Chem. 263:18545-18552.

Funayama, N., A. Nagafuchi, N. Sato, and S. Tsukita. 1991. Radixin is a novel 
member of the band 4.1 family. J  Cell Biol. 115:1039-1048.

Gallagher, P.G., W.T. Tse, A.L. Scarpa, S.E. Lux, and B.G. Forget. 1992. Large
numbers of alternatively spliced isoforms of the regulatory region of human 
erythrocyte ankyrin. Trans Assoc Am Physicians. 105:268-277.

Garcia-Mata, R., Z. Bebok, E.J. Sorscher, and E.S. Sztul. 1999. Characterization and 
dynamics of aggresome formation by a cytosolic GFP- chimera. J  Cell Biol. 
146:1239-1254.

Gardner, K., and V. Bennett. 1987. Modulation of spectrin-actin assembly by 
erythrocyte adducin. Nature. 328:359-362.

Gaynor, E.C., C.Y. Chen, S.D. Emr, and T.R. Graham. 1998b. ARF is required for 
maintenance of yeast Golgi and endosome structure and function. Mol Biol 
Cell. 9:653-670.

Gaynor, E.C., T.R. Graham, and S.D. Emr. 1998a. COPI in ER/Golgi and intra-Golgi 
transport: do yeast COPI mutants point the way? Biochim Biophys Acta. 
1404:33-51.

Gill, S.R., T.A. Schroer, I. Szilak, E.R. Steuer, M.P. Sheetz, and D.W. Cleveland. 
1991. Dynactin, a conserved, ubiquitously expressed component o f an 
activator of vesicle motility mediated by cytoplasmic dynein. J  Cell Biol. 
115:1639-1650.

238



Glenney, J.R., Jr., and P. Glenney. 1983. Fodrin is the general spectrin-like protein 
found in most cells whereas spectrin and the TW protein have a restricted 
distribution. Cell. 34:503-512.

Glick, B.S. 2000. Organization of the Golgi apparatus. Curr Opin Cell Biol. 12:450- 
456.

Godi, A., P. Pertile, R. Meyers, P. Marra, G. Di Tullio, C. Iurisci, A. Luini, D.
Corda, and M.A. De Matteis. 1999. ARF mediates recruitment o f PtdIns-4- 
OH kinase-beta and stimulates synthesis o f PtdIns(4,5)P2 on the Golgi 
complex. Nat Cell Biol. 1:280-287.

Godi, A., I. Santone, P. Pertile, P. Devarajan, P.R. Stabach, J.S. Morrow, G. Di
Tullio, R. Polishchuk, T.C. Petrucci, A. Luini, and M.A. De Matteis. 1998. 
ADP ribosylation factor regulates spectrin binding to the Golgi complex. Proc 
Natl Acad Sci US A .  95:8607-8612.

Goodman, S.R., W.E. Zimmer, M.B. Clark, I.S. Zagon, J.E. Barker, and M.L. Bloom. 
1995. Brain spectrin: of mice and men. Brain Res Bull. 36:593-606.

Govindan, B., R. Bowser, and P. Novick. 1995. The role of Myo2, a yeast class V 
myosin, in vesicular transport. JC ell Biol. 128:1055-1068.

Grasse, P.P. 1957. C.R. Acad. Sci. (Paris). 245:1278-1281.

Griffith, K.J., E.K. Chan, C.C. Lung, J.C. Hamel, X. Guo, K. Miyachi, and M.J.
Fritzler. 1997. Molecular cloning of a novel 97-kd Golgi complex autoantigen 
associated with Sjogren's syndrome. Arthritis Rheum. 40:1693-1702.

Griffiths, G., R. Pepperkok, J.K. Locker, and T.E. Kreis. 1995. Immunocytochemical 
localization of beta-COP to the ER-Golgi boundary and the TGN. J  Cell Sci. 
108:2839-2856.

Griffiths, G., and K. Simons. 1986. The trans Golgi network: sorting at the exit site 
of the Golgi complex. Science. 234:438-443.

Hainfeld, J.F., and T.L. Steck. 1977. The sub-membrane reticulum of the human
erythrocyte: a scanning electron microscope study. JSupramol Struct. 6:301 - 
311.

Hall, T.G., and V. Bennett. 1987. Regulatory domains of erythrocyte ankyrin. J  Biol 
Chem. 262:10537-10545.

Hammond, A.T., and B.S. Glick. 2000. Dynamics of transitional endoplasmic 
reticulum sites in vertebrate cells. Mol Biol Cell. 11:3013-3030.

239



Harada, A., Y. Takei, Y. Kanai, Y. Tanaka, S. Nonaka, and N. Hirokawa. 1998. Golgi 
vésiculation and lysosome dispersion in cells lacking cytoplasmic dynein. J  
Cell Biol. 141:51-59.

Hartwig, J.H. 1994. Actin-binding proteins 1: spectrin superfamily. Protein Profile. 
1:706-778.

Hartwig, J.H., and D.J. Kwiatkowski. 1991. Actin-binding proteins. Curr Opin Cell 
Biol. 3:87-97.

Haslam, R.J., H.B. Koide, and B.A. Hemmings. 1993. Pleckstrin domain homology. 
Nature. 363:309-310.

Hauri, H.P., F. Kappeler, H. Andersson, and C. Appenzeller. 2000. ERGIC-53 and 
traffic in the secretory pathway. J  Cell Sci. 113:587-596.

Hauri, H.P., and A. Schweizer. 1992. The endoplasmic reticulum-Golgi intermediate 
compartment. Curr Opin Cell Biol. 4:600-608.

Hay, J.C., J. Klumperman, V. Oorschot, M. Steegmaier, C.S. Kuo, and R.H. Scheller. 
1998. Localization, dynamics, and protein interactions reveal distinct roles for 
ER and Golgi SNAREs. J  Cell Biol. 141:1489-1502.

Heimann, K., J.M. Percival, R. Weinberger, P. Gunning, and J.L. Stow. 1999. Specific 
isoforms o f actin-binding proteins on distinct populations of Golgi-derived 
vesicles. J  Biol Chem. 274:10743-10750.

Hemming, N.J., D.J. Anstee, W.J. Mawby, M.E. Reid, and M.J. Tanner. 1994. 
Localization of the protein 4.1-binding site on human erythrocyte 
glycophorins C and D. Biochem J. 299:191-196.

Hemming, N.J., D.J. Anstee, M.A. Staricoff, M.J. Tanner, and N. Mohandas. 1995. 
Identification of the membrane attachment sites for protein 4.1 in the human 
erythrocyte. J  Biol Chem. 270:5360-5366.

Herman, I.M. 1993. Actin isoforms. Curr Opin Cell Biol. 5:48-55.

Hirschberg, K., and J. Lippincott-Schwartz. 1999. Secretory pathway kinetics and in 
vivo analysis of protein traffic from the Golgi complex to the cell surface. 
FasebJ. 13 Suppl 2:S251-256.

Hirst, J., and M.S. Robinson. 1998. Clathrin and adaptors. Biochim Biophys Acta. 
1404:173-193.

240



Ho, W.C., V.J. Allan, G. van Meer, E.G. Berger, and T.E. Kreis. 1989. Reclustering 
of scattered Golgi elements occurs along microtubules. Eur J  Cell Biol. 
48:250-263.

Ho, W.C., B. Storrie, R. Pepperkok, W. Ansorge, P. Karecla, and T.E. Kreis. 1990. 
Movement of interphase Golgi apparatus in fused mammalian cells and its 
relationship to cytoskeletal elements and rearrangement of nuclei. Eur J  Cell 
Biol. 52:315-327.

Holleran, E.A., L.A. Ligon, M. Tokito, M.C. Stankewich, J.S. Morrow, and E.L. 
Holzbaur. 2001. beta III spectrin binds to the Arpl subunit of dynactin. J  
Biol Chem. 276:36598-36605.

Holleran, E.A., M.K. Tokito, S. Karki, and E.L. Holzbaur. 1996. Centractin (ARP1) 
associates with spectrin revealing a potential mechanism to link dynactin to 
intracellular organelles. J  Cell Biol. 135:1815-1829.

Holzbaur, E.L., J.A. Hammarback, B.M. Paschal, N.G. Kravit, K.K. Pfister, and R.B. 
Vallee. 1991. Homology of a 150K cytoplasmic dynein-associated 
polypeptide with the Drosophila gene Glued. Nature. 351:579-583.

Hoock, T.C., L.L. Peters, and S.E. Lux. 1997. Isoforms o f ankyrin-3 that lack the 
NH2-terminal repeats associate with mouse macrophage lysosomes. J  Cell 
Biol. 136:1059-1070.

Hopkins, C.R., A. Gibson, M. Shipman, and K. Miller. 1990. Movement of 
internalized ligand-receptor complexes along a continuous endosomal 
reticulum. Nature. 346:335-339.

Hsu, S.C., C.D. Hazuka, D.L. Foletti, and R.H. Scheller. 1999. Targeting vesicles to 
specific sites on the plasma membrane: the role of the sec6/8 complex. Trends 
Cell Biol. 9:150-153.

Huang, M., G. Gu, E.L. Ferguson, and M. Chalfie. 1995. A stomatin-like protein 
necessary for mechanosensation in C. elegans. Nature. 378:292-295.

Hughes, C.A., and V. Bennett. 1995. Adducin: a physical model with implications for 
function in assembly of spectrin-actin complexes. J  Biol Chem. 270:18990- 
18996.

Hunt, J.M., K. Bommert, M.P. Charlton, A. Kistner, E. Habermann, G.J. Augustine, 
and H. Betz. 1994. A post-docking role for synaptobrevin in synaptic vesicle 
fusion. Neuron. 12:1269-1279.

Ikonen, E., R.G. Parton, F. Lafont, and K. Simons. 1996. Analysis of the role of 
p200-containing vesicles in post-Golgi traffic. Mol Biol Cell. 7:961-974.

241



Jamora, C., P.A. Takizawa, R.F. Zaarour, C. Denesvre, D.J. Faulkner, and V. 
Malhotra. 1997. Regulation of Golgi structure through heterotrimeric G 
proteins. Cell. 91:617-626.

Jamora, C., N. Yamanouye, J. Van Lint, J. Laudenslager, J.R. Vandenheede, D.J.
Faulkner, and V. Malhotra. 1999. Gbetagamma-mediated regulation of Golgi 
organization is through the direct activation o f protein kinase D. Cell. 98:59- 
68.

Jeckel, D., A. Karrenbauer, R. Birk, R.R. Schmidt, and F. Wieland. 1990.
Sphingomyelin is synthesized in the cis Golgi. FEBS Lett. 261:155-157.

Kennedy, S.P., S.A. Weed, B.G. Forget, and J.S. Morrow. 1994. A partial structural 
repeat forms the heterodimer self-association site of all beta-spectrins. J  Biol 
Chem. 269:11400-11408.

Klausner, R.D., J.G. Donaldson, and J. Lippincott-Schwartz. 1992. Brefeldin A: 
insights into the control of membrane traffic and organelle structure. J  Cell 
Biol. 116:1071-1080.

Klumperman, J., A. Schweizer, H. Clausen, B.L. Tang, W. Hong, V. Oorschot, and
H.P. Hauri. 1998. The recycling pathway of protein ERGIC-53 and dynamics 
of the ER-Golgi intermediate compartment. J  Cell Sci. I l l  :3411-3425.

Klumperman J., M.-M.J., Prekeris R., Oosrschot V., Slot J., Geuze H. and Scheller 
R. 2000. protein transport to and through the Golgi. Eur J  Cell Biol. 79:21.

Kordeli, E., S. Lambert, and V. Bennett. 1995. AnkyrinG. A new ankyrin gene with 
neural-specific isoforms localized at the axonal initial segment and node of 
Ranvier. J  Biol Chem. 270:2352-2359.

Kornfeld, R., and S. Komfeld. 1985. Assembly of asparagine-linked oligosaccharides. 
Annu Rev Biochem. 54:631-664.

Kotula, L., L.D. Laury-Kleintop, L. Showe, K. Sahr, A.J. Linnenbach, B. Forget, and 
P.J. Curtis. 1991. The exon-intron organization of the human erythrocyte 
alpha-spectrin gene. Genomics. 9:131-140.

Kreis, T.E., M. Lowe, and R. Pepperkok. 1995. COPs regulating membrane traffic. 
Annu Rev Cell Dev Biol. 11:677-706.

Kreis, T.E., and R. Pepperkok. 1994. Coat proteins in intracellular membrane 
transport. Curr Opin Cell Biol. 6:533-537.

242



Krijnse-Locker, J., R.G. Parton, S.D. Fuller, G. Griffiths, and C.G. Dotti. 1995. The 
organization of the endoplasmic reticulum and the intermediate compartment 
in cultured rat hippocampal neurons. Mol Biol Cell. 6:1315-1332.

Kuismanen, E., and J. Saraste. 1989. Low temperature-induced transport blocks as 
tools to manipulate membrane traffic. Methods Cell Biol. 32:257-274.

Kunimoto, M., E. Otto, and V. Bennett. 1991. A new 440-kD isoform is the major 
ankyrin in neonatal rat brain. J  Cell Biol. 115:1319-1331.

Ladinsky, M.S., J.R. Kremer, P.S. Furcinitti, J.R. McIntosh, and K.E. Howell. 1994. 
HVEM tomography o f the trans-Golgi network: structural insights and 
identification of a lace-like vesicle coat. J  Cell Biol. 127:29-38.

Ladinsky, M.S., D.N. Mastronarde, J.R. McIntosh, K.E. Howell, and L.A. Staehelin. 
1999. Golgi structure in three dimensions: functional insights from the normal 
rat kidney cell. J  Cell Biol. 144:1135-1149.

Lafont, F., and K. Simons. 1996. The role of microtubule-based motors in the 
exocytic transport of polarized cells, Semin. Dev Biol. 7:343-355.

Lambert, S., H. Yu, J.T. Prchal, J. Lawler, P. Ruff, D. Speicher, M.C. Cheung, Y.W. 
Kan, and J. Palek. 1990. cDNA sequence for human erythrocyte ankyrin. 
Proc Natl Acad Sci US A.  87:1730-1734.

Leto, T.L., D. Fortugno-Erikson, D. Barton, T.L. Yang-Feng, U. Francke, A.S.
Harris, J.S. Morrow, V.T. Marchesi, and E.J. Benz, Jr. 1988. Comparison of 
nonerythroid alpha-spectrin genes reveals strict homology among diverse 
species. Mol Cell Biol. 8:1-9.

Lindsey, J.D., and M.H. Ellisman. 1985. The neuronal endomembrane system. III. 
The origins of the axoplasmic reticulum and discrete axonal cistemae at the 
axon hillock. JNeurosci. 5:3135-3144.

Linstedt, A.D., and H.P. Hauri. 1993. Giantin, a novel conserved Golgi membrane 
protein containing a cytoplasmic domain of at least 350 kDa. Mol Biol Cell. 
4:679-693.

Linstedt, A.D., S.A. Jesch, A. Mehta, T.H. Lee, R. Garcia-Mata, D.S. Nelson, and E. 
Sztul. 2000. Binding relationships of membrane tethering components. The 
giantin N terminus and the GM130 N terminus compete for binding to the 
p i 15 C terminus. J  Biol Chem. 275:10196-10201.

Lippincott-Schwartz, J. 1998. Cytoskeletal proteins and Golgi dynamics. Curr Ovin 
Cell Biol. 10:52-59.

243



Lippincott-Schwartz, J., J.G. Donaldson, A. Schweizer, E.G. Berger, H.P. Hauri,
L.C. Yuan, and R.D. Klausner. 1990. Microtubule-dependent retrograde 
transport o f proteins into the ER in the presence of brefeldin A suggests an 
ER recycling pathway. Cell. 60:821-836.

Lippincott-Schwartz, J., T.H. Roberts, and K. Hirschberg. 2000. Secretory protein 
trafficking and organelle dynamics in living cells. Annu Rev Cell Dev Biol. 
16:557-589.

Lippincott-Schwartz, J., L. Yuan, C. Tipper, M. Amherdt, L. Orci, and R.D.
Klausner. 1991. Brefeldin A's effects on endosomes, lysosomes, and the TGN 
suggest a general mechanism for regulating organelle structure and membrane 
traffic. Cell. 67:601-616.

Lippincott-Schwartz, J., L.C. Yuan, J.S. Bonifacino, and R.D. Klausner. 1989. Rapid 
redistribution of Golgi proteins into the ER in cells treated with brefeldin A: 
evidence for membrane cycling from Golgi to ER. Cell. 56:801-813.

Lisanti, M.P., P.E. Scherer, Z. Tang, and M. Sargiacomo. 1994. Caveolae, caveolin
and caveolin-rich membrane domains: a signaling hypothesis. Trends Cell Biol. 
4:231-235.

Lombardo, C.R., S.A. Weed, S.P. Kennedy, B.G. Forget, and J.S. Morrow. 1994.
Beta II-spectrin (fodrin) and beta I epsilon 2-spectrin (muscle) contain NH2- 
and COOH-terminal membrane association domains (MAD1 and MAD2). J  
Biol Chem. 269:29212-29219.

Lotti, L.V., M.R. Torrisi, M.C. Pascale, and S. Bonatti. 1992. Immunocytochemical 
analysis of the transfer of vesicular stomatitis virus G glycoprotein from the 
intermediate compartment to the Golgi complex. J  Cell Biol. 118:43-50.

Lowe, M. 2000. Membrane transport: tethers and TRAPPs. Curr Biol. 10:R407-409.

Lowe, M., N.K. Gonatas, and G. Warren. 2000. The mitotic phosphorylation cycle 
of the cis-Golgi matrix protein GM130. J  Cell Biol. 149:341-356.

Lowe, M., N. Nakamura, and G. Warren. 1998a. Golgi division and membrane traffic. 
Trends Cell Biol. 8:40-44.

Lowe, M., C. Rabouille, N. Nakamura, R. Watson, M. Jackman, E. Jamsa, D. 
Rahman, D.J. Pappin, and G. Warren. 1998. Cdc2 kinase directly 
phosphorylâtes the cis-Golgi matrix protein GM130 and is required for Golgi 
fragmentation in mitosis. Cell. 94:783-793.

Lu, P.W., C.J. Soong, and M. Tao. 1985. Phosphorylation of ankyrin decreases its 
affinity for spectrin tetramer. J  Biol Chem. 260:14958-14964.

244



Luna, E.J., G.H. Kidd, and D. Branton. 1979. Identification by peptide analysis of 
the spectrin-binding protein in human erythrocytes. J  Biol Chem. 254:2526- 
2532.

Lux, S.E., K.M. John, and V. Bennett. 1990. Analysis of cDNA for human
erythrocyte ankyrin indicates a repeated structure with homology to tissue- 
differentiation and cell-cycle control proteins. Nature. 344:36-42.

Malchiodi-Albedi, F., M. Ceccarini, J.C. Winkelmann, J.S. Morrow, and T.C.
Petrucci. 1993. The 270 kDa splice variant of erythrocyte beta-spectrin (beta 
I sigma 2) segregates in vivo and in vitro to specific domains of cerebellar 
neurons. J  Cell Sci. 106:67-78.

Malhotra, V., T. Serafini, L. Orci, J.C. Shepherd, and J.E. Rothman. 1989.
Purification of a novel class of coated vesicles mediating biosynthetic protein 
transport through the Golgi stack. Cell. 58:329-336.

Marchesi, V.T., and E. Steers, Jr. 1968. Selective solubilization of a protein 
component of the red cell membrane. Science. 159:203-204.

Marchesi, V.T., T.W. Tillack, R.L. Jackson, J.P. Segrest, and R.E. Scott. 1972.
Chemical characterization and surface orientation of the major glycoprotein of 
the human erythrocyte membrane. Proc Natl Acad Sci U S A .  69:1445-1449.

Martinez, O., and B. Goud. 1998. Rab proteins. Biochim Biophys Acta. 1404:101- 
112.

Martinez-Menarguez, J.A., H.J. Geuze, J.W. Slot, and J. Klumperman. 1999.
Vesicular tubular clusters between the ER and Golgi mediate concentration of 
soluble secretory proteins by exclusion from COPI- coated vesicles. Cell. 
98:81-90.

Matherly, L.H., J.D. Schuetz, E. Westin, and I.D. Goldman. 1989. A method for the 
synchronization of cultured cells with aphidicolin: application to the large- 
scale synchronization of L1210 cells and the study of the cell cycle regulation 
of thymidylate synthase and dihydrofolate reductase. Anal Biochem. 182:338- 
345.

Matsuoka, Y., C.A. Hughes, and A.F. Bennett. 1995. Spectrin/actin assembly
activity of adducin is regulated by phosphorylation of the MARCKS-related 
domain by protein kinase C. Mol Cell Biol. 6:269a.

Mayer, B.J., R. Ren, K.L. Clark, and D. Baltimore. 1993. A putative modular domain 
present in diverse signaling proteins. Cell. 73:629-630.

245



Mellman, I., and K. Simons. 1992. The Golgi complex: in vitro veritas? Cell. 68:829- 
840.

Mercier, F., H. Reggio, G. Devilliers, D. Bataille, and P. Mangeat. 1989. Membrane- 
cytoskeleton dynamics in rat parietal cells: mobilization of actin and spectrin 
upon stimulation of gastric acid secretion. J  Cell Biol. 108:441-453.

Miles, S.A., and B. Storrie. 2000 Dec. Redistribution of Both Golgi Matrix Proteins 
and Membrane Proteins in Response to an ER Exit Block Indicates that the 
Entire Golgi Structure Cycles Trough the Endoplasmic Reticulum (ER) in 
Interphase Cells. Molecular Biology o f  the Cell. 11: s: 1464.

Mironov, A.A., R.S. Polishchuk, and A. Luini. 2000. Visualizing membrane traffic in 
vivo by combined video fluorescence and 3D electron microscopy. Trends 
Cell Biol. 10:349-353.

Mironov, A.A., P. Weidman, and A. Luini. 1997. Variations on the intracellular 
transport theme: maturing cistemae and trafficking tubules. J  Cell Biol. 
138:481-484.

Mische, S.M., M.S. Mooseker, and J.S. Morrow. 1987. Erythrocyte adducin: a 
calmodulin-regulated actin-bundling protein that stimulates spectrin-actin 
binding. J  Cell Biol. 105:2837-2845.

Misteli, T., and G. Warren. 1995. Mitotic disassembly of the Golgi apparatus in 
vivo. JC ellSci. 108:2715-2727.

Misumi, Y., M. Sohda, A. Tashiro, H. Sato, and Y. Ikehara. 2001. An essential
cytoplasmic domain for the Golgi localization of coiled- coil proteins with a 
COOH-terminal membrane anchor. J  Biol Chem. 276:6867-6873.

Mollenhauer, H.H., and D.J. Morre. 1975. A possible role for intercisternal elements 
in the formation of secretory vesicles in plant Golgi apparatus. J  Cell Sci. 
19:231-237.

Mollenhauer, H.H., and D.J. Morre. 1978. Structural compartmentation o f the
cytosol: zones of exclusion, zones of adhesion, cytoskeletal and intercisternal 
elements. Subcell Biochem. 5:327-359.

Mollenhauer, H.H., D.J. Morre, and C. Totten. 1973. Intercisternal substances o f the 
Golgi apparatus. Unstacking of plant dictysomes using chaotropic agents. 
protoplasma. 78:443-459.

Morre, D.J., R.L. Hamilton, H.H. Mollenhauer, R.W. Mahley, W.P. Cunningham, 
R.D. Cheetham, and V.S. Lequire. 1970. Isolation of a Golgi apparatus-rich 
fraction from rat liver. I. Method and morphology. J  Cell Biol. 44:484-491.

246



Morre, D.J., T.W. Keenan, and H.H. Mollenhauer. 1971. Golgi apparatus function in 
membrane transformations and product compartmentalization: studies with 
cell fractions isolated from rat liver. Adv Cytopharmacol. 1:159-182.

Morre, J., L.M. Merlin, and T.W. Keenan. 1969. Localization o f glycosyl transferase 
activities in a Golgi apparatus- rich fraction isolated from rat liver. Biochem 
Biophys Res Commun. 37:813-819.

Morrow, J.S., C. Cianci, K.A. Kennedy, and D.W. Warren. 1991. Polarized assembly 
of spectrin and ankyrin in epithelial cells. Mooseker M.S. and Morrow J.S. 
227-244 pp.

Morrow, J.S., and V.T. Marchesi. 1981. Self-assembly of spectrin oligomers in vitro: 
a basis for a dynamic cytoskeleton. J  Cell Biol. 88:463-468.

Morrow, J.S., D.L. Rimm, S.P. Kennedy, C. Cianci, J.H. Sinard, and S.A. Weed.
1996. Of Membrane Stability and Mosaics: The Spectrin Cytoskeleton. In: 
Handbook of Physiology. Hoffman J. and Jamieson J.., editor. Oxford Press. 
Morrow, J.S.,

D.W. Speicher, W.J. Knowles, C.J. Hsu, and V.T. Marchesi. 1980. Identification of 
functional domains of human erythrocyte spectrin. Proc Natl Acad Sci U S A .  
77:6592-6596.

Moyer, B.D., B.B. Allan, and W.E. Balch. 2001. Rabl interaction with a GM130 
effector complex regulates COPII vesicle cis-Golgi tethering. Traffic. 2:268- 
276.

Munro, S. 1998. Localization of proteins to the Golgi apparatus. Trends Cell Biol. 
8:11-15.

Musch, A., D. Cohen, and E. Rodriguez-Boulan. 1997. Myosin II is involved in the 
production of constitutive transport vesicles from the TGN. J  Cell Biol. 
138:291-306.

Narula, N., I. McMorrow, G. Plopper, J. Doherty, K.S. Matlin, B. Burke, and J.L. 
Stow. 1992. Identification of a 200-kD, brefeldin-sensitive protein on Golgi 
membranes. J  Cell Biol. 117:27-38.

Narula, N., and J.L. Stow. 1995. Distinct coated vesicles labeled for p200 bud from 
trans-Golgi network membranes. Proc Natl Acad Sci U S A .  92:2874-2878.

Nelson, D.S., C. Alvarez, Y.S. Gao, R. Garcia-Mata, E. Fialkowski, and E. Sztul. 
1998. The membrane transport factor TAP/pl 15 cycles between the Golgi

247



and earlier secretory compartments and contains distinct domains required for 
its localization and function. J  Cell Biol. 143:319-331.

Nelson, W.J., and E. Lazarides. 1983. Switching of subunit composition of muscle 
spectrin during myogenesis in vitro. Nature. 304:364-368.

Nichols, B.J., and H.R. Pelham. 1998a. SNAREs and membrane fusion in the Golgi 
apparatus. Biochim Biophys Acta. 1404:9-31.

Nichols, W.C., U. Seligsohn, A. Zivelin, V.H. Terry, C.E. Hertel, M.A. Wheatley, 
M.J. Moussalli, H.P. Hauri, N. Ciavarella, R.J. Kaufman, and D. Ginsburg. 
1998b. Mutations in the ER-Golgi intermediate compartment protein ERGIC- 
53 cause combined deficiency of coagulation factors V and VIII. Cell. 93:61- 
70.

Novikoff, P.M., A.B. Novikoff, N. Quintana, and J.J. Hauw. 1971. Golgi apparatus, 
GERL, and lysosomes of neurons in rat dorsal root ganglia, studied by thick 
section and thin section cytochemistry. J  Cell Biol. 50:859-886.

Orci, L., M. Stamnes, M. Ravazzola, M. Amherdt, A. Perrelet, T.H. Sollner, and J.E. 
Rothman. 1997. Bidirectional transport by distinct populations o f COPI- 
coated vesicles. Cell. 90:335-349.

Otto, E., M. Kunimoto, T. McLaughlin, and V. Bennett. 1991. Isolation and
characterization of cDNAs encoding human brain ankyrins reveal a family of 
alternatively spliced genes . J  Cell Biol. 114:241-253.

Palade, G. 1975. Intracellular aspects of the process of protein synthesis. Science. 
189:347-358.

Palfrey, H.C., and A. Waseem. 1985. Protein kinase C in the human erythrocyte.
Translocation to the plasma membrane and phosphorylation of bands 4.1 and 
4.9 and other membrane proteins. J  Biol Chem. 260:16021-16029.

Pasternack, G.R., R.A. Anderson, T.L. Leto, and V.T. Marchesi. 1985. Interactions 
between protein 4.1 and band 3. An alternative binding site for an element of 
the membrane skeleton. J  Biol Chem. 260:3676-3683.

Pelham, H.R. 1988. Evidence that luminal ER proteins are sorted from secreted 
proteins in a post-ER compartment. Embo J. 7:913-918.

Pelham, H.R., and J.E. Rothman. 2000. The debate about transport in the Golgi—two 
sides of the same coin? Cell. 102:713-719.

248



Pepperkok, R., J. Scheel, H. Horstmann, H.P. Hauri, G. Griffiths, and T.E. Kreis. 
1993. Beta-COP is essential for biosynthetic membrane transport from the 
endoplasmic reticulum to the Golgi complex in vivo. Cell. 74:71-82.

Perez, F., V.H. Goodson, and T.E. Kreis. 1999. Clip59: A new CLIP-170-related 
protein potentially involved in membrrane traffic. In Membrane traffic and 
cytoskeleton. Consorzio M. Negri Sud, S.M. Imbaro (Ch) Italy.

Perez-Vilar, J., J. Hidalgo, and A. Velasco. 1991. Presence of terminal N-
acetylgalactosamine residues in subregions of the endoplasmic reticulum is 
influenced by cell differentiation in culture. J  Biol Chem. 266:23967-23976.

Peters, L.L., K.M. John, F.M. Lu, E.M. Eicher, A. Higgins, M. Yialamas, L.C.
Turtzo, A.J. Otsuka, and S.E. Lux. 1995. Ank3 (epithelial ankyrin), a widely 
distributed new member of the ankyrin gene family and the major ankyrin in 
kidney, is expressed in alternatively spliced forms, including forms that lack 
the repeat domain. J  Cell Biol. 130:313-330.

Pierre, P., R. Pepperkok, and T.E. Kreis. 1994. Molecular characterization of two 
functional domains of CLIP-170 in vivo. J  Cell Sci. 107:1909-1920.

Platt, O.S., S.E. Lux, and J.F. Falcone. 1993. A highly conserved region of human 
erythrocyte ankyrin contains the capacity to bind spectrin. J  Biol Chem. 
268:24421-24426.

Porter, G.A., G.M. Dmytrenko, J.C. Winkelmann, and R.J. Bloch. 1992. Dystrophin 
colocalizes with beta-spectrin in distinct subsarcolemmal domains in 
mammalian skeletal muscle. J  Cell Biol. 117:997-1005.

Presley, J.F., N.B. Cole, T.A. Schroer, K. Hirschberg, K.J. Zaal, and J. Lippincott- 
Schwartz. 1997. ER-to-Golgi transport visualized in living cells. Nature. 
389:81-85.

Preuss, D., J. Mulholland, A. Franzusoff, N. Segev, and D. Botstein. 1992.
Characterization of the Saccharomyces Golgi complex through the cell cycle 
by immunoelectron microscopy. Mol Biol Cell. 3:789-803.

Rabouille, C., T.P. Levine, J.M. Peters, and G. Warren. 1995. AnNSF-like ATPase, 
p97, and NSF mediate cisternal regrowth from mitotic Golgi fragments. Cell. 
82:905-914.

Rambourg, A., and Y. Clermont. 1990. Three-dimensional electron microscopy: 
structure of the Golgi apparatus. Eur J  Cell Biol. 51:189-200.

249



Rambourg, A., and Y. Clermont. 1997. Three dimensional structure of the Golgi
apparatus in mammalian cells. In: The Golgi Apparatus. Berger E.G.and Roth 
J., editor. Birkhauser Verlag, Basel (CH). 37-62.

Rambourg, A., Y. Clermont, and M. Chretien. 1989. Tridimensional analysis of the 
formation of secretory vesicles in the Golgi apparatus of absorptive columnar 
cells of the mouse colon. Biol Cell. 65:247-256.

Robinson, M.S., and J.S. Bonifacino. 2001. Adaptor-related proteins. Curr Opin Cell 
Biol. 13:444-453.

Rogalski, A. A., J.E. Bergmann, and S.J. Singer. 1984. Effect of microtubule assembly 
status on the intracellular processing and surface expression o f an integral 
protein of the plasma membrane. J  Cell Biol. 99:1101-1109.

Rose, J.K., and J.E. Bergmann. 1983. Altered cytoplasmic domains affect intracellular 
transport of the vesicular stomatitis virus glycoprotein. Cell. 34:513-524.

Roth, J. 1997. Berger E.G. and Roth J., Birkhauser. 131-161 pp.
Rothman, J.E., and L. Orci. 1992. Molecular dissection of the secretory pathway. 

Nature. 355:409-415.

Rothman, J.E., and L. Orci. 1996. Budding vesicles in living cells. Sci Am. 274:70-75.

Rowe, T., C. Dascher, S. Bannykh, H. Plutner, and W.E. Balch. 1998. Role of 
vesicle-associated syntaxin 5 in the assembly of pre-Golgi intermediates. 
Science. 279:696-700.

Sacher, M., J. Barrowman, W. Wang, J. Horecka, Y. Zhang, M. Pypaert, and S.
Ferro-Novick. 2001a. TRAPP I implicated in the specificity of tethering in 
ER-to-Golgi transport. Mol Cell. 7:433-442.

Sacher, M., and S. Ferro-Novick. 2001. Purification of TRAPP from Saccharomyces 
cerevisiae and identification of its mammalian counterpart. Methods Enzymol. 
329:234-241.

Sacher, M., Y. Jiang, J. Barrowman, A. Scarpa, J. Burston, L. Zhang, D. Schieltz, J.R. 
Yates, 3rd, H. Abeliovich, and S. Ferro-Novick. 1998. TRAPP, a highly 
conserved novel complex on the cis-Golgi that mediates vesicle docking and 
fusion. Embo J. 17:2494-2503.

Salardi, S., R. Módica, M. Ferrandi, P. Ferrari, L. Torielli, and G. Bianchi. 1988.
Characterization of erythrocyte adducin from the Milan hypertensive strain 
of rats. J  Hypertens Suppl. 6:S196-198.

250



Salardi, S., B. Saccardo, G. Borsani, R. Modica, M. Ferrandi, M.G. Tripodi, M.
Soria, P. Ferrari, F.E. Baralle, A. Sidoli, and et al. 1989. Erythrocyte adducin 
differential properties in the normotensive and hypertensive rats of the Milan 
strain. Characterization of spleen adducin m-RNA. Am J  Hyper tens. 2:229- 
237.

Sapperstein, S.K., D.M. Walter, A.R. Grosvenor, J.E. Heuser, and M.G. Waters. 
1995. p i 15 is a general vesicular transport factor related to the yeast 
endoplasmic reticulum to Golgi transport factor Usolp. Proc Natl Acad Sci U 
SA . 92:522-526.

Saraste, J., and E. Kuismanen. 1984. Pre- and post-Golgi vacuoles operate in the
transport of Semliki Forest virus membrane glycoproteins to the cell surface. 
Cell. 38:535-549.

Scales, S.J., R. Pepperkok, and T.E. Kreis. 1997. Visualization of ER-to-Golgi
transport in living cells reveals a sequential mode of action for COPII and 
COPI. Cell. 90:1137-1148.

Schafer, D.A., S.R. Gill, J.A. Cooper, J.E. Heuser, and T.A. Schroer. 1994.
Ultrastructural analysis of the dynactin complex: an actin-related protein is a 
component of a filament that resembles F-actin. J  Cell Biol. 126:403-412.

Scheel, J., R. Matteoni, T. Ludwig, B. Hoflack, and T.E. Kreis. 1990. Microtubule 
depolymerization inhibits transport of cathepsin D from the Golgi apparatus 
to lysosomes. J  Cell Sci. 96:711-720.

Schekman, R., and L. Orci. 1996. Coat proteins and vesicle budding. Science. 
271:1526-1533.

Schnitzer, T.J., and H.F. Lodish. 1979. Noninfectious vesicular stomatitis virus 
particles deficient in the viral nucleocapsid. J  Virol. 29:443-447.

Schroer, T.A., E. Fyrberg, J.A. Cooper, R.H. Waterston, D. Helfman, T.D. Pollard,
and D.I. Meyer. 1994. Actin-related protein nomenclature and classification. J  
Cell Biol. 127:1777-1778.

Schulze, K.L., K. Broadie, M.S. Perin, and H.J. Bellen. 1995. Genetic and
electrophysiological studies of Drosophila syntaxin-lA demonstrate its role 
in nonneuronal secretion and neurotransmission. Cell. 80:311-320.

Schweizer, A., J.A. Fransen, T. Bachi, L. Ginsel, and H.P. Hauri. 1988.
Identification, by a monoclonal antibody, of a 53-kD protein associated with 
a tubulo-vesicular compartment at the cis-side of the Golgi apparatus. J  Cell 
Biol. 107:1643-1653.

251



Schweizer, A., J.A. Fransen, K. Matter, T.E. Kreis, L. Ginsel, and FI.P. Hauri. 1990. 
Identification of an intermediate compartment involved in protein transport 
from endoplasmic reticulum to Golgi apparatus. Eur J  Cell Biol. 53:185-196.

Sciaky, N., J. Presley, C. Smith, K.J. Zaal, N. Cole, J.E. Moreira, M. Terasaki, E.
Siggia, and J. Lippincott-Schwartz. 1997. Golgi tubule traffic and the effects 
of brefeldin A visualized in living cells. J  Cell Biol. 139:1137-1155.

Seemann, J., E.J. Jokitalo, and G. Warren. 2000. The role of the tethering proteins
pi 15 and GM130 in transport through the Golgi apparatus in vivo. Mol Biol 
Cell. 11:635-645.

Sheetz, M.P. 1979. Integral membrane protein interaction with Triton cytoskeletons 
of erythrocytes. Biochim Biophys Acta. 557:122-134.

Shima, D.T., S.J. Scales, T.E. Kreis, and R. Pepperkok. 1999. Segregation of COPI- 
rich and anterograde-cargo-rich domains in endoplasmic-reticulum-to-Golgi 
transport complexes. Curr Biol. 9:821-824.

Shorter, J., and G. Warren. 1999a. A role for the vesicle tethering protein, p i 15, in
the post-mitotic stacking of reassembling Golgi cistemae in a cell-free system. 
J  Cell Biol. 146:57-70.

Shorter, J., R. Watson, M.E. Giannakou, M. Clarke, G. Warren, and F.A. Barr. 1999. 
GRASP55, a second mammalian GRASP protein involved in the stacking of 
Golgi cistemae in a cell-free system. Embo J. 18:4949-4960.

Shuster, C.B., and I.M. Herman. 1995. Indirect association of ezrin with F-actin: 
isoform specificity and calcium sensitivity. J  Cell Biol. 128:837-848.

Sikorski, A.F., G. Terlecki, I.S. Zagon, and S.R. Goodman. 1991. Synapsin I-
mediated interaction o f brain spectrin with synaptic vesicles. J  Cell Biol. 
114:313-318.

Simon, J.P., T.H. Shen, I.E. Ivanov, D. Gravotta, T. Morimoto, M. Adesnik, and
D.D. Sabatini. 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 US A .  
95:1073-1078.

Sinard, J.H., G.W. Stewart, A.C. Argent, D.M. Gilligan, and J.S. Morrow. 1994. 
Stomatin binding to adducin: a novel link between transmembrane ion 
transport and the cytoskeleton. Mol Biol Cell. 5 (suppl):421a.

Sitia, R., and J. Meldolesi. 1992. Endoplasmic reticulum: a dynamic patchwork of 
specialized subregions. Mol Biol Cell. 3:1067-1072.

252



Sisson, J.C., Field C., Ventura R., Royou A., and W. Sullivan. 2000. Lava lamp, a 
peripheral Golgi protein, is required for drosophila melanogaster 
cellularization. J. Cell. Biol. 13;151(4):905-18.

Slusarewicz, P., T. Nilsson, N. Hui, R. Watson, and G. Warren. 1994. Isolation of a 
matrix that binds medial Golgi enzymes. J  Cell Biol. 124:405-413.

Sonnichsen, B., M. Lowe, T. Levine, E. Jamsa, B. Dirac-Svejstrup, and G. Warren. 
1998. A role for giantin in docking COPI vesicles to Golgi membranes. J  Cell 
Biol. 140:1013-1021.

Speicher, D.W., T.M. DeSilva, K.D. Speicher, J.A. Ursitti, P. Hembach, and L.
Weglarz. 1993. Location of the human red cell spectrin tetramer binding site 
and detection of a related "closed" hairpin loop dimer using proteolytic 
footprinting. J  Biol Chem. 268:4227-4235.

Stabach, P.R., and J.S. Morrow. 2000. Identification and characterization of beta V 
spectrin, a mammalian ortholog of Drosophila beta H spectrin. J  Biol Chem. 
275:21385-21395.

Stankewich, M.C., W.T. Tse, L.L. Peters, Y. Ch’ng, K.M. John, P.R. Stabach, P. 
Devarajan, J.S. Morrow, and S.E. Lux. 1998. A widely expressed betalll 
spectrin associated with Golgi and cytoplasmic vesicles. Proc Natl Acad Sci U 
SA . 95:14158-14163.

Storrie, B., and W. Yang. 1998. Dynamics of the interphase mammalian Golgi
complex as revealed through drugs producing reversible Golgi disassembly. 
Biochim Biophys Acta. 1404:127-137.

Sun, W., and P.D. Chantler. 1992. Cloning of the cDNA encoding a neuronal myosin 
heavy chain from mammalian brain and its differential expression within the 
central nervous system. J  Mol Biol. 224:1185-1193.

Takizawa, P.A., J.K. Yucel, B. Veit, D.J. Faulkner, T. Deerinck, G. Soto, M.
Ellisman, and V. Malhotra. 1993. Complete vesiculation of Golgi membranes 
and inhibition of protein transport by a novel sea sponge metabolite, 
ilimaquinone. Cell. 73:1079-1090.

Tang, B.L., S.H. Low, and W. Hong. 1995. Differential response of resident proteins 
and cycling proteins of the Golgi to brefeldin A. Eur J  Cell Biol. 68:199-205.

Tang, B.L., S.H. Wong, X.L. Qi, S.H. Low, and W. Hong. 1993. Molecular cloning,
characterization, subcellular localization and dynamics of p23, the mammalian 
KDEL receptor. J  Cell Biol. 120:325-328.

253



Tang, T.K., Z. Qin, T. Leto, V.T. Marchesi, and E.J. Benz, Jr. 1990. Heterogeneity 
of mRNA and protein products arising from the protein 4.1 gene in erythroid 
and nonerythroid tissues. J  Cell Biol. 110:617-624.

Taylor, R.S., Wu, C.C., Hays, L.G., Eng, J.K., Yates, J.R., and K.E. Howell, 2000 
Proteomics of rat liver Golgi complex: Minor proteins are identified through 
sequential fractionation. Electrophoresis. 21:3441-3459.

Tillack, T.W., S.L. Marchesi, V.T. Marchesi, and E. Steers, Jr. 1970. A comparative 
study of spectrin: a protein isolated from red blood cell membranes. Biochim 
Biophys Acta. 200:125-131.

Tooze, S.A., J. Tooze, and G. Warren. 1988. Site of addition o f N-acetyl-
galactosamine to the E l glycoprotein of mouse hepatitis virus-A59. J  Cell 
Biol. 106:1475-1487.

Traub, L.M. 1997b. Clathrin-associated adaptor proteins - putting it all together. 
Trends Cell Biol. 7:43-46.

Traub, L.M., and S. Kornfeld. 1997a. The trans-Golgi network: a late secretory 
sorting station. Curr Opin Cell Biol. 9:527-533.

Tripodi, G., A. Piscone, G. Borsani, S. Tisminetzky, S. Salardi, A. Sidoli, P. James, 
S. Pongor, G. Bianchi, and F.E. Baralle. 1991. Molecular cloning of an 
adducin-like protein: evidence of a polymorphism in the normotensive and 
hypertensive rats o f the Milan strain. Biochem Biophys Res Commun. 
177:939-947.

Tsai, S.C., R. Adamik, R.S. Haun, J. Moss, and M. Vaughan. 1993. Effects of 
brefeldin A and accessory proteins on association of ADP- ribosylation 
factors 1, 3, and 5 with Golgi. J  Biol Chem. 268:10820-10825.

Tse, W.T., M.C. Lecomte, F.F. Costa, M. Garbarz, C. Feo, P. Boivin, D. Dhermy, 
and B.G. Forget. 1990. Point mutation in the beta-spectrin gene associated 
with alpha 1/74 hereditary elliptocytosis. Implications for the mechanism of 
spectrin dimer self-association. J  Clin Invest. 86:909-916.

Ulmer, J.B., and G.E. Palade. 1991. Effects of brefeldin A on the processing of viral 
envelope glycoproteins in murine erythroleukemia cells. J  Biol Chem. 
266:9173-9179.

Valderrama, F., T. Babia, I. Ayala, J.W. Kok, J. Renau-Piqueras, and G. Egea. 1998. 
Actin microfilaments are essential for the cytological positioning and 
morphology of the Golgi complex. Eur J  Cell Biol. 76:9-17.

254



Valderrama, F., A. Luna, T. Babia, J.A. Martinez-Menarguez, J. Ballesta, H. Barth,
C. Chaponnier, J. Renau-Piqueras, and G. Egea. 2000. The golgi-associated 
COPI-coated buds and vesicles contain beta/gamma - actin. Proc Natl Acad Sci 
U S A .  97:1560-1565.

van Meer, G. 1998. Lipids o f the Golgi membrane. Trends Cell Biol. 8:29-33.

Veit, B., J.K. Yucel, and V. Malhotra. 1993. Microtubule independent vésiculation of 
Golgi membranes and the reassembly of vesicles into Golgi stacks. J  Cell Biol. 
122:1197-1206.

Wang, D.S., and G. Shaw. 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. 217:608-615.

Wang, Y.-l. 1994. Microinjection of proteins into somatic cells: needle microinjection 
and scrape loading. In: Cell biology: a laboratoy handbook. Vol. 3. J.E. Celis, 
editor. Academic press inc., San Diego CA, USA. 16-21.

Waters, M.G., D.O. Clary, and J.E. Rothman. 1992. A novel 115-kD peripheral
membrane protein is required for intercisternal transport in the Golgi stack. J  
Cell Biol. 118:1015-1026.

Waters, M.G., and F.M. Hughson. 2000. Membrane tethering and fusion in the 
secretory and endocytic pathways. Traffic. 1:588-597.

Weaver, D.C., G.R. Pasternack, and V.T. Marchesi. 1984. The structural basis of 
ankyrin function. II. Identification of two functional domains. J  Biol Chem. 
259:6170-6175.

Weide, T., M. Bayer, M. Koster, J.P. Siebrasse, R. Peters, and A. Bamekow. 2001. 
The Golgi matrix protein GM130: a specific interacting partner o f the small 
GTPase rablb. EMBO Rep. 2:336-341.

Whitney, J.A., M. Gomez, D. Sheff, T.E. Kreis, and I. Mellman. 1995. Cytoplasmic 
coat proteins involved in endosome function. Cell. 83:703-713.

Whitt, M.A., P. Zagouras, B. Crise, and J.K. Rose. 1990. A fusion-defective mutant 
of the vesicular stomatitis virus glycoprotein. J  Virol. 64:4907-4913.

Whitters, E.A., T.P. McGee, and V.A. Bankaitis. 1994. Purification and
characterization of a late Golgi compartment from Saccharomyces cerevisiae. J  
Biol Chem. 269:28106-28117.

255



Willard, M., C. Baitinger, and R. Cheney. 1987. Translocations of fodrin and its 
binding proteins. Brain Res Bull. 18:817-824.

Winkelmann, J.C., F.F. Costa, B.L. Linzie, and B.G. Forget. 1990. Beta spectrin in 
human skeletal muscle. Tissue-specific differential processing of 3' beta 
spectrin pre-mRNA generates a beta spectrin isoform with a unique carboxyl 
terminus. J  Biol Chem. 265:20449-20454.

Worman, H.J., J. Yuan, G. Blobel, and S.D. Georgatos. 1988. A lamin B receptor in 
the nuclear envelope. Proc Natl Acad Sci US A .  85:8531-8534.

Zaal, K.J., C.L. Smith, R.S. Polishchuk, N. Altan, N.B. Cole, J. Ellenberg, K. 
Hirschberg, J.F. Presley, T.H. Roberts, E. Siggia, R.D. Phair, and J. 
Lippincott-Schwartz. 1999. Golgi membranes are absorbed into and reemerge 
from the ER during mitosis. Cell. 99:589-601.

Zerial, M., and H. McBride. 2001. Rab proteins as membrane organizers. Nat Rev 
Mol Cell Biol. 2:107-117.

256


