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Abstract

Neuroendocrine cells possess specialised organelles, secretory granules, that comprise the 

storage compartment for bioactive molecules, such as hormones. These granules fuse 

with the plasma membrane upon a specific signal to release their contents into the 

extracellular space. They undergo a maturation process that involves protein modification 

and sorting, membrane remodelling and acidification of the granule. Immature secretory 

granules (ISGs) contain a clathrin coat that is not found on mature secretory granules. 

This coat may be involved in the protein- and membrane-remodelling process occuring 

during granule maturation.

I have investigated the mechanism that leads to clathrin coat formation on ISGs. The 

small GTPase ARF (ADP ribosylation factor) is necessary for the recruitment of the 

clathrin adaptor complex-1 (AP I) to ISGs. I have also found that ARF interacts with AP- 

1. In vitro recruitment of ARF can be reconstituted using isolated ISGs, purified 

myristoylated ARFl, and the non-hydrolysable GTP analogue GTPyS. Recruitment of 

ARF is inhibited by treatment of ISGs with trypsin and by the fungal metabolite 

Brefeldin A (BFA). These data suggest ISGs contain a BFA-sensitive exchange factor for 

ARF. However, this factor remains to be identified.

The mechanism that links coat formation and cargo selection during vesicle biogenesis 

remains elusive to date. It has been hypothesised that SNARE proteins can recruit coat 

proteins, i.e. initiate vesicle biogenesis. To test this hypothesis, I have investigated how 

the SNARE proteins VAMP4 and syntaxin 6 are directed into clathrin coated vesicles. 

VAMP4 contains a di-leucine motif that confers binding to AP-1. In addition, VAMP4 is 

a substrate for the protein kinase CK2.1 have shown that serine 30 is the phosphorylation 

site, and that phosphorylation of VAMP4 enhances the interaction with AP-1. VAMP4 is 

also found in a complex with PACS-1 in vivo, and my data would suggest that the 

enhanced interaction of phosphorylated VAMP4 and AP-1 may be mediated by PACS-1. 

I could not detect a direct interaction between syntaxin 6 and clathrin adaptor complexes. 

Although VAMP4 and syntaxin 6 are efficiently sorted into clathrin coated vesicles, I 

have found no experimental evidence to support the hypothesis, that these molecules 

might inititate clathrin coated vesicle formation.
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1 I n t r o d u c t i o n

1.1 Compartmentalisation of the eukaryotic ceii and vesicuiar transport

Eukaryotic cells contain membrane bound organelles that provide the optimal 

environment to fulfil their respective functions. Each organelle represents a discrete 

microenvironment that contains a unique complement of lipids, proteins, and cofactors. 

All proteins except those that are encoded by the mitochondrial or plastid DNA, are 

synthesised in the cytosol and are transported to the appropriate organelle. 

Transmembrane and lumenal proteins must cross a membrane to reach their appropriate 

location. Proteins destined for mitochondria, plastids and peroxisomes are transported 

after their synthesis through translocation complexes with the help of chaperones that 

unfold the proteins prior to translocation, and help refolding after translocation.

Proteins destined for the secretory pathway and the endosomal/lysosomal system start 

their journey in the endoplasmic reticulum (ER) and are then transported to their 

destination through vesicular transport. The ER is a mesh like system of tubules and 

cistemae that is continuous with the nuclear envelope and extends through the cytoplasm. 

The rough ER is characterised by ribosomes decorating the cytoplasmic face of the ER 

membrane. This is the site where soluble and type I transmembrane proteins cross the 

membrane through a proteinaceous translocation pore while they are being synthesised. 

Other transmembrane proteins destined for the biosynthetic pathway cross the membrane 

after translation. In the ER, chaperones promote the correct folding of proteins, 

disulphide bonds are generated, and N-glycosylation takes place. Before leaving the ER 

the proteins undergo quality control and only correctly folded and modified proteins can 

exit the ER and travel towards the Golgi apparatus. Vesicles that contain the COP II coat 

mediate transport to the Golgi (see chapter 1.3.2). The exit sites for COP II coated 

vesicles are adjacent to vesicular tubular clusters (VTC), also known as the ER-Golgi 

intermediate compartment (ERGIC), and from these a protein enters the Golgi.

The Golgi apparatus consists of a series of stacked cistemae in a juxtanuclear position in 

the cell. According to its orientation in the cell and the enzymatic contents of a stack it 

can be divided into three areas: The cis-Golgi network proximal to the nucleus, the
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medial Golgi, and the trans-Golgi network, which is the exit site towards the plasma 

membrane and the endosomal/lysosomal system. The majority of post-translational 

modifications, such as 0-glycosylation, trimming of N-glycosylated proteins, and protein 

sulphation occur in the Golgi, as a protein travels from the cis- towards the trans-Golgi. 

Retrograde transport and transport within the Golgi is mediated by COP I coated vesicles 

(see chapter 1.3.1).

Protein sulphation takes place in the trans-Golgi network. Proteins can be sulphated either 

on tyrosine residues (e.g. Secretogranin II) or sugar residues on glycosylated proteins 

(e.g. heparan sulphate proteoglycans). This fact has been used by cell biologists to follow 

transport from the TGN. For example, pulse chase labelling with ] can be used to

follow the secretion of proteins. The trans-Golgi network is the main sorting station for 

proteins destined for the plasma membrane, endosomes and lysosomes. Proteins that are 

destined for endosomes enter different transport carriers from those destined for the 

plasma membrane. Many cell types generate different types of vesicles that travel to the 

plasma membrane. In epithelial cells, protein sorting towards the apical or basolateral 

plasma membrane starts at the trans-Golgi network. In at least some cells with a regulated 

secretory pathway, e.g. P C I2 cells, different vesicular carriers exit the TGN with proteins 

either for constitutive or regulated secretion (see chapter 1.7).

1.2 Protein sorting during vesicular transport

In order to achieve and maintain the identity of an organelle, it must acquire and retain 

the appropriate set of proteins. This means that proteins for different destinations must be 

separated into different transport vesicles, and that resident molecules of an organelle 

must be distinguished from those that traverse it.

Groundbreaking work from Blobel and colleagues established the paradigm that proteins 

carry a signal that determines its localisation within the cell (Lingappa et al., 1978). This 

dogma extends to all protein targeting mechanisms, such as the presence of nuclear 

localisation sequences in nuclear proteins, signal sequences for ER translocation, or 

transport to mitochondria. In the absence of a targeting signal, a protein remains in the 

cytosol. Three mechanisms have been proposed to explain how correct protein sorting is 

achieved by vesicular trafficking:
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1) bulk flow: Once proteins have traversed the ER membrane, they are transported to the 

plasma membrane in the absence of any other signal. A protein can be included into a 

vesicle without a sorting signal and be transported to a default location. This appears to 

be the case for proteins that undergo constitutive secretion.

2) Sorting by retention: Once a protein has arrived at its destination organelle it is 

anchored in this organelle. The mechanism which allows proteins to be retained in one 

organelle remains elusive, but one possibility is that proteins aggregate or form large 

oligomers that prevent their inclusion into transport vesicles by bulk flow because these 

aggregates would be too large to enter a vesicle. This has been proposed to explain how 

Golgi-resident proteins and regulated secretory proteins are retained in the Golgi and 

secretory granules, respectively.

3) Sorting fo r  entry: A sorting signal that can be a sequence of amino acids or a post- 

translational modification mediates the inclusion of a molecule into the nascent vesicle. 

For example, ER-proteins that escaped into the cis-Golgi can be retrieved by a sorting 

receptor that recycles between ER and Golgi. The KDEL-receptor recognises a peptide 

motif KDEL (in yeast HDEL) in ER-resident proteins. This substrate-receptor complex is 

recognised by COP I coated vesicles (see chapter 1.3.1). Soluble lysosomal hydrolases 

carry a mannose-6-phosphate residue that is recognised by mannose-6-phosphate 

receptors in the trans-Golgi network. The receptor-substrate complex is then included 

into clathrin coated vesicles that are destined for the endosomal compartment. There is 

some debate if these vesicles contain the clathrin adaptor complex-1 (AP-1) or GGAs 

(see chapter 1.4,1 and 1.4.6.2).

These mechanisms are not mutually exclusive, and a combination of all three 

mechanisms is required to maintain the identity of organelles.

1.3 Coated vesicles in ER-Goigi transport

Most, if not all, transport vesicles are generated with the aid of coat proteins. Coat 

proteins serve to recruit the appropriate cargo into the nascent vesicle, generate 

membrane curvature, and allow a vesicle to pinch off the donor membrane. The 

cytoplasmic domains of the cargo interact with the coat proteins in order to be included
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into the nascent vesicle via distinct sorting motifs. For many sorting receptors the sorting 

motifs ensure that they can constantly recycle between a number of compartments. The 

following chapters discuss the composition and function of different coat complexes.

1.3.1 COP I-coatomer

COP I coated vesicles mediate intra-Golgi transport as well as retrograde transport from 

the Golgi back to the ER. Many ER resident proteins bear a sorting signal Lys-Asp-Glu- 

Leu (KDEL). If they escape into the Golgi apparatus they are retrieved by a protein 

ERD2, or KDEL-receptor, that recognises the signal, binds the proteins and transports 

them back to the ER using COP I coated vesicles. The family of p24 proteins cycle 

constantly between the ER and the Golgi. The function of the family of p24 proteins is 

still a matter of discussion in the field. Both p24 and ERD2 have KKXX motifs that are 

essential for their retrograde transport (Nickel et al., 2002). It is not clear whether these 

proteins serve as cargo receptors for protein transport between ER and Golgi in either 

direction. In vitro studies suggest that these proteins serve vital functions in the formation 

of COP I coated vesicles (see below), therefore it was surprising to learn that these 

proteins are not essential in vivo in S. cerevisiae (Springer et al., 2000).

The COP I coat consists of 7 subunits that exist as a pre-assembled complex, called 

coatomer, in the cytosol and can be recruited to the membrane upon activation of ARF 

(ADP-ribosylation factor), a small GTPase of the Ras superfamily, that also regulates 

coat assembly of most, if not all, types of clathrin coated vesicles. Like Sarlp, ARF is 

cytosolic in its inactive, GDP-bound state, and membrane bound in its active, GTP-bound 

state. ARF is a stoichiometric component of COP I coated vesicles (Stamnes et al., 1998), 

and interacts directly with the p- and y-subunit of COP I (Zhao et al., 1999; Zhao et al.,

1997). The ARF guanine nucleotide exchange factor (GEF) is a soluble protein that can 

be recruited to the site of COP I coat formation.

Cargo recruitment into COP I coated vesicles and the kinetics of COP I vesicle formation 

have been studied in great detail. The y-subunit interacts directly with the KKXX-motif 

found in members of the p24 protein family that cycle between ER and Golgi (Harter and 

Wieland, 1998). Vesicles formed in the presence of the non-hydrolysable GTP analogue
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GTPyS contain only small amounts of p24 proteins, suggesting that GTP hydrolysis is 

necessary for efficient cargo recruitment (Bremser et al., 1999). Work of Jonathan 

Goldberg showed that ARF-GTP exists in three different states: ARF-GTP with virtually 

no GTPase activity, ARF-GTP complexed with a GAP displaying little activity, and a 

ternary complex consisting of ARF-GTP, GAP, and coatomer in which the GTPase 

activity is enhanced about a 1000 fold compared to the ARF-GTP-GAP complex alone 

(Goldberg, 1999). On the other hand, it has been shown that y-COP undergoes a 

conformational change if it binds to p24 homotetramers on a membrane. Interestingly, 

although P and y COP bind to p24 proteins in solution or on sepharose beads they do not 

bind to p24 proteins on membranes in the absence of ARF. Later, Goldberg demonstrated 

that p24 proteins inhibit the coatomer stimulated GTP hydrolysis of the ARF-GTP GAP 

complex (Goldberg, 2000). Taken together, a complex model emerges to explain how the 

kinetic control of the ARF GTPase cycle leads to cargo selection and effective formation 

of COP 1 coated vesicles:

An ARF exchange factor recruits ARF-GDP and activates it. ARF-GTP re-organises p24 

oligomers on the donor membrane compartment in order to form p24 homotetramers. At 

the same time other cargo proteins such as KDEL receptor recruits the ARF GAP to the 

same membrane subdomain. Now coatomer is recruited where it undergoes a 

conformational change upon binding to p24 homotetramers. As long as coatomer does 

not bind to p24 proteins, ARF undergoes repeated cycles of GTP-binding and hydrolysis. 

The presence of p24 delays GTP hydrolysis and allows for productive coat formation and 

the vesicle buds of the donor membrane. When the vesicle reaches the acceptor 

membrane the GAP triggers GTP hydrolysis and uncoating, enabling the vesicle to fuse 

with its target membrane (Nickel et al., 2002).

1.3.2 GOP II coated vesicles

The transport of proteins from the ER to the Golgi is accomplished by COP 11 coated 

vesicles. COP 1 and COP 11 subunits share no sequence similarities. The components of 

the COP 11 coat were first identified in yeast. It consists of at least 5 components: Sarlp, 

the Sec 23p/24p complex, and Secl3p/31p. In vitro recruitment assays with synthetic 

liposomes demonstrated that these components are necessary and sufficient to generate
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COP II coated liposomes, and that the components have the intrinsic ability to change the 

curvature of lipid bilayers (Matsuoka et al., 1998b).

The order of recruitment of the component from the cytosol to membranes has been 

determined: Sarlp, a small GTPase, is recruited first and triggers the recruitment of Sec 

23p/24p and Sec 13p/31p. Sarlp interacts directly with Sec23p. Sec23p binds Sec24p and 

Sec3Ip. SecI3p binds to Sec3Ip and can also bind other Secl3p molecules (Matsuoka et 

al., 2001).

Like all small GTPases, Sarlp acts as a molecular switch. It is inactive and found soluble 

in the cytosol in its GDP-bound state. In its GTP-bound state it binds to the membrane 

and recruits the Sec 23p/24p and the Sec 13p/3Ip complex. GTP-hydrolysis concludes its 

cycle of action and renders Sarlp again cytosolic and inactive. Both nucleotide exchange 

and hydrolysis are catalysed by accessory proteins. The ER-localised transmembrane 

protein Secl2p is the GEF for Sarlp in yeast. No mammalian homologue for Secl2p has 

been identified so far. The localisation of Secl2p defines ER-exit sites for cargo that is 

transported towards the Golgi. The GAP for Sarlp is part of the COP II coat: Sec23p. Its 

activation renders not only Sarlp inactive, it also triggers the release of the COP II coat 

back into the cytosol (Kirchhausen, 2000b). However, it is expected that additional 

factors play important roles in the spatial and temporal control of COP II vesicle 

formation and uncoating. For instance, on artificial liposomes with purified components 

the turnover of COP II coats is much slower than in vivo. One candidate protein for such 

a regulatory function is Secl6p. SecI6p is a cytosolic protein that has been found on 

purified COP II coated vesicles. It binds to Sec23p, Sec24p, and Sec31p directly and 

aggravates the sec 12, sec 13, and sec 23 phenotype in yeast. However, its exact function 

in coat formation or vesicle biogenesis remains elusive (Espenshade et al., 1995).

How is cargo for COP II coated vesicles selected? Many proteins have been identified 

that are being transported by COP II coated vesicles. No common mechanism for their 

inclusion into vesicles is known, however it is generally accepted that the Sec23p/24p 

complex is responsible for cargo recognition (Antonny and Schekman, 2001). Some 

transmembrane proteins bear short amino acid sequences that mediate interaction with 

Sarlp, Sec23p/24p or both. Members of the p24 family of transmembrane proteins that 

recycle between ER and Golgi bind to Sec23 via a diphenylalanine motif. However, it
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remains a matter of debate in the field if p24 proteins serve as cargo receptors for soluble 

proteins that are transported in COP II vesicles. The viral glycoprotein VSV-G and the 

inwardly rectifying potassium channel contain the motifs EXD and EXE that promote 

efficient ER export (Antonny and Schekman, 2001),

Springer et al. showed that the v-SNARES (see chapter 1.6) Bos Ip and B etlp  bind to 

both S arlp  and Sec23p/24p and are able to serve as nucléation factors for coat 

oligomerisation (Springer and Schekman, 1998). In vitro reconstitution of COP II coated 

vesicle formation using purified coat components showed that these transmembrane 

proteins are recruited into the vesicles (Matsuoka et al., 1998a). It has been postulated 

that vesicle biogenesis and subsequent fusion should be coupled in order to ensure that 

every vesicle that is generated is able to fuse with its target membrane. The acquisition of 

a v-SNARE into a nascent vesicle may drive vesicle biogenesis and thus insure that it 

contains the appropriate v-SNARE for the subsequent fusion event (see also chapter 1.6). 

A combination of biochemical and electron microscopic methods has been used to 

reconstruct the three-dimensional organisation of the COP II coat. The Sec23p/24p 

complex appears to be a bone-shaped heterodimer that binds to Sarlp , cargo, and 

Secl3p/31p, which is found on the cytosolic face of a vesicle. The Secl3p/3Ip  is an 

elongated, flexible heterotetramer consisting of two Secl3p  and Sec31p subunits 

(Matsuoka et al., 2001).

1.4 Clathrin coated vesicles

In 1964, Roth & Porter discovered membrane invaginations on the plasma membrane of 

insect oocytes that had a bristle coat. These invaginations seemed to pinch of the 

membrane to form “coated vesicles” that transported yolk into the cell (Roth and Porter, 

1964). More than 10 years later, Barbara Pearse identified the major component of these 

coated vesicles: clathrin (Pearse, 1976).

Clathrin coated vesicles form transport vesicles on the trans Golgi network as well as on 

the plasma membrane. To a smaller extent clathrin coated membrane areas (patches) have 

also been found on endosomes. Tooze et al. found that immature secretory granules 

(ISGs) contain clathrin patches that are absent from mature dense core secretory granules 

(see also chapter 1.7) (Tooze and Tooze, 1986). Depending on where in a cell clathrin
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coated vesicles form, they contain different adaptor complexes that mediate the 

interaction with the membrane.

Clathrin coated vesicles are found in all eukaryotic cells from yeast to humans. Clathrin is 

a heterohexamer of approximately 600 kDa, consisting of 3 heavy chains, CHC17, 

(190kDa) and 3 light chains (~25kDa). While g^cerevisiae and C. elegans have only one 

clathrin light chain isoform each, there are 2 different isoforms (LCa and LCb) of clathrin 

light chains in vertebrates and their expression levels display tissue specific differences. 

Notably, cells with a regulated secretory pathway express high levels of LCb. In brain, 

these two isoforms undergo alternative splicing, adding a further level of complexity. 

Clathrin (CHC17) shows ubiquitous expression, however human genome analysis 

revealed the existence of a second isoform of CHC. CHC22 shows high expression levels 

in skeletal muscle and low expression in other tissues. Although CHC22 readily forms 

trimers it does not bind clathrin light chain. Because muscle also expresses conventional 

clathrin it seems likely that CHC22 performs a specialised function different from 

CHC 17, however this function remains elusive to date (Brodsky et al., 2001).

The structure of clathrin has been studied both by electron microscopy and x-ray 

crystallography. Clathrin oligomers have the form of a triskelion. Three kinked legs, the 

heavy chains, extend from a central hub and have a terminal domain at the distal end of 

the leg. The subunits can form polyhedral lattices in a spontaneous fashion; i.e. the 

proximal legs and distal legs can interact with each other. Through this interaction the 

triskelion can enclose spaces with the form of hexagons or pentagons and have thus the 

intrinsic ability to form sphere like structures (cages) without the need for additional 

proteins or membranes in vitro (Kirchhausen, 2000a). The light chains bind to the 

proximal leg of the heavy chains and can regulate lattice formation. They can be 

phosphorylated which influences the mode of interaction with CHC and thus might also 

regulate lattice formation. Figure l .I  depicts a model of a clathrin cage (Brodsky et al., 

2001).
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Figure 1.1 Mode! of a clathrin lattice. Individual clathrin triskelia are highlighted. 
Clathrin can oligomerise in vitro to form sphere like structures. From Brodsky and 
colleagues (Brodsky et al., 2001).
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In vitro, clathrin lattice formation is dependent on pH and calcium concentration, i.e. low 

pH and high calcium favour clathrin polymerisation. Under physiological conditions the 

adaptor complexes overcome the need for a low pH for assembly. The adaptor complexes 

bind clathrin with their p- and a-/y- subunits at the terminal domain of clathrin (ter Haar 

et al., 2000).

The atomic structure of some portions of the clathrin heavy chain has been determined. 

The terminal domain (TD) that binds the adaptor complexes forms a seven bladed P- 

propeller structure, where each blade consists of four antiparallel P-sheets. This P- 

propeller resembles closely the structure of the WD40 repeat that is found in the p- 

subunit of trimeric G-proteins. This structural similarity was surprising since these 

proteins share very little sequence homology.

A linker region that connects the TD to the distal leg of the clathrin heavy chain follows 

the terminal domain. This linker region consists of repeats of short a-helices that are 

stacked together but fairly flexible called a-zigzags (ter Haar et al., 1998).

The proximal domain has been crystallised as well: It folds into a superhelix that consists 

of 10 short a-helices that are linked by salt bridges (Ybe et al., 1999). This motif is 

repeated 7 times in the CHC sequence, and is therefore called the clathrin heavy chain 

repeat, CHCR. This structure accounts for clathrin’s unique properties in that it is very 

rigid, but flexible at the same time thus allowing the legs to bend such that they can form 

hexagons or pentagons.

Clathrin itself does not bind to membranes, and there is a large number of accessory 

proteins, in particular the adaptor complexes, that mediate and regulate different stages of 

clathrin coat formation.

1.4.1 AP-1 : subunit organisation and accessory factors

The AP-1 complex consists of two large (-lOOkDa) subunits, y and p i, one /xl subunit of 

47 kDa and a 19 kDa o l  subunit (Figure 1.2A). At steady state, most AP-1 is localised to 

tubular, clathrin-coated structures on the trans-Golgi network. Endocrine and exocrine 

cells contain clathrin patches on immature secretory granules that contain AP-1 (Tooze,

1998).
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Recruitment of AP-1 to membranes is dependent on the small GTPase ARF. As for COP 

I coated vesicles (Nickel et al., 2002), activated ARF is first recruited to the membrane, 

then the AP-1 complex can bind. However, unlike COP I coated vesicles, ARF is not a 

stoichiometric component of clathrin coated vesicles (see chapter 1.5.1). Both AP-1 and 

COP I recruitment to membranes are inhibited by the fungal metabolite Brefeldin A, 

indicating that BFA-sensitive exchange factors regulate their recruitment.

The large adaptor subunits have a similar domain organisation and consist of a N- 

terminal body/trunk domain, a variable hinge region, and a C-terminal ear/appendage 

domain, which fulfil different functions (Figure 1.2C). AP-1 binds to clathrin mainly via 

its clathrin-box motif in the |3-hinge region (Gallusser and Kirchhausen, 1993). A crystal 

structure of clathrin terminal domain (TD) complexed with a peptide representing the 

clathrin box motif of p3 has recently been obtained (ter Haar et al., 2000). The clathrin 

box motif consensus sequence, L(L,I)(D,E,N)(L,F)(D,E), binds to the WD40 motif of the 

clathrin TD (Kirchhausen, 2000a). More recently, it has been shown that the y-ear domain 

and the p-ear domain can also bind to clathrin (Doray and Komfeld, 2001). The y-body 

domain is responsible for the correct membrane targeting of the AP-1 complex: Chimeric 

adaptor complexes where the y-body is linked to the a-ear still target to the trans-Golgi 

network (Robinson, 1993). The y-ear is thought to recruit additional regulatory factors to 

the site of vesicle formation (Figure 1.2C). A two hybrid screen identified a novel factor 

that interacts with the y-ear domain, y-synergin (Page et al., 1999). This protein contains 

an Eps 15 homology domain, and, by analogy to the well characterised protein network 

assembled on the a-ear, is thought to recruit additional proteins. In GST-pulldown 

assays, the y-ear domain has been shown to interact with a number of proteins including 

rabaptin-5, although the function of rabaptin-5 in vesicle biogenesis remains elusive 

(Hirst et al., 2000). The recent determination of the crystal structure (Figure 1.2C, insert) 

of the y ear domain revealed that this domain consists of an immunoglobulin-like p- 

sandwich fold, similar to the fold found in the N-terminal ear domain of a  and p2 adaptin 

(Nogi et al., 2002). However, y-adaptin does not have a C-terminal platform domain 

present in a  and P2 adaptin (Figure 1.2B) The authors also demonstrated that binding of 

rabaptin-5 and y-synergin is mediated by basic amino acids on the surface of the 

molecule.
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The jLi-subunit mediates cargo-récognition and -recruitment (Figure 1.2A). It has been 

shown that it binds tyrosine based sorting motifs in the cytoplasmic tail of 

transmembrane proteins (Ohno et al., 1995; Owen and Evans, 1998). The tyrosine related 

sorting motif has the general sequence Ypp(j), where p is  a polar residue and (|) is a bulky 

amino acid. Another sorting signal that is recognised by AP-I and AP-2 is the so-called 

dileucine motif. This motif usually contains two leucine residues, however, sometimes 

one of the leucines can be substituted by M or I. Furthermore, it is context dependent. 

Usually it contains polar or charged amino acids N-terminal from the two leucines, and 

sometimes an acidic cluster of amino acids is found adjacent to the motif. Recently, the 

GGA (Golgi-localised, year containing, ARF-binding) proteins have also been 

demonstrated to interact with a subset of dileucine motifs. These motifs have been 

characterised in great detail (see chapter 1.4.6.2). It is still a matter of debate which 

adaptor subunit binds to dileucine sorting motifs: While two hybrid studies and phage 

display identified the /U-subunit as the interacting subunit of the AP I complex 

(Rodionov and Bakke, 1998; Storch and Braulke, 2001), crosslinking studies identified 

the pi-body domain as the protein that interacts with dileucine motif containing peptides 

(Rapoport et al., 1998). It should be noted that these studies are usually complicated by 

the fact that most cargo proteins bind to several adaptor complexes and accordingly 

contain several adaptor interaction motifs, thus it is difficult to study these interactions 

with native, full-length proteins.

Mammalian cells contain two isoforms of jit I. /x I a displays ubiquitous expression, while 

/xlb-expression is limited to polarised epithelial cells. The adaptor complex that contains 

the /xlb-subunit has been implicated in the targeting of plasma membrane proteins to the 

basolateral membrane. Recently, a second isoform of y-adaptin has been identified 

(Takatsu et al., 1998). The gene for y2 encodes an 87 kDa protein and is expressed in a 

wide variety of tissues. y2 forms a dimeric complex with a l ,  but, unlike y l, it does not 

bind p i .  As the /x-subunit is associated with the P-subunit in conventional adaptor 

complexes it seems unlikely that a medium subunit is associated with y2. In addition, 

since the P-subunit is missing and since y2 contains no clathrin box, this protein is also 

not associated with clathrin. This protein localises to perinuclear regions that are different 

from y I-positive areas of the trans-Golgi network. It shows good co-localisation with
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markers for ci s/medial- area of the Golgi apparatus. Unlike conventional AP-1, its 

perinuclear localisation and recruitment to membranes is resistant to the fungal 

metabolite Brefeldin A, and in vitro recruitment is not enhanced by the OTP analogue 

GTPyS, suggesting that ARF is probably not involved in its recruitment to membranes. 

The function of the y2-complex remains elusive, although it has been shown to bind to 

the large envelope (L) protein of Hepatitis B virus (HB V) (Hartmann-Stuhler and Prange,

2001). Since this L-protein fulfils a number of functions in HBV propagation, it is not 

clear if HBV makes use of a y2-dependent transport step or if it inhibits y2-dependent 

transport in order to help immune evasion by an unknown mechanism.

Knockout mice where the y l- and the jula-genes are disrupted have been generated 

(Meyer et al., 2000; Zizioli et al., 1999). Both mice die early in embryonic development, 

although /xla-knockouts survive for longer, presumably because the /tlb-subunit can 

substitute for /xla in early development. The /rla-knockout animals die at day 13.5 of 

embryonic development and show evidence of haemorrhage into the ventricles and the 

spinal canal. Interestingly, no AP-1 subunits are found in y 1-knockouts at all. Because the 

mRNA levels of the other subunits are not reduced, the remaining subunits appear to be 

unstable and degraded rapidly. On the contrary, in embryonic fibroblasts from /xla- 

knockout animals trimeric complexes consisting of p i ,  y, and a  can be observed. 

However, these complexes appear to be non-functional since no membrane-associated y- 

adaptin could be observed.
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Figure 1.2 Adaptor subunit organisation, structure, and interacting proteins. 
Panel A) Proposed AP-1 subunit organisation based on two hybrid studies and the 
structure of AP-2. Panel B) AP-2 is so far the only clathrin adaptor whose complete 
structure has heen determined. The three dimensional structure of the AP-2 
complex (Collins et al., 2002) illustrates the compact nature of the large subunit 
body domains in association with the fil and c2  chain. The appendages of the ^2 
and a  subunits, determined independently (Owen et al., 2000; Traub et al., 1999), 
are shown boxed for comparison with the y l appendage in panel C). Panel C) 
Scheme of the y l subunit illustrating the regions, which interact with cytoplasmic 
proteins, involved in coat recruitment. The three dimensional structure of the y- 
ear/appendage domain is shown. Panel D) Scheme of the modular organisation of 
GGAs and their interacting proteins. The box shows the three dimensional structure 
of the VHS domain in association with the dileucine motif from MPR (Misra et al., 
2002; Shiba et al., 2002).
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1.4.2 What is the exact function of the AP-1 complex?

For a long time it was assumed that AP-1 containing clathrin coated vesicles form at the 

TGN and transport mannose-6-phosphate receptors, the sorting receptors for lysosomal 

hydrolases that contain mannose-6-phosphate residues (Hille-Rehfeld, 1995), to 

endosomes. This was concluded from a number of observations: AP-1 colocalises with 

both mannose-6-phosphate receptors on the TGN in clathrin coated areas (Ahle et al., 

1988; Klumperman et al., 1993). Secondly, the cation-independent mannose-6-phosphate 

receptor (CI-MPR) is found in membrane fractions that are highly enriched in clathrin 

coated vesicles (Pauloin et al., 1999), and their cytoplasmic tails interact with AP-1 in 

vitro (Honing et al., 1997; Le Borgne et al., 1993). Manipulation of these tails results in 

the missorting of MPRs and lysosomal enzymes (Hille-Rehfeld, 1995). Finally, it was 

demonstrated that transport of LAMP-1 from the TGN to endosomes is abolished if an 

AP-1 interacting motif is mutated (Honing et al., 1996).

First doubts that AP-1 indeed functions in anterograde transport appeared when the 

trafficking of MPRs was investigated in /xla-knockout mice (Meyer et al., 2000). If AP-1 

mediates anterograde transport from the TGN to endosomes, one would expect that in 

AP-1 knockouts, the MPRs would get stuck in the TGN. This is however not the case, 

instead, the MPRs exit the Golgi, get transported to the plasma membrane, and are re- 

endocytosed from there, accumulating in an early endosomal compartment that is positive 

for the early endosomal marker EEAl. This was the first indication that AP-1 might not 

mediate anterograde, but retrograde, transport between TGN and endosomes. This 

hypothesis is supported by the observation that Shiga toxin co-localises with AP-1 on 

early/recycling endosomes during a 20 °C block of retrograde transport, and that the toxin 

transport is inhibited by Brefeldin A (BFA) (Mallard et al., 1998). Shiga toxin is a 

bacterial toxin from Shigella dysenteriae. Cell biologists use the B-subunit as a tool to 

follow retrograde transport from the plasma membrane where, it becomes endocytosed, 

and transported through endosomes and the Golgi apparatus to the ER. Lately the model 

for AP-1 function in retrograde transport gained further support when it was suggested 

that the recently discovered GGA proteins mediate anterograde transport of the MPRs



Introduction 35

and other transmembrane proteins with acidic dileucine motifs (Puertollano et aL, 2001a) 

(chapter 1.4.6). However, it is not easy to reconcile why AP-1 should only act in 

retrograde transport when its steady state distribution shows a concentration at the TGN. 

The clathrin-coated patches on immature secretory granules that contain AP-1 may be 

another example of AP-1 involvement in retrograde transport. These clathrin patches are 

thought to generate clathrin coated vesicles that remove proteins and membranes from the 

maturing granule that are not destined for regulated secretion (see chapter 1.7). Cargo 

proteins that have been identified in the clathrin patches or that have been shown to be 

present on ISGs but not on mature secretory granules (MSGs) include Cl-MPR, CD- 

MPR, furin \ syntaxin 6 and VAMP4. These proteins are, at steady state, concentrated in 

the TGN, but are also present on endosomes and at least some can recycle from the 

plasma membrane. To date it has not been shown directly that clathrin coated vesicles 

bud off ISGs, and accordingly it is also not clear where these vesicles would be 

transported. It is possible that they would be transported to an endosomal compartment, 

or directly back to the TGN. It has also been suggested, at least for some cells types with 

a regulated secretory pathway, that constitutive-like secretory vesicles can bud off the 

ISG and transport proteins to the plasma membrane in a constitutive fashion, although the 

coat components required for this step have not been characterised.

1.4.3 AP-2

Clathrin coated vesicles that form during receptor mediated endocytosis on the plasma 

membrane contain the AP-2 adaptor complex. A lot of information about clathrin 

mediated endocytosis comes from studies in brain, where the recycling of synaptic 

vesicles is dependent on clathrin mediated endocytosis (Maycox et al., 1992). AP-2 

consists of the four subunits: a , P2, ii2, and a2 (see Figure 1.2B).

Clathrin binding is mediated by two motifs in the P2 ear and hinge region. In contrast to 

AP-1, AP-2 contains two binding sites for phosphoinositides (one binding site in a  and 

one in fi2), that enhance membrane binding. Phosphatidyl-inositol-4,5-bisphosphate 

(PIP2 ) is a positive regulator of clathrin coat assembly and of the nucléation of actin

 ̂Furin, the mammalian Kex2p orthologue, is a transmembrane endoprotease that catalyses the maturation 
of some secretory proteins, bacterial toxins and viral envelope proteins.
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filaments (Gaidarov and Keen, 1999). While a function for actin in endocytosis is well 

established in yeast, its role in mammalian cells seems to vary in different cell types. 

However, the presence of proteins such as syndapin that interact with parts of the 

endocytic machinery as well as with proteins that regulate actin dynamics suggest a role 

for actin in endocytosis in mammalian cells as well.

The fi2 subunit interacts with tyrosine related based endocytic motifs of cargo proteins to 

ensure their uptake into the cell (Ohno et al., 1995). Also proteins containing dileucine 

motifs have been shown to be internalised from the plasma membrane, it is however not 

clear if these motifs interact with the fi2 or (32 subunit (see also 1.4.1).

At the nerve terminal, clathrin mediated endocytosis is highly regulated, and not a 

constitutive event. In resting neurones, hardly any clathrin coated pits can be detected. 

After synaptic vesicle exocytosis however, they become very abundant (Heuser and 

Reese, 1973). It is likely that this type of endocytosis is regulated in a similar way in non

neuronal cells to turn on endocytosis for example after exposure to nutrients or growth 

factors.

For clathrin mediated endocytosis it is not known if any ARF proteins are involved in 

coat recruitment. Although GTPyS enhances AP-2 clathrin coat formation in vitro, it is 

not clear if this is mediated by ARF (West et al., 1997). ARF6 and exchange factors that 

belong to the group of BFA-insensitive exchange factors, e.g. ARNO, have been 

localised to the plasma membrane and are involved in PIP 2  and Phospholipase D 

signalling, however it is not clear if ARF6 is directly involved in the regulation of 

endocytic events.

AP-2 has a wealth of accessory factors that regulate receptor-mediated endocytosis, some 

of which show similarities to AP-2 itself. These factors link and stimulate coat and cargo 

recruitment, change membrane curvature and promote the fission of vesicles at the 

plasma membrane, and link vesicle biogenesis to downstream signalling events such as a 

response to growth factor internalisation and actin remodelling (Slepnev and DeCamilli, 

2000).

The downregulation of activated p-adrenergic receptors is assisted by P-arrestin 1 and 2 

(non-visual arrestins), which bind clathrin and AP-2, as well as Ptdlns-3,4-P2 and Ptdlns- 

4,5P2. Human stonin 2 (stoned B) shows homology to fi2, however it does not bind to
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cargo proteins, the proteins which bind a  and p2 ear, or to Eps 15, EpslSR , and 

intersectin, proteins that are supposed to have regulatory function during endocytosis. It 

has been suggested that stonin 2 plays a role in vesicle uncoating (see below) by 

competing with AP-2 for synaptotagmin binding sites (W alther et al., 2001). 

Overexpression of stonin 2 leads to mislocalisation of AP-2 and inhibits the endocytosis 

of proteins such as transferrin, LDL, and EOF.

A P I80 and its non-neuronal homologue CALM are constituents of clathrin coated 

vesicles that form at the plasma membrane. A P I80 enhances clathrin recruitment to AP-2 

coated areas and has been shown to influence the size of formed vesicles (Slepnev and 

DeCamilli, 2000). Most other accessory factors however are not part of clathrin coated 

vesicles, they merely act at sites on the plasma membrane where a vesicle is generated. 

The GTPase dynamin has been implicated in the fission event that separates a new 

vesicle from the plasma membrane. It co-operates with amphiphysin and endophilin in 

this event. Endophilin functions in the acquisition of membrane curvature before the 

vesicle can pinch off the membrane. Endophilin has lysophosphatidic acid acyl 

transferase activity, i.e. it forms phosphatidic acid from lysobisphosphatidic acid and 

acyl-coA: While this reaction might influence membrane curvature, phosphatidic acid is 

also an important second messenger that may influence membrane curvature in a more 

indirect way (Schmidt et al., 1999).

Once a vesicle has formed, it sheds its clathrin coat, in order to be able to fuse with its 

target membrane. In contrast to COP-coated vesicles, clathrin uncoating seems to be 

independent of G-proteins. Instead, it is energy dependent and is catalysed by the ATPase 

heat shock protein cognate 70 (Hsc70) and its cofactor auxilin. Auxilin is not only the 

catalytic cofactor of Hsc70, but is also recruited onto clathrin coated vesicles through its 

interaction with AP-2 and clathrin (Slepnev and DeCamilli, 2000). Another protein 

involved in vesicle uncoating and downstream signalling is the inositol-phosphatase 

synaptojanin. Synaptojanin knockout mice die shortly after birth. They display an 

increased number of coated vesicles and a hypertrophy of the actin rich matrix at 

endocytic zones in nerve terminals. Activation of synaptojanin leads to decreased levels 

of PIP2  on clathrin coated vesicles, leading to dissociation of AP-2 from the coat, and 

rearrangement of the actin cytoskeleton (Slepnev and DeCamilli, 2000).
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It has been known for some time that clathrin coat proteins contain a kinase activity 

(Pauloin and Jolies, 1984; Wilde and Brodsky, 1996). The nature of this kinase however, 

remained elusive. One possible candidate is GAK (cyclin-G-associated kinase), the non

neuronal form of auxilin, that phosphorylates fil and /x2 in vitro (Smythe, 2002). 

Recently, another kinase that mediates phosphorylation of /x2 has been isolated. AAKl 

(adaptor associated kinase 1) is a serine/threonine kinase that copurifies with AP-2 and 

binds to a-adaptin and phosphorylates a single threonine residue (156) in the subunit 

(Conner and Schmid, 2002; Ricotta et al., 2002). The crystal structure of the AP-2 

complex shows that the [i2 subunit is buried in complex and not able to bind cargo 

molecules. The authors postulated that phosphorylation of AP-2 might cause a 

conformational change to expose the /x2 subunit and bind cargo more efficiently (Collins 

et al., 2002). Accordingly, it has been shown that AP-2 binds tyrosine motifs of 

transmembrane receptors with higher affinity when it is phosphorylated (Ricotta et al.,

2002). Studies that investigated how transferrin endocytosis is influenced by kinases and 

phosphorylation confirmed a regulatory role for AAKl in receptor-mediated endocytosis, 

although the exact molecular mechanism remains to be elucidated (Conner and Schmid, 

2002; Olusanya et al., 2001). Although the fil subunit is also a substrate for GAK and 

A A K l it remains to be determined what the physiological significance of this 

phosphorylation is.

1.4.4 AP-3

Recently, several labs independently discovered proteins with homology to existing 

adaptor subunits of AP-1 and AP-2 (Dell'Angelica et al., 1997; Simpson et al., 1997). 

These proteins turned out to be part of a new heterotetrameric complex that closely 

resembled the well studied AP-1 and AP-2 complexes called AP-3. AP-3 is found in all 

eukaryotic cells from yeast to human. In yeast the AP-3 complex is necessary for 

transport of alkaline phosphatase and Vam3p to the vacuole (Cowles et al., 1997).

The AP-3 complex also consists of 4 subunits: 5, p3, ju3, and a3 . There are two 

ubiquitous a  isoforms, a3a and a3b. In mice and humans, there is a brain specific AP-3 

complex where the P and a  subunit are substituted by neuronal isoforms: P3b (previously 

called p-NAP) and fi3b. The neuronal isoform of AP-3 and ARF have been implicated in
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the generation of synaptic vesicles from endosomes (Faundez et al., 1998), but is 

independent of clathrin (see below). Interestingly, the formation of synaptic vesicles from 

endosomes is one example where a vSNARE drives coat recruitment and vesicle 

biogenesis consistent with the model suggested by Schekman et al. (see chapter 1.3.2). 

VAMP2 and AP-3 can be co-immunoprecipitated and treatment with tetanus toxin, which 

cleaves VAMP2 on the endosomal donor compartment, results in the inhibition of 

budding of synaptic vesicles from endosomes (Salem et al., 1998).

In contrast to AP-1 and AP-2, AP-3 mouse knockouts are not lethal, and there are 

mutants of all subunits available in different organisms. This helped greatly to decipher 

AP-3 function. The drosophila eye colour mutants gamet, ruby, carmine, and orange 

have mutated or disrupted genes for Ô, p3, jLt3, and a , respectively. The aberrant eye 

colour was another indication that lysosomal transport may be affected in theses mutants, 

since melanosomes are considered lysosome-related organelles (see below).

Two brothers with Hermansky-Pudlak syndrome 2 (HPS2) have been identified. They 

have a mutation in the p3a subunit. Patients with Hermansky-Pudlak syndrome suffer 

from hypopigmentation, pulmonary fibrosis, skin abnormalities, prolonged bleeding 

times due to platelet storage pool deficiency, and a high rate of bacterial infection. The 

mice mutants mocha and pearl have disrupted Ô or P3a genes, respectively, named mocha 

and pearl according to their aberrant coat colour. They also display prolonged bleeding 

times. In addition, mocha mice show neurological defects (Huizing et al., 2000).

On a cellular level, in AP-3 mutants transport of a subset of lysosomal enzymes is 

abolished. Lam pl, Lam pl, Limp2, tyrosinase, CD63, C D lb, and p-selectin have been 

identified as proteins that bind to AP-3. Melanosomes in melanocytes and platelet dense 

granules all contain lysosomal enzymes and are considered lysosome-related organelles. 

In fibroblasts from HPS2 patients, or from mocha or pearl mice, CD63 expression on the 

plasma membrane is greatly enhanced, showing that this lysosomal enzyme is no longer 

transported directly to the lysosome. Instead, it is missorted to the plasma membrane, 

from where it can be endocytosed and then be transported to the lysosome (Dell'Angelica 

et al., 1999).

If AP-3 associates with clathrin is still a matter of debate. In yeast it is well accepted that 

AP-3 does not bind to clathrin. Apl6p (yeast P3) does not contain a clathrin box and the
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phenotypes of clathrin and AP-3 knockouts are very different. It has been suggested that 

AP-3 coated vesicles in yeast contain Vps41 instead of clathrin. AP-3 and Vps41 have 

been shown to interact, and Vps41 contains a clathrin heavy chain repeat that mediates its 

oligomerisation. Interestingly, Vps41 knockouts show a defect in CPY sorting, in 

addition to defects in the ALP pathway. Probably, the effect in CPY sorting is not related 

to Vps41’s function in the formation of AP-3 coated vesicles, but is due to an additional 

function of Vps41 in tethering and fusion of vacuoles (Darsow et al., 2001). There is also 

evidence that drosophila AP-3 interacts with the Vps41 orthologue, since there is a 

related eye colour mutant deficient in Vps41, light.

Mammalian P3 does contain a clathrin box and it does interact with clathrin in vitro 

(Dell'Angelica et al., 1998). A P3 peptide bound to clathrin TD has been crystallised, and 

AP-3 can recruit clathrin to liposomes (Drake et al., 2000; ter Haar et al., 2000). 

However, AP-3 is not present in isolated clathrin coated vesicles, and in vitro budding of 

synaptic vesicles from endosomes appears to be AP-3 dependent, but independent of 

clathrin (Faundez et al., 1998), whereas the formation of synaptic vesicles from the 

plasma membrane appears to be AP-2 and clathrin dependent (Maycox et al., 1992). 

When a mutant form of P3a missing the clathrin box is expressed in cells derived from 

pearl mice, LAM Pl sorting is restored with comparable efficiency to wildtype P3a, 

suggesting that clathrin binding is not necessary for AP-3 function (Peden et al., 2002).

1.4.5 AP-4

AP-4 is a related adaptor complex consisting of P4, e, /x4, and a4. This complex does not 

bind clathrin. It is not expressed in yeast, C. elegans, or drosophila, but found for 

example in humans, mice, chicken, arabidopsis and dictyostelium (Robinson and 

Bonifacino, 2001). In humans and mice AP-4 shows a ubiquitous, but low expression. Its 

recruitment to membranes is ARF dependent (Boehm et al., 2001), and it has been 

localised to areas of the TGN and to endosomes (Simmen et al., 2002). Two hybrid 

analysis revealed that fji4 binds to tyrosine based sorting motifs present in lysosomal 

hydrolases (Aguilar et al., 2001), although surface plasmon resonance revealed that AP-4 

binds to non-conventional sorting motifs in furin, tyrosinase, MPR46, and transferrin 

receptor (Simmen et al., 2002).
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AP-4 is thought to mediate protein transport to the basolateral membrane in polarised 

epithelial cells (Simmen et al., 2002). It will be interesting to find out if AP-1 and AP-4 

collaborate in this transport step or if they transport different complements of cargo. As 

AP-4 is expressed in all tissues, there must be an additional function for AP-4 that is 

different from transport in polarised cells, however this function remains unknown to 

date.

1.4.6 GGAs

The GGAs (Golgi associated, y ear-containing, ARF-binding proteins) comprise a group 

of proteins that are conserved from yeast to humans. They have been identified 

independently by several labs using different methods (Boman et al., 2000; Dell'Angelica 

et al., 2000; Hirst et al., 2000; Poussu et al., 2000). In yeast, there are two different GGA 

proteins, while there are three isoforms in humans, GGA I -3, with one isoform, GGA3, 

undergoing alternative splicing. They are 60-75 kDa and all share the same domain 

organisation (Figure 1.2D) which includes a VHS domain (for Vps27p, Hrs, ST AM, the 

first three known proteins sharing this domain), a GAT (GGA and TO M l) domain, 

followed by a variable hinge domain, and a GAE (y ear homology) domain at the C- 

terminus. Like the AP-1 y ear, the GAE domain of the GGAs binds to y synergin and 

rabaptin-5 (Hirst et al., 2000).

1.4.6.1 GGA function in S. cerevisiae

A gene knockout in yeast for GGA2 or both GGA proteins triggers defects in protein 

sorting to the vacuole, that are different from a class E phenotype (Costaguta et al., 2001; 

Hirst et al., 2001; Mullins and Bonifacino, 2001). In class E mutants transport from the 

endosome to both the TGN and vacuole is inhibited, resulting in enlarged endosomal 

structures that are proteolytically active, the class E compartment. In GGA mutants the 

vacuoles appear fragmented, and the yeast SNARE protein Pepl2p, involved in transport 

from the TGN to late endosomes, is misrouted (Black and Pelham, 2000). These yeast 

cells show defects in a-factor processing, presumably because the enzyme that processes 

a-factor, Kex2p, is missorted. The lysosomal enzymes CPY and CPS are missorted such 

that -50%  of the enzyme is secreted, and CPY undergoes aberrant processing. However,
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VpslOp, the sorting receptor of CPY is not missorted. Furthermore it was shown that the 

VHS domain is needed for GGA function, and that it can not be substituted by the VHS 

domain of Vps27p (Hirst et al., 2001). The GAE domain is not essential for GGA 

function, although yeast expressing a truncated GGA protein, where the GAE domain is 

missing, show a weak impairment of CPY sorting and a-factor processing. This domain 

can be substituted by the y adaptin ear (Hirst et al., 2001).

The phenotype of GGA mutants on CPY sorting and a-factor processing resembles the 

phenotype of yeast expressing a temperature-sensitive mutant of clathrin under non- 

permissive temperature (Deloche et al., 2001), and thus was the first indication that 

GGAs m ight interact with clathrin. Indeed, with G ST-pulldow ns and co- 

immunoprecipitation it was shown that clathrin and GGAs interact, and that a triple 

knockout of clathrin and the GGA proteins is either synthetic lethal or aggravates the 

phenotype, depending on the yeast background that is used (Costaguta et al., 2001; Hirst 

et al., 2001). Taken together, these results suggest that clathrin and GGAs act together in 

anterograde transport from the TGN to the vacuole.

The only adaptor complex that interacts with clathrin in yeast is AP-1. AP-1 knockouts 

display no phenotype on CPY sorting and a-factor processing, however simultaneous 

knockout of AP-1 and GGA exacerbates the phenotype of GGA knockouts, enhancing the 

effect on a-factor processing more than CPY transport (Costaguta et al., 2001; Hirst et 

al-, 2001). This result indicated that AP-1 and GGAs cooperate in anterograde transport 

from the TGN to the vacuole.

However, the data from the yeast mutants could not distinguish between several possible 

mechanisms to explain how they might interact. One possibility is that they act in parallel 

clathrin-dependent pathways, i.e. that two populations of clathrin coated vesicles bud 

from  the TGN, one population containing AP-1, preferring Kex2p as cargo, and one 

population containing GGAs preferring VpslOp as cargo. However, it remains to be 

determ ined how VpslOp is recruited into clathrin coated vesicles, since the whole 

cy toplasmic domain of VpslOp is dispensable for clathrin dependent transport (Deloche 

et al., 2001). Possibly, these vesicles would have different destinations: AP-1 coated 

ve:sicles would be targeted to early endosomes, while GGA containing vesicles would 

travel to late endosomes (Black and Pelham, 2000). The model that they form distinct
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vesicles would be consistent with the notion that GGAs and AP-1 show only limited co

localisation in mammalian cells (Dell'Angelica et al., 2000; Hirst et al., 2000). Another 

possible mechanism is that GGAs and AP-1 are present in the same coated vesicle both 

recruiting different types of cargo. This would be consistent with the finding that AP-1 

and GGAs co-immunoprecipitate in yeast (Costaguta et al., 2001).

1.4.6.2 GGA function in mammalian cells

In mammalian cells, the GGAs localise to TGN areas where they partially colocalise with 

clathrin and with AP-1 (Doray et al., 2002b), however they do not co-purify with clathrin 

coated vesicles (Hirst et al., 2000). All GGAs bind to activated ARF (Boman et al.,

2000). ARF is responsible for their recruitment to trans-Golgi membranes, and 

accordingly, they are redistributed when cells are treated with Brefeldin A. The hinge 

region is the most variable domain amongst the GGAs, however all hinge domains 

contain a clathrin binding motif (Puertollano et al., 2001a; Zhu et al., 2001), and the 

GGAs bind clathrin in vitro and have been shown to colocalise with clathrin in coated 

areas of the TGN (Hirst et al., 2001).

Although the structure of the VHS domain of TOM l and Hrs has been determined (Mao 

et al., 2000; Misra et al., 2000), its function remained unknown for some time. Recently, 

it was shown that the VHS domain of the GGAs binds directly to acidic dileucine motifs 

of Cl- and CD-MPR (Puertollano et al., 2001a; Zhu et al., 2001), sortilin^ (Nielsen et al.,

2001), and LRP3 (Takatsu et al., 2001). The determination of the crystal structure of a 

complex of GGA VHS domain and a peptide representing the dileucine motif of MPR 

demonstrated that the GGA VHS domain consists, like the VHS domains of TOM l and 

Hrs, of a right handed superhelix consisting of 8 a  helices (Figure 1.2D). The acidic 

dileucine m otif binds to GGA in an extended conformation by electrostatic and 

hydrophobic interaction with helix 6 and 8 (Misra et al., 2002; Shiba et al., 2002). 

However, it remains to be determined if other VHS domains bind to transmembrane 

proteins, or sequences similar to acidic dileucine motifs.

 ̂Sortilin is considered the mammalian orthologue of VpslOp. However, the cytoplasmic tails do not share 
homology and the function of sortilin remains unknown to date.
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The GGA proteins are essential for the anterograde transport of MPRs from the TGN to 

the endosome, consistent with the interaction between the GGA VHS domain and the 

dileucine motif of MPRs. Remarkably, proteins with similar dileucine sorting motifs, 

such as tyrosinase, LAMP-2, and transferrin-receptor (for the full list of analysed proteins 

see (Puertollano et al., 2001a)) do not bind to GGAs. Furthermore, the VHS domain 

could not be substituted by VHS domains from other proteins such as STAM l, Hrs, 

TOM, and TOMLl. These results indicate a high degree of selectivity for the interaction 

of VHS domains with particular dileucine motifs. Site-directed mutagenesis revealed that 

the acidic cluster N-terminal from the dileucine-motif is essential for GGA-binding. 

Furthermore, Misra et al. demonstrated that the dileucine motif must be located at the C- 

terminus of the protein with a spacing of two amino acids between the two leucine 

residues and the carboxyl-terminus for optimal binding (Misra et al., 2002). Thus, it came 

as a surprise when it was demonstrated that the cytoplasmic tail of VpslOp binds to 

mammalian GGAs, because the dileucine motif is localised to the middle portion of the 

cytoplasmic tail (Dennes et al., 2002). Moreover, a chimeric protein consisting of the 

lumenal and transmembrane domain of Cl-MPR and the cytoplasmic tail of VpslOp is 

sorted like wildtype Cl-MPR, and, in MPR-deficient cells, can rescue missorting of 

soluble lysosomal hydrolases with the same efficiency as wildtype Cl-MPR.

When the N-terminal portion of GGA, comprising the VHS and GAT domains, but 

missing the clathrin binding hinge domain and the GAE domain, is expressed in 

mammalian cells, both MPRs accumulate in the TGN and clathrin is no longer detected 

on TGN membranes (Puertollano et al., 2001a). AP-1 localisation is unaltered if the 

expression of the GGA N-terminus is kept at moderate levels. These data would suggest 

that GGAs mediate clathrin dependent anterograde transport of MPRs from the TGN to 

endosomes, a function that has long been attributed to AP-1. This hypothesis was 

corroborated by time-lapse microscopy showing vesicles containing fluorescently 

labelled CD-MPR and GGAl budding from the TGN (Puertollano et al., 2001a). Taken 

together with the data collected from MPR-trafficking in AP-1 deficient mice (Meyer et 

al., 2000) one might suggest that clathrin coated vesicles containing AP-1 mediate 

retrograde trafficking from endosomes to the TGN, and clathrin coated vesicles 

containing GGA proteins mediate anterograde trafficking.
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However, so far there is no evidence that GGAs are a stable component of clathrin coated 

vesicles, instead they redistribute very quickly into the cytoplasm under conditions where 

AP-1 stays on the membrane (Hirst et al., 2001). This could be a preparation artefact, but 

it could also indicate that GGAs are not necessarily packaged into vesicles, but rather 

help recruit coat components and cargo into a budding vesicle. New exciting data support 

this hypothesis: Extending the data which demonstrate a cooperation between AP-1 and 

GGAs in yeast (Costaguta et al., 2001), Doray et al. show that the GGA hinge region 

binds to the y ear domain of AP-1, indicating that AP-1 and GGAs might interact and co

operate in the same sorting step (Doray et al., 2002b). In immunoelectron microscopic 

studies, the authors demonstrate co-localisation of GGA2 and AP-1 on coated buds of the 

TGN. Moreover, mutant MPR that does not bind GGAs fails to enter AP-1 coated 

vesicles.

Additional circumstantial evidence suggests that GGAs regulate coat assembly rather 

than form a stoichiometric component of clathrin coated vesicles. The GAT domain of 

GGAs is necessary and sufficient to target GGAs to the TGN. This domain binds ARFs 

and has been shown to inhibit GAP-mediated GTPase activity of ARF, presumably 

because GGAs and GAPs compete for binding to the switch 2 domain in ARF 

(Puertollano et al., 2001b). It is therefore possible that GGAs provide a proofreading 

mechanism by controlling the kinetics of ARF mediated GTP hydrolysis, allowing 

activated ARF to be transiently stabilised on the membranes and thus recruit AP-1 and 

clathrin. In the absence of coat proteins, ARF would hydrolyse GTP quickly and 

redistribute into the cytoplasm. Indeed, when the GGA GAT domain is expressed at high 

levels, AP-1 is redistributed into the cytosol, presumably because the AP-1 binding 

domain of the GGAs is missing (Puertollano et al., 2001b). While these data are 

consistent with the model that GGAs help recruit AP-1, an alternative explanation for this 

phenomenon is that the high GGA expression levels lock all ARF proteins onto the 

membrane, making it impossible for AP-1 to be recruited through simple competition for 

ARF binding sites, although this is unlikely as AP-1 binds to the switch 1 domain (Austin 

et al., 2000). This latter model is however consistent with the fact that AP-1 is only 

redistributed at very high GGA expression levels. It should be possible to distinguish 

between these two models by the following experiments: If GGAs and AP-1 compete for
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ARF binding sites, then simultaneous overexpression of ARF should compensate for the 

GGA effect and AP-1 should be recruited to the membrane. If GGAs help recruit AP-1, 

then overexpression of full-length GGA proteins should enhance AP-1 recruitment to 

membranes.

1.4.7 Is retrograde transport AP-1 dependent?

While the discovery of GGA proteins has expanded our understanding of how vesicles 

are generated at the TGN, equal progress has been made towards elucidating the 

mechanism of retrograde transport from endosomes to the TGN. It appears that reversible 

modification of transmembrane receptors determines their direction of transport by 

recruiting accessory proteins. It seems likely that, at least in some cases, AP-1 is also 

involved in these retrograde transport steps.

The protein T1P47 binds specifically to both Cl- and CD-MPR and has been shown to be 

essential for their retrograde trafficking (Diaz and Pfeffer, 1998). T1P47 is a Rab9 

effector molecule, and Rab9 recruits T1P47 to endosomal membranes where it then 

interacts with MPRs (Carroll et al., 2001) (see also chapter 1.5.3). Both MPRs have 

cytoplasmic palmitoylation sites that may affect T1P47 binding. So far, it appears that 

clathrin and AP-1 do not participate in this transport step.

In addition, it has been demonstrated that phosphorylation of transmembrane proteins 

determines their direction of transport (Breuer et al., 1997; Jones et al., 1995; Méresse 

and Hoflack, 1993; Pitcher et al., 1999). Proteins, such as furin, contain phosphorylation 

sites that are not in close proximity to dileucine motifs. At steady state, furin is localised 

to the TGN from where it recycles to and from endosomes (Jones et al., 1995). 

Phosphorylation of furin enhances recruitment of AP-1 to membranes, and accordingly, 

mutation of the phosphorylation sites of furin results in missorting of the protein (Dittié et 

al., 1997). Wan et al. isolated a factor, PACS-1, that facilitates retrograde transport from 

endosomes to the TGN in a phosphorylation dependent manner. PACS-1 is a ubiquitous 

cytosolic protein identified in a two hybrid screen for proteins that bind to the 

phosphorylated cytoplasmic tail of furin (Wan, 1998). PACS-1 can also bind to 

phosphorylated Cl-MPR, and importantly AP-1. Thus, a trimeric complex is formed 

consisting of a cargo protein bound to AP-1 that is stabilised by PACS-1 (Crump et al..
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2001). Antisense experiments demonstrated that furin accumulates in endosomes in the 

absence of PACS-1. A model drawn from these data suggest that AP-1 mediates 

retrograde trafficking in cooperation with PACS-1, i.e. that phosphorylation of furin and 

Cl-MPR would occur on endosomes and recruit PACS-1 and AP-1.

PACS-1 dependent and T1P47-dependent retrograde transport need not to be mutually 

exclusive: First, T1P47 seems to recognise MPRs exclusively, thus other transmembrane 

proteins may be recognised by other proteins that regulate retrograde transport. Secondly, 

retrograde transport from different endosomal compartments may be regulated by 

different proteins. T1P47 mediated transport originates from late endosomal 

compartments, whereas PACS-1 mediated transport may start on early endosomes.

1.4.8 How does phosphorylation influence transport between trans Golgi 

network and endosomes?

W hile the results acquired from the PACS-1 experiments demonstrate that the 

phosphorylation of cytoplasmic tails leads to recruitment of additional factors that 

facilitate transport, there is increasing evidence that the phosphorylation of acidic 

dileucine motifs may facilitate transport directly by increasing the affinity of cytoplasmic 

tails to adaptor complexes or GGAs.

For example, AP-1 and AP-2 binding to CD4^ is enhanced when the dileucine motif of 

CD4 becomes phosphorylated. Pitcher et al. demonstrated by surface plasmon resonance 

studies that the affinity of CD4 peptides for AP-1 and AP-2 was enhanced up to 700 fold 

when CD4 was phosphorylated (Pitcher et al., 1999). Since these experiments were 

performed with synthetic peptides and purified adaptors it seems unlikely that the 

enhanced affinity is mediated by additional proteins. Although the authors demonstrated 

that endocytosis of CD4 was facilitated by phosphorylation, it remains unknown what 

effect phosphorylation has on CD4-trafficking in the biosynthetic pathway.

Furthermore, a direct increase of affinity between phosphorylated Cl-MPR and GGAs 

has been reported recently: Binding of phosphorylated MPR to GGA was increased ~3 

fold compared to non-phosphorylated protein (Kato et al., 2002). The determination of

CD4 is the coreceptor on T-cells for MHC class II molecules.
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the crystal structure of the complex confirmed that the increase is caused by electrostatic 

interaction of phosphoserine at position 2485 in the dileucine motif of CI-MPR with 

lysine 86 and arginine 88 of GGA3. The kinase that has been demonstrated to perform 

these phosphorylation reactions is casein kinase 2 (CK2), a heterotetrameric protein 

(a2p2) that has been shown to co-purify with adaptor complexes (Doray et al., 2002b; 

Méresse et al., 1990). GGAl and GGA3 have very recently been identified as substrates 

for CK2 themselves (Doray et al., 2002a). The GGA hinge region contains an acidic 

dileucine motif which is very similar to that found in CI-MPR. When the GGA hinge 

becomes phosphorylated its VHS domain binds to this motif: The molecule undergoes 

intramolecular autoinhibition and is thus no longer able to bind MPRs.

These two opposing effects of CK2 on GGA1/3-MPR interaction during coat recruitment 

seem paradoxical at first and at the moment we can only speculate how CK2 regulates the 

interaction between GGA 1/3 and MPRs in vivo. One possibility is that one, or several, as 

yet unknown phosphatases act as a “timer” to ensure cargo recruitment into budding 

vesicles. In this scenario, non-phosphorylated GGAs initially bind to phosphorylated 

MPRs, thus facilitating clathrin recruitment and allowing the vesicle to bud off the donor 

membrane. The activation of a phosphatase that dephosphorylates MPRs and continued 

action of CK2 would then result in phosphorylated GGAs and non-phosphorylated 

MPRs, triggering the dissociation of the complex, and possibly uncoating of the vesicle. 

On the other hand, if GGAs cooperate with AP-1 during coat recruitment, then the 

phosphorylation of GGAs would explain why they are not part of clathrin coated vesicles. 

The following model supports the hypothesis that GGAs help to recruit cargo into AP-1 

containing clathrin coated vesicles (Figure 1.3): In the first step, activated ARF recruits 

GGA to TGN membranes. GGA inhibits the ARF GAP; thus ARF stays on the 

membrane for longer and increases the probability of recruiting AP-1 to this site. 

Meanwhile, GGAs recruit cargo proteins and clathrin. Together with AP-1, CK2, or a 

CK2-like enzyme, is recruited. CK2 phosphorylates the cargo protein as well as GGAs, 

subsequently causing the GGAs to dissociate and the cargo protein to bind AP-1, and 

then budding proceeds. As for the first model the action of one or more phosphatases is 

indispensable in this scenario.
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Figure 1.3 Model for the cooperation of GGAs and AP I during clathrin coat 
recruitment on the TGN. Panel A) Association of GGA with ARF-GTP causes an 
inhibition of the ARF-GAP and allows enhanced recruitment of AP I. B) During 
coat recruitment AP I interacts with both ARF-GTP and GGA. Phosphorylation of 
cargo by CK2 increases the interaction of GGAs with cargo. Panel C) Subsequent 
phosphorylation of the GGAs allows dissociation of GGAs, and activation of GAP 
activity. Budding of AP I coated vesicles then proceeds from the TGN. For 
simplicity, clathrin, the P and y appendages were omitted from this scheme.
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1.5 Small G‘proteins control vesicular traffic

Small G-proteins that belong to the Ras superfamily of G-proteins control vesicular 

trafficking. The ARF protein family controls coat recruitment, and the Rab family 

controls vesicle budding, movement, and tethering prior to fusion.

1.5.1 ARFs control coat recruitment

A R Fl (ADP ribosylation factor) was first isolated as a cofactor for cholera toxin- 

mediated ribosylation of the heterotrimeric G-protein subunit Gs (Kahn and Gilman, 

1984). Today we know there are six ARFs in mammalian cells which are divided into 

three classes by sequence homology: class 1 (A R Fl-3), class 2 (ARF4 and 5), and class 3 

(ARF6) (Jackson and Casanova, 2000). Additional members of the ARF branch of the 

Ras superfamily include ARF domain protein (Ard), ARF-like protein (Arl), and ARF- 

related protein (Arp), and the distantly related G-protein Sarlp. These proteins are all 

about 20 kDa in size and have low intrinsic GTPase activity (Chavrier and Goud, 1999). 

They function as molecular switches where the GTP-bound state constitutes the active 

form of the protein and the GDP-bound form is the inactive form. All ARF proteins carry 

a myristoyl moiety at the N-terminus. Myristoylation occurs co-translationally and is 

catalysed by N-myristoyl-transferase. In its inactive state, ARF is soluble and can loosely 

associate with membranes, while in its active state the myristoyl group allows, together 

with the amphipathic N-terminal domain, ARF to associate tightly with membranes 

(Antonny et al., 1997). On its own, ARF has only a slow nucleotide turnover, therefore 

exchange factors (GEFs) accelerate the exchange of GDP for GTP, and GTP hydrolysis is 

enhanced by a GTPase activating protein, GAP. ARFl and ARF6 have been studied in 

most detail, and they have been shown to have distinct functions (Randazzo et al., 2000). 

While ARF6 functions in protein trafficking and actin remodelling in the cell periphery, 

ARFl seems to function mainly in the Golgi area of the cell (Randazzo et al., 2000). The 

subsequent discussion will focus on the function of ARFl, or class 1 ARFs.

The structure of the N-terminal truncated ARFl (A17ARF1) has been determined in its 

nucleotide-free, GDP-, and GTP-bound state (Goldberg, 1998; Goldberg, 1999;
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Mossessova et al., 1998). Upon binding of GTP ARF undergoes major structural changes 

mainly in the catalytic site, the switch 1 and 2 domain. The GTP-bound and nucleotide- 

free state of ARF closely resembles the structure of GTP-bound Ras (Goldberg, 1998). 

The structural changes allow ARF to expose its N-terminal a-helix, whereupon the 

myristic acid residue can associate with the lipid bilayer. The structural changes also 

explain the nucleotide specific binding of ARF effectors.

ARF is essential for the maintenance of Golgi structure and function. When cells are 

treated with BFA (a fungal metabolite that inhibits a subset of ARF exchange factors, see 

also chapter 1.5.2), ARF and coat proteins such as COP I and AP-1 no longer bind to the 

membrane and are found only in the cytosol after ~ 1 minute of BFA treatment. BFA also 

abolished coat recruitment in vitro (Stamnes and Rothman, 1993). After prolonged 

incubation the Golgi apparatus fragments and cis- and medial contents become 

redistributed into the ER, while trans Golgi vesicles collapse in the microtubule 

organising centre. Secretion and lysosomal transport are abolished (Donaldson et al., 

1992). These effects can be attributed to distinct functions of ARF: recruitment of coat 

proteins, recruitment of phosphatidyl-inositide-kinases and activation of PLD, and 

possibly the maintenance of Golgi structure.

The first function identified for ARF was the recruitment of coat proteins (Orci et al., 

1991). ARF recruits coatomer to the cis and medial Golgi, and AP-1, AP-3, AP-4, and 

GGAs to the TGN or endosomes and is therefore a major regulator of coated vesicle 

biogenesis. In vitro recruitment demonstrated that activated ARF binds to the membranes 

first and then the coat components are recruited. Accordingly, BFA or the addition of a 

dominant-negative mutant form of ARF, ARF T31N, that is stabilised in its GDP bound 

form, abolish coat recruitment (Dascher and Balch, 1994). Although the mechanisms for 

recruitment of coatomer and AP-1 appear very similar, the vesicles that are generated 

show one major difference: While ARF is a stoichiometric component of COP I coated 

vesicles, it appears only in traces in clathrin coated vesicles (Stamnes et al., 1998; Zhu et 

al., 1998). Since no transport intermediates containing AP-3, AP-4 or GGAs have been 

isolated yet, it is not clear whether they contain stoichiometric amounts of ARF. Taken 

together, this demonstrates that although all these coats are recruited by ARF, there are
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major differences in the mechanism of coat recruitment and composition that have not 

been elucidated in detail.

An additional function of ARF is the activation of Phospholipase D (PLD) (Cockcroft,

2001). This enzymes catalyses the hydrolysis of phosphatidylcholine to choline and 

phosphatidic acid (PA). Phosphatidic acid is a messenger in the cell that leads, depending 

on the cell type, to different events such as cytoskeletal reorganisation, secretion, and 

internalisation of IgG. PA also increases the fluidity of membranes, thus making PLD a 

good candidate enzyme to regulate membrane dynamics. It was suggested by Ktistakis 

and co-workers therefore that ARF mediated coat recruitment is controlled by PLD action 

and increased PA levels on Golgi membranes (Ktistakis et al., 1996). However, coat 

recruitment is not always sensitive to PLD inhibitors and it was shown that PA levels on 

Golgi membranes do not change during formation of COP I coated vesicles (Stamnes et 

al., 1998; West et al., 1997). The hypothesis that coat recruitment and PLD activation by 

ARF are indeed separate functions gained further support when ARF point mutations 

were characterised that abolished one function without affecting the other (Kuai et al., 

2000). Furthermore the authors of this study succeeded in isolating other mutant forms of 

ARF that would only cause Golgi vésiculation without affecting coat recruitment or PLD 

activation.

Another aspect of ARF function is its influence on PIP signalling. A subset of ARF 

exchange factors has a PH domain that mediates binding to the membrane via PIP2  and, 

preferentially PIP3. ARF has also been shown to recruit Pl-4-kinase P and a yet 

unidentified Pl(4)P-5-kinase to Golgi membranes (Godi et al., 1999a). Again, this 

recruitment appears to occur independently from recruitment of COP 1 or AP-1 and 

activation of PLD. The recruitment of these two Pl-kinases leads to the generation of PIP 2  

on Golgi membranes, which is thought to recruit spectrin and other actin binding protein 

(Godi et al., 1999b). This scenario is an attractive model to explain how ARF might 

contribute to the maintenance of the Golgi structure without affecting coat recruitment or 

PLD activation. This model is also in contrast to the model that BARS is the BFA 

sensitive target responsible for Golgi vésiculation however, the two models need not be 

mutually exclusive.
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1.5.2 ARF exchange factors

Under physiological conditions nucleotide turnover by ARF alone is very slow. ARF 

exchange factors catalyse the displacement of GDP to enable ARF to bind GTP and 

become activated. In contrast to Sarlp, all ARF exchange factors are soluble proteins that 

can become membrane associated. The catalytic domain of all ARF GEFs is the See? 

domain, a highly conserved stretch of ~ 2 0 0  amino acids.

In yeast, there are 3 ARF exchange factors, Sec7, G ealp and Gea2p. The Gea proteins are 

functionally redundant, and for single knockouts there is no detectable phenotype, i.e. 

Golgi morphology, protein secretion and growth appear unimpaired (Peyroche et al.,

1996). Cells in which Gealp and Gea2p are disrupted are non-viable. Sec7 and Geal/2p 

are not functionally redundant. Although the phenotypes are similar, this indicates that 

they function in distinct pathways.

According to their domain organisation and to their sensitivity to BFA, ARF GEFs can be 

divided into different subclasses. Large ARF GEFs (>100 kDa) occur in all eukaryotic 

cells, indicating that these proteins serve conserved aspects of protein and membrane 

trafficking. Sec7p (S.cerevisiae), p200/BIG 1/BIG2 (H. sapiens) and AL022604 (A. 

thaliana) share the same domain organisation and are considered functional orthologues. 

The A. thaliana gene can substitute for Sec7 in yeast (Jackson and Casanova, 2000). p200 

needs a stretch of about 100 amino acids N-terminal from Sec7 domain to show full 

catalytic activity. The function of the other domains of these GEFs remains unclear, 

although it was shown that the N-terminal part of the protein is necessary for membrane 

localisation (Mansouret al., 1999).

Another group of large exchange factors includes GBFl (//. sapiens), G eal/2p (S. 

cerevisiae) and Emb30/Gnom (A. thaliana). With the exception of G BFl all of the 

previously mentioned exchange factors are sensitive to BFA. Figure 1.4 shows an 

overview of the different classes of ARF exchange factors.
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Figure 1.4 Overview of different classes of ARF exchange factors. They are 
divided according to their domain organisation and according to their sensitivity to 
Brefeldin A. From Jackson and Casanova (Jackson and Casanova, 2000).
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The mechanism of nucleotide exchange and how Brefeldin A inhibits exchange has been 

deciphered using biochemical and structural studies (Peyroche et al., 1999; Robineau et 

al., 2000). ARF-GDP associates loosely with membranes where it becomes bound to the 

exchange factor. A glutamate residue within the See? domain, in the loop between helix 

F and G is essential to displace GDP from ARF (Mossessova et al., 1998). Accordingly, 

mutation of this residue to lysine results in an inactive exchange factor. Overexpression 

of such a mutant GEF results in a dominant negative phenotype (see below) (Shinotsuka 

et al., 2002a). There is data that indicate that lipids are needed at a very early stage of 

exchange in order to extract the N-terminal helix from the centre of the protein (Beraud- 

Dufour et al., 1999). This implies that ARF changes its confirmation very early during 

nucleotide exchange and indeed, when complexed with a See? domain, nucleotide free 

ARF resembles very much the GTP-bound protein (Goldberg, 1998). After displacement 

of GDP, ARF can bind to GTP and the exchange factor dissociates. BFA acts as an 

uncompetitive inhibitor of exchange; i.e. it binds to the exchange factor - ARF-GDP 

complex. This causes the stabilisation of a complex that is normally very short lived 

(Peyroche et al., 1999). Because exchange factor expression levels are much lower than 

ARF levels, BFA will sequester all exchange factors, ARF can not become activated, and 

all ARF-dependent reactions in the cell are abolished. Residues within the See? domain 

have been identified that determine if an exchange factor is BFA sensitive of not 

(Chardin and McCormick, 1999). For example, the ARNO mutant F190YA191S is 

rendered BFA sensitive, whereas the wildtype protein is resistant to the drug (Peyroche et 

al., 1999).

Apart from the ARF/exchange factor complex, there are other targets for BFA. For 

example, CtBP/BARS is a Golgi-localised protein that catalyses the transfer of acyl-CoA 

to lysobisphosphatidic acid and thereby generates phosphatidic acid. This reaction is 

thought to be necessary for vesicle fission from the Golgi and its inhibition results in 

Golgi fragmentation. CtBP/BARS is inhibited by BFA through ADP-ribosylation (Spano 

et al., 1999).

Morphological studies demonstrated that while GBFl is localised to the cis-Golgi area, 

B lG l and B1G2 are found on the trans-Golgi network, and accordingly, GBFl colocalises
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with COP I and BIG with AP I and clathrin (Shinotsuka et al., 2002b). It was therefore 

suggested that GBFl is the exchange factor for COP I and B IG l/2 for AP-1 (Kawamoto 

et al., 2002). This hypothesis is in conflict with the fact the COP I recruitment is sensitive 

to BFA but GBFl has been reported to be BFA resistant. The effects of BFA on AP-1 

recruitment are abolished if wildtype BIG2 is overexpressed. On the other hand, 

overexpression of BIG2 has no effect on COP I localisation when cells are treated with 

BFA. Furthermore, expression of a dominant negative mutant of BIG2, E738K, results 

only in mislocalisation of AP I but not COP I (Shinotsuka et al., 2002a). It is not clear 

from these experiments whether BIG I might also have activity on AP-1. Importantly, the 

authors found that although overexpression of BIG2 abolishes the effect of BFA on 

membrane recruitment of ARF and AP-1, it does not effect the Golgi fragmentation seen 

with BFA treatment. BIG2, ARF, and AP-1 are seen on elongated tubules and vesicles 

that extend into the cell periphery if cells that overexpress BIG2 are treated with BFA. 

The authors concluded that, although one cannot exclude that Golgi fragmentation is due 

to the inhibition of COP I, coat recruitment and Golgi fragmentation need not necessarily 

be linked events. The authors speculate that BARS and not ARF is the BFA target that 

causes the Golgi to fragment. This is consistent with the observation that CtBP/BARS 

can antagonise the Golgi fragmentation caused by BFA but not the redistribution of coat 

proteins (Weigert et al., 1999).

It appears that exchange factors determine the vesicle species that is generated at a 

specific site in the cell, i.e. on a site where BIG2 activates ARF; AP-1 will be recruited to 

membranes etc. However, since ARF and the GEF dissociate from one another once ARF 

has become activated, it is not clear how different sites in the cell can be distinguished 

after ARF is activated. One possibility might be that different exchange factors recruit 

different ARFs in vivo. However, there is no evidence that supports this hypothesis. 

Another possibility is that there is an acceptor protein for ARF on the membrane and that 

these proteins are different for different sites in the cell.

The group of smaller exchange factors, ARNOs, cytohesins, and EFA 6 , are resistant to 

BFA. These proteins have no orthologues in yeast. They all have a coiled coil domain N- 

terminal from the Sec7 domain and a PH domain at the C-terminus. The coiled coil 

domain of ARNO mediates homodimerisation of the protein (Chardin et al., 1996). The
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PH domain of ARNO and cytohesin has been shown to bind to PIP 2 , but preferentially to 

PIP3. Accordingly, their membrane localisation has been demonstrated to be sensitive to 

PI-3-kinase inhibitors. A stretch of basic amino acids C-terminal from the PH domain 

enhances binding to the membrane through electrostatic interaction. ARNO and cytohesin 

contain a PKC phosphorylation site in this area, and phosphorylation has been shown to 

reduce membrane binding. This group of exchange factors is mainly localised to the 

plasma membrane and has been implicated in actin dynamics such as membrane ruffling 

and endosomal trafficking events. Although their substrate specificity varies in vitro, it 

seems thus likely that these exchange factors prefer ARF 6  in vivo (Jackson and 

Casanova, 2000).

1.5.3 Rab proteins control vesicle budding, movement, and tethering

Rab proteins (Ypt in yeast and plants) belong to the superfamily of Ras-like G-proteins 

and are found in all eukaryotic cells. Although they are highly conserved, they form a 

large family of proteins. In humans, it is predicted that there are at least 60 different Rab 

isoforms. Surprisingly, these proteins don’t seem to be functionally redundant. More and 

more diseases or mutants are now known that are due to dominant negative or loss of 

function mutants of Rabs or their interacting proteins such as geranylgeranyl-transferase 

(the gunmetal mutation in mice affects the GOT a-subunit and is a mouse model for 

Hermansky-Pudlak syndrome, see also chapter 1.4.4) or Rab GDI (X-linked mental 

retardation), Rab escort protein-1 (choroideremia), and even the non-viable mouse 

mutation open brain (Rab23), indicating that each Rab protein fulfils pivotal functions in 

a cell (Seabra et al., 2002).

Similar to ARFs, they exist in a soluble, inactive form and in an active membrane bound 

form. Rab proteins are prenylated at their C-terminus in order to improve membrane 

association. In contrast to the myristoylation of ARF proteins, prénylation occurs post 

translationally and is catalysed by geranylgeranyl-transferases. Rab escort proteins 

(REPs) bind newly synthesised Rab proteins, and this complex is then a substrate for 

geranylgeranyl-transferase. When the Rab protein is prenylated REP delivers it to the 

membrane where the complex dissociates. On the membrane Rabs can undergo their 

GEF- and GAP-mediated GTPase cycle. Rab-GDP dissociation inhibitor (GDI) mediates
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transport between membranes. GDI binds to membrane bound Rabs and extracts them, 

releasing them into the cytosol. While Rabs are bound to GDI they are stable in the 

cytosol and can then be shuttled to another membrane. Both REP and GDI bind only to 

Rab-GDP and not to Rab in its GTP-bound form. Rab proteins have been implicated in 

vesicle budding, vesicle transport along the cytoskeleton, and vesicle tethering (Zerial 

and McBride, 2001).

One example of a Rab-protein involved in vesicle budding is Rab9. Rab9 is a marker 

protein for late endosomes and has been implicated in the retrograde transport of MPR- 

containing vesicles to the TGN (see section 1.4.7). Several lines of evidence suggest that 

Rab proteins can regulate vesicle motility along the cytoskeleton. Rab proteins can link 

organelles to both the actin and microtubule cytoskeleton. It has been reported that 

endosome mobility relies on the movement along microtubules, these organelles are 

linked to microtubules via Rab 5 (Nielsen et al., 1999), a Rab protein that has also been 

implicated in tethering of early endosomes prior to homotypic fusion (Christoforidis et 

al., 1999).

Rab? interacts with Rab7-interacting lysosomal protein (RILP) that stabilises Rab? in its 

GTP-bound state and recruits a dynein-dynactin protein complex that mediates transport 

of late endosomes towards the minus-end of microtubules (Jordens et al., 2001).

The characterisation of three naturally occurring mutant mouse strains helped explaining 

how melanosomes are linked to the actin cytoskeleton along which they travel towards 

the cell cortex: Rab 27a (ashen) links melanosomes via melanophilin (leaden) to a 

specific isoform of myosin Va (dilute) that binds to actin (Hume et al., 2002). 

Interestingly, there is increasing evidence that coat proteins are linked to motor proteins, 

suggesting that coated vesicles move along the cytoskeleton. At least in some cases Rab 

proteins may provide this link. AP-1 has been demonstrated to bind to KIF13A, a 

kinesin-like protein that accelerates the anterograde transport of MPR-containing vesicles 

(Nakegawa et al., 2000). So far, however no Rab protein has been identified that may 

participate in the recruitment of KIFI3A. However, it is well established that the y-ear 

domain of y-adaptin and GGAs interact with Rabaptin-5 (Hirst et al., 2000).

Perhaps the best studied function of Rab proteins is the tethering of vesicles prior to 

fusion. When a vesicle approaches its cognate target membrane, tethering factors limit
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the movement of the vesicle and allow their SNARE complexes to come into close 

enough proximity to undergo SNARE pairing followed by vesicle fusion. Rab5 binds 

transiently to early endosomes and recruits other cytosolic Rab effectors that mediate 

endosome tethering. First, it recruits a Rabaptin-5/Rabex-5 tetramer (Woodman, 2000). 

Rabaptin-5 is thought to recruit additional proteins and it inhibits the GTPase activity of 

Rab5, thus delaying its inactivation and making the recruitment of additional factors more 

efficient. Rabex-5 is a nucleotide exchange factor for Rab5 and provides a positive 

feedback loop. Rab5 also recruits hVPS34, a PI-3-kinase. PI(3)P is known to be 

necessary for efficient endosome fusion, since wortmannin, a PI-3-kinase inhibitor 

inhibits in vitro fusion of endosomes (Jones et al., 1998). Rab5 and PI(3)P form a 

compound receptor for the tethering factor EEA l (Woodman, 2000). This large 

homodimeric protein mediates the tethering of endosomes.

Interestingly, a theme appears to be emerging that tethering factors interact with SNARE 

proteins and thus functionally link the docking and fusion of vesicles. The literature 

provides conflicting data as to which SNARE protein interacts with EEAl. While one lab 

published that EEAl interacts exclusively with syntaxin 6  (Simonsen et al., 1999), 

another lab claims that it interacts only with syntaxin 13 (McBride et al., 1999). 

Unpublished data from F. Wendler in our lab confirmed that EEAl interacts with both 

syntaxin 6  and syntaxin 13. Another example for the link of SNAREs and tethering 

factors is the postmitotic assembly of the Golgi apparatus. Shorter et al. demonstrated that 

the Golgi tethering factor p i 15 interacts with the SNARE proteins Gos28 and syntaxin5 

(Shorter et al., 2002). This phenomenon provides a conceptual basis for the explanation 

of how specific fusion of organelles is regulated. Tethering factors together with a 

specific Rab protein may link targeting, tethering and fusion of vesicles. The use of 

cytosolic proteins for tethering that can be recruited to a specific organelle can also 

explain how a cell can maintain the identity of an organelle amongst the dynamic 

transport steps that occur at one time.

It is fascinating how a family of proteins so similar as the Rab proteins can interact with 

such a wealth of different proteins with a high selectivity and specificity. It will be 

fascinating to learn what the biochemical nature of these interactions are and what the 

common patterns are.
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1.6 Vesicle fusion

SNARE proteins were first isolated from bovine brain membrane extracts where they 

occur in great abundance (Sollner et al., 1993). They provide the core machinery for the 

fusion of vesicles with their target membrane. The original SNARE hypothesis predicted 

that vesicles carry a SNARE molecule, called vesicle-SNAREs (vSNARE), that 

recognises SNARE proteins on the target membrane (tSNARE) in a key-lock like 

mechanism and thus provide a mechanism to target vesicles correctly and promote their 

fusion. Many views of this working model have evolved, and although it is generally 

accepted that SNAREs are necessary for membrane fusion, and despite being an area of 

extensive research, the molecular mechanism of SNARE action and their precise function 

remains ill understood and a matter of debate (Mayer, 2002).

SNAREs form tight complexes consisting of 3 - 4 proteins providing 4 helices to form a 

tight bundle that is resistant to high temperature treatment and SDS (Fasshauer et al., 

1997). At the presynaptic membrane where vesicle fusion and neurotransmitter release 

occur very quickly, the SNARE complex consists of 3 molecules: VAMP2, SNAP25, and 

syntaxin 1 (Sollner et al., 1993). SNAP25 provides 2 helices in this complex. On 

intracellular membranes, where vesicle fusion is not as rapid, 2  different proteins can 

provide these helices. Taken together, a SNARE complex consists of one vSNARE helix, 

one syntaxin heavy chain and two tSNARE light chains (Fukuda et al., 2000). Recently, a 

new nomenclature for v- and tSNAREs has been proposed: r- and qSNARE, according to 

the conserved residues in the zero layer of the a-helical bundle (Fasshauer et al., 1998). 

Several lines of evidence suggest that SNAREs alone are not responsible for the correct 

targeting of vesicles, and instead are needed for the fusion of vesicles with their target 

membrane. If SNARE proteins are knocked out in D. melanogaster, synaptic vesicles are 

targeted correctly to the presynaptic membrane, however, they fail to fuse with it 

(Broadie et al., 1995). Similarly, if neurones are treated with clostridial neurotoxins, 

synaptic vesicles accumulate at the presynaptic membrane indicating that they are 

targeted correctly and docked, but don’t undergo fusion; resulting in abolished synaptic 

transmission (Schiavo et al., 2000). In addition, it has been demonstrated that some 

SNAREs can form SNARE complexes in a promiscuous fashion, thus making it unlikely
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to perform the correct targeting of vesicles (Fasshauer et al., 1999). However, it was 

argued that SNAREs can form alternative complexes, thus increasing the diversity in 

trafficking patterns through combinatorial use of tSNAREs with different light chains, 

and vSNAREs which are able to perform SNARE pairing with different combinations of 

syntaxins and light chains (Fukuda et al., 2000).

Furthermore, it was argued that SNAREs provide the basic fusion machinery that is 

necessary and sufficient to perform specific fusion of organelles, and that all accessory 

proteins fulfil regulatory functions in vivo (Weber et al., 1998b). This hypothesis has 

been derived from in vitro reconstitution of vesicle fusion using liposomes and 

recombinant SNARE proteins. SNARE proteins providing the afore mentioned four a- 

helices were necessary and sufficient to promote fusion of liposomes. Vesicles could 

dock at 4°C, but fusion would only occur at higher temperatures. Specific SNARE pairing 

was observed and fusion was topologically restricted, i.e. the vSNAREs had to be on one 

population of vesicles and the tSNARE on the other one (McNew et al., 2000).

From data acquired with this in vitro fusion assay, a model for the molecular mechanism 

of SNARE pairing and how this can promote fusion of lipid bilayers has been derived. 

Cognate v-and tSNAREs on apposing membranes can pair at low temperatures, such that 

the vesicles exist in a docked state without fusion occurring. At physiological 

temperatures, the coiled-coil domains of the SNAREs start forming a complex by 

“zippering up” from their N-terminal membrane distal end towards the proximal end in 

order to form a trans-SNARE complex. The different conformation of the SNAREs can 

be distinguished biochemically, e.g. by determining the sensitivity of the vSNARE to the 

neurotoxin BotD (Weber et al., 1998b). While unpaired vSNAREs are sensitive to this 

toxin, zippered SNAREs are resistant to BotD. A trans-SNARE complex would assume a 

rod-like structure where all transmembrane domains would emerge at the same end of the 

rod. Because SNARE pairing is thermodynamically favourable, the complex formation 

would release enough energy to overcome the energy barrier for lipid bilayer fusion; i.e. 

SNARE pairing provides the driving force for lipid bilayer fusion (Mayer, 2002).

Figure 1.5 illustrates how SNAREpin would bring two lipid bilayers into close proximity 

and mediate their fusion analogous to viral fusion proteins.
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Viral hairpins Cellular SNAREpins

Figure 1.5 Schematic representation of a SNAREpin complex on the right and a 
viral hairpin on the left. The formation of these helical bundles is thought to bring 
two opposing membranes into close proximity, which could then induce fusion of the 
lipid bilayers. From Weber et al. (Weber et al., 1998a).
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Interestingly, the substitution of the transmembrane domains of the SNAREs, and their 

substitution by phospholipids that do not span the entire lipid bilayer, prevent fusion of 

liposomes. It was thus suggested that SNARE pairing exerts mechanical force toward the 

lipid bilayer which brings the two bilayers in such close apposition that water is excluded 

from the interphase and the lipid bilayer can undergo fusion (Weber et al., 1998a). 

However, electron microscopic studies suggest that the interface between membranes 

upon SNAREpin formation is still about 2nm, too large to dehydrate the membranes 

(Mayer, 2002). The proximity model implies that unpairing of SNAREs would happen at 

the expense of energy, and SNARE pairing releases the energy needed for fusion (Weber 

et al., 1998a).

Indeed, the unpairing of SNAREs is catalysed by the AAA ATPase NSF (N-ethyl 

maleimide sensitive factor) and its cofactor SNAP and requires ATP hydrolysis. It is 

accepted that NSF disassembles cis-SNARE complexes, i.e. SNARE complexes localised 

on one membrane, a process that has also been referred to as “priming” because SNAREs 

are thus rendered from a fusion-incompetent state to fusion-competent state. NSF binds to 

SNARE complexes via its cofactor a-SNAP, resulting in a 20S complex (compared to a 

7S SNARE complex without NSF and a-SNAP) (Sollner et al., 1993).

An alternative model to the proximity-model for fusion of vesicles is the fusion pore 

model. This model predicts that a pore-like protein complex present on both membranes 

can oligomerise and form a continuous protein channel to enable bilayers to fuse and to 

deliver vesicle contents. Upon oligomerisation of these protein complexes the ring-like 

complexes would laterally dissociate such that lipids can fill the channel with their head 

groups facing the centre of the channel (Peters et al., 2001). Mayer and colleagues have 

identified the Vq sector of vacuolar ATPase as such a fusion pore complex. When the 

yeast Vq subunit (VmaSp) is reconstituted into artificial liposomes, large pores are formed 

in a Ca^^ dependent manner. In addition, the vacuolar transporter chaperone (Vtc) 

complex which links the vSNARE Nyvlp with Vq, is essential for NSF-mediated SNARE 

priming, and LM Al release during fusion (Muller et al., 2002). Because Vq associates 

with the tSNARE VamSp, it is tempting to speculate that trans-SNARE complex 

formation precedes the trans-pairing of Vq. It will be interesting to learn if the fusion pore
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model expands to a more general theme for vesicle fusion or if it only applies for vacuole 

fusion in yeast.

Additional regulatory factors for fusion have been identified, although it remains to be 

determined what molecular function they fulfil.

Seel-like proteins have been shown to bind to the N-terminal regulatory domain (NRD) 

of syntaxins. The NRD domain can regulate the conformation of syntaxin: it can fold 

back and interact with its SNARE domain forming a coiled-coil domain, i.e. a “closed” 

conformation that renders the syntaxin fusion-incompetent. It has been suggested that 

Seel-like proteins bind to syntaxins after priming in order to keep them in a fusion- 

competent state by binding to the NRD and exposing the SNARE complex-forming 

coiled-coil domain, i.e. an open conformation. Upon pairing with the appropriate vesicle, 

fusion would then occur. This model is consistent with the interaction of some Sec I-like 

proteins with tethering factors. Other models however implicate Sec I-like proteins in a 

later step in fusion after priming and docking (Mayer, 2002).

Vesicle fusion requires a temporary increase of the cytosolic Ca^^ concentration (Mayer, 

2002). Synaptotagmins are major components of synaptic vesicles and good candidate 

proteins as calcium sensors in synaptic vesicle fusion. They comprise a family of about 

13 isoforms and are all type 2 transmembrane proteins with very short lumenal domains. 

The cytoplasmic domain consists of a linker region and two C2-domains. In 

synaptotagmini the two C2 domains can together bind 5 Ca^^molecules (with relatively 

low affinity) at Ca^^concentrations that occur during exocytosis. The exact molecular 

mechanism of how synaptotagmins promote fusion remains to be determined (Chapman, 

2002). Essentially, two different models have been proposed: In the first model, 

synaptotagmin associates with loosely associated SNAREs. Upon Ca^^ re lease  

synaptotagmins oligomerise and pull the SNARE proteins closer together and promote 

SNARE assembly, and at the same time, synaptotagmin penetrates the membrane by 

binding tightly to PIP 2  rich domains in the lipid bilayer, thus promoting fusion. An 

alternative model suggests that synaptotagmin associates tightly with trans-SNARE 

complexes, but inhibits fusion until a Ca^^ burst releases this inhibition. In the above 

mentioned fusion assay with reconstituted, artificial liposomes, synaptotagmin, or even
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the soluble, cytoplasmic domain of synaptotagmin promotes fusion independently of Ca^^ 

concentrations (Mahal et al., 2002).

A second function of synaptotagmin is in recycling of synaptic vesicles, and is better 

understood. There are two mechanisms whereby synaptic vesicles can be recycled: by 

AP-2 and clathrin dependent endocytosis from the plasma membrane (Maycox et al., 

1992), and by AP-3 dependent, clathrin independent budding of synaptic vesicles from 

early endosomes. Synaptotagmin participates in the recycling of synaptic vesicles from 

the plasma membrane. On the plasma membrane it can directly interact with AP-2 and is 

also thought to promote vesicles biogenesis through its interaction with PIP^ (Haucke et 

al., 2 0 0 0 ).

1.7 Biogenesis of secretory granules

Constitutive secretion is a process common to all eukaryotic cells, by which components 

such as proteins of the extracellular matrix are transported to the plasma membrane. 

Regulated secretion is restricted to specialised cell types and generally describes a 

mechanism where material is exocytosed upon external stimulation in a rapid fashion, 

while secretion in the absence of a stimulus occurs only to a very limited extent. 

Regulated secretion occurs in neurones, endocrine, exocrine cells, and neuroendocrine 

cells. In addition, some hematopoietic cells and melanocytes form organelles similar to 

secretory granules, and the insulin-dependent translocation of Glut4 in muscle cells and 

adipocytes can also be considered as a form of regulated secretion (Blott and Griffiths, 

2002).

Dense core secretory granules are specialised organelles that occur in all neurones, 

exocrine, endocrine, and neuroendocrine cells, and are the storage compartment for 

hormones and bioactive peptides. Formation of these organelles starts at the TGN, 

includes remodelling of post-Golgi vesicles, and results in granules that contain secretory 

proteins in high concentration, and which can fuse with the plasma membrane upon 

exposure to external stimulants. Immature secretory granules (ISGs) are the intermediate 

vesicular compartment between TGN and mature secretory granules (MSGs). Post-Golgi 

maturation of secretory granules coincides with their acidification and processing of



Introduction____________________________________________________________________ 67

prohormones to give rise to their active form. ISGs can undergo limited exocytosis, but 

are not as responsive to secretagogues as mature secretory granules (Eaton et al., 2000). 

Dense core secretory granules bud from the TGN with a half-life of 3-5 min depending 

on the cell type (Kuliawat et al., 1997; Tooze and Huttner, 1990). To date, it is still not 

clear if coat proteins mediate the budding of secretory vesicles at the TGN. 

Morphological studies did not detect any clathrin coats in the areas of the TGN where 

secretory proteins accumulate, presumably prior to budding; however a “lace-like” coat 

has been described in these areas. The molecular nature of this coat remains unknown 

(Ladinsky et al., 1994). Similarly, it is not clear how secretory proteins are sorted into the 

nascent vesicles. It has been suggested that Carboxypeptidase E (CPE) serves as a sorting 

receptor for hormone precursors at the TGN (Cool et al., 1997). Fat/Fat mice are 

homozygous for a point mutation resulting in failure of the protein to exit the ER. In these 

mice POMC, which binds to CPE with its N-terminal domain (see below), is missorted to 

the constitutive secretory pathway. Because CPE is needed for processing of proinsulin, 

these mice show elevated serum levels of proinsulin, resulting in obesity and 

hyperglycemia. However, proinsulin sorting is not impaired in these mice (Irminger et al.,

1997), suggesting that CPE is not involved in prohormone sorting.

An alternative explanation is that instead by sorting for entry, proteins enter the nascent 

vesicle by default, and proteins that are not destined for regulated secretion are removed 

at a later stage. Although the removal of non-secretory proteins from ISGs has been 

demonstrated (Dittié et al., 1997; Klumperman, 1998), this does not exclude the 

possibility that regulated secretory proteins are positively selected and recruited into a 

nascent vesicle at the TGN; i.e. the sorting for entry and sorting by retention model are 

not mutually exclusive.

It has been suggested that the aggregation of secretory proteins may aid their correct 

sorting at the TGN (Chanat and Huttner, 1991). In particular, the granins, a family of 

secretory proteins that are highly expressed in most endocrine and neuroendocrine cells 

have been shown to aggregate in the TGN. These proteins include Chromogranin A, 

Chromogranin B (Secretogranin I), Secretogranin II, Secretogranin III, and 7B2 

(Secretogranin IV). Aggregation of these proteins is favoured at low pH and high Câ "̂  

concentrations (Gerdes et al., 1989), i.e. conditions thought to be found in the TGN, and
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is thought to segregate them from non-aggregating proteins and serve as a carrier for 

other hormones and secretory proteins. For example, it has been demonstrated that 

overexpressing of Sgl in AtT20 cells promotes efficient sorting of POMC (pro

opiomelanocortin) (Natori and Huttner, 1996).

Some secretory proteins have an amphipatic disulfide loop at their N-terminus that is 

necessary for their correct sorting (Chanat et al., 1994). It has also been demonstrated that 

this loop mediates binding of POMC to CPE (Cool et al., 1997). Treatment of cells with 

DTT results in the missorting of proteins that undergo regulated secretion. When a 

mutant form of CgB missing the disulfide bond loop was expressed while synthesis of 

endogenous proteins was shut off to abolish co-aggregation with endogenous wildtype 

protein, the mutant protein was missorted and did not enter the regulated secretory 

pathway (Kromer et al., 1998).

Several lines of evidence suggest that ISGs undergo a remodelling process that gives rise 

to MSGs. Morphological studies revealed that ISGs have an average diameter of ~ 80nm, 

whereas MSGs display an average size of ~ 115 nm. Taking into account that granules 

sometimes appear to have several dense cores of aggregated protein, it was hypothesised 

that ISGs undergo homotypic fusion after budding from the TGN (Tooze and Huttner, 

1990). Homotypic fusion of ISGs can be reconstituted in a cell-free assay (Urbé et al.,

1998). In vitro fusion of ISGs is temperature-dependent and requires ATP, GTP, and 

cytosolic factors. Amongst the cytosolic factors required is NSF, whereas p97, a related 

AAA ATPase involved in postmitotic Golgi-reassembly, is not involved in ISG fusion. 

Recently, the actin-binding ERM proteins have been identified as fusion promoting 

proteins (R. Demaimay, unpublished observations).

Antibodies against the tSNARE syntaxin 6  inhibit ISG-ISG fusion (Wendler et al., 2001). 

So far, no other SNARE protein has been directly shown to be involved in this fusion 

step, and interestingly ISG-ISG fusion is resistant to treatment with botulinum 

neurotoxins (Urbé et al., 1998). This indicates that plasma membrane SNAREs such as 

syntaxin la  and VAMP2, although present on ISGs, do not participate in ISG fusion. 

Surprisingly, SNAP25 on ISGs is resistant to treatment with BoNT A and C., Syntaxin 6  

has been found in a SNARE complex on ISGs with SNAP25, SNAP29 (GS32), and 

VAMP4 (Wendler et al., 2001). Other labs have identified independently a SNARE
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complex consisting of VAMP4 (vSNARE), syntaxin 6  (light chain), v tila  (light chain), 

and syntaxin 16 (heavy chain), making these proteins good candidates as SNARE 

partners of syntaxin 6  in ISG-ISG fusion (Kreykenbohm et al,, 2002; Mallard et al., 

2002). Indeed, in addition to syntaxin 6 , VAMP4 has been localised to ISGs in 

neuroendocrine cells (Eaton et al., 2000; Steegmaier et al., 1999; Wendler et al., 2001). 

Homotypic fusion of ISG would generate excess membrane material that can be removed 

together with proteins that are not destined for secretion. ISGs have been shown to 

contain clathrin patches with the adaptor complex 1 (AP-1) (Dittié et al., 1996). It was 

therefore suggested that clathrin coated vesicles bud off ISGs to remove material from the 

maturing granules. Several such proteins have been identified: CI-MPR and furin are 

present on ISGs but not MSGs (Dittié et al., 1997). In addition, in the endocrine and 

exocrine pancreas, as well as in parotid cells, both MPRs have been localised to clathrin 

coated buds on ISGs (Klumperman, 1998). Both furin and the MPRs can interact with 

AP-1, and their interaction is enhanced when their cytoplasmic tails are phosphorylated 

by CK2, and furin can be phosphorylated on ISGs in vitro (Dittié et al., 1997). AP-1 and 

clathrin can be recruited to a subcellular fraction enriched in ISGs in vitro. Accordingly, 

AP-1 recruitment is reduced when ISGs are treated with alkaline phosphatase prior to 

recruitment. Recruitment is ARF-dependent and is inhibited by BFA, indicating that a 

BFA-sensitive exchange factor may participate in this reaction (Dittié et al., 1996). 

Interestingly, it has demonstrated in immunoelectron microscopic studies that VAMP4 is 

found in the clathrin patches on ISGs and absent from MSGs (Steegmaier et al., 1999). 

Syntaxin 6  has been localised to clathrin coated patches on the TGN (Bock et al., 1997). 

Immunoisolation and subcellular fraction studies in our lab also confirmed that syntaxin6  

is present on ISGs, but not MSGs (Wendler et al., 2001). Eaton et al. found that VAMP4 

is also present in ISGs in AtT20 cells and removed from MSGs. Removal of VAMP4 

from ISGs was inhibited by BFA (Eaton et al., 2000). One can thus hypothesise that the 

SNARE complex formed after homotypic fusion is removed by its inclusion into clathrin 

coated vesicles that form on ISGs. Figure 1.6 gives a schematic representation of the 

maturation of secretory granules.
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Figure 1.6 Biogenesis o f secretory vesicles in neuroendocrine cells. Schematic view 
of the working model for secretory granule biogenesis. Secretory vesicles bud from 
the TGN and undergo a maturation process that includes homotypic fusion and 
removal of non-secretory components by clathrin coated vesicles.
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1.8 Scope of this thesis

The scope of this thesis was to further investigate the molecular mechanism of AP-1 

recruitment onto immature secretory granules. I concentrated on two aspects of the early 

stages of clathrin coat recruitment to ISGs:

Experiments performed by Andrea Dittié demonstrated that coat recruitment from cytosol 

to ISGs was sensitive to both BFA and trypsin. Carol Austin demonstrated that AP-1 

recruitment to ISGs can be reconstituted with purified AP-1 and recombinant, 

myristoylated A RFl. Preliminary data (see chapter 3) suggested that ISGs contain a 

BFA-sensitive exchange factor. The scope of the first part of my thesis was to isolate 

and/or characterise this exchange factor.

Work from Franz Wendler demonstrated that the SNAP 25-homologue syntaxin 6  is 

required in homotypic fusion of ISGs. This SNARE protein forms a complex with the 

vSNARE VAMP4 (Wendler et al., 2001). Syntaxin 6  and VAMP4 have both been 

localised to the clathrin coated patches of ISGs in neuroendocrine and endocrine cells 

(Bock et al., 1997; Steegmaier et al., 1999). Kreykenbohm and colleagues identified a 

SNARE complex consisting of syntaxin 6 , VAMP4, v tila , and syntaxin 16 that is 

enriched in clathrin coated vesicles. Moreover, these SNAREs are removed from 

secretory granules and are absent from MSGs. Eaton and colleagues demonstrated that 

treatment of AtT20 cells, a neuroendcrine cell line from mouse pituitary gland, results in 

the missorting of VAMP4 to MSGs. Taken together, these data may suggest that syntaxin 

6  and VAMP4 are removed from ISGs by inclusion into clathrin coated vesicles that bud 

off ISGs. In the second part of my thesis, I therefore investigated whether syntaxin 6  or 

VAMP4 interact with clathrin adaptors. This question is of particular interest, since it has 

been suggested by Schekman et al (Springer and Schekman, 1998) that vSNAREs may 

recruit coat components, thus ensuring that each vesicle receives a vSNARE that enables 

the vesicle to undergo subsequent fusion with its target membrane.
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2.1. Chemicals and enzymes

Reagents were obtained from Aldrich, Amersham, Anachem, Baboo, BioLine, BDH 

Chemicals, Bio-Rad, Boehringer, Calbiochem, Clontech, Fluka, Gibco BRL, ICN, 

Invitrogene, Jackson ImmunoResearch Laboratories, Merck, Molecular Probes, National 

Diagnostics, New England Biolabs, Novagene, Packard Bioscience, Perkin Elmer, 

Pharmacia, Pierce, Promega, Qiagen, Roche, Sigma, Serva, Stratagene, Synaptic systems, 

TAAB, Transduction laboratories.

Plastic ware was from Coming, Falcon, and Nunc. X-ray film was from Kodak. Filter 

units were from Millipore and Nunc. Nitrocellulose was from Schleicher & Schuell.

The following sterile buffers and solutions were provided by Cancer Research UK central 

services:

dHjO, PBS (±Ca^‘̂ /Mg '̂ )̂, LB medium, LB-agar, SOC medium, terrific broth, all yeast 

media, E4 (Dulbecco’s modified eagle medium) medium, E4-antibiotics, E4-sulphate, 

E4-methionine/cysteine, trypsin/versene, versene, glutamine.

2.2. Cell lines

2.2.1. Bacterial strains

strain: used for:

DH5a (Invitrogene) general cloning

XL 1 -Blue (Stratagene) site-directed mutagenesis

DHIOB (Gibco) cloning and site directed mutagenesis of BIGl

BL21-DE3 (Stratagene) protein expression

BL21-DE3 pLys (Stratagene) protein expression



M aterials and Methods 74

2.2.2. Mammalian cell lines

PC 12 cells, clone 251, was originally obtained form Dr. H. Thoenen (Martinsried, 

Germany) (Heumann et al., 1983). AtT20 (AtT20 D16V) cells were originally obtained 

from R. Kelly (Gumbiner and Kelly, 1981). AtT20 cells clone G7, was obtained from 

Gary Thomas, Portland, Oregon. HeLa S3 cells were provided by Central Cell Services, 

Cancer Research UK, 44 Lincoln’s Inn Fields. HeLa cells for the propagation of vaccinia 

viruses were obtained from Tim Newsome in the Cell Motility Laboratory, Cancer 

Research UK, 44 Lincoln’s Inn Fields (Rottger et al., 1999).

2.2.3. Viruses

Wildtype vaccinia virus and vaccinia virus expressing wt HA-Pacs-la (Wan, 1998) were 

obtained from Gary Thomas, Vollum Institute, Oregon.

2.3. Proteins and peptides

GST-syntaxin 6  was from Franz Wendler. Tetanus neurotoxin and botulinum neurotoxin, 

serotype D, was from Giampietro Schiavo, Molecular Neuropathobiology Laboratory, 

Cancer Research UK, 44 Lincoln’s Inn Fields.

Peptides were synthesised and purified by the Peptide Synthesis Laboratory, Cancer 

Research UK, 44 Lincoln’s Inn Fields.

2.4. DNA

2.4.1. DNA constructs

GST-VAMP4 pGex-KG was from R. Scheller, Stanford University, California. A RFl- 

p E T lld , A RFl T31N-pETl Id, and yNMT-pBB131 were from D. Shields, Albert 

Einstein University, New York. cytohesin2-pET15b was from J. Goldberg, Memorial
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Sloan-Kettering, New York. pCINeo-Flag was a gift from Theresa DiColandrea, 

Keratinocyte Laboratory, Cancer Research UK, 44 Lincoln’s Inn Fields. BIGlpCR-blunt 

was obtained from M. Vaughan, NIH, Maryland.

2.4.2. Oligonucleotides

Oligonucleotides were synthesised and purified by the Oligonucleotide Department, 

Cancer Research UK, Clare Hall.

VAMP4 5’

VAMP4 3’

GGAl-VHS 5’

GGAl-VHS 3’

GGA2-VHS 5’

GGA2-VHS 3’

GGA3-VHS 5’

GGA3-VHS 3’

VAMP4-V25V26-5’

VAMP4-V25V26-3’

VAMP4-S20A-5’

VAMP4-S20A-3’

VAMP4-S20D-5’

VAMP4-S20D-3’

VAMP4-S30A-5’

VAMP4-S30A-3’

VAMP4-S30D-5’

VAMP4-S30D-3’

T7 primer 22mer 

T3 primer 20mer 

pGEX5’

pTrcHis forward 

BIGl repair 5’

5’ CGGAATrCGCCACCATGCCrCCCAAGITCAAG0G3’

5’ TCCGATATCAGTACGGAATnCACAACrATAAG 3’

5’ CGGGAT0CCGGAATCAATAGAGCCACGAAC3’

5’ CCGGAATICCrAATCnCAAAGATCACATICITGGT 

5’ CGGGATOCIGGCIGAACAAAGCCACAGAC 3’

5’ GGAAGATCrCTAATCAGCATCAAAGATGGAGCIC 3’

5’ GGAAGATCnGGCICAATAAAGCCACCAATCCTFCC 3’

5’ CCGGAATICCrAATCATCAAAAACAGGGrnTFGGGACG3’

5’ GTGAGAGGAGAAATGTFGIGGAAGATGATICAG3’

5’ CIGAATCATCITCCACAACATncrOCrcrCAC 3’

5’ CACAGGITX7IGTGAAAGCIGAAAGGAGAAATCTTTTGG 3’

5’ CCAAAAGATITCrOCrnCAGCrnCACAGAACCrGIG 3’

5’ CACAGGITCIGTGAAAGARGAAAGGAGAAATCmTGGT 

5’ CCAAAAGATnCICCrnCATCITTCACAGAACCFGFG 3’

5’ GGAGAAATCnTIGGAAGATGATGCAGATGAAGAAGAGGACT 

5’ GTCCICTICTICATCIGCATCATCrrCCAAAAGATnurOC 3’

5’ GGAGAAATCmTGGAAGATGATGACGATGAAGAAGAGGACT 

5’ GTCCICTICTICATajICATCATCITCCAAAAGATXTCrOC 3’

5’ GTAATACGACICACTATAGGGC 3’

5’ AATrAACCCICACTAAAGGGJ 

5’ GGGCIGGCAAGCCACGITTGGTG3’

5’ GAGGTATATATTAATGTATOGA 3’

5’ GCAAAATnCCAGAACAAAAATTGITTGCIGCCCrGT
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BIGlrepair 3’ 5’ CAGGGCAGCAAACAATITITGTrCIGGAAAri riG C 3’

Hu-BIGl-seql 5’GAAGAACATGTrOCIGACOC 3’

Hu-BIGl-seq2 5’ CACATAGAAATTCATGAAGGG 3’

Hu-BIGl-seq3 5’ ACAGACIGAAGCIGATCAGGC 3’

Hu-BIGl-seq4 5’ AAGTCrCATGAACTACGATOC 3’

Hu-BIGl-seq5 5’ GTIGAGGAATIGAG(XTGAGG3’

Hu-BIGl-seq 6 5’ TCAAGTGGGTGAGTTOCIGGG 3’

Hu-BIGl-seq7 5’ TTAGAAATGGAGCAGATGGCC 3’

Hu-BIGl-seq 8 5’ GAACAGTGCGAGGCAGAGAAGG3’

Hu-BIGl-seq9 5’ TCITAGAGAAAGGGGAGCITGC 3’

Hu-BIGl-seqlO 5’ TGTGGGTGAGAGGATGGTIGOC 3’

H u-B IG l-seqll 5’ TGCGCIGTIGACCIGGCGACOC 3’

Hu-BIGl-seql2 5’ ACAACGAACAGAGGACIGCCC 3’

Hu-BIGl-seql3 5’ CTATGTGACrcrAATAAGCAGTCC3’

Hu-BIGl-seql4 5’ TCXJIGCnGAGAAGGTIGGGC 3’

2.5. Antibodies

name antigen species application source
100/3 Y-adaptin, bovine 

specific
mouse, mab, 

ascites
WB 1:250, 

IP
Sigma

clone 8 8 y-adaptin mouse, mab, 
purified

WB 1:500 
IF 1:200

Transduction
laboratories

ST025 Y-adaptin rabbit serum IP A. Dittié
1 0 0 / 2 oc-adapdn mouse, mab, 

ascites
WB 1:200 Sigma

clone 18 6 -adaptin,
human

mouse, mab, 
purified

WB 1:500 Transduction
laboratories

ST0146 VAMP4 rabbit, serum or 
IgG

WB 1:200 F. Wendler,

TG19 VAMP4 rabbit, serum WB 1:200 
IF 1:50-1:100 

IP.

Thierry Galli, 
Paris

1A9 ARF, class 1 mouse, mab, 
hybridoma sup.

WB 1:100 this study
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ST0134 ARF, class 1 rabbit serum WB 1:500 this study
ST0132 rat syntaxin 6 rabbit serum or 

affi.-pur.
WB 1:800 
IF 1:200 

IP

F.Wendler,

clone 30 syntaxinb mab, purified WB 1:500 
IF 1:200 

IP

Transduction lab

VAMP2 rabbit serum WB 1:1000 Synaptic
Systems

175 Secretogranin II serum WB 1:500 S. Tooze
601 PACSla rabbit serum WB1:500 G. Thomas

R aM 4 0 2 anti mouse IgG rabbit serum WB 1:400 S. Tooze
H a.ll HA-tag mouse, mab WB 1:1000 Babco

M2 Flag-tag mouse, mab IF 1:1000 Sigma
pentaHis His.;-tag mouse, mab WB 1:200 Qiagen

a  mouse-A488 mouse IgG goat, Alexa 488- 
conjugated

IF 1:500 Molecular
Probes,

a  rabbit-A488 rabbit IgG goat, Alexa 488- 
conjugated

IF 1:500 Molecular
Probes

a  mouse-Cy3 mouse IgG sheep, Cy3- 
conjugated

IF 1:500 Jackson Immuno 
Research Lab.

a  rabbit-Cy3 rabbit IgG goat, Cy3- 
conjugated

IF 1:500 Jackson Immuno 
Research Lab.

oc mouse-HRP mouse IgG sheep, HRP- 
conjugated

WB 1:2500 Amersham,

a  rabbit-HRP rabbit IgG donkey, HRP- 
conjugated

WB 1:5000 Amersham

2.6. Tissue culture techniques

2.6.1. Maintenance of mammalian cells

Media and solutions: PBS: 137 mM NaCl, 3.35 mM KCl, 10 mM Na^HPO^, 1.84 mM 

KH 2 PO 4 , pH 7.2; trypsin/versene: 0.05% trypsin (w/v), 0.02% EDTA (w/v), 1% phenol 

red in PBS; E4-medium; glutamine stock 250 mM; all sterile provided by Cancer 

Research UK, Central Cell Services; horse serum and foetal calf serum, batch tested.
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P C I2 cells, clone 251, were originally obtained from Dr. H. Thoenen (Martinsried, 

Germany) (Heumann et al., 1983) and were only used between passage 9 and 25. They 

were maintained in E4 medium supplemented with 10% horse serum, 5% PCS, 4.8 mM 

glutamine, and 100 jag/ml penicillin/streptomycin in humidified incubators at 37 °C and 

10% COj. AtT20 cells and AtT20 cells clone 0 7  were maintained in E4 medium 

supplemented with 10 % ECS, 4.8 mM glutamine, + 3.5 g/1 glucose, and 100 /xg/ml 

penicillin/streptomycin.

For passaging, the cells were washed in PBS and incubated in trypsin/versene. To stop 

the reaction, the cells were diluted into growth medium and spun at 1000 g for 5 min. In 

order to obtain a single cell suspension, the pellet was resuspended by passing it through 

a pasteur pipette that had been flamed to narrow the opening. Then the cells were plated 

into fresh flasks or dishes at a dilution of 1:3 - 1:6.

2.6.2. Cryopreservation of cells

For cryopreservation, a cell pellet was resuspended in ice-cold growth medium 

supplemented with 10 % sterile DMSO and transferred in 1 ml aliquots into cryovials 

(Nunc). The cryovials were transferred into a styrofoam box and maintained at -70°C for 

at least a week. After that the cells were stored in liquid nitrogen.

For revitalisation, the cells were quickly thawed at 37°C, diluted into growth medium, 

spun at 1000 g for 5 min, resuspended in fresh medium and plated. The medium was 

changed the next day.

2.6.3. Transient transfection of cells

PC 12 cells were transfected using the SuperFect reagent from Qiagen. The day before 

transfection confluent cells were split 1:3 and plated onto 6  well dishes. Transfections 

were carried out with 10 fig of plasmid DNA and 25 fil of SuperFect in 500 fi\ serum free 

medium without antibiotics. The medium was exchanged for full growth medium after 4 

hours. Cells were processed 2 days after transfection.
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AtT20 cells were transfected using the TransFast® reagent from Promega. Cells were 

plated 2 days before transfection at ~ 2x1 OV well of a 6  well plate. 3.4 /xg DNA was 

mixed by vigorous vortexing with 9.6 ^1 of TransFast reagent in 800 /xl antibiotic-free, 

serum-free E4, supplemented with 2 mM glutamine and incubated for 30 min at room 

temperature. The mixture was vortexed briefly and plated onto the cells. The cells were 

incubated for 1 h at 37°C, 10% CO^, then supplemented with 2 ml growth medium, and 

processed one day post-transfection.

2.6.4. Generation of transfected PC12 cell lines

Confluent PC 12 cells of low passage number were plated 1:3 in 10 cm dishes. The next 

day, the cells were transfected as described above. Two days post transfection the growth 

medium was supplemented with 200 /xg/ml G418 (Gibco BRL). Medium was exchanged 

once a week.

When cell clones were visible, clones were picked using a yellow tip and transferred into 

24 well plates. Clones were screened by immunofluorescence twice and confirmed 

positive clones were subcloned by limiting dilution once. For experiments, confluent cells 

were split and treated with 10 mM sodium butyrate over night before processing.

2.6.5. Pulse chase p^S]sulphate labelling of PC12 cells

Solutions:

Sulphate-free E4: DMEM without sulphate, 1/10th methionine, 1/lOth cysteine, 1.0 g/1 

glucose supplemented with 4.8 mM glutamine and 0.1 % dialysed horse serum and 0.05 

% dialysed foetal calf serum; Complete E4 + 1.6 mM Na^SO^; TBS: 5.4 mM KCl, 137 

mM NaCl, 0.7 mM NazHPO^ 1.6 mM Na2 S0 4 , and 25 mM Tris-HCl pH 7.4; leupeptin: 

10,000x stock solution, 5 mg/ml; PMSF: 500x stock solution, 250 mM in ethanol.

A 15 cm dish with 80% confluent PC 12 cells was washed once with sulphate-free E4, 

and incubated with sulphate-free E4 for 20-30 min at 37°C, 10% CO 2 . Cells were then 

incubated with 5 ml of sulphate-free medium, supplemented with ImCi/ml Na2 ^̂ S0 4
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(carrier-free, ICN or Amersham) for 5 min (pulse) on a rocker in the incubator. The 

medium was aspirated, replaced with 20 ml complete E4 + 1.6 mM Na 2 S0 4  and 

incubated for a further 15 min without rocking (chase). Placing the dish onto an ice-cold 

aluminium plate stopped the incubation, and the medium was aspirated. Cells were 

washed twice with 20 ml of ice-cold TBS and harvested with a cell scraper into 10 ml of 

TBS supplemented with 0.5 jLtg/ml leupeptin and 0.5 mM PMSF. The cells were collected 

by centrifugation for 7 min at 800 g at 4°C in a Heraeus centrifuge. Occasionally, 

labelled cells were pooled with unlabelled cells. Then the cell pellet was further 

processed to obtain a postnuclear supernatant (section 2.7.1).

2.6.6. Metabolic labelling of cells with p®S]methionine/cysteine

Solutions: E4 minus methionine/cysteine with 4.8 mM glutamine; TBS supplemented 

with CLAPP and Pefabloc (see 2.9.7); complete E4 for AtT20cells.

A 15 cm dish of -90%  confluent AtT20 cells was washed in methionine/cysteine free E4, 

supplemented with 4.8 mM glutamine and 0.1 volume of complete E4 medium and 

incubated for 1 h with 20 ml of this medium in the incubator. The medium was replaced 

with 15 ml medium containing 2.4 mCi Promix (Amersham, ^^S-methionine and ^^S- 

cysteine in a molar ratio of 1:0.4) and cells were incubated over night. The next day, cells 

were placed on an ice-cold aluminium plate, washed twice with ice-cold TBS, harvested 

with a cell scraper into 10 ml of TBS and collected by centrifuging at 800 g for 7 min at 

4°C. Then a whole cell detergent lysate was prepared as described in 2.9.8.

2.6.7. Vaccinia virus propagation and infection of AtT20 cells

All vaccinia virus propagations and infection of AtT20 G7 cells were performed by 

Sharon A. Tooze. Virus propagation in HeLa cells was performed according to a 

published protocol (Rottger et al., 1999), as was infection of AtT20 G7 cells (Bresnahan 

et al., 1990).
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2.6.8. Two hybrid assay

Two hybrid assays were performed by Franz Wendler Cancer Research UK, using the 

MatchMaker II system (Clontech), according to manufacturer’s instructions.

2.7. Subcellular fractionation

2.7.1. Preparation of a postnuclear supernatant from P C I2 cells 

Solutions:

TBS: TBS with leupeptin 0.5 /xg/ml and PMSF 0.5 mM; homogenisation buffer (HB): 10 

mM Hepes-KOH pH 7.2, 250 mM sucrose, 1 mM MgOAc, I mM EDTA, 5 /tg/ml 

leupeptin, 0.5 mM PMSF; Trypan blue solution (Sigma).

Confluent cells from a 25 cm x 25 cm square dish were washed twice with 40 ml of TBS 

and harvested with a cell scraper into 20 ml TBS with leupeptin and PMSF and spun for 

7 min at 800 g at 4°C. The cells were resuspended in HB such that an amount of cells 

corresponding to 1.5 dishes was diluted into 6  ml of HB and centrifuged at 1800 g for 7 

min at 4°C. The cells were resuspended in I ml of HB and passed 8  times through a 21 g 

needle 1.5 inch in length. A 10 /il aliquot of cells was mixed with 5 /xl of trypan blue 

solution (Sigma) and analysed at 100 fold magnification in a phase contrast microscope. 

Cells were -90  % single cell suspension and more than 80 % were not broken indicated 

by exclusion of trypan blue. The single cell suspension was passed 3-5 times through an 

EMBL cell cracker with an 18 jxm clearance. Breakage of cells was checked with trypan 

blue as described above and optimal breakage was achieved when the suspension 

contained less than 2  % unbroken cells while disruption of the nuclei was kept to a 

minimum. The cell cracker was rinsed with 500 fii of HB, and this was pooled with the 

homogenate. The cell homogenate was centrifuged at 3200 g for 7 min at 4°C. The post

nuclear supernatant (PNS) was carefully removed without disturbing the nuclear pellet 

and transferred to a fresh tube.
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2.7.2. Preparation of ISGs and MSGs from a PC12 PNS

Solutions:

Sucrose (Gibco BRL) solutions with 10 mM Hepes pH 7.2 of the following sucrose 

concentration were prepared: 0.3 M, 0.8 M, 1 M, 1.2 M, 1.4 M, 1.6M. All concentrations 

were checked by determining the refractive index of the solutions and adjusted if 

necessary. Solutions were stored in aliquots at -20°C.

2.7.2.1. Separation of post-TGN vesicles from TGN membranes

The protocol for the separation of immature secretory granules (ISGs) from mature 

secretory granules (MSGs) and constitutive secretory granules (CSV), was originally 

developed by S.A. Tooze (Tooze et al., 1991). This separation is achieved by velocity 

centrifugation through a linear sucrose gradient. A linear sucrose gradient of 0.3 M to 1.2 

M sucrose was produced in a SW40 Ultraclear tube (Beckman) by placing 6  ml of 1.2 M 

sucrose underneath of 5.5 ml 0.3 M sucrose. This tube was then placed on a gradient 

master (Biocomp) ) and the gradient was mixed with the following settings: 10 min 

mixing at a 50° angle at 36 rpm, then 1 min at 80° and 1 2  rpm. 1.5 ml of a freshly 

prepared P C I2 cell PNS was placed on top of the gradient. Samples were centrifuged in a 

SW40 swing-out rotor for 15 min (timed after reaching the set speed) at 25,000 rpm 

(110,000 gav) at 4°C. 1 ml fractions were collected from the top using an auto densi-flow 

gradient collector (Labconco). Fractions 1-4 contained post-TGN vesicles including ISGs 

and CSVs (Tooze et al., 1991) while fractions 9-11 contained TGN-membranes. 

Fractions 5-7 were enriched in MSGs.

2.7.2.2. Separation of ISGs and CSVs

Fractions 1-4 collected from the velocity gradient centrifugation were pooled and loaded 

onto a sucrose step gradient consisting of 1 ml 0.8 M sucrose, 2 ml 1 M, 2 ml 1.2 M, 2 ml

1.4 M, and 1 ml 1.6 M sucrose in a SW40 Ultraclear tube. The gradient was centrifuged 

at 25,000 rpm overnight at 4°C. 1 ml fractions were collected from the top. Fractions 5-6 

contained CSVs, fractions 7-9 contained ISGs. To purify MSGs, fractions 5-7 from an
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equilibrium gradient were diluted with 1 ml of HB and loaded onto a similar gradient and 

centrifuged. Fractions 11 and 12 contained MSGs.

The collected fractions were either analysed by autoradiography or Western blotting. For 

cell-free assays, fractions 5 and 6  (CSVs), 7-9 (ISGs), or 11 and 12 (MSGs) were pooled 

and stored in 1  ml aliquots in liquid nitrogen for up to 6  months.

2.7.3. Preparation of bovine adrenal medulla cytosol (BAMC)

Solutions:

Homogenisation buffer: 250 mM sucrose, 10 mM Hepes-KOH pH 7.2, 3 mM MgCl2 , 1 

mM DTT; binding buffer + 10 % sucrose: 25 mM Hepes-KOH pH 7.2, 25 mM KCl, 2.5 

mM MgOAc, 10% (w/v) sucrose

Fresh bovine adrenals were purchased from Chitty abattoir, Guilford, kept on ice and 

processed as soon after slaughter as possible. All manipulations were done on ice. The 

adrenals were trimmed of fat and connective tissue, and medullae were excised. The 

medullae were homogenised with 2-3 volumes homogenisation buffer per weight of wet 

tissue with two 30 sec bursts in a Waring blender. The lysate was further homogenised 

with five strokes in a motor-driven glass/teflon Dounce homogeniser. The homogenate 

was centrifuged in a Ti70.1 rotor for 30 min at 14,000 rpm (15,000 g) at 4°C. The 

supernatant was collected and centrifuged for 90 min at 35,500 rpm (100,000 g) at 4°C in 

a Ti70 rotor. The supernatant was collected with a glass pipet. After each spin, care was 

taken that the pellet was not disturbed and that fat floating on the surface of the liquid 

was not collected. The supernatant was dialysed extensively against binding buffer + 

10% sucrose, using Snakeskin dialysis tubing (Pierce) with a molecular weight cut off of

3.5 kDa.

The cytosol had typically a protein concentration of 25 -  30 mg/ml and was stored in 

aliquots in liquid nitrogen.
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2.7.4. Preparation of rat brain cytosol 

Solutions:

PBS; homogenisation buffer: 10 mM Hepes-KOH pH 7.2, 250 mM sucrose, 3 mM 

MgClz, 1 mM DTT, 250 /xg/ml Pefabloc, 5 jitg/ml leupeptin; binding buffer: 25 mM 

Hepes-KOH pH 7.2, 25 mM KCl, 2.5 mM MgOAc.

Usually, cytosol was prepared from 2-3 male or female Sprague-Dawley or Wistar rats. 

The rats were killed and brains collected into ice cold PBS by staff from the Cancer 

Research UK animal facility in Lincoln’s Inn Fields. All work was done on ice. The 

meninges and peripheral blood vessels were removed as far as possible. The brains were 

chopped into pieces and mixed with one volume per weight of wet tissue and 

homogenised with 5 strokes in a motor driven glass/teflon dounce homogeniser at 500 

rpm. The homogenate was centrifuged for 30 min at 16,000 rpm (20,000 g) in a Ti70.1 

rotor at 4°C. The supernatant was then centrifuged for 90 min at 35,500 rpm (100,000 g) 

at 4°C. The supernatant was extensively dialysed against binding buffer as described in

2.7.3.

2.7.5. Preparation of PC12 cell cytosol

A PC12 cell PNS was centrifuged in a Ti70.1 rotor for 90 min at 35,500 rpm (100,000 g). 

The supernatant was collected and dialysed against binding buffer + 10% sucrose.

2.7.6. Preparation of cytosol from HeLa S3 cells

Solutions:

HB, TBS +PMSF, leupeptin (see2.7.1), binding buffer (see2.7.4)

HeLa S3 cells were grown in suspension by Cancer Research UK Central Cell services. 

Approximately 2 x 10  ̂cells were pelleted in a JAIO rotor for 20 min at 3000 rpm (1500 

g) at 4°C, washed with TBS 4- PI and centrifuged again. The pellet was resuspended in 5



Materials and Methods___________________________________________________________85

ml of HB and centrifuged for 30 min at 3200 rpm at 4°C in a Heraeus centrifuge. The 

pellet was resuspended in fresh HB and cells were broken by passing them twice through 

a 40K French press (SLM-Aminco) at 1200 psi. The homogenate was centrifuged for 15 

min at 3200 g at 4°C in a Heraeus centrifuge and the supernatant was centrifuged at 

35,500 rpm (100,000 g )  for Ih at 4°C in a TiTO.l rotor. The supernatant was dialysed 

against binding buffer as described in 2.7.3.

2.8. Protein biochemistry

2.8.1. Protein determination after Bradford

Protein concentrations were determined with the Bio-Rad protein dye assay. Serial 

dilutions of an IgG standard (BioRad) and samples were made up in 800 jLtl water and 

mixed with 200 jxl dye solution and incubated for 5-30 min at room temperature. 

Absorption was measured at 595 nm using a spectrophotometer. Protein concentration 

was calculated from the IgG standard curve.

2.8.2. TOA-precipitation of proteins

Solutions:

Trichloracetic acid (TCA) 100 % (w/v); PBS supplem ented with -1 0  f J i g / m l  

haemoglobin; ethanol-diethylether (1:1, v/v); unbuffered SDS-sample buffer (62.5 mM 

Tris base, 3 % (w/v) SDS, 3.3 % (v/v) p-mercaptoethanol, 10 % (w/v) glycerol, trace of 

bromphenolblue).

Protein fractions were diluted to 900 /xl in PBS with haemoglobin as carrier, mixed with 

100 fxl TCA, and incubated on ice for one hour or over night. The samples were spun at 

13000 rpm in an Eppendorf centrifuge at 4°C for 30 min. The supernatant was aspirated 

with an elongated pasteur pipette. The pellets were washed with 200 (il 

ethanol/diethylether and spun for 10 min in an Eppendorf centrifuge. After removing the
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supernatant, the pellets were air-dried in a fume hood and resuspended in unbuffered 

SDS-sample buffer. If the sample appeared acidic (yellow) after resuspension, it was 

neutralised with 3 M Tris base.

2.8.3. SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Stock solutions:

4x lower buffer: 1.5 M Tris-HCl pH 8 .8 , 0.4 % (w/v) SDS; 4x upper buffer: 0.5 M Tris- 

HCl pH 6 .8 ; 0.4 % (w/v) SDS; Protogel (National Diagnostics), A A/Bis: 30 % (w/v) 

acrylamide, 0.8 % (w/v) bisacrylamide; TEMED; 10 % (w/v) Ammoniumpersulphate 

(APS); running buffer: 190 mM glycine, 25 mM Tris-HCl, 1% (w/v) SDS, pH 8 .8 ; SDS- 

sample buffer: 62.5 mM Tris-HCl pH 6 .8 , 3.3 % (v/v) p-mercaptoethanol, 3 % (w/v) 

SDS, 10 % (w/v) glycerol; 5x SDS-sample buffer.

SDS-PAGE was performed using a modified Lammli system (Lee and Huttner, 1983) on

1.5 mm thick Bio-Rad minigels (Mini-Protean 11 electrophoresis cell). The tables below 

give the compositions of separating and stacking gels. The volumes are sufficient for one 

gel. For gradient gels, the higher percentage gel (usually 18 % acrylamide) was prepared 

using 60 % (w/v) sucrose instead of water to insure an even distribution of the gradient. 

To monitor the gradient formation traces of bromphenolblue was added to the sucrose 

solution. To prepare gradient gels, six or more gel sets were assembled in a multicasting 

chamber. A gradient mixer was placed on a magnetic stirrer and connected via a 

peristaltic pump (Pharmacia) to the multicasting chamber, that loads the chamber from 

the bottom. For loading the low percentage solution (usually 6  % acyrlamide) was placed 

in the mixing chamber and the higher percentage solution in the reservoir. After pouring, 

the monomer solution was overlaid with water. When the separating gel was 

polymerised, the water was removed and the gradient gels were kept at 4°C under humid 

conditions in Ix lower buffer up to 2 weeks. The stacking gel was poured immediately 

before use. Samples were made up with 5x sample buffer, and if necessary adjusted to the 

same volume with Ix sample buffer. The samples were then boiled for 5 min and spun
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briefly to collect material at the bottom of the tube, and immediately loaded using a 

Hamilton syringe.

Gels were run for 90-100 V until the dye front reached the edge of the separating gel and 

then at 120-160 V constant until the dye front reached the end of the gel.

separating gel 6 % 7.5% 1 0 % 1 2 % 15% 18%

4x lower 

buffer

2.25 ml 2.25 ml 2.25 ml 2.25 ml 2.25 ml 2.25 ml

AA/Bis 1 . 8  ml 2.25 ml 3 ml 3.6 ml 4.5 ml 5.4 ml

dH^O 4.9 ml 4.45 ml 3.7 ml 3.1 ml 2 . 2  ml

60% sucrose 1.3 ml

TEMED 4.5 ^1 4.5 fil 4.5 fx\ 4.5 fi\ 4.5 fi\ 2 .2 /il

10% APS 45 /xl 45 jul 45 ii\ 45 jul 45 fi\ 45 /il

stacking gel 4.5%

4x upper buffer 1  ml

AA/Bis 0 . 6  ml

dH^O 2.35 ml

TEMED 4 /il

10% APS 40 /il
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2.8.4. Coomassie staining and fixation of gels

Stain: 1 % (w/v) Coomassie Blue R250, 50 % (v/v) methanol, 10 % acetic acid; destain: 

2 0  % (v/v) isopropanol, 1 0  % (v/v) acetic acid

After electrophoresis gels were placed into stain and incubated while shaking gently for 

at least 2 0  min and destained until the background was completely removed.

Gels were placed between wet Whatman paper and cling film, and then dried on BioRad 

vacuum dryer at 80°C for 2 hours. High (> 12%) percentage gels and gradient gels were 

covered with an additional piece of Whatman paper and dried for 3h with a slow heating 

gradient. For autoradiography, dried gels were exposed at -70°C to Kodak XAR film.

2.8.5. Transfer of proteins onto nitrocellulose

Solutions:

Transfer buffer: 20 mM Tris, 150 mM glycine, 20 % (v/v) methanol, pH 8.3 (no pH- 

adjustment); Ponceau S (Sigma) 2 % (w/v) in 3 % (w/v) TCA; Blotto: 5 % skimmed milk 

powder (Marvel), 1 % Triton X-100 in PBS.

For the transfer of proteins a piece of nitrocellulose (0.2 /xm, Schleicher & Schuell) and 4 

pieces of Whatman 3MM paper were cut to the dimensions of the gel and soaked in 

transfer buffer together with 2 fibre pads. After electrophoresis the gel was briefly soaked 

in transfer buffer and a gel sandwich was prepared as follows: The gel cassette was place 

in a dish containing transfer buffer, a fibre pad was put on top, then two pieces of 

Whatman paper, the nitrocellulose, the gel, followed by 2 pieces of Whatman paper and 

another fibre pad. Air bubbles were removed using a rubber roller. The cassette was 

closed and placed into a BioRad Mini Trans-Blot transfer cell that contained an ice 

cooling unit, the nitrocellulose facing the anode. The transfer cell was placed on a 

magnetic stirrer and transfer was performed for 1 hour at 100 V at room temperature. 

After transfer the membrane was stained in Ponceau S and destained in dHzO to check for 

efficient transfer. The membrane could then be stored at -20°C, wrapped in parafilm.
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Occasionally, the membranes were dried and exposed to Kodak XAR films for 

autoradiography. Prior to detection of proteins with antibodies or enzyme-linked probes, 

the membrane was, if necessary, rehydrated in PBS and incubated in blotto for 1 h at 

room temperature or over night at 4°C with gentle shaking.

2.8.6. In vitro phosphorylation of recombinant proteins

To analyse the phosphorylation of recombinant proteins, samples were incubated with 

CK2 and radioactive nucleotide. The proteins were then analysed by autoradiography. 

CK2 is a serine/threonine kinase that, unlike most other kinase, can use GTP as well as 

ATP as a nucleotide source (Dirac-Svejstrup et al., 2000). 2 fig of recombinant proteins 

were incubated with 10 fiCi [y^^PJGTP (Amersham) and 10 fiU human recombinant 

CK2a (Calbiochem) in binding buffer at 37°C for 30 min. Samples were then processed 

for SDS-PAGE and autoradiography (2.8.3 and 2.8.4).

2.8.7. Cell surface biotinylation of AtT20 cells

A 15 cm dish of confluent AtT20 cells was washed twice with ice-cold PBS. The cells 

were harvested and collected by centrifugation at 800 g at 4°C for 7min. The pellet was 

resuspended in 5 ml of 1 mg/ml Sulfo-NHS-biotin (Pierce) for 30 min. The reaction was 

stopped by the addition of 50 mM NH4 CI. Cells were washed once, lysed in RIPA buffer 

and subjected to immunoprécipitation (2.9.7).

2.9. Immunological methods

2.9.1. Western blotting

Solutions:

Blotto, PBS-T/TBS-T: 0.2 % Tween20 in PBS/TBS, ECL-reagent, (Amersham)
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After blocking, the nitrocellulose membrane was incubated with the first antibody in 

blotto for 2-4 hours at room temperature or at 4°C over night with gentle rocking. After 4 

washes for 5 min each, the membrane was incubated with the HRP-linked second 

antibody for l-2h at room temperature with gentle rocking. After 5 washes for 5 min with 

PBS-T HRP-activity was detected by incubating the membrane with ECL-reagent for 1 

min and exposure of the membrane to Kodak XAR film. In some cases, detection was 

performed with [^^^I]-protein A. After incubation with the P ‘ antibody, membranes were 

washed and incubated for 1 h at room temperature with RaM , 402 antibody, washed with 

TBS-T and incubated with 0.4 /xCi/ml -protein A. After washing with TBS-T, the 

membranes were dried, exposed to Phospholmager (Molecular Dynamics) and quantified 

with ImageQuant software.

For detection of biotinylated proteins (see 2.8.7), the membrane was incubated with 

ExtrAvidin-HRP (Sigma) in blotto for 1 h and washed 5 times for 5 min and signal were 

detected as above.

To reprobe membranes, the antibodies were removed by incubating for 10 min at 52°C in

62,5 mM Tris-HCl, 100 mM |3-mercaptoethanol, 2 % (w/v) SDS. The membranes were 

washed in PBS-T before incubation with a new antibody.

2.9.2. Coupling of peptides to KLH or BSA

Solutions

PBS; 25 % (w/v) glutaraldehyde (Sigma); 0.1 M NaHCO^; bovine serum albumin (BSA) 

solution 30 % (Sigma); key hole limpet hemocyanin (KLH) (Calbiochem); 1 M glycine 

ethyl ester-NaOH, pH 8 ; acetone -20°C.

Peptides were synthesised by the peptide synthesis unit at Cancer Research UK. 

Approximately 5 mg of peptide were weighed out and mixed with equal amounts of KLH 

or BSA in 0.1 M NaHCO^ to make up a solution at 2 mg/ml carrier. If peptides were not
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soluble, 0 .1%  SDS was added. Freshly thawed glutaraldehyde was slowly added to the 

solution to a final concentration of 0.05 % (w/v). The solution was stirred over night at 

room temperature. The next day glycine ethyl ester was added to a final concentration of 

0.1 M and incubated for 30 min at room temperature. The coupled carrier was 

precipitated by adding 4-5 volumes of acetone (-20°C) and incubated at -70°C for 30 

min. The protein was collected by spinning in a JA20 rotor at 10 000 g for 20 min the 

acetone was decanted and the pellet was airdried in the fume hood. The pellet was 

resuspended in PBS at a carrier concentration of 1 mg/ml. If the pellet was insoluble, the 

mixture was homogenised by sonication and passing the suspension through a 2 1  g 

needle. The coupled peptides were stored in aliquots at -70°C. KLH-coupled peptides 

were used for immunisation of rabbits and mice, BSA-coupled peptides were used for 

ELISAs (enzyme linked immunosorbent assay).

2.9.3. Generation of antibodies

Coupled peptides were emulsified in Freund’s adjuvant and injected into rabbits or mice 

according to Cancer Research UK standard procedures. All work with animals was 

carried out by staff of the Cancer Research UK animal unit or outsourced. Generation of 

monoclonal antibodies was carried out by the Hybridoma Fusion service unit.

2.9.4. Purification of IgG from rabbit serum

Solutions:

Binding buffer: 0.5 M K 2 SO4 , 50 mM Na2 HP 0 4 /NaH 2 ? 0 4  pH 8 , 0.05 % NaN^; elution 

buffer: 50 mM Na2 HP 0 4 /NaH 2 P 0 4  pH 8 , 0.05 % NaN^

IgG purification was performed by thiophilic adsorption chromatography, using T-Gel 

adsorbent resin (Pierce). 3 ml of T-Gel resin was equilibrated with 10 volumes of binding 

buffer. 1 ml of serum was adjusted with 87 mg of crystalline K 2 SO4  in order to adjust the 

serum to 0.5 M K 2 SO4 . The serum was loaded onto the column by gravity flow and 

washed until the OD 2 8 0  was similar to the binding buffer, using at least with 1 0  column
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volumes. 1  ml fractions were eluted with elution buffer until the OD 2 8 0  returned to 

baseline. Eluted fractions were analysed by SDS-PAGE and fractions that contained IgG 

were stored at 4°C.

2.9.5. ELISA assays 

Solutions:

20% skimmed milk powder (Marvel) in PBS; PBS; wash buffer: 0.05 % Tween 20 in 

PBS; o-phenylenediamine (OPED) substrate (Sigma).

BSA-conjugated peptides were diluted in PBS and plated onto 96 well ELISA plates 

(Falcon) in 100 fü aliquots and incubated overnight at room temperature in the dark. 

Plates were blocked in 20 % skimmed milk in PBS for 1 hour at room temperature and 

washed with deionised water. The wells were incubated with the first antibody in wash 

buffer for 1-2 h at room temperature. The plates were washed once with wash buffer for 3 

min and then 6  times with deionised water. The HRP-linked secondary antibody was 

diluted in wash buffer, wells were incubated for 1  h at room temperature, and washed as 

before. The plates were then blocked with 10% milk in PBS for 10 min and washed 6  

times with deionised water. One substrate tablet and one buffer tablet were prepared in 20 

ml of dH 2 0  and 75 /xl/well were added and the plates were incubated in the dark, stopped 

with 50/d 2 M HCl, and colour development was documented with an ELISA reader at 

490 nm.

2.9.6. Immunofluorescence

Solutions:

3 % para-formaldehyde (PEA) (methanol-free, TAAB) in PBSgbc (PBS containing Ca^^ 

and Mg^^, stored in aliquots at -20°C); PBS; 50 mM NH 4 CI in PBS; 0.1 % saponin in 

PBS.

Mowiol: 2.4 g Mowiol 4-88 (Calbiochem) were mixed with 6  g of glycerol and 6  ml of 

dH 2 0  for 2 h at room temperature, 12 ml of 200 mM Tris-HCl pH 8.5 were added and the 

mixture was incubated at 53°C with occasional vortexing until the Mowiol had dissolved.
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The solution was clarified by spinning at 5000 g in a Heraeus centrifuge and stored in 

aliquots at -20°C.

For indirect immunofluorescence a protocol according to (Hinners et a l ,  1999) with 

slight modifications was used. For immunofluorescence with P C I2 cells, coverslips were 

coated for 10 min with 1 mg/ml poly-D-lysine (Sigma, mol. weight 70,000-150,000) for 

1 0  min at room temperature, then washed twice with dHjO before plating the cells onto 

the pre-treated coverslips.

Cells were washed twice with PBS at 37°C and fixed for 20 min with 3 % PFA in PBS^bc 

and quenched for 10 min with 50 mM NH4CI in PBS. After washing twice with PBS, the 

cells were permeabilised for 5-15 min with 0.1 % saponin in PBS. The first antibody was 

diluted in 0.05 % saponin, spun for 2 min in an Eppendorf centrifuge at 14,000 rpm, and 

cells incubated in the antibody dilution for 20 min. They were rinsed once and then 

incubated for 5 min in 0.05 % saponin. The second antibody was prepared as above and 

cells again incubated for 20 min. They were washed twice and incubated for 5 min in 

0.05 % saponin, rinsed in PBS, then in dH2 0 . Coverslips were drained of excess liquid 

and mounted in Mowiol on glass slides.

Cells were analysed on Zeiss axiophot inverted microscope and pictures taken with a 

CCD-Camera system (MicroMax, Princeton Instruments Inc.). Images were processed 

using IPLab and Photoshop 4.0 software.

Alternatively, confocal images were taken using a Zeiss laser scanning microscope 510 

by sequential scanning with a 488 nm Argon laser (for Alexa-488 probes) and a 543 nm 

Helium laser (for Cy3 probes), using a 505-550 nm bandpass filter for the green signal 

and a 560 nm longpass filter for the red signal. Images were processed with LSM 510 

software and Photoshop 4.0.

2.9.7. Immunoprécipitation

Solutions:

TNTE: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.3 % Triton X-100, 5 mM EDTA; 

RIPA: 10 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 % Triton X-100, 0.1 % SDS, 1%
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sodium deoxycholate (DOC); 50 % protein A-sepharose (v/v) prewashed in TNTE or 

RIPA; 50 % protein G-sepharose (v/v) prewashed in TNTE or RIPA; CLAPP protease 

inhibitor cocktail, lOOOx stock: chymostatin 50 mg/ml, leupeptin 0.5 mg/ml, antipain 50 

mg/ml, pepstatin A 0.5 mg/ml, Pefabloc 0 .1 mg/ml in DMSO; Pefabloc 500x stock: 250 

mg/ml in dH2 0 ; 5x SDS sample buffer (see 2.8.3)

For a typical experiment a cell pellet from two confluent 15 cm dishes were lysed in I ml 

TNTE with Pefabloc and CLAPP for co-immunoprecipitation studies, or in RIPA with 

CLAPP and Pefabloc for immunoprécipitation under denaturing conditions. For lysis the 

cells were incubated in the adequate IP-buffer at 4°C on a vibrax for 15 min. To remove 

nuclei and insoluble material the cells were spun for 10 min at 14000 rpm in an 

Eppendorf centrifuge at 4°C and the supernatant carefully removed. The supernatant was 

then incubated with the antibody for 2 h or overnight at 4°C on a wheel. 50 [i\ of protein 

A-sepharose for rabbit antibodies, or protein G-sepharose in the appropriate buffer were 

added and incubated for a further 1 h. The mixture was spun at 14000 rpm for 2 min at 

4°C in an Eppendorf centrifuge. The supernatant was carefully removed and in 

preliminary experiments the supernatant would be subjected to another round of 

immunoprécipitation to ensure that immunoprécipitation was quantitative. The pellets 

were washed 4 times with 1 ml of TNTE or RIPA without pro tease inhibitors. For each 

wash, the mixture was vortexed, spun for 2 0  sec and the supernatant carefully aspirated 

with a pasteur pipette with a thinned opening.

Bound proteins were eluted from the beads by adding 10 /xl of 5x SDS sample buffer (see 

chapter SDS-PAGE), vortexed and boiled for 5 min. The bottom was pierced with a 27g 

needle, the tube placed into an additional Eppendorf tube and spun briefly in order to 

collect fluids in the bottom tube and keep the beads in the top tube. The samples were 

then subjected to SDS-PAGE (2.8.3) and processed for W estern blotting or 

autoradiography.
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2.9.8. Recapture experiments 

Solutions:

IP-buffer: 10 mM Hepes-KOH pH 7.4, 100 mM KCl, 2 mM EDTA 0.5 % Triton X-100, 

1 mM DTT; elution buffer: 1 % SDS, 100 mM Tris-HCl pH 7.4, 10 mM DTT; 10 % 

BSA; nondenaturing lysis buffer: 1 % (w/v) Triton X-100, 50 mM Tris-HCl pH 7.4, 300 

mM NaCl, 5 mM EDTA, 0.02 % NaN^, 10 mM iodeacetamide, CLAPP and Pefabloc; 

wash buffer: 50 mM Tris-HCl pH 7.4, 0.1 % Triton X-100, 300 mM NaCl, 5 mM EDTA, 

0.02 % NaNj.

This method was performed with slight modifications according to Dell’Angelica et al. 

(Dell'Angelica et al., 1997). A 15 cm dish of methionine-cysteine labelled cells was 

washed with TBS, harvested and lysed with IP buffer plus CLAPP and Pefabloc as 

described above (chapter 2.9.7). After immunoprécipitation with IP buffer as described 

above the isolated proteins were eluted by adding 50 fi\ elution buffer to 20 [il beads and 

vortexed, incubated 5 min at room temperature, then 5 min at 95°C. After cooling down 

to room temperature, 10 ^1 of 10% BSA were added and mixed by gentle vortexing. 1 ml 

nondenaturing lysis buffer was added and incubated for 10 min at room temperature. The 

lysate was cleared by centrifuging for 2 min at 14000 rpm in an Eppendorf centrifuge and 

the supernatant was subjected to a second round of IP with antibody, incubating for 2 h at 

4°C, and then protein A or G for 1 h. Finally, the beads were washed 4 times with wash 

buffer and the samples were processed for SDS-PAGE and autoradiography as described 

above.

2.10. Protein expression and purification

2.10.1.Purification of GST-fusion proteins

Solutions:

LB medium, provided sterile by Central Cell Services, Cancer Research UK; ampicillin 

stock solution, 100 mg/ml; IPTG stock solution IM; PBS; lysis buffer: 0.1% Triton X-
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100, 0.5 mM PMSF, 5 /xg/ml leupeptin in PBS; wash buffer: 500 mM KCl in PBS; 

elution buffer: 50 mM Tris-HCl pH 8 , 5mM glutathione added fresh from powder.

2.10.1.1. Expression of recombinant fusion proteins

Expression plasmids were transformed into E. coli strain BL21 DE3, and agar plates with 

transformed bacteria were kept at 4°C and used for expression for up to 1 month. For 

expression, a single colony was picked and grown in LB with 100 /tg/ml of ampicillin 

overnight at 37°C shaking at 120 rpm. The next day, the culture was diluted into 20 

volumes of fresh LB with 100 /ig/ml ampicillin and grown at 37 °C, 120 rpm. The OD at 

600 nm was checked regularly against LB. When the OD^qo was at 0.6, expression was 

induced by the addition of 1 mM IPTG and cells were grown at 30°C, 120 rpm for 4 h. 1 

ml aliquots of the culture were taken before and after induction, and spun down for 2  min 

at 14000 rpm in an Eppendorf centrifuge. The supernatant was aspirated, the pellet 

resuspended in 200 pd SDS-sample buffer. 20 pd were analysed by SDS-PAGE and 

Coomassie staining in order to check for induction and expression of the desired protein. 

The bacteria were collected by centrifugation at 3000 g for 20 min at 4 °C either in a 

Heraeus centrifuge or in a JAIO rotor (4000 rpm). The supernatant was discarded.

2.10.1.2. Purification of recombinant protein

The bacterial pellet was resuspended in 10 ml of lysis buffer for a pellet from a 500 ml 

culture and cells were lysed by sonification on ice for 3 x 15 sec. Insoluble components 

were removed by centrifugation at 5000 g for 20 min at 4°C in a Heraeus centrifuge. A 

glutathione-sepharose 4B column (Pharmacia) was equilibrated with 10 column volumes 

PBS and 3 column volumes lysis buffer. Usually, a column with 1 ml bed volume was 

prepared for a 500 ml bacterial culture. The supernatant was applied onto the column by 

gravity flow and 5 pil of the load and the flow through were kept for SDS-PAGE and 

Coomassie staining. The column was then washed with 10 column volumes of wash 

buffer and 5 column volumes of PBS. Proteins were eluted with 5 column volumes of 

elution buffer. Fractions of 1 column volume were collected and analysed by SDS-
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PAGE. Fractions that contained purified proteins were pooled and the proteins were 

stored in aliquots at -70°C.

2.10.2.Purification of HiSg fusion proteins 

Solutions:

LB medium, ampicillin and IPTG stock solutions as described above; lysis buffer: 25 

mM Tris-HCl pH 7.8, 300 mM KCl, 2 mM P-mercaptoethanol, 0.5 mM PMSF, 5 ^g/ml 

leupeptin; buffer A: 25 mM Tris-HCl pH 7.8, 300 mM KCl, 2 mM p-mercaptoethanol, 20 

mM imidazole; buffer B: 25 mM Tris-HCl pH 7.8, 300 mM KCl, 2 mM P- 

mercaptoethanol, 500 mM imidazole; dialysis buffer: 50 mM Hepes-KOH pH 7.5, 150 

mM KCl, 1 mM MgClj, 10 % (v/v) glycerol; BSA.

2.10.2.1. Expression of Hiŝ j fusion proteins

HiSg fusion proteins were expressed exactly as described for GST fusion proteins (see 

2 . 10. 1).

2.10.2.2. Purification of His  ̂fusion proteins

The bacterial pellet was resuspended in 10 ml of lysis buffer for a pellet from a 500 ml 

culture and cells were broken by passing them twice through a 40 K French press cell at 

1400 psi. Insoluble components were removed by centrifuging the lysate for 30 min at 

5000 g at 4°C in a Heraeus centrifuge, if the supernatant appeared cloudy, it was 

centrifuged once more at 20,000 g (13,000 rpm) in a JA 20 rotor. A Ni-NTA column 

(Qiagen) was equilibrated with 10 column volumes of buffer A. Usually, 1 ml of bed 

volume was prepared for 500 ml of bacterial culture. The supernatant was applied by 

gravity flow and a sample of the load and the flow through were kept for analysis. The 

column was washed with 10 column volumes of buffer A and the protein was eluted 

stepwise by applying 1  column volume per step with increasing imidazole concentrations: 

Ix 10% (v/v) buffer B in buffer A, Ix 20% buffer B, Ix 30% buffer B, Ix 40% buffer B, 

and 3x 50% buffer B. The collected fractions were analysed by SDS-PAGF and
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Coomassie staining. Fractions that contained purified protein were dialysed extensively 

against dialysis buffer, and BSA was added to a final concentration of 0.6 mg/ml. The 

protein was stored in aliquots at -20°C.

2.10.3.Purification of recombinant, myristoylated ARF

Solutions:

LB-agar with 100 ampicillin, 50 /xg/ml kanamycin, and 50 jLtg/ml chloramphenicol; 

LB medium; 100 mg/ml ampicillin stock; 50 mg/ml kanamycin stock; 1 M IPTG; 

myristate solution: 62.5 mg sodium myristate (Sigma) were dissolved in 50 ml of 4.2% 

(w/v) BSA (fatty acid-free. Sigma), pH 9, by heating to 90°C. The solution had to be used 

while still warm in order to prevent precipitation of myristate. PBS with 0.5 mM PMSF; 

French press buffer: 20 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.05 % Triton X-100, 200 

jttM GDP, 0.5 mM PMSF, 5 jttg/ml leupeptin; DEAE column buffer: 20 mM Tris-HCl 

pHS, 50 mM NaCl, 1 mM MgClj, 1 mM DTT, 5 ^M  GDP (dilithium salt, Roche); 

HiTrap SP buffer A: 10 mM MES pH 5.7, 1 mM MgCl^, ImM DTT, 5 iiM  GDP; HiTrap 

SP column buffer B: 10 mM MES pH 5.7, ImM MgClj, ImM  DTT, 5 /xM GDP, IM  

NaCl; binding buffer with 10% sucrose: see section 2.7.3.

2.10.3.1. Expression of myristoylated ARF

To study the recruitment of ARF to membranes, it was important to obtain purified ARF 

that was myristoylated with high efficiency. Myristoylation occurs only in eukaryotic 

cells, therefore E. coli cells were co-transformed with an expression plasmid for human 

A RFl (hA R F lpE T -lld ), or human A RFl T31N (hARFl T 31N -pE T lld) and an 

expression plasmid for yeast N-myristoyl transferase (yNMTpBB131, all constructs were 

obtained from D. Shields, New York). Myristoylation occurs co-translationally (Franco et 

al., 1996), therefore it was essential to co-ordinate start of expression of the proteins with 

the addition of myristic acid to the bacterial culture (which would inhibit growth if added 

to the starting culture). In order to reduce “leakiness” BL21 DE3 pLys bacteria were used 

for the expression of hARFl and yNMT.
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500 ml of LB with 100 /xg/ml ampicillin and 50 /xg/ml of kanamycin were inoculated 

with a single colony of BL21 DE3 pLys expressing hARFl and yNMT, either freshly 

transformed or freshly plated from a glycerol stock. The bacteria were grown overnight at 

37°C shaking at 120 rpm. 1400 ml of LB with ampicillin and kanamycin were divided 

into three 51 Erlenmeyer flasks and each flask was inoculated with 70 ml of overnight 

culture. The cells were grown at 37°C, 120 rpm until the OD^qo reached 0.6. ImM IPTG 

and 16.7 ml/flask of the warm myristate solution were added and the cultures were 

incubated at room temperature for 10 min without shaking. The cells were then incubated 

for 3 hours at room temperature, shaking at 120 rpm. 1 ml aliquots of the culture were 

taken before and after the induction and expression was analysed as described for the 

expression of GST fusion proteins.

The cells were collected by centrifugation in a JLA 8.1000 rotor for 20 min at 5000 rpm 

(6200 g) and 4°C. The cells were rinsed with PBS containing PMSF and centrifuged for 

10 min at 5000 rpm in a JLA 8.1000.

Essentially ARF was purified by a modified protocol derived from Franco et al. (Franco 

et al., 1996).

2.10.3.2. Lysis and ammonium sulphate enrichment

The cells were resuspended in a total volume of 50 ml French press buffer and lysed by 

passing twice through a 40 K French press cell at 1400 psi. Insoluble material was 

removed by centrifugation in a Ti45 rotor at 29,000 rpm (66,000 g) at 4°C in 

polycarbonate screwcap tubes for 30 min. The supernatant was collected and its protein 

concentration was determined with the Bradford assay. The supernatant was diluted with 

French press buffer to a final protein concentration of 10 mg/ml. Ammonium sulphate 

was added over a time of 30 min to a saturation of 50% (29.1g/100 ml solution) while the 

sample was stirring on ice. The solution was then incubated for another 30 min stirring on 

ice, and centrifuged for 20 min in a JAIO rotor at 9000 rpm (14,300 g) at 4°C. The 

resulting pellet was resuspended in 20 ml of DEAE column buffer and dialysed overnight 

against DEAE column buffer with one buffer change.
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2.10.3.3. Chromatography on DEAE column

A DEAE column with 50 ml bed volume was prepared and connected to a Pharmacia low 

pressure chromatography system. The column was equilibrated with 5 volumes of DEAE 

column buffer. The dialysed sample was cleared by centrifugation in a JA 20 rotor at 

10,000 rpm (12,100 g) for 20 min at 4°C and the supernatant was loaded onto the 

column. Proteins were eluted in an isocratic run at 2 ml/min up to 350 ml and 10 ml 

fractions were collected. 30 fi\ of each fraction were analysed by SDS-PAGE and 

Coomassie staining. Fractions that contained ARP were pooled and dialysed against 

HiTrap buffer A.

2.10.3.4. Fractionation on HiTrap SP column

A 5ml HiTrap SP column (Pharmacia) was connected to a Pharmacia FPLC system, all 

buffers and the sample were filtered through a Millipore GP express membrane, 0.22 [im, 

prior to use. The column was pre-washed and equilibrated with 5 column volumes buffer 

A, 5 volumes buffer B and finally 5 volumes buffer A. The sample was loaded with a 

superloop at 1 ml/min. The column was washed with at least 6 volumes of buffer A, or till 

the OD at 280nm was back to baseline. Proteins were eluted with a gradient from 0-50% 

buffer B over 25 ml, then 50-100% buffer B over 10ml, finally 10 ml buffer B. 1ml 

fractions were collected. Those fractions containing protein according to the OD 2 8 0  were 

analysed by SDS-PAGE and Coomassie staining. Fractions that contained myristoylated 

ARF were pooled (myristoylated ARF has a slightly higher mobility on SDS-PAGE and 

runs just under the 21.5 kDa marker band, while non-myristoylated ARF runs just above 

the 21.5 kDa band).

The protein was dialysed against binding buffer with 10% sucrose with 5 fiM  GDP and 

stored in aliquots at -70°C. This purification yielded typically 2-4 mg of ARF that was 

>95% pure and > 90% myristoylated.
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2.1.4. Purification of AP-1 from bovine adrenals

Solutions:

Buffer A: 100 mM MES-KOH pH 6.5, 1 mM EGTA, 0.5 mM MgClj, 0.1 mM DTT, 

CLAPP (1:10,000), 25 /xg/ml Pefabloc; Sucrose/Ficoll buffer: 12.5 % (w/v) Ficoll (Sigma 

400-DL) 12.5 % (w/v) sucrose, 100 mM MES-KOH pH 6.5, 1 mM EGTA, 0.5 mM 

MgClz, 0.1 mM DTT; Extraction buffer: 1 M Tris-HCl pH 7.2; Sepharose CL-4B column 

buffer: 50% (v/v) extraction buffer in buffer A, 0.1 mM DTT; HA-start buffer: 2 mM 

Tris-HCl pH 7.2, 2 mM Na2 HP0 4 /NaH 2 P 0 4  pH 7.2, 2 mM P-mercaptoethanol, 0.02% 

NaNg; HA-elution buffer: 2 mM Tris-HCl pH 7.2, 350 mM Na2 OT0 4 /NaH 2 P 0 4  pH 7.2, 2 

mM P-mercaptoethanol, 0.02% NaN^; all HA-column buffers were filtered through a 

Millipore GP express membrane, 0.22 /xm, before use; binding buffer with 10% sucrose 

(see 2.7.3).

2.1.1.1. Preparation of clathrin coated vesicles

AP-1 was purified with modifications according to Manfredi and Bazardi (Manfredi and 

Bazari, 1987). Approximately 50 bovine adrenals were trimmed of fat and connective 

tissue, chopped into pieces, and homogenised in a Waring blender with 1 volume buffer 

A per gram of wet tissue. The homogen ate was centrifuged in a JAIO rotor at 10,000 rpm 

(18,000 g)  for 30 min at 4°C. The supernatant was collected and the pellet was 

resuspended in 400 ml of buffer and centrifuged again as above. The supernatants were 

pooled and centrifuged in a Ti 45 rotor in quickseal tubes (Beckman) at 30,000 rpm 

(70,000 g) for 1 h at 4°C.

The resulting microsomal pellet was resuspended in a final volume of 100 ml buffer A 

using a motor driven teflon/dounce homogeniser at 400 rpm. The resuspended 

membranes were mixed with 1 volume of sucrose/ficoll buffer and centrifuged in a JA 20 

rotor at 18,500 rpm (41,500 g) for 40 min at 4°C.

The supernatant was diluted at least 6  fold in buffer A and centrifuged in a Ti 45 rotor in 

Quickseal tubes for 1 h at 33,000 rpm (85,000 g) at 4°C. The pellet contained highly 

purified clathrin coated vesicles. To extract clathrin and adaptor complexes, the pellet 

was resuspended in extraction buffer using a motor driven glass/teflon dounce
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homogeniser and the resuspended membranes were incubated for 10 min at room 

temperature. The membranes were then centrifuged in a Ti 50.2 in polycarbonate 

screwcap tubes at 40,000 rpm (145,000 g) for 1 h at 4°C. The supernatant was loaded 

onto a Sepharose CL-4B column.

2.I.I.2. Separation of clathrin and adaptor complexes by gel filtration 
and ion-exchange chromatography

Clathrin and adaptor complexes were separated by gel filtration on a 1400 ml Sepharose

CL-4B column (Pharmacia) that was connected to a low pressure chromatography system 

(Pharmacia).

The Tris-extract was loaded onto a Sepharose CL-4B column that was equilibrated with 

Sepharose CL-4B column buffer and proteins were separated at a flow rate of 1.2 ml/min. 

10 ml fractions were collected and those that contained protein, as measured by ODjgo 

were analysed by SDS-PAGE. Fractions containing adaptor complexes were pooled, 

adjusted to 2 mM Na2 HP0 4 /NaH 2 P 0 4 , and filtered through a Millipore GP express 

membrane, 0.22 fim.

AP-1 and AP-2 were separated by ion exchange chromatography using a hydroxy apatite 

resin. A 5 ml hydroxyapatite column (CHT-II, Biorad) was connected to a Pharmacia 

FPLC system and equilibrated with 5 volumes of HA-start buffer. The sample was loaded 

using a Superloop at a flow rate of 0.5 ml/min. The column was washed with at least 10 

column volumes of HA-start buffer until the OD 2 8 0  reached baseline level. Adaptor 

complexes were eluted with a gradient 0-100% HA-elution buffer over 90 ml (18 column 

volumes) at a flow rate of 1 ml/min. 1 ml-fractions were collected and protein containing 

fractions were analysed by SDS-PAGE.

AP-1 containing fractions were pooled and dialysed extensively against binding buffer 

with 10% sucrose. Adaptor complexes were stored in aliquots in liquid nitrogen.

A typical preparation yielded 300 -  1000 fxg of purified AP-1.

2.1.5. In vitro transcription/translation of human ARF1

2.I.5.I. In vitro transcription of myristoylated, human ARFl

In vitro transcription of ARF RNA was performed by Dr. Carol Austin.
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100 jLig of A R FlpE T -lld  was linearised with 200 U BamHI in the appropriate buffer for 

2 h at 37°C. The DNA was phenol/chloroform extracted, ethanol precipitated and 

resuspended in TE.

For in vitro transcription, 16 /xg of the linearised DNA was incubated with 0.5 mM 

ribonucleotides (Boehringer), 0.5 mM methylated RNA cap structure analog (NEB), 400 

U RNAsin (40 U/jLtl, Promega) and 750 U T7 RNA polymerase (Promega) in the 

appropriate buffer. The reaction was incubated for 30 min 37°C. Then the ribonucleotide 

concentration was raised to 1 mM and the cap structure analog concentration was raised 

to 0.7 mM and incubated for a further 30 min at 37 °C. After the incubation the reaction 

was phenol/chloroform extracted, ethanol precipitated and resuspended in 100 /xl dH 2 0 .

2.1.5.2. In vitro translation of ARF

In vitro translation was performed with nuclease treated rabbit reticulocyte lysate 

(Promega, L4960), according to the m anufacturer’s instructions. Below is the 

composition of the reaction given for 50 /xl, if required, fractions or multiples of those 

were performed. 35 /xl rabbit reticulocyte lysate, 1 /xl amino acid mixture minus 

methionine (1 mM), 2 /xl L-[^^S]-methionine (Amersham Redivue, AG 1094, 1,200 

Ci/ml), 1 /xl RNasin (40 U//xl, Promega), 2 /xg RNA were incubated for 2 h at 30°C in a 

final volume of 50 /xl.

2.11. DNA techniques and molecular cloning

2.11.1 .Quantitation of DNA

DNA was placed in a quartz cuvette with path length of 1 cm and the absorbance at 

wavelengths 260nm and 280nm was read in a spectrophotometer. An OD 2 6 0  of 1 

corresponds to 50/xg/ml double stranded DNA, 40 /xg/ml RNA and 33 /xg/ml single 

stranded DNA.

The ratio OD2 6 0 / 2 8 0  provides an estimate of the purity of DNA/ RNA solutions and usually 

was -1.7 for DNA preparations and -1.9 for RNA.
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2.11.2.Ethanol precipitation of DNA

DNA solutions were mixed with 0.1 volumes 3M Na-acetate, pH 5.2 and 2.5 volumes 

ethanol. After 20 min at room temperature, DNA was pelleted by centrifugation at 14,000 

rpm for 15 min in a microfuge, washed twice with 75% ethanol, air-dried and 

resuspended in TE (lOmM Tris-HCl, pH 8.0; ImM EDTA) or water.

2.11 .S.Phenol/Choroform extraction

To remove proteins from DNA or RNA preparations, DNA was mixed with 1 volume 

phenol/chloroform/isoamyl alcohol (25:24:1), vortexed and centrifuged at 14,000rpm for 

5min at room temperature in a microfuge. The aqueous DNA solution was re-extracted as 

above and then with 1 volume chloroform. The DNA or RNA solution was then 

precipitated with ethanol and resuspended in dHjO or TE.

2.11.4.Preparation of plasmid DNA and DNA fragments

Small scale preparations were done with the Qiaprep Spin Minprep kit, or alternatively 

were performed by staff of the Equipment Park, Cancer Research UK, 44 Lincoln’s Inn 

Fields, with a Qiagen BioRobot. Large scale purifications were done using the Qiagen 

Plasmid Maxi Kit. If DNA was to be used for transfections of mammalian cells, DNA 

was precipitated with 0.5 volumes of a PEG 6000 solution (40% (w/v) PEG 6000 in 30 

mM MgClj, sterile filtered). The solution was mixed and incubated at room temperature 

for 10 min. DNA was collected by centrifugation in an Eppendorf centrifuge at 14,000 

rpm for 20 min. The pellet was washed with 70% (v/v) ethanol and resuspended in dH 2 0 . 

DNA fragments from agarose gels, from PCR reactions, or after endonuclease digest 

were purified using the Qiaquick gel extraction kit.
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2.11.5.DNA agarose gel electrophoresis

Agarose gels were prepared by dissolving 0.8-1.2% agarose in TAE buffer (40 mM Tris, 

20 ml acetic acid, pH 8 , ImM EDTA). Ethidium bromide was added to a final 

concentration of 0.5 jUg/ml. DNA samples were mixed with loading buffer (60% (w/v) 

sucrose, 0.1 % bromphenolblue (w/v), 0.1% xylencyanol FF (w/v) in TAE) and 

electrophoresed at 5-20V/cm in TAE buffer.

2.11 .e.Restrictlon digest

0.2-2 fig DNA was incubated in the appropriate buffer with 10U//xg restriction 

endonuclease in 30 /xl for 1-2 h. PCR fragments were incubated overnight.

2.11.7.Ligation of DNA

Digested vector and insert were digested, analysed on agarose-gels and gel extracted. 

Ligations were performed using 200-300 ng total DNA and 200 U T4 DNA ligase (New 

England Biolabs) in a total volume of 10 /xl for 0.5-4 h. For blunt end ligation the 

BioLine Quick stick ligation buffer was used. Sometimes the ligation reaction was 

ethanol precipitated before transformation into bacteria.

2.11 .S.Bacterial transformation

Competent bacteria (see 2.2.1) were transformed by heat shock. 50 /xl of competent 

bacteria were mixed with a ligation reaction, 50 ng of supercoiled plasmid DNA, or 1-10 

/xl of a mutagenesis reaction for 30 min on ice. Bacteria were incubated for 40 sec at 

42°C and incubated on ice for 2 min. 950 ml of SOC medium was added and bacteria 

were incubated for 1 h at 37°C. If the transformation was performed with supercoiled 

DNA, 10-20% of the reaction was plated onto agar plates with the appropriate antibiotics. 

If transformation was done with ligation or mutagenesis reactions 10 and 90% of the 

reaction were plated. Plates were incubated over night at 37°C.
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2.11.9.Polymerase chain reaction (PCR)

Primers were usually 18-24 nucleotides in length, plus any added sequences (restriction 

sites, Kozak sequences), and contained 2 GC-base pairs at the 3 ’-end. If restriction sites 

were added, base pairs according to the recommendations in the NEB catalogue were 

added at the 5’-end to allow for efficient endonuclease digest. Normally annealing was 

performed at 55°C. Reactions were carried out in the appropriate buffer in 50 /xl 

reactions. 1-50 ng of template DNA, 2/xM primers (each), 250 /xM dNTPs (Pharmacia), 

and 10 U Pfu polymerase (Stratagene) in 10% (v/v) DMSO were used in a MWG thermal 

cycler. PCR conditions were as follows: 

segment 1 1 cycle dénaturation: 94°C, 2 min

segment 2 30 cycles dénaturation: 92°C, 30 sec

annealing: 55°C, 30 sec

extension: 6 8 °C, for 2min/kb

segment 3 extension: 6 8 °C, 5 min

2.11.10. Site-directed mutagenesis

Site-directed mutagenesis was carried out according to the Stratagene Quikchange 

Manual. A pair of complementary primers was designed, 25-45 nucleotides long that 

resembled the sequence of the target gene with the mismatch approximately in the middle 

of the primer. Primers were designed with a minimum content of GC nucleotides of 40%, 

and so that the annealing temperature (T^) was equal to or greater than 78°C, estimated 

by the following formula:

=81.5-1- 0.41 (%GC) -  675/N - % mismatch 

%GC: content of guanosine or cytosine nucleotides in %

N: length of primer in number of nucleotides

Primers were synthesised and FPLC-purified by the Oligonucleotide Department of 

Cancer Research UK, Clare Hall.
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The following PCR reactions were carried out to introduce the desired mutations: 5-50 ng 

of template DNA were titrated in four different reactions with 125 ng of primers (each),

2.5 mM dNTPs (Pharmacia), in a final reaction of 50 fi\ with 2.5 U Pfu Turbo DNA- 

Polymerase (Stratagene) in the adequate buffer. The following PCR conditions were used 

in a MWG thermocycler.

Segment 1 1 cycle dénaturation: 95°C, 30 sec

Segment 2 12-18 cycles dénaturation: 95°C, 30 sec

annealing: 55°C, 1 min

extension: 6 8 °C, 2min/kb of plasmid length

The number of cycles of segment 2 depended on the type of mutation that was 

introduced: 1 2  cycles were used for single base pair mismatches, 16 cycles for single 

amino acid changes (2-3 base pair mismatches), and 18 cycles for multiple amino acid 

changes. 10 /tl of the PCR reactions were analysed on agarose gels, and the PCR reaction 

that yielded the highest amount of PCR product was digested with 10 U of Dpnl 

(Stratagene) for 1 h at 37°C. 1-5 /xl of the mutagenesis reaction were then used to 

transform Epicurian Coli XL-1 Blue supercompetent cells (Stratagene). Up to 10 clones 

were analysed by nucleotide sequencing for the desired mutation and confirmed for their 

otherwise correct sequence.

2.11.11. Nucleotide sequencing

Fluorescent cycle sequencing was performed using gene specific primers (see chapter 

2.4.2) and the ABI dye termination kit (Perkin Elmer). Reactions were carried out in a 

volume of 20 /xl containing 0.1 - 0.5 /xg DNA and 0.1 /xM primer and 9 /xl termination 

mix. PCR conditions were as follows:

25 cycles dénaturation at 96°C for 10 sec

annealing at 46°C for 5 sec 

extension at 60°C for 4 min 

Samples were precipitated with ethanol.

Samples were processed for electrophoresis, separated by electrophoresis and visualised 

by staff of the Equipment Park, Cancer Research UK, 44 Lincoln’s Inn Fields. Sequence
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analysis and alignments were done using Sequence Navigator (Perkin Elmer) and 

MacVector (Oxford Molecular) software.

2.12. ARF and AP-1 recruitment to ISGs

Solutions:

Binding buffer: 25 mM Hepes-KOH pH 7.2, 25 mM KCl, 2.5 mM MgOAc; lOx binding 

buffer; 10 mM GTPyS (dilithium salt, Roche); 10 mM GDPpS (dilithium salt, Roche); 5 

mg/ml Brefeldin A (Sigma) in DMSO; 1 mg/ml trypsin (Sigma), 100 mg/ml soy bean 

trypsin inhibitor (Sigma); liposomes: 20 mg of azolectin (Sigma P5638) was dissolved in 

6  ml of ether that was reduced with 100 mM FeSO^. 1 ml of 50 mM Hepes-KOH pH 7.5 

was added and the mixture was sonicated for 2-3 min. After sonication a clear solvent 

phase and an opaque aqueous phase were apparent. The ether was evaporated by applying 

a vacuum and remaining solvents were removed under a stream of nitrogen. The 

liposome solution was filtered through a 0.8 jum Millex-PF filter. Liposomes were stored 

at 4°C under nitrogen.

The recruitment assay for AP-1 to ISGs was developed by Andrea Dittié (Dittié et al.,

1996). Purified AP-1 and ARF were thawed quickly and centrifuged for 10 min at 14000 

rpm at 4°C in an Eppendorf centrifuge prior to adding to the assay in order to remove 

precipitates. Bovine adrenal medulla cytosol (BAMC) was incubated for 30 min at 37°C 

and centrifuged for at 45,000 rpm (100,000 g) for 1 h in a TLA 45 rotor in order to 

remove lipids and debris. This procedure reduced the background binding of AP-1 to ISG 

membranes.

125 /xl of ISGs or MSGs, or 150 /xg of liposomes were pipetted on ice into silicone coated 

Eppendorf Safelock tubes. ISGs were sometimes preincubated in the presence or absence 

of 10 /xg/ml Brefeldin A, or trypsin and/or 1 mg/ml soy bean trypsin inhibitor for 10 min 

at 37 °C and returned on ice. ARF, BAMC or AP-1 were added and the mixtures were 

incubated with 100 /xM GTPyS or GDPpS in binding buffer in a final volume of 250 /xl. 

Samples were mixed and incubated for 30 min at 37°C. The samples were then diluted 

with 750 /xl of binding buffer and centrifuged in a Ti 50.2 rotor at 33,000 rpm (100,000 g)
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for 1 h at 4°C. The supernatant was aspirated carefully with a thinned pasteur pipette, and 

the pellets were resuspended in 25 /xl of Ix SDS-sample buffer. The samples were 

subjected to SDS-PAGE on gradient gels and ARF and AP-1 bound to ISGs were 

detected by Western blotting with monoclonal antibody against ARF (1A9) and against 

AP-1 (100/3). 100/3 is a species specific antibody that detects bovine AP-1, but not rat 

AP-1. Therefore, this assay measures only the recruitment of AP-1 in the in vitro assay 

without detecting the amount of AP-1 bound to ISGs prior to the assay.

2.13. ARF nucleotide binding assay

In order to identify ARF nucleotide exchange factor activity on subcellular fractions from 

P C I2 cells, I developed an assay to measure nucleotide binding of ARF. The assay was 

derived from published methods (Franco et al., 1995; Peyroche et al., 1996; Togawa et 

al., 1999).

The assay measures the amount of [^^SjGTPyS bound to protein. ARF and P C I2 cytosol 

or ISGs were incubated in the presence of liposomes and [^^S]GTPyS. The samples were 

then filtered through nitrocellulose membranes. Radioactivity retained on the filters was 

quantified and was a measure for protein-bound nucleotides.

Solutions:

Assay buffer: 50 mM Hepes-KOH pH 7.5, 100 mM KCl, 1 mM MgClj, 1 mM DTT, 10 

jxM GTPyS, 10% (v/v) liposomes (see 1.12 for preparation of liposomes); stop buffer: 20 

mM Hepes-KOH pH 7.5, 100 mM KCl, 10 mM MgClz, 5 /xg/ml BSA; wash buffer: 20 

mM Hepes-KOH pH 7.5, 200 mM KCl, 10 mM MgCl2 , 5 /xg/ml BSA; 5 mg/ml Brefeldin 

A in DMSO: 1 mg/ml trypsin: lOOmg/ml soy bean trypsin inhibitor.

Nucleotide binding was measured as follows:

1-2 /xM (25-50 pmol/25 /xl sample) myristoylated, purified recombinant hA R Fl 

(myrhARFl) was incubated in assay buffer containing 10 /xM GTP with approximately 8  

/xCi/ml [^^SjGTPyS in the presence or absence of PC 12 cytosol or ISGs at 37°C. At 

various time points 25 /xl-samples were removed from the reaction and diluted in 1 ml of 

ice-cold stop buffer. The solution was filtered through pre-soaked nitrocellulose filters



Materials and Methods__________________________________________________________HO

(Millipore, 0.45 jxm, 25 mm 0 )  using a vacuum manifold (Millipore) and washed with 5 

times with 5 ml of wash buffer. Filters were dried and placed into 5 ml of Ultima-Gold 

scintillation cocktail (Packard). Radioactivity bound to filters was quantified in a 

Beckman scintillation counter for 2 min. Radioactivity bound to filters with buffer alone 

was subtracted as background. To calculate the amount of bound nucleotides, input 

radioactivity (25 /xl of sample contain 250 pmol GTPyS) of total unfiltered samples were 

counted as well.

All assays were done in duplicates.

Nucleotide binding was calculated as follows:

The specific number of counts/pmol of substrate (GTPyS)in the solution: 

specific activity [cpm/pmol] = (counts/volume) [cpm//xl]
concGTpyg[pmol//d]

The amount of GTP bound to protein was then calculated:

GTP bound [pmol] = boundtpfiltg" P̂̂ ^̂ \ackgraind
specific activity [cpm/pmol]

Occasionally assays were performed in the presence of 100 /xg/ml Brefeldin A. Control 

samples were the incubated with a corresponding volume of DMSO.

Sometimes ISGs were pre-treated with trypsin. Freshly thawed ISGs were incubated with 

various amounts of trypsin for 10 min at 37°C. Reactions were stopped by the addition of 

1 mg/ml soy bean trypsin inhibitor (STI). STI was added before trypsin to control 

samples.
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2.14. GST-pulldown assays with VAMP4 fusion proteins

2.14.1 .Pulldown assays with subcellular fractions and cytosol

Solutions:

Binding buffer: 25 mM Hepes-KOH pH 7.2, 25 mM KCl, 2.5 mM MgOAc; 0.5% Triton 

X-100 in binding buffer; CLAPP: lOOOx stock solution; Pefabloc lOOOx stock solution 

(see 2.9.7); 30 mM GTP (Roche) in 100 mM Hepes-KOH pH 7.2; glutathione sepharose 

4B (Pharmacia) 50% (v/v) in binding buffer.

To phosphorylate VAMP4 20/xg recombinant GST-VAMP4 was incubated in 100 jLil 

binding buffer with ImM  GTP and 0.1 m il human recombinant Casein kinase 2 

(Calbiochem 218698) for 30 min at 37°C in siliconised Safelock Eppendorf tubes. Then, 

1 0 0  /xl of glutathione sepharose, prewashed in binding buffer were added and samples 

were incubated for Ih at 4°C on a wheel. Samples were spun in an Eppendorf centrifuge 

for 2 min at 14,000 rpm at 4°C. The supernatant was aspirated and the beads were 

resuspended in 250 /xl of 2 mg/ml cytosol in binding buffer with Triton X-100 and PI. In 

some experiments, 125 /xl ISGs for each sample were diluted with 875 /xl binding buffer 

and pelleted in a TLA 45 rotor for 1 h at 4°C and 45,000 rpm (100,000 g). The membrane 

pellets were resuspended in 250 /xl binding buffer with Triton X-100 incubated with 

VAMP4 bound to glutathione beads.

The beads were incubated with cytosol or lysed solubilized PC 12 ISGs overnight at 4°C 

on a wheel. The next day, the beads were collected by centrifugation, the supernatant was 

aspirated and beads were washed 4 times in 1 ml of binding buffer and Triton X-100. 

Bound proteins were eluted by the addition of 10 /xl of 5x SDS-sample buffer and boiled 

for 5 min. Tubes were pierced with a 27 g needle, placed into a second tube and the liquid 

was collected by brief centrifugation. Samples were separated on 7.5% acrylamide SDS- 

PAGE and analysed by Western blotting.
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2.14.2.Pulldown assays with HiSg-GGA-VHS

Solutions:

Assay buffer: 50 mM Hepes-KOH pH 7.5, 150 mM KCl, 1 mM MgCl^, 10% (v/v) 

glycerol, 0.6 mg/ml BSA

The assay was performed according to (Puertollano et al., 2001). lOjttg GST-fusion 

proteins were incubated with 100-250 jttg/ml His^-GGA-VHS in assay buffer for 4 - 6  h 

at 4°C on a wheel. 400//1 of 50 % (v/v) prewashed glutathione-sepharose (Pharmacia) 

was added and incubated for a further 1 h. Samples were transferred into a column and 

washed with 20 volumes of assay buffer. The column was washed with 2 volumes 10 

mM Tris-HCl pH 8  and samples were eluted with 20 mM glutathione in 10 mM Tris-HCl 

pH 8 . GGA proteins bound to GST proteins were detected by Western blotting with a 

Penta His antibody (Qiagen).



3 . R e g u l a t i o n  o f  A R F - R e c r u i t m e n t  t o  
ISGs_______________________________

3.1. Introduction

Carol Austin in the lab has established that AP-1 recruitment to ISGs can be reconstituted 

using isolated immature secretory granules (ISGs), purified myristoylated ARF, and AP-1 

in the presence of GTPyS. These results suggest that ISGs contain the protein equipment 

that is necessary for coat recruitment, such as ARF exchange factors or other regulatory 

proteins. I set out to characterise these proteins and the requirements for ARF-recruitment 

in more detail.

3.2. Purification of ISGs, A RF and AP-1

In order to perform recruitment assays on ISGs with purified components, ISGs were 

isolated, and both AP-1 and myristoylated ARF were purified.

Purification of ISGs

ISGs were prepared from a P C I2 cell PNS by sequential centrifugation over sucrose 

gradients. Post-Golgi vesicles were separated from Golgi fractions by velocity 

centrifugation over a 0.3M - 1.2M linear sucrose gradient. Fractions 1 - 4  from top of the 

gradient were then loaded onto a 0.8M - 1.6M sucrose step gradient and centrifuged to 

equilibrium. Fraction 7 - 9  contained ISGs, while fraction 5 - 6  contained constitutive 

secretory vesicles (CSVs). Efficient separation of ISGs was confirmed by fractionation of 

a [^^S]sulphate pulse-chase labelled PNS. The three major sulfated proteins in PC12 cells 

are secretory proteins: Heparan sulphate proteoglycan (hsPG) is an extracellular matrix 

protein that is constitutively secreted. Chromogranin B (CgB, also known as 

secretogranin I (Sgl)), and Secretogranin II (Sgll) are secreted via the regulated secretory 

pathway and are the two other major sulphated proteins in PC12 cells. Sulphation occurs 

in the TGN on tyrosine and carbohydrate residues. CgB and Sgll contain tyrosine 

residues that are sulphated in the TGN (Lee and Huttner, 1983) while hsPG is sulphated 

on its sugar residues (Gowda et al., 1989). The 5 min pulse allows for the sulphation of



Regulation of ARF-recruitment to ISGs 114

proteins in the TGN and the 15 min chase allows the quantitative budding of secretory 

vesicles from the TGN.

Figure 3.1 A shows that the majority of all sulphated proteins are found in light fractions 

of the velocity gradient, fractions 2-4, representing post Golgi vesicles. When these 

fractions are pooled and subjected to equilibrium gradient centrifugation, CSVs and ISGs 

can be separated as indicated by the separation of hsPG and Sgll/CgB (Figure 1.3B). For 

in vitro recruitment assays fractions 7 - 9  from the equilibrium gradient were pooled and 

used.

Purification of myristoylated human ARF1

M yristoylated human A RFl (myrhARFl) was purified from bacteria (BL21 DE3) 

expressing human ARFl and yeast N-myristoyl transferase. Sodium myristate was added 

to the bacterial culture at the beginning of induction as a substrate for myristoylation of 

ARF. After induction a bacterial lysate was obtained and precipitated with 50% saturated 

(NH^jzSO^, the pellet was resuspended and fractionated by isocratic chromatography on a 

DEAE-column. Fractions that contained protein were then analysed by SDS-PAGE. 

Figure 3.2A shows a SDS-PAGE of the fractions eluted from a DEAE column from a 

typical purification. Fractions 7 - 1 2  contained most A RFl and were pooled, and 

fractionated on a HiTrap SP-column by applying a salt gradient from 0-500 mM NaCl 

(Figure 3.2B). MyrhARFl eluted at ~ 250 mM NaCl. Fractions 20 - 27 were pooled and 

yielded 2.4 mg of myrhARFl that was ~ 90% pure, (see also Figure 3.6B).
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Figure 3.1 Separation of CSVs and ISGs. PCI 2 cells were [̂ ®S] sulphate labelled 
for 5 min and chased for 15 min. A) A PNS was obtained and subjected to velocity 
centrifugation at 110,000 g for 15 min on a linear 0.3M to 1.2M sucrose gradient in 
order to separate TGN (fraction 8  - 10) and post-Golgi vesicles. Post-Golgi secretory 
vesicles are found in fraction 2 - 4. B) Fractions 1 - 4 were pooled and subjected to 
equilibrium centrifugation on a 0.8M - 1.6M sucrose gradient. CSVs (fractions 5-6) 
are positive for hsPG and ISGs (fractions 7 - 9 )  contain Sgll and CgB.
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Figure 3.2 Purification of myrhARFl by DEAE and SP chromatography. A lysate 
from E. coli expressing human ARFl and yNMT was precipitated with 50% 
(saturation) (NHJ2 SO4  and subjected to isocratic chromatography on a DEAE 
column (A). Fractions 7-12 were pooled and loaded onto a HiTrap SP column. B) 
After washing with start buffer, ARF was eluted with a NaCI gradient from 0-500 
mM. Fractions 20 - 27 contained purified myrhARFl. Fraction numbers are 
indicated on top of the gel. The right lane of each gel contains 2 îg of purified 
myrhARFl for comparison.
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Purification of bovine AP-1

AP-1 was purified from bovine adrenals. A membrane pellet was obtained and 

resuspended in a buffer containing 12.5% ficoll and 12.5% sucrose. While centrifugation 

of the membranes at 41,000 g causes most membranes to pellet, clathrin coated vesicles 

(CCVs) remain in the supernatant. After dilution, the CCVs were collected by 

ultracentrifugation and resuspended in IM Tris pH 7.2, in order to extract membrane- 

associated proteins, mainly clathrin and adaptor complexes. The Tris extract was again 

subjected to ultracentrifugation and the supernatant was used for the purification of AP-1. 

Figure 3.3 shows a Coomassie gel of samples from the main steps of the CCV- 

purification. Clathrin and adaptor-complexes were separated by gel filtration on a 

sepharose CL4B column (Pharmacia). A clathrin triskelion has a molecular weight of ~ 

630 kDa and an adaptor complex is -  260 kDa, therefore they can be separated efficiently 

by gel filtration. Figure 3.4 shows Coomassie gels of eluted fractions from the gel 

filtration. Clathrin elutes mainly in fractions 60 - 80 (600 - 800 ml elution volume) and 

adaptor complexes in fractions 88-98. These fractions were pooled and further 

fractionated by ion exchange chromatography on a hydroxyapatite (HA) column (C H T11, 

BioRad). Proteins that bound to the resin were eluted with a gradient from 2 - 350 mM 

sodium phosphate. AP-1 elutes at a lower salt concentration than AP-2, i.e. in fraction 30 

-  40, corresponding to a concentration of ~ 40% buffer B, i.e. 140mM sodium phosphate. 

Before the AP-2 complex, a 180 kDa protein eluted from the HA-column, presumably 

this is API 80/CALM. Figure 3.5 shows the elution profile from the HA-column. 

Fractions 30 - 40 were pooled and used for recruitment assays. Figure 3.6 shows 

Coomassie gels of purified myrhARFl, AP-1, and clathrin.
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Figure 3.3 Purification of clathrin coated vesicles (CCVs). Clathrin coated vesicles 
were purified from bovine adrenals. A PNS (lane 2 from left) was subjected to 
ultracentrifugation resulting in cytosol (lane 3) and membranes (lane 4). The 
membranes were resuspended in ficoll/sucrose medium and centrifuged at 41,000 g. 
The supernatant was diluted and membranes were collected by ultracentrifugation. 
This supernatant did not contain large amounts of clathrin (lane 5). The pellet 
contained purified CCVs (lane 6) and was resuspended in 1 M Tris pH 7.2. After 
ultracentrifugation, the supernatant contained mainly clathrin and adaptor 
complexes (lanes 8 and 9, 5 and 10 pg, respectively) while the membrane pellet (lane 
7) did only contain residual clathrin. The Tris-extract was subjected to gel filtration 
on a sepharose CL4B column.
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Figure 3.4 Gel filtration o f Tris-extract from  clathrin coated vesicles. CCVs were
resuspended in IM Tris and subjected to ultracentrifugation. The supernatant was 
loaded onto a 1400 ml sepharose CL4B column. Clathrin eluted first at an elution 
volume of ~ 600 - 800 ml (fractions 60 - 80). Adaptor complexes followed at an 
elution volume of ~ 880 - 980 ml. Samples from eluted fractions were taken and 
analysed hy SDS-PAGE and Coomassie staining. Fractions (as indicated on top of 
the gels) 88-98 were pooled and loaded onto a hydroxyapatite column.
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Figure 3.5 Separation of adaptor complexes by ion exchange chromatography. 
Fractions that contained adaptor complexes were loaded onto a hydroxyapatite 
column and eluted by applying a sodium phosphate gradient from 2 - 350 mM. 
Samples of eluted fractions were analysed by SDS-PAGE and Coomassie staining. 
AP-1 eluted at approximately 140 mM sodium phosphate, after that a 180 kDa 
protein, presumably API 80/CALM eluted, then AP-2. Note that with AP-2 two 
bands of ~ 50 kDa elute. One of them is p2, the identity of the other band is not 
known.
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Figure 3.6 Examples o f purified clathrin^ AP-1 and ARF. Purified proteins were 
analysed by SDS-PAGE and Coomassie staining. A) 10 |ig of purified clathrin and 
AP-1. The different subunits are indicated. B) Different amounts of purified, 
recombinant, myristoylated human ARF. Myristoylated ARF has a slightly higher 
mobility on SDS-PAGE than non-myristoylated ARF.
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3.3. Generation of Antibodies against ARF

In order to monitor the recruitment of ARF to membrane fractions, I generated polyclonal 

and monoclonal antibodies against ARF. One peptide, IFANLFKGLF, corresponding to 

amino acid 4 - 1 3 ,  and a C-terminal peptide SNQLRNQ, corresponding to amino acid 

174 - 180 of human ARF I, with an N-terminal lysine for crosslinking, were synthesised 

by the Peptide Synthesis laboratory. Cancer Research UK, 44 Lincoln’s Inn Fields. The 

peptides were crosslinked to keyhole limpet hemocyanin (KLH) and injected into rabbits 

and mice according to Cancer Research UK standard procedures.

Two rabbits (ST0132 and STOI33) were injected with the N-temiinal peptide, and two 

(ST0134 and ST0135) were injected with the C-terminal peptide. The rabbit antisera 

were screened by Western blotting of a PC 12 cell PNS. No specific signal with sera from 

the rabbits immunised with N-terminal peptide was observed (see Figure 3.7A). Both 

rabbits that were immunised with the C-terminal peptide showed a -  21 kDa band in 

Western blots that was not observed with pre immune sera (Figure 3.7A). Serum STOI34 

showed a stronger signal and less background than ST0135. One background band at ~ 

SOkDa was observed with ST0134. This band was also detected in the preimmune serum 

(PI). STOI34 was further characterised by ELISA and showed good cross-reaction with 

corresponding peptides of ARF2 and ARF3, but only very low crossreaction with yeast 

ARF (data not shown). ARF4, 5, and 6  show only very little homology in this region of 

the protein and were not tested. Both STOI34 and ST0135 were tested by immuno 

fluorescence and immunoprécipitation, but showed no or very little specific signal (data 

not shown). These sera were thus not suitable for use in immuno fluorescence or immuno 

precipitation.

Four mice were also immunised with the described peptides. Mouse sera were tested in 

ELIS As by the hybridoma fusion service at Cancer Research UK (results not shown). The 

mouse with the best response had also been immunised with the C-terminal peptide. This 

mouse was used to produce hybridomas. Three clones that reacted positive in ELISAs 

were obtained: IA9, 3AI, and 5F2. Hybridoma supernatants from these clones were 

tested in Western blotting on a PCI2 cell PNS. Only 3A1 showed a strong signal without 

any background, up to a dilution of 1:100 (Figure 3.7B). All 3 clones were very
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inefficient in immunoprécipitations and did not work in immunofluorescence (data not 

shown).
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Figure 3.7 Antibodies against ARF. A) Sera from rabbits ST0132-ST0135 were 
screened by Western blotting of a PC12 cell PNS. ST0134 and ST0135 displayed a 
band at the right molecular weight (indicated by asterisks). This signal was not 
detected with pre immune sera. ST0134 showed a stronger signal and less 
background than ST0135. B) Hybridoma supernatants were screened by Western 
blotting of a PC 12 cell PNS. Clone 1A9 showed a strong specific signal. Clones 5F2 
and 3A1 (not shown) did not show a signal. Monoclonal antibody 1D9, provided by 
R. Kahn, was used as a positive control.
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3.4. ISGs contain protein that allows ARF recruitment to ISGs

1 performed recruitment assays with ISGs and MSGs in order to determine if ISGs 

contain a specific subset of proteins, such as an exchange factor, or lipids that allow for 

recruitment of AP-1 via ARF. I compared the ability of ISGs and MSGs to recruit ARF 

with liposomes in order to determine the specificity for ARF recruitment. 125 p i of ISGs 

or MSGs or 150pg of liposomes were incubated with 2 pg of myrhARFl in the presence 

of 100 pM GTPyS or GDP(3S for 30 min at 37°C. Membranes were collected by 

ultracentrifugation and subjected to Western blotting with anti ARF mab 1A9. As shown 

in Figure 3.8, ARF is only recruited to ISGs, and not to MSGs or liposomes. Moreover, 

ARF can only be recruited to membranes in the presence of GTPyS, not with GDPpS

+__ + -  _+ GTPyS
ISGs MSGs liposomes

a  ARF

Figure 3.8 ISGs, but not MSGs or liposomes, allow GTP~dependent ARF-
recruitment. ISGs, MSGs, and liposomes were incubated with ARF in the presence 
of GTPyS or GDPpS. Membranes were collected by ultracentrifugation and ARF 
recruitment was monitored by Western blotting with mab anti ARF 1A9.

The above result supports the hypothesis that ISGs contain a specific set of cofactors 

necessary for AP-1 recruitment. In order to determine if the necessary factor(s) is of a 

proteinaceous or lipid nature, ISGs were treated with various amounts of trypsin for 10 

min at 37°C, then trypsin inhibitor was added before the recruitment assay was performed 

as described above. To control for the efficiency of the trypsin inhibitor, it was added to 

one sample before trypsin was added. The result of a representative experiment is shown 

in Figure 3.9. The mock-treatment with trypsin and trypsin-inhibitor does not affect the 

recruitment of ARF. Similarly, a mock-preincubation without the addition of trypsin or 

trypsin-inhibitor does not affect ARF-recruitment. Approximately 30% (600 ng) of the 

ARF added is recruited to ISGs, as determined by densitometry. Pretreatment of ISGs 

with trypsin reduces the binding of ARF to ISGs in a dose dependent manner. This result 

suggests that ISGs contain a protein that is necessary for ARF recruitment. The vesicles
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stayed intact during this assay, as judged by blotting for Sgll, a lumenal protein, which 

was not degraded by the trypsin treatment. Flowever, ARF recruitment could not be 

reduced to a level seen in the absence of GTPyS. This result may suggest that ISGs also 

contain a lipid component that enhances the recruitment of ARF.

no
preinc. 

0 0

+ —

10 min 
preinc

0 0 0.5 1

-I-

4

- t-

STI

10 10
-H +

Trv'psin Ipg/m l] 

GTPyS

-hm vrARFl
30%
total

Sgii

100%
total

Figure 3.9 ARF-recruitment to ISGs is sensitive to trypsin-pretreatment. ISGs were 
preincubated with increasing amounts of trypsin for 10 min at 37°C. Trypsin 
inhibitor (STI) was added after or before the preincubation. Then ARF recruitm ent 
was determined as described above. Mock treatm ent with trypsin inhibitor added 
before trypsin did not affect ARF recruitm ent. Also a 10 min preincubation in the 
absence of trypsin and trypsin inhibitor did not affect the recruitm ent. Sgll, a 
lumenal protein, was not degraded by trypsin, suggesting that the vesicles stayed 
intact during the assay. ARF recruitm ent is reduced when ISGs are pretreated with 
trypsin, suggesting that ISGs contain protein factor(s) that are necessary for 
efficient ARF recruitment.
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The above results shows that protein(s) are necessary for ARF recruitment to ISGs. ARF 

exchange factors were known to be necessary for the activation of ARF; it was thus likely 

that ISGs contain an ARF exchange factor. A subset of exchange factors is sensitive to 

the fungal metabolite Brefeldin A (BFA). BFA is an uncompetitive inhibitor of ARF- 

activation by forming an abortive complex of GDP-bound ARF and the exchange factor 

(Peyroche et al., 1999). A Dittié in the lab previously demonstrated that AP I recruitment 

from bovine brain cytosol is sensitive to Brefeldin A (Dittié et al., 1996). This sensitivity 

might be due to BFA-sensitive exchange factors in bovine brain cytosol that participate in 

ARF recruitment, or to BFA-sensitive exchange factors on ISGs. In order to distinguish 

between these two possibilities, I performed a recruitment assay in the presence of BFA 

with purified AP I and ARF. For comparison, the assay was also performed with mutant 

myrhARF T3IN  that binds preferentially GDP and should not be able to recruit AP I.

In the absence of BFA, ARF and AP I are recruited to ISGs only if wildtype ARF and 

GTPyS are present (Figure 3.10). M yrhARFT3IN is not recruited to ISGs in a GTP- 

dependent manner, and, accordingly AP I is not recruited. In the absence of ARF, AP I 

can not be recruited, confirming older results that ARF is necessary for AP I recruitment. 

In the presence of BFA, neither wt ARF nor ARF T3IN  are recruited in a GTP-dependent 

manner, although membrane association appears to be higher than in the absence of BFA 

(compare lanes 1-4 with 7-10). AP I recruitment is abolished in the presence of BFA.

From these experiments I concluded that ISGs contain a BFA-sensitive ARF exchange 

factor. However, it is not clear from these data if this is the only protein on ISGs that is 

needed for recruitment of ARF and AP-I. It is possible that ISGs contain additional 

factors that are necessary for, or which enhance coat recruitment.
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Figure 3.10 ARF and AP-1 recruitment to ISGs is sensitive to Brefeldin A. ISGs 
were pretreated with 10 |ag/ml (3 6 |liM ) Brefeldin A or the equivalent volume of 
DMSO for 10 min on ice. Then the binding assay was performed in the presence of 
10 pg/ml BFA. ARF recruitm ent was detected as described above. AP-1 recruitm ent 
was detected with mab anti y-adaptin 100/3, rabbit anti mouse and ^^^I-protein A 
and quantified with a Phosphoimager. AP-1 binding is expressed in arb itrary  units. 
ARF T31N is not recruited in the presence of GTPyS above background levels, 
accordingly AP-1 is not recruited by ARF T31N. Brefeldin A abolishes the 
recruitm ent of both wt ARF and AP-1, suggesting tbat ISGs contain a BFA-sensitive 
exchange factor. Note tbat m yrhARFl T31N has a slightly lower mobility on SDS- 
PAGE than wt m yrhARFl.
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3.5. ARF and AP-1 interact on ISGs

Although it was known that ARF is necessary for the recruitment of AP-1, or other 

adaptor complexes to membranes, the molecular mechanism for this recruitment remains 

unknown. When Zhu and colleagues investigated AP-1 recruitment to Golgi membranes 

in vitro (Zhu et al., 1998), using GXP instead of GTPyS, they showed that during coat 

recruitment, GXP hydrolysis, and thus ARF-dissociation from the membrane, can occur 

before AP-1 is recruited. The authors concluded that ARF generates high affinity binding 

site for AP-1 on membranes, but that ARF is not part of this complex. For COP I 

recruitment on the other hand it has been shown that ARF is a stoichiometric component 

of the COP I coat (Stamnes et al., 1998). It has also been demonstrated by photo 

crosslinking that ARF interacts directly with (3 and y COP (Zhao et al., 1999; Zhao et al.,

1997).

In order to investigate whether ARF and AP-1 interact during coat recruitment on ISGs 

the following experiment was designed:

In vitro translated [^^S]methionine-ARF, which is myristoylated in the lysate (Austin et 

al., 2000), was recruited to ISGs in the presence of GXPyS. Membranes were collected, 

lysed in XNXE buffer and AP-1 was immunoprecipitated with the polyclonal y adaptin 

antibody SX025 (Dittié et al., 1996). The immunoprecipitated sample was subjected to 

SDS-PAGE and analysed by autoradiography.

After recruitment in the presence of GXPyS ARF can be coimmunoprecipitated with AP- 

1 (Figure 3.11, lane 1), and to a lesser extent in the presence of GXPPS (Figure 3.11, lane 

3). A low background signal was detected when a preimmune serum was used for 

immunoprécipitation. In the presence of GXPyS, about 10% of ISG-bound ARF 

interacted with AP-1 (data not shown). This result demonstrates that ARF and AP-1 form 

a complex during coat recruitment. Carol Austin went on to show that this interaction is 

direct by photocrosslinking ARF and AP-1 on ISGs(Austin et al., 2002; Austin et al., 

2000).



Regulation of ARF-recruitment to ISGs 130

GTPyS
ST025 PI ST025 PI antiserum

35s

Figure 3.11 A R F l and AP-1 form  a complex during coat recruitment. In vitro 
translated [^^Slmethionine-ARFl was recruited to ISGs. The membranes were 
collected by ultracentrifugation and lysed in TNTE buffer. AP-1 was 
immunoprecipitated with antiserum ST025 and bound ARF was detected by SDS- 
PAGE and autoradiography. ARFl and AP-1 form a complex in the presence of 
GTPyS (lane 1) and, to a lesser extent in the presence of GTPpS.

3.5. Biochemical approach to identifying the ARF exchange factor on 

ISGs

As shown in section 3.4, ARF and AP-1 recruitment is sensitive to Brefeldin A, 

suggesting that ISGs contain a BFA-sensitive ARF exchange factor. In an attempt to 

isolate this exchange factor using biochemical methods, I developed a nucleotide binding 

assay. This assay would be then used as a read-out for purification of exchange factor 

activity in ISG-derived protein fractions. The assay would also provide direct 

biochemical evidence for the existence of an exchange factor on ISGs.

The assay was developed on the basis of published methods for the measurement of ARF 

exchange factor activity (Franco et al., 1995; Peyroche et al., 1996; Togawa et al., 1999). 

This assay measures the binding of pS]GTPyS to proteins. After incubation with 

nucleotides, the samples are filtered through nitrocellulose; proteins, and therefore 

protein-bound radioactivity is retained on the filters.

Figure 3.12 shows the average result from duplicates of a representative nucleotide 

binding assay. 1 pM  (Figure 3.12A) or 2 pM  (Figure 3.12B) of myrhARFl were 

incubated in the presence of 80;/g/ml (i.e. 2 /^g/sample) ISGs in the presence of 10 pM  

GTPyS containing ^pC[/m\ (^^S]GTPyS.
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If myrhARFl (see chapter 3.2), which is purified in the presence of GDP, is incubated in 

exchange buffer alone, up to 15 % of the protein can be loaded with GTPyS (see Figure 

3.12 A and B, 0 ARF) within 2 h. ISGs alone bind GTPyS with an efficiency of up to 1.2 

pmol GTPyS/jLtg protein (see Figure 3.12A and B, O ). This result suggests that ISGs 

contain G-proteins. In support of this, GTPyS binding to ISGs can be reduced if ISGs are 

pretreated with 10/xg/ml trypsin (Figure 3.12B, # ). These G-protein(s) are not inhibited 

by Brefeldin A (Figure 3.12 A, • ) .

When ISGs and myrhARFl are incubated together, no catalytic activity is observed, i.e. 

the incorporated radioactivity equals the sums of the incorporation when ARF and ISGs 

are incubated alone (Figure 3.12A and B, □ ). Accordingly, if ISGs were pretreated with 

trypsin and then incubated in the presence of ARF, incorporation equalled that of ARF 

alone (Figure 3.12 B, compare 0 and ■). Based on these results, 1 concluded that ARF 

exchange factor activity is not detectable in this assay. Moreover, GTPyS incorporation is 

essentially not inhibited by BFA, although the BFA concentration was increased to 100 

/xg/ml (Figure 3.12 A, compare □  and ■). In the recruitment assay, using concentrations 

of BFA that were 10 fold lower, ARF activation was inhibited efficiently. Comparable 

results were obtained when P C I2 cytosol was used instead of ISGs, and no exchange 

factor activity could be detected (data not shown).

In order to control for whether the assay works with a bona-fide exchange factor, the 

assay was performed with purified myrhARFl (chapter 3.2) and His6-cytohesin-2. Both 

proteins were used at l/xM. Under these conditions, nucleotide exchange is accomplished 

extremely quickly, and is observed even on ice, before samples are shifted to 37°C (see 

Figure 3.13).

Since exchange factor activity could not be detected on ISGs, the biochemical approach 

for the purification of the exchange factor was abandoned.
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Figure 3.12 GTPyS binding o f  ARF and ISGs. ARF and/or ISGs were incubated 

with [^^SJGTPyS. Samples were filtered through nitrocellulose. The filters were 

washed and radioactivity retained on the filters was quantified hy scintillation 

counting. A): ISGs were incubated in the presence o f 100/ig/ml BFA or a 

corresponding volume of DMSO, with or without 1 fiM ARF. GTPyS-hinding was 

determined as described above. Nucleotide binding was insensitive to Brefeldin A. 

No exchange factor activity was detected (see text). B): ISGs were pretreated with 

10/tg/ml of trypsin for 10 min at 37°C. Trypsin inhibitor was added before (+STI) or 

after (+trypsin) the preincubation. The assay was performed with 2 piM ARF. All 

values shown are averages of duplicates from representative experiments.
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Figure 3.13 ARF exchange factor activity o f cytohesin-2. Purified myrARFl and 

cytohesin-2 (both 1 /iM) were assayed for GTPyS binding as described above. 

Catalysed nucleotide exchange was essentially accomplished at 0°C, before samples 

were shifted to 37°C.
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3.7. Other approaches to identifying the ARF exchange factor

The family of ARF exchange factors is very diverse (see chapter 1.5.2). However, the 

catalytic Sec7 domain is common to all ARF exchange factors, and is conserved among 

all eukaryotes. 1  decided to raise antibodies against peptides corresponding to parts of the 

Sec7 domain. This antibody could then be used to characterise ARF exchange factors in 

neuroendocrine cells, and possibly identify the ARF exchange factor on ISGs. Two 

different peptides were used: (K)FRLPGEA and (K)LAYSllMLNTDQH, with the lysine 

added for crosslinking to KLH. Two rabbits were immunised with each KLH-coupled 

peptides according to Cancer Research UK standard procedures. However, no serum that 

showed specific response in western blots on PCI 2 PNS, ISGs, or ELIS As with the 

peptides used for immunisation was obtained.

1 also obtained a cDNA construct from M. Vaughan, NIH, Bethesda, encoding B lG l, one 

of the known BFA-sensitive exchange factors (Togawa et al., 1999) in a pCR-Blunt 

vector. The protein sequence is very similar to B1G2 (Togawa et al., 1999), and 

essentially identical to p200 (Mansour et al., 1999). B lG l and B1G2 are -200 kDa 

proteins that have been isolated from bovine brain cytosol. They are both sensitive to 

BFA. They are the only known BFA-sensitive exchange factors in mammalian cells. 

Therefore, B lG l was a good candidate protein to be the exchange factor on ISGs. 1 

planned on using the cDNA for protein expression, and the recombinant protein could be 

used for in vitro assays, etc. Also the wildtype protein, or fragments, could be used for 

expression in neuroendocrine cells in order to investigate the role of B lG l in secretory 

granule maturation.

The DNA was transformed into D H 5a and plasmid DNA was prepared. After 

transformation, many small “pinpoint” colonies were observed, and only few normal 

sized colonies. When transferred to liquid medium, the small colonies did not grow at all. 

Plasmid DNA was prepared from a large colony. When analytical restriction digests were 

performed, the insert DNA appeared too large on agarose gel, i.e. the band appeared to be 

well above 6  kb, instead of the expected 5.5 kb (data not shown). In contrast, in vitro 

translation using pCR-BlGl, revealed a protein that was -  70 kDa in size instead of the 

expected -  200 kDa (data not shown). When the DNA was sequenced, it turned out, that 

the DNA had a -1.3 kb insert at nucleotide 1993 that had high homology to an E. coli 

transposon (TnlO). This phenomenon has been encountered by another lab as well (Dr. R. 

Yamaji, Dr. Vaughan’s lab, NIH, Bethesda, personal communication). The insertion
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generated a frame shift resulting in a premature translation stop. The problems 

encountered working with BIG l DNA constructs were overcome by using a different 

bacterial strain for work with the BIGl DNA, DHIOB, and by growing the bacteria in 

terrific broth.

After transforming pCR-BIGl into DHIOB, 20 clones were screened in analytical digests, 

2  of them appeared to have a correct size insert, and the other clones appeared to have an 

insert again. From these bacteria , a large scale DNA preparation was done. However, in 

vitro translation yielded a -  180 kDa protein, instead of ~ 200 kDa. The nucleotide 

sequence of the complete cDNA was determined. Three mismatches were present, 

resulting in amino acid changes, compared to the published sequence by Vaughan and 

CO workers: P233Q, S620L, and K1055E (Togawa et al., 1999). These changes render the 

translated sequence identical to the amino acid sequence of p200 isolated by Mansour et 

al. (Mansour et al., 1999). In addition, one nucleotide deletion at position 4973 was 

observed, this deletion results in a premature stop very shortly after the deletion, 

explaining the aberrant molecular weight of the in vitro-translated product.

The DNA sequence was corrected by site-directed mutagenesis. 10 clones from the 

mutagenesis were screened by nucleotide sequencing. A clone with the correct sequence 

was then sequenced completely to confirm the correct sequence. However, attempts to 

subclone the full-length DNA or fragments into expression vectors failed.

3.8. Discussion

AP-1 recruitment to ISGs can be reconstituted in vitro with purified ISGs, myristoylated 

ARFl and purified AP-1. ARF can not be recruited to MSGs or liposomes (azolectin), 

suggesting that ISGs contain a specific subset of protein(s) necessary and sufficient for 

the recruitment of ARF and AP-1. Recruitment can be inhibited if ISGs are pretreated 

with trypsin, supporting this hypothesis. However, binding is not rescued to GDP-levels, 

suggesting that a lipid component enhances ARF recruitment. ARF and AP-1 recruitment 

is inhibited by Brefeldin A, a fungal metabolite that inhibits activation of ARF by 

stabilising an abortive complex of ARF-GDP and its exchange factor. This result 

suggests that ISGs contain a BFA-sensitive exchange factor.

Since MSGs can not recruit ARF, it seems likely that they do not contain such an 

exchange factor. It would be very interesting to investigate, if the exchange factor gets 

removed from maturing granules along with other proteins, such as furin and syntaxin 6
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etc, or if the recruitment of the presumably soluble exchange factor is regulated in a way 

that allows recruitment only to sites where a vesicle is supposed to form.

However, in my hands it was not possible to detect an exchange factor activity in a 

nucleotide binding assay. It seems, the assay is working technically, since activity could 

be detected with purified cytohesin-2. However, the activity with cytohesin-2 was so 

strong, that no time course could be obtained. This might be optimised by reducing the 

amounts of cytohesin in the assay. On the other hand, no activity could be detected with 

cytosol or ISGs, although other labs successfully detected exchange factor activity in 

subcellular fractions (Tsai et al., 1996). The results with cytosol and ISGs suggest that 

both contain G-proteins that can bind GTPyS under the conditions in the assay. This 

“background” might obstruct the detection of ARF exchange factor activity. The presence 

of G-proteins on ISGs has also been demonstrated by C. Panaretou in the lab (Panaretou 

and Tooze, 2002).

It is puzzling, that it is not possible to achieve 100% nucleotide binding of ARF, as at the 

most ~ 15 % of the protein could be loaded with GTPyS. This loading efficiency is 

similar to that obtained by other labs (S. Cockcroft, personal communication).

Since the biochemical approach could not be continued due to the lack of a read out 

assay, I decided to try to manipulate exchange factors on ISGs or in neuroendocrine cells 

by developing antibodies and/or expression constructs of B IG l, a good candidate 

exchange factor to be present on ISGs. Unfortunately, no antisera were obtained. Since 

peptides against very conserved regions of the Sec7 domain were used, it seems likely 

that these peptides are poor antigens. In addition, the experience in our lab suggests that 

generally peptides corresponding to a free N- or C-terminus of a proteins provide much 

better antigens than internal peptides. The conserved regions were used in order to obtain 

a serum that would recognise a wide variety of exchange factors, in order to be able to 

identify the one present on ISGs.

The cDNA construct encoding for BIGl proved to be not readily accessible to genetic 

manipulation in E. coli, which made it very difficult to obtain tools to manipulate and 

study its function in secretory granule biogenesis.



4 . T h e  d i l e u c i n e  m o t i f  o f  V A M P 4  
MEDIATES INTERA CTIO N  W ITH A P -1

4.1. Introduction

Work from F. Wendler in our lab (Wendler et al., 2001) demonstrated that syntaxin 6  is 

involved in homotypic fusion of ISGs in vitro. Furthermore, he demonstrated that 

syntaxin 6  is removed from ISGs and is essentially absent from mature secretory 

granules. In addition, morphological work from Bock and colleagues (Bock et al., 1997) 

revealed that syntaxin 6  can be found in clathrin coated areas on the TGN.

Syntaxin 6  forms a SNARE complex with VAMP4, a vSNARE protein that has been 

localised to clathrin coated areas of the TGN and immature secretory granules 

(Steegmaier et al., 1999). Moreover several labs demonstrated that VAMP4 and/or 

syntaxin 6  localisation is sensitive to Brefeldin A treatment (Eaton et al., 2000; 

Steegmaier et al., 1999).

Taken together, these data suggest that VAMP4 and/or syntaxin 6  may contain sorting 

signals that mediate their recruitment into clathrin coated vesicles. Therefore I set out to 

test both SNARE proteins for interaction with adaptor complexes and characterise these 

interactions.

4.2. Potential sorting signais in syntaxin 6 and VAMP4

Sequence analysis of syntaxin 6  revealed several potential sorting signals that might 

confer interaction with clathrin adaptors: One potential dileucine motif is localised at 

amino acids 123 and 124. This region is outside the coiled-coil regions of syntaxin 6  

(Misura et al., 2002). There are three more dileucine, leucine-isoleucine, or methionine- 

leucine motifs. However, dileucine signals are context dependent, i.e. the amino acids 

surrounding the dileucine are important determinants for interaction with adaptor 

complexes (Kirchhausen, 1999). Because they are not well conserved, it is complicated to 

predict if a dileucine motif is a potential sorting motif. One would however not expect a 

sorting motif to be located within the SNARE-complex forming domain, or within the N-
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terminal coiled-coil domain. Furthermore, syntaxin 6  has a putative tyrosine based motif 

that might confer interaction with adaptor complexes at amino acid 141: YüRL, 

matching the consensus sequence Yppij) for a tyrosine based sorting motif. Figure 4.1 

gives the primary sequence of human syntaxin 6 . Putative sorting signals, predicted 

coiled-coil domains, and predicted transmembrane domains are highlighted.
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30 40 50
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Figure 4.1 Sequence of human syntaxin 6 (accession No. 043752). Syntaxin 6  

contains one putative tyrosine-based sorting signal and several potential dileucine 
sorting motifs. Potential sorting motifs are highlighted in red, coiled-coil domains 
are underlayed in grey, and the predicted transmembrane region is shown in 
underlined letters.
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Sequence analysis of VAMP4 and comparison with VAMP2 revealed that VAMP4 

contains a N-terminal extension that is not present in VAMP2, although the predicted 

coiled-coil domains are highly conserved between the two proteins (Figure 4.2). No 

putative tyrosine motif could be detected in the VAMP4 sequence. However, the N- 

terminal extension contains a putative dileucine signal at amino acids 25,26. Moreover, 

the dileucine signal is preceded by a stretch of polar amino acids consistent with the 

context of most dileucine signals. Interestingly, the dileucine motif is directly followed 

by an acidic cluster of 9 amino acids that contains one serine residue and consists 

otherwise exclusively of aspartate and glutamate.

4.3. VAMP4 and syntaxin 6 colocallse with AP-1 in AtT20 ceiis

In order to support the data on VAMP4 and syntaxin 6  colocalising with AP-1 in PC 12 

and p-cells, I performed double labelling of AtT20 cells with VAMP4 and AP-1, and 

syntaxin 6  and AP-1, respectively. AtT20 cells were fixed and permeabilised and double 

labelled with anti serum TG19 against VAMP4 (provided by T. Galli, Inserm, Paris) and 

mab clone 8 8  against y-adaptin (Transduction laboratories), or with ST0132 affinity 

purified rabbit antibody (F. Wendler) and clone 8 8 . Staining was performed with A488- 

and Cy3- conjugated secondary antibodies. As shown in Figure 4.3, both VAMP4 and 

syntaxin 6  show good colocalisation in AtT20 cells confirming results acquired in PC12 

and p cells.
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Figure 4.2 VAMP4 contains an acidic dileucine motif in its N-terminal domain, 
Clustal sequence alignment of human VAMP4 (accession No 075379) and VAMP2 
(PI9065). VAMP4 contains an N-terminal extension that is not present in VAMP2. 
Within this domain, VAMP4 contains a putative dileucine motif (highlighted in red), 
preceded by a stretch of polar amino acids, and followed by a stretch of acidic 
amino acids (highlighted in magenta). Two potential CK2 phosphorylation sites 
proximal to the dileucine motif are highlighted in blue. The predicted coiled coil 
domains of the two proteins are highly conserved and are grey underlayed. The 
predicted transmembrane domains are shown with underlined letters.
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AP-1 syntaxin 6

AP-1 VAMP4

Figure 4.3 VXMP4 and syntaxin 6 colocallse with AP-1 in AtT20 cells. AtT20 cells 
were grown on coverslips, fixed and processed for immunofluorescence. (2 2 0 -fold 
magnification) A)-C): Cells were double labelled with antibodies against syntaxin 6  

(ST0132) and y adaptin (clone 8 8 ). D)-F): Cells were double labelled with 
antibodies against VAMP4 (TGI9) and y-adaptin (clone 8 8 ). Polyclonal antibodies 
were detected with secondary antibody anti-rabbit-Cy3, and the y-adaptin antibody 
with anti-mouse A488. Both syntaxin 6  and VAMP4 show extensive colocalisation 
with AP-1.
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In order to determine if VAMP4 and syntaxin 6  form a SNARE complex in these cells 

recapture experiments were performed. AtT20 cells were metabolically labelled with 

[^^SJmethionine/cysteine. A Triton X-100 cell lysate was prepared and used for 

immunoprécipitation. The isolated complexes were then dissociated with SDS and 

subjected to a second round of immunoprécipitation. As shown in Figure 4.4 A, syntaxin 

6  and VAMP4 are found in a complex. This result is consistent with data from F. 

Wendler (Wendler et al., 2001) who found this SNARE complex in PC 12 cells, and data 

from other labs who found this complex in brain extracts (Kreykenbohm et al., 2002; 

Steegmaier et al., 1999) and HeLa cells (Mallard et al., 2002).

Steegmaier and colleagues identified VAMP4 binding proteins by immunoprécipitation 

of VAMP4 from brain extracts (Steegmaier et al., 1999). They found VAMP4 in two 

subcomplexes, one containing syntaxin 6  and a  SNAP. The other protein complex 

contained synaptophysin and physophilin, two synaptic plasma membrane proteins, and 

was devoid of syntaxin 6 . This result may imply that VAMP4, but not syntaxin 6 , can 

recycle to the plasma membrane, at least in neurones. On the other hand, Watson et al. 

(Watson and Pessin, 2000) found EGFP-syntaxin 6  partially localised to the plasma 

membrane in 3T3-adipocytes. The combined deletion of the membrane proximal coiled- 

coil domain and tyrosine motif resulted in an exclusive localisation of syntaxin 6  at the 

plasma membrane. Taken together these results may suggest that VAMP4 and/or 

syntaxin 6  recycle to the plasma membrane. Thus, it also seemed likely that either or both 

may interact with AP-2 via their putative adaptor-interaction motifs. In order to determine 

if VAMP4 and syntaxin 6  recycle to the plasma membrane, I surface-biotinylated AtT20 

cells at 0°C or 37°C, prepared a lysate in RIPA buffer and subjected the lysate to 

immunoprécipitation with the above described antisera against VAMP4 and syntaxin 6 . 

The immunoprecipitated proteins were then resolved by SDS-PAGE and blotted onto 

nitrocellulose. Biotinylated proteins were detected with Extravidin-HRP.

When cells were biotinylated at 0°C, biotinylated VAMP4 could be detected, suggesting 

that at any given time, some VAMP4 is present on the plasma membrane (Figure 4.4 B). 

However, no biotinylated syntaxin 6  was detected. When cells were biotinylated at 37°C, 

both biotinylated VAMP4 and syntaxin 6  were detected. The amount of biotinylated 

VAMP4 was increased. This result is consistent with biotin being endocytosed so that
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Figure 4.4 VAMP4 and syntaxin 6 form a SNARE-complex, but only VAMP4 
recycles to the plasma membrane in AtT20 cells. A) AtT20 cells were metabolically 
labelled with [^^S]methionine/cysteine. A detergent lysate was obtained and 
subjected to immunoprécipitation with antibodies against VAMP4 or syntaxin 6  

(TG19 or ST0132). The isolated complexes were dissociated and subjected to a 
subsequent round of IP. VAMP4 and syntaxin 6  exist in a complex. B) AtT20 cells 
were biotinylated at 0°C or 37 °C. A detergent lysate was obtained and subjected to 
immunoprécipitation in RIPA buffer. At 0°C, only biotinylated VAMP4, but not 
syntaxin 6  is detected, indicating that VAMP4 recycles to the plasma membrane, but 
not syntaxin 6 . At 37°C both SNARE proteins are biotinylated, consistent with 
biotin being endocytosed and biotinylation occurring in endosomes. It also shows 
tbat syntaxin 6  is accessible to biotinylation.
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biotinylation occurs in endosomes. It also demonstrates that the extracytoplasmic domain 

of syntaxin 6  is accessible to biotinylation. This result suggests, that in AtT20 cells 

VAMP4, but not syntaxin 6 , recycles to the plasma membrane. This may indicate that the 

complex of VAMP4 and syntaxin 6  segregates before VAMP4 is transported to the 

plasma membrane, presumably in endosomes.

4.4. VAMP4 interacts with adaptor complex’ 1 (AP-1)

Having detected potential sorting signals in both the syntaxin 6  and VAMP4 sequences, I 

decided to perform pulldown assays in order to test for interaction between these 

SNAREs and adaptors using GST-fusion proteins comprising the cytoplasmic domains of 

syntaxin 6  (provided by F. Wendler) and VAMP4. Bovine adrenal medulla cytosol 

(BAMC) was used as a source for adaptor proteins. GST-syntaxin 6  and GST-VAMP4 

were produced in bacteria and purified by affinity chromatography using glutathione- 

sepharose. Figure 4.5 shows examples of the purified proteins. VAMP4 typically purified 

in mainly 4 bands of similar intensity, all of which contained the GST moiety. Addition 

of protease inhibitors did not reduce the number of bands. Presumably, the lower 

molecular weight bands represent premature translation stops. Equally, syntaxin 6  yielded 

in addition to the full-length fusion protein some smaller fragments, all of which 

contained GST. The recombinant fusion proteins were bound to glutathione-sepharose 

and these beads were incubated in cytosol. After washing, the proteins bound to the beads 

were subjected to SDS-PAGE, transfer to nitrocellulose, and immunoblotting and AP-1 

was detected with the monoclonal antibody 100/3 (against y adaptin). Figure 4.6 shows a 

representative result of these pulldown assays.

VAMP4 interacted with AP-1 in a dose dependent manner. No binding of AP-1 to 

syntaxin 6  could be detected. Also, no binding of AP-1 to empty beads or GST alone 

could be detected, indicating that the interaction of VAMP4 and AP-1 was specific. 

Notably, binding of AP-1 to VAMP4 was enhanced when VAMP4 was pre-treated with 

Casein kinase 2 (CK2) prior to incubation with cytosol. After detecting AP-1, the blot 

was stripped and reprobed for AP-2 using antibody 100/2 (against a  adaptin). No binding
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Figure 4.5 Purified GST-syntaxin 6 and GST-VAMP4. The cytoplasmic domains 
of syntaxin 6  (A) and VAMP4 (B) were expressed as GST fusion proteins in E. coli 
and purified by affinity chromatography using glutathione-sepharose. A) shows 
eluted fractions of GST-syntaxin 6  from the glutathione column (E1-E4) B) shows 
the bacterial lysate (load), the unbound proteins from the column flow through (FT) 
and the eluted, purified proteins (E1-E5)
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Figure 4.6 VAMP4 interacts with AP-1 y but not AP-2 in GST-pulldown assays. 
GST-fusion proteins of the cytoplasmic domains of VAMP4 and syntaxin 6 , or GST 
as a negative control were bound to glutathione beads and incubated with bovine 
adrenal medulla cytosol. After washing, proteins that were bound to the beads and 
10% of the cytosol used for each sample were subjected to SDS-PAGE and Western 
blotting. AP-1 bound to VAMP4 in a dose dependent manner, but not to syntaxin 6 , 
GST alone or empty beads. No AP-2 complexes bound to the fusion proteins. 
Binding of AP-1 to VAMP4 was enhanced, when VAMP4 was pre-treated with 
Casein kinase 2 prior to incubation with cytosol.

of AP-2 to any of the recombinant proteins could be detected, although AP-2 was readily 

detected in the control consisting of 10% (i.e. 50 pg) of the cytosol input.

In order to determine if binding of VAMP4 to AP-1 was conferred by the putative 

dileucine signal described above, 1 performed site directed mutagenesis of the VAMP4 

DNA and changed the two leucine residues to valine. This mutation is conservative so 

that the charge and the size of the amino acids are not changed, ensuring that the overall 

structure of the proteins is not affected by changing its sequence.
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Figure 4.7 Binding of AP-1 to VAMP4 is dependent on a dileucine signal. Wt and 
mutant (L25V, L26V) GST-fusion proteins were used for pulldown assays as in 
Figure 4.6. Binding of AP-1 to VAMP4 is abolished, if the dileucine motif is mutated 
to valine. As in Figure 4.6, binding enhanced, if VAMP4 is pre-treated with Casein 
kinase 2 .

As shown in Figure 4.7, VAMP4 L25,26V does not interact with AP-1, confirming that 

the dileucine motif is essential for interaction with AP-1. The same results were obtained 

if a Tx 100-lysate of isolated ISGs instead of cytosol, and mab clone 8 8  (Transduction 

lab.) was used (data not shown).

Next it was determined if another related adaptor complex, AP-3, binds to VAMP4. 

These experiments could not be performed with bovine cytosol, since the only available 

antibody (clone 18, Transduction lab.) detects exclusively human AP-3 (ô-subunit). 

Therefore, the experiment was performed exactly as described above, but with cytosol 

from HeLa cells that were grown in suspension. Figure 4.8 illustrates that AP-3 does not 

bind to VAMP4. As a control, the blot was stripped after detecting AP-3, and AP-1 was 

detected. As with BAMC, the interaction between VAMP4 and AP-1 could be readily 

detected.
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Figure 4.8 VAMP4 does not interact with AP-3 in GST pulldown assays. GST- 
pulldown assays were performed as described using HeLa cytosol. No interaction 
between AP-3 and VAMP4 could be detected. In order to confirm that the pulldown 
assay worked, the membrane was probed with an AP-1 antibody, and the 
interaction between AP-1 and VAMP4 was reproduced. To control for the amount 
of loaded protein, the ponceau stained membrane is shown as well.
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4.5. VAMP4 does not interact with GGA-VHS domains

Recently, it was demonstrated by several labs that the GGA proteins bind to dileucine 

motifs (Nielsen et al., 2001; Puertollano et al., 2001; Zhu et al., 2001). Puertollano et al. 

(Puertollano et al., 2001) analysed the binding in detail using site directed mutagenesis. 

Binding of both MPRs to GGAs requires a stretch of specific amino acids in position -2  

to -10 from the dileucine motif. Other transmembrane domains that contain a dileucine 

motif but differ in their sequence N-terminal from the dileucine motif compared to 

MPRs, e.g. transferrin receptor or tyrosinase, do not bind GGAs.

The dileucine motifs of the MPRs compared to the VAMP4 sequence N-terminal from 

aa25 are as follows:

CI-MPR-tail 149aa-LVSFHDDSDEDLLHI-COOH

CD-MPR-tai 1 54aa- LGEESEERDDHLL PM-COOH

VAMP4 cyt. domain NH2-24aa-VTGSVKSERRNLLED-89aa-COOH 

Obviously, this comparison would not suggest that GGAs would bind to VAMP4, since 

there is no similarity. However, unlike the MPRs, VAMP4 is a type 2 transmembrane 

protein, i.e. the N-terminus of the protein is located in the cytosol. It seemed conceivable 

that in fact the stretch of amino acids between the membrane and the dileucine motif, i.e. 

C-terminal from the dileucine motif, would be important for GGA binding. Indeed this 

stretch resembles very much the motif found in the MPRs:

Cl-MPR-tail 149aa-LVSFHDDSDEDLLHI-COOH

CD-MPR-tai 1 54aa- LGEESEERDDHLL PM-COOH

VAMP4 COOH-78aa-F FDE E EDSDDE L LNR-2 2 a-NH2

Therefore it seemed possible that VAMP4 binds to the VHS domain of GGAs.

In order to test this hypothesis, the VHS domains of GGAl, GGA2, and GGA3 (short 

isoform) were cloned into a bacterial expression vector with a N-terminal hexa-histidine 

(His^) tag. Binding assays were performed using these purified His-tagged fusion proteins 

and the VAMP4 GST-fusion proteins. As a positive control, I used a GST-fusion protein 

expressing a C-terminal fragment of the cytoplasmic tail of CI-MPR (GST-MPRct, aa 

2395 -  2482) that contains the GGA binding motif. As shown in Figure 4.9, the MPR-
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fusion protein binds to GGAl, but no binding of VAMP4 wt, VAMP4 L25,26V, or GST 

was observed. Experiments with GGA2 yielded the same result (data not shown). The 

GGA3 fusion proteins however, did not bind the CI-MPR fragment or VAMP4. The short 

isoform of GGA3 is generated by alternative splicing and does not contain the dileucine 

motif- binding residues (Takatsu et al., 2001).

In order to confirm this negative result with an independent method, a two-hybrid assay 

was performed in collaboration with Franz Wendler. Yeast cells were cotransformed with 

plasmids encoding the GGA-VHS domains fused to the GAL4-activating domain (prey) 

and plasmids encoding VAMP4 aa 2-60 or CI-MPRct fused to the GAL4 DNA-binding 

domain (bait). Interaction of these proteins brings the activating and the DNA binding 

domain of GAL4 into close proximity and leads to the activation of a reporter gene, 

HIS3, resulting in autotrophy for histidine. Therefore, growth of yeast in the absence of 

histidine indicates interaction of the proteins. The N-terminal domain of VAMP4 was 

used, because the full-length cytoplasmic domain showed some autoactivation. The 

results are shown in Figure 4.10. Although interaction of G GAl, 2, and 3 (long isoform) 

with CI-MPRct was readily detected, no interaction of GGAs with VAMP4 was 

observed. This assay confirmed that VAMP4 does not interact with the VHS domain of 

GGAs.
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GGAl — ► 
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Figure 4.9 VAMP4 does not bind GGAL GST-fusion proteins were incubated 
with Hisg-GGA-VHS and protein complexes isolated with Glutathione-Sepharose. 
Bound proteins were then analysed by Western blotting with an anti penta-His 
antibody. Although His^-GGA-VHS binds the c-terminus of CI-MPR, it does not 
bind VAMP4. Binding to MPR was specific, because His^-GGA-VHS did not bind to 
GST alone.
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Figure 4.10 GGAs do not bind VAMP4. Two hybrid analysis of GGA/VAMP4 
interaction. Yeast cells were cotransformed with plasmids encoding GAL4 DNA- 
binding domain (bait) fused to VAMP4 or CI-MPRct and plasmids encoding the 
GAL4 activating domain (prey) fused to GGA-VHS domains. Cotransformed cells 
were spotted onto histidine containing (+His) or histidine-deficient ( His) plates. 
Growth on histidine deficient plates indicates interaction. While GGAl, 2 and 3 
(long isoform) interact with the cytoplasmic tail of CI-MPR; no interaction between 
the short GGA3 isoform and CI-MPRct can be detected. None of the GGA isoforms 
interacts with VAMP4.

4.6. The^1 subunit of AP-1 binds to VAMP4

Taken together, the data demonstrate that VAMP4 interacts only with AP-1, but not AP- 

2, AP-3, or GGAs. The dileucine motif in the N-terminus of VAMP4 is essential for this 

interaction. However, the pulldown results did not reveal which AP-1 subunit interacts 

with VAMP4. There is little doubt that the ja  subunit of adaptor complexes interacts with 

tyrosine based motifs. However, the literature provides conflicting data as to which 

adaptor subunit interacts with dileucine motifs. Crosslinking studies by Rapaport et al.



The dileucine motif of VAMP4 mediates interaction with AP-1_____________________ 154

demonstrated that the dileucine motif of CD3y interacts with the body fragment of the p i 

subunits (Rapoport et al., 1998). On the other hand, Bakke and colleagues identified the /x 

chain as the subunit that interacts with dileucine motifs of invariant chain using phage 

display and the two hybrid system (Hofmann et al., 1999; Kongsvik et al., 2002). These 

experiments are sometimes complicated because many transmembrane proteins contain 

several adaptor interacting motifs and interact with several adaptor complexes. Thus, 

VAMP4 provides an ideal tool to study the molecular basis of the interaction of dileucine 

motifs with AP-1.

Preliminary pulldown assays were done with GST-VAMP4 and in vitro translated ^^S- 

methionine labelled /xl or p i, which were not successful because both subunits exhibited 

strong unspecific binding to glutathione beads (data not shown). Since adaptor subunits 

have been used in the two hybrid system successfully, VAMP4 and the adaptor subunits 

were tested in the two hybrid system in collaboration with Franz Wendler.

As shown in Figure 4.11A, the AP-1 subunit p i  did not show an interaction with 

VAMP4. jLtl however clearly interacted with VAMP4, confirming the data of Bakke and 

colleagues that indeed the pL subunit interacts with dileucine motifs. Moreover, the result 

that VAMP4 does not interact with AP-2 or AP-3 was confirmed by testing the /x2 and fi3 

subunit for binding to VAMP4. In addition, the f i lh  subunit, specific for epithelial cells 

and implicated in basolateral targeting of transmembrane proteins, does not interact with 

AP-1. This is particularly interesting, since /xla and /xlb are highly conserved (see section 

4.7), and this result indicates a very high specificity for the interaction of VAMP4 with 

AP-1 a. To confirm the data from GST-pulldown assays and to confirm that the 

interaction of VAMP4 was indeed dependent on the presence of a dileucine motif, a 

mutant form of VAMP4 was tested where the two leucines were mutated to alanine 

(Figure 4.1 IB). Indeed when the motif was mutated binding to jttla was abolished.
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Figure 4.11 VAMP4 binds to the jila  subunit of the AP-1 complex. Two hybrid 
analysis of VAMP4 and different adaptor subunits. A) VAMP4 interacts only with 
//la , but not with pi, //2, //3, or //lb . As a control to exclude non-specific reporter 
gene activation by VAMP4, yeast cells were also cotransformed with the T-antigen 
in the prey vector and VAMP4. B) Binding was dependent on the dileucine motif in 
VAMP4, since mutation of leucine 25 and 26 results in the abolition of VAMP4 
binding to //la .

4.7. Discussion

This chapter describes the identification of a dileucine motif in the N-terminal domain of 

the vSNARE VAMP4. This dileucine motif mediates binding to the clathrin adaptor 

complex 1. VAMP4 does not bind to the AP-lb complex, AP-2, AP-3, or GGAs.

It remains to be determined if VAMP4 can interact with the AP-4 complex. So far, it is 

not known if AP-4 can bind dileucine motifs at all and has only been shown to bind
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tyrosine based motifs and unconventional sorting motifs in furin, CD-MPR and 

transferrin receptor (Aguilar et al., 2001; Simmen et al., 2002).

It was somewhat surprising that syntaxin 6  does not interact with AP-1 or AP-2, since 

Watson et al. identified a sorting signal for syntaxin 6  in the membrane proximal coiled- 

coil domain (H2) and identified the tyrosine based motif as an internalisation signal 

(Watson and Pessin, 2000). However, it can not be excluded that syntaxin 6  can interact 

with AP-3, AP-4, or GGAs, as these were not tested in pulldowns. In addition, it was not 

possible to test this hypothesis with the two hybrid system, since syntaxin 6  shows strong 

autoactivation in the bait vector, as did /xla (data not shown). It is therefore tempting to 

speculate that sorting motifs provided by SNARE partners of syntaxin 6  accomplish its 

sorting. It also remains to be determined how VAMP4 is internalised from the plasma 

membrane, since it does not interact with AP-2 directly. Taken together, it seems likely 

that at least syntaxin 6 -trafficking is cell-type specific, since it has been found on the 

plasma membrane in adipocytes (Watson and Pessin, 2000) but not in AtT20 cells. 

However, the plasma membrane localisation of syntaxin 6  has been found in transfected 

cells that overexpress syntaxin 6 . Thus, it is possible that this localisation is an artefact 

due to overexpression and saturation of the sorting machinery.

The /xia chain has been identified as the VAMP4 binding subunit, while p i  does not 

interact directly with VAMP4. Although it can not formally be excluded that other 

dileucine motifs interact with the p i subunit, this seems unlikely. It would be useful to 

confirm the obtained data with another experimental system and with other proteins that 

contain dileucine motifs.

A striking result is that only /xla and not /xlb interacts with VAMP4, indicating that the 

interaction is highly selective (Figure 4.11). In addition, this observation provides a good 

tool to determine the binding site for VAMP4 in /xla, since the two proteins are highly 

conserved (Figure 4.12). Preliminary data from Franz Wendler using fragments of /xla in 

the two hybrid assay indicate that the binding site of /xla for VAMP4 is in amino acid 

region 129-230. This is indeed the region where /xla and /xlb are least conserved. It 

should be possible to identify the binding site precisely by site-directed mutagenesis 

resulting in the ablation of /xla binding, or creation of a /xlb binding site. Since cells from 

/xla knock-out mice are available today (Meyer et al., 2000), the determination of the
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binding site for dileucine motifs in jLila would open a whole range of possibilities to study 

AP-1 function further. One could reintroduce a mutant form of AP-1 into these cells that 

no longer binds dileucine motifs, but still binds to tyrosine sorting motifs (the tyrosine 

binding motif is in the N-terminus of fx). This would also be a great tool to study VAMP4 

function in vivo.

In the GST-pulldown assays I observed a slight but reproducible increase of AP-1 

binding to VAMP4 if it was pre-treated with Casein kinase 2 (Figure 4.6 and 4.7). This 

raised the possibility that VAMP4 is a substrate for CK2, and that phosphorylation may 

modulate the interaction of VAMP4 with AP-1. I set out to analyse these questions and 

the results are presented in the next chapter (chapter 5).

Another question is, if this dileucine motif is indeed a sorting signal, i.e. if abolition of 

the dileucine motif results in missorting of VAMP4 or any other notable phenotype in 

vivo. Therefore, I generated stable transfected P C I2 cells that express wildtype and 

mutant VAMP4 and characterised VAMP4 sorting and secretory granule maturation in 

these cells. The results are presented in chapter 6 .
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Figure 4.12 Sequence comparison o f human p la  and p lb .  These proteins are 
highly conserved. Preliminary data suggest that the VAMP4-binding site in / / la  is 
located between aa 129 and 230 (underlayed in grey). Differences in the sequence 
between / / la  and / / lb  within this area are highlighted in red.



5 P h o s p h o r y l a t i o n  o f  VAMP4 
M o d u l a t e s  i t s  I n t e r a c t i o n  w i t h  AP-1

5.1 Introduction

In the GST-pulldown assays (Figure 4.6 and 4.7) I noticed a slight but reproducible 

increase of AP-1 binding to VAMP4 if the latter was pre-treated with Casein kinase 2, in 

the presence of GXP as a source of nucleotides.

Therefore, I investigated if VAMP4 is a substrate for CK2, and continued to characterise 

the phosphorylation site and its role for the interaction with AP-1 in vitro.

5.2 VAMP4 Is a substrate for Casein kinase 2

In order to determine if VAMP4 or syntaxin 6  can be phosphorylated by CK2, 1 

performed in vitro phosphorylation assays with human recombinant CK2, a  subunit, 

GST-fusion proteins as substrates, and [y^^P]GTP as a source of nucleotides. After 

incubation, the proteins were subjected to SDS-PAGE, Coomassie staining, and 

autoradiography to identify phosphorylated proteins. Syntaxin 4 was included as a 

positive control, since it has been reported to be a substrate for CK2 (Foster et al., 1998). 

GST was used as a negative control. Figure 5.1 illustrates that both VAMP4 and syntaxin 

4 are readily phosphorylated. Syntaxin 6  and GST are not phosphorylated by CK2.

It should be noted that VAMP4 appears to be phosphorylated more efficiently than 

syntaxin 4 although the same amounts of protein, 2/xg, were used for each assay. The 

three bands that appear on the autoradiogram match the top 3 bands of the purified 

protein fraction of VAMP4. The lowest band of the purified fraction is only slightly 

larger than GST alone (-31 kDa compared to -28  kDa of GST alone). This would 

suggest that the lowest band contains only the very N-terminus of the VAMP4 protein 

and does not contain a phosphorylation site.
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Figure 5.1 VAMP4 is a substrate fo r CK2 in vitro. Equal amounts (2//g) of GST- 
fusion proteins were incubated with [y P]GTP and CK2, subjected to SDS-PAGE 
and autoradiography. Both VAMP4 and syntaxin 4 are readily phosphorylated.
GST alone and syntaxin 6 are not substrates for CK2.

5.3 Serine 30 Is the CK2-phosphorylatlon site of VA MP4

As illustrated in Figure 4.2, VAMP4 contains two potential CK2 phosphorylation sites in 

its N-terminal domain, one serine residue at position 20, and one at position 30. In order 

to determine if either or both of these residues is the phosphorylation site, I performed 

site directed mutagenesis and changed these serine residues to alanine. As shown in 

Figure 5.2 A, both VAMP4 L25, 26V and VAMP4 S20A are phosphorylated with 

comparable efficiency to the wildtype protein. Phosphorylation is dependent on the 

presence of CK2, excluding that VAMP4 undergoes autophosphorylation. However, 

VAMP4 S30A is no longer phosphorylated. Accordingly, the double mutant, where both 

potential phosphorylation sites are mutated, VAMP4 S20,30A, is not phosphorylated in 

vitro, either. These results demonstrate that, under these conditions, serine 30 is the only 

CK2-phosphorylation site of VAMP4. Similarly, the protein is no longer phosphorylated 

if serine 30 is mutated to aspartate. (Figure 5.2B).
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Figure 5.2 Serine 30 is the CK2-phosphorylation site o f VAMP4. In vitro kinase 
assay of wt and mutant VAMP4 GST-fusion proteins. Equal amounts of GST-fusion 
proteins were incubated with CK2 and P]GTP and subjected to SDS-PAGE and 
autoradiography. A) Phosphorylation is dependent on the presence of CK2, 
excluding that the protein undergoes autophosphorylation. GST-VAMP4 L25, 26V 
and GST-VAMP4 S20A are phosphorylated with efficiencies comparable to the wt 
protein. GST-VAMP4 S30A and the double mutant GST-VAMP4 S20,30A can not 
he phosphorylated, suggesting that serine 30 is the phosphorylation site of VAMP4. 
B) Neither GST-VAMP4 S30A nor GST-VAMP4 S30D can he phosphorylated, 
confirming that serine 30 is the phosphorylation site of VAMP4. The Coomassie 
stained gel is shown to confirm equal protein load.
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Because the pre-treatment of VAMP4 with GTP and CK2 resulted in improved binding 

of AP-1, it was hypothesised that the S30A mutant should still bind to AP-1, however, 

this interaction should not be influenced by kinase treatment. In addition, a mutant 

VAMP4 protein was produced where serine 30 was mutated to aspartate in order to 

mimic the phosphorylated state by adding negative charge to the protein. If the aspartate 

mutant would indeed mimic the phosphorylated state, and if phosphorylation would 

indeed modulate the interaction of VAMP4 and AP-1, then one would expect improved 

interaction between the proteins that would be insensitive to kinase treatment. 

Accordingly, a GST-pulldown assay with wt GST-VAMP4, GST-VAMP4 S30A, and 

GST-VAMP4 S30D was performed (Figure 5.3). As shown before (Figure 4.6 and 4.7), 

wt GST-VAMP4 shows improved binding to AP-1 if it is phosphorylated prior to 

incubation with bovine adrenal medulla cytosol. VAMP4 S30A interacts with AP-1 with 

a similar efficiency to the non-phosphorylated wt VAMP4 fusion protein. This interaction 

is not enhanced if GST-VAMP4 S30A is pre-treated with CK2, confirming the 

hypothesis that VAMP4 phosphorylation modulates the interaction with AP-1. GST- 

VAMP4 S30D interacts with AP-1 with comparable efficiency to the phosphorylated wt 

protein. This interaction is no longer affected by addition of CK2, supporting the 

hypothesis that VAMP4S30D mimics the phosphorylated state of VAMP4.

In order to investigate if serine 20 is important for the binding of AP-1 at all, GST- 

pulldowns using VAMP4 mutants where serine 20 is mutated to alanine or aspartate were 

performed. The result is shown in Figure 5.4. Binding of GST-VAMP4 to AP-1 is 

abolished if serine 20 is mutated to either alanine or aspartate. However, if VAMP4 is 

phosphorylated prior to incubation with cytosol, interaction with AP-1 can be detected. 

This interaction is slightly less efficient compared to the non-phosphorylated wt GST- 

VAMP4. Thus, in this mutant the interaction with AP-1 is rendered strictly 

phosphorylation dependent. Accordingly, binding is completely abolished with GST- 

VAMP4 S20,30A, as observed for GST-VAMP4 L25,26A. Serine 20 appears to be 

crucial for the interaction with AP-1, and even the relative conservative exchanges to 

aspartate or alanine diminish the interaction between VAMP4 and AP-1 and render it 

completely phosphorylation dependent.
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Figure 5.3 Phosphorylation ofVAMP4 modulates the interaction with AP-1. Puli 
down assay with wt GST-VAMP4, GST-VAMP4 S30A, and GST-VAMP4 S30D and 
bovine adrenal medulla cytosol. All GST fusion proteins were incubated with ImM 
GTP, with or without 100 p \}  CK2 prior to the incubation with cytosol. Kinase and 
nucleotides were removed before addition of cytosol. Wt GST-VAMP4 shows 
binding to AP-1 that is modulated by the presence of CK2. GST-VAMP4 S30A 
shows binding to AP-1 with comparable efficiency to non-phosphorylated wt 
protein. Binding is not enhanced by CK2. GST-VAMP4 S30D binds to AP-1 with 
comparable efficiency to the phosphorylated wt protein, suggesting that the S30D 
mutant mimics the phosphorylated state of VAMP4. Binding was not further 
enhanced by CK2. The Ponceau stained nitrocellulose membrane is shown to 
control for equal load of fusion proteins.



Phosphorylation of VAMP4 modulates its interaction with AP-1 166

wt S20A S20D
S20A
S30A

10%

[kDa] - I -

GST-
VAMP4

CK2

AP-1

Figure 5.4 Mutation of serine 20 abolishes the interaction between VAMP4 and 
AP-1, unless VAMP4 is phosphorylated. GST-pulldown assays with wt and mutant 
GST-VAMP4 and bovine adrenal medulla cytosol. The interaction of GST-VAMP4 
and AP-1 is abolished, if serine 20 is mutated to either alanine or aspartate. If 
however GST-VAMP4 is phosphorylated prior to incubation with cytosol, the 
proteins can still interact. The interaction is completely abolished with GST- 
VAMP4 S20,30A.

5.4 Is the kinase dependent modulation of VAMP4/AP-1 Interaction 

mediated by PACS-1 ?

One possible explanation for the kinase dependent modulation of VAMP4 binding to AP- 

1 is that an accessory factor binds only to the phosphorylated protein and stabilises the 

interaction with AP-1. A possible candidate for such a factor is PACS-1 which has been 

shown to interact with the phosphorylated acidic clusters of CI-MPR and furin, as well as 

with AP-1. It has been suggested that PACS-1 stabilises furin/MPR interaction with AP-1 

by forming a ternary complex (Crump et al., 2001) (see chapter 1.4.7). PACS-1 has also 

been implicated in AP-1-dependent retrograde transport from early endosomes or 

immature secretory granules to the TGN (Wan, 1998) (see chapter 1.4.7).

Therefore I set out to investigate if PACS-I interacts with VAMP4, and if it is involved 

in the kinase dependent modulation of the interaction between VAMP4 and AP-1.

Gary Thomas (The Vollum Institute, Portland, Oregon) provided a rabbit anti serum 

(“601”) against PACS-1. When tested in Western blotting, the antibody recognised one 

band of -150 kDa in bovine adrenal medulla cytosol and two bands of -120 kDa and -80 

kDa in rat brain cytosol (Figure 5.5 A). This is consistent with the fact that two isoforms 

of PACS-1, PACS-1 a and PACS-lb, generated by alternative splicing, have been
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identified in rat brain. In addition, the serum displayed some cross reaction with albumin 

(see 6 6  kDa band in marker lane (lane 2) in Figure 5.5 and all sample lanes). Both rat 

brain and bovine adrenal medulla cytosol were used for GST-pull down assays.

No specific interaction of PACS-1 with wildtype or mutant GST-VAMP4 could be 

detected under exactly the same conditions as used to detect interaction with AP-1 

(Figure 5.5 B), although PACS-1 was readily detected in a sample corresponding to 10% 

of the input cytosol. As a control, all nitrocellulose filters from the PACS-pull down 

assays were stripped and reprobed with antibodies specific for AP-1 to ensure that the 

assay worked (data not shown). However, when GST-MPRct was used as a positive 

control, no interaction could be detected with bovine adrenal medulla cytosol. In some 

experiments, a very weak interaction between MPRct and PACS-1 a was detected (Figure 

5.5 B), when rat brain cytosol was used, however this could not always be reproduced 

(data not shown). Since I could not reproduce the results of Wan et al., (Wan, 1998), that 

show that interaction of PACS and AP-1 under these conditions, this result indicates that 

the conditions in the pulldown assay were not optimal for interaction of PACS-1 with 

acidic cluster motifs. However, these are the assay conditions that display the kinase 

dependent modulation of AP-1 interaction with VAMP4, suggesting that this modulation 

may not be PACS-dependent.
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Figure 5.5 PACS-1 and VAMP4 do not interact in GST-pulldown assays. A) 
Characterisation of rabbit serum “601” raised against PACS-1. The serum 
recognises a single band at -150 kDa in bovine adrenal medulla cytosol (left panel) 
and two bands of ~ 120 kDa and -  80 kDa in rat brain cytosol. Both cytosols were 
used for GST-pulldown assays with recombinant fusion proteins as shown in B) 
GST-pulldown assays with recombinant GST-fusion proteins and bovine adrenal 
medulla cytosol (upper panel) or rat brain cytosol (lower panel). Neither GST- 
MPRct nor GST-VAMP4 fusion proteins show specific interaction with PACS-1.
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To support these data, I performed the same pulldown assay with a detergent extract from 

AtT20 cells (clone G7) overexpressing HA-tagged wt PACS-1. AtT20 cells (G7) were 

infected with wt vaccinia virus or vaccinia virus with an expression construct of HA- 

tagged PACS-la. Infected cells were harvested, and a detergent lysate was prepared with 

either binding buffer containing TxlOO (BB+TxlOO) or TNTE and used for GST- 

pulldown assays or co-immunoprecipitation studies, respectively. Again, no specific 

interaction was observed in GST-pulldown assays (data not shown). However, VAMP4 

and PACS-1 can be co-immunoprecipitated from a detergent extract of these cells (Figure 

5.6). Lysates prepared from cells infected with wt virus and virus expressing HA-PACS- 

la  were subjected to immunoprécipitation with an antibody against VAMP4 that was 

provided by Thierry Galli (Paris) or an unrelated preimmune rabbit serum. The isolated 

complexes were subjected to SDS-PAGE and immunoblotting with a monoclonal 

antibody against the HA-tag (mAh. 11). No signal corresponding to HA-PACS-1 could be 

detected in lysates from cells infected with the wt vaccinia virus. Similarly, no signal was 

detected in immunoprecipitates from the preimmune serum. In the lysates from cells 

infected with the HA-PACS-1 expressing virus a band corresponding to HA-PACS-1 

could be detected in immunoprecipitates of VAMP4, indicating that the two proteins 

form a complex in AtT20cells (Figure 5.6), at least when PACS la  is overexpressed.
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Figure 5.6 VAMP4 and HA-PACS-1 form a complex in AtTlO cells. Co- 
immunoprecipitation of VAMP4 and HA-PACS-1 in AtT20 cells overexpressing Ha- 
tagged PACS-1. AtT20 cells were infected with either wt vaccinia virus (control) or 
recombinant HA-PACS-1 vaccinia virus (HA-PACS-1). Infected cells were lysed in 
TNTE and the lysates were subjected to immunoprécipitation with either 
preimmune serum or a rabbit serum against VAMP4. 10% of the input for each 
sample (left lanes) and the immunoprecipitates were subjected to SDS-PAGE and 
immunodetection with a monoclonal antibody against HA. VAMP4 and HA-PACS-1 
are found in a complex in cells that express HA-PACS-1.

Because these data were somewhat contradictory, VAMP4 PACS-1 interaction was 

analysed in the yeast two hybrid system in collaboration with Franz Wendler. The furin- 

binding domain (fbr) of PACS-1 was cloned into the prey vector and, as a positive 

control, cotransformed with MPRct in the bait vector (Figure 5.7 B). MPRct and PACS-1 

showed interaction in the two hybrid system, confirming data from Wan et al. (Wan, 

1998). However, no interaction between VAMP4,_6o wt, S30A, or S30D and PACS-1 fbr 

could be detected, supporting the data from the GST-pulldown assays that PACS-1 and 

VAMP4 do not interact.

In order to investigate if the enhanced interaction of phosphorylated VAMP4 and AP-1 is 

due to a direct increase in affinity, the interaction of //la  with VAMP4|_^Q wt, S30A, and 

S30D was compared in the two hybrid system. None of the mutants showed any growth 

difference on histidine-deficient medium compared to wildtype VAMP4 (Figure 5.7 A). 

These data do not support the notion that the modulation of interaction between VAMP4 

and AP-1 is due to a direct increase in affinity when VAMP4 is phosphorylated.
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Figure 5.7 VAMP4i.^„ and PACS-1 fbr do not interact in the two hybrid system. 
Two hybrid analysis of VAMP4, and PACS-1. A) PACS-lfbr was co-transformed 
with VAMP4i.gg wt, S30A, and S30D. VAMP4 did not interact with PACS-lfbr, even 
when serine 30 was mutated to aspartate. In addition, the mutant forms of VAMP4 
did not display any differences in growth in the absence of histidine compared to 
wild type VAMP4^ ĝ. B) PACS-lfbr was cotransformed with MPRct as a positive 
control, confirming data by Wan et al. that MPR interacts with PACS-lfbr.

VAMP4 VAMP4 VAMP4 VAMP4 VAMP4 VAMP4

wt S30A S30D L25,26V S20A/D S20,30A

AP-1 bdg. ++/+ + 4-+ - +/- -

CK2-dep. yes no no no yes no

Table 5.1 Summary of VAMP4-mutations that affect AP-1 binding (AP-1 bdg.) 
and its kinase dependence (CK2-dep.). ++: strong interaction, +: weak interaction, -: 
no interaction with AP-1.

5 .5  Discussion

This chapter describes the identification of a CK2-phosphorylation site in VAMP4, serine 

30. Phosphorylation of this site modulates the interaction of VAMP4 with AP-1, so that 

phosphorylated VAMP4 shows enhanced binding to AP-1. If this residue is mutated to 

alanine, the protein shows interaction comparable to the non-phosphorylated wt protein 

that can no longer be enhanced by CK2. On the other hand, if serine 30 is mutated to
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aspartate, the mutant protein interacts with AP-1 independently of CK2 with comparable 

efficiency to the phosphorylated wildtype protein. Thus, these results suggest that GST- 

VAMP4 S30A and GST-VAMP4 S30D mimic the non-phosphorylated and 

phosphorylated states of VAMP4, respectively.

Although serine 20 is not a phosphorylation site, it is essential for the interaction with 

AP-1. Mutation of this residue to either alanine or aspartate abolishes the binding of AP- 

1, unless VAMP4 is phosphorylated, whereupon they show weak interaction. This result 

suggests that the dileucine motif of VAMP4 extends towards the N-terminus and includes 

serine 20. To corroborate this hypothesis it would be interesting to investigate mutant 

proteins where residues between aa 20 and 25 have been changed, and determine how the 

interaction with AP-1 is affected. It is fascinating that GST-VAMP4 S20A/D can still 

interact with AP-1 if it is phosphorylated (Figure 5.4). This is not the case for the di

leucine mutant (see Figure 4.7), where binding to AP-1 is completely abolished and not 

sensitive to kinase treatment. At the moment, it is not possible to explain the molecular 

basis for the different behaviour of these two mutants. The simplest explanation is that 

the mutation of two residues of the binding motif (L25,26V) is more detrimental than just 

mutating one residue (serine 2 0 ).

In order to decipher the molecular mechanism of how VAMP4 phosphorylation 

modulates the interaction with AP-1, I tested if PACS-1 binds to the phosphorylated 

acidic cluster of VAMP4. While no interaction could be detected in the two hybrid 

system and in GST-pulldowns, VAMP4 and HA-PACS-1 can be co-immunoprecipitated. 

In addition, pulldown experiments with GST-VAMP4 and His6 -PACS-Ifbr performed by

H. Fei at the Vollum institute indicate that the two proteins do interact, and that this 

interaction is enhanced upon phosphorylation of VAMP4 (H. Fei, personal 

communication). One possible explanation for these contradictory data is that the proteins 

interact with very low affinity and therefore the interaction is only detected in a subset of 

assay systems. In addition, in the GST-pulldown assay, the positive control with GST- 

MPRct and PACS-1 from cytosol did not work, indicating that the assay conditions for 

interaction with PACS-1 and all acidic clusters may not be optimal. However, these are 

the assay conditions that display the kinase dependent difference in interaction with AP-

I. Therefore, even if even VAMP4 and PACS-1 can form a complex in vivo and under
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certain conditions in vitro, it is unlikely that this interaction mediates the observed kinase 

effect. It is possible that another unknown accessory factor mediates the enhanced 

binding of VAMP4 to AP-1. One could perform additional GST-pull down assays and 

analyse these pull downs by SDS-PAGE, Coomassie-staining, and mass spectroscopy to 

attempt to isolated such a factor.

An alternative explanation is that phosphorylation of VAMP4 could directly increase the 

affinity of VAMP4 and AP-1. Such a direct increase has been reported for the interaction 

of CD4 with AP-1 and AP-2. Surface plasmon resonance suggested that the affinity 

increases up to 700 fold when CD4 is phosphorylated (Pitcher et al., 1999). In addition, 

Kato and colleagues observed up to a 3 fold increase in the affinity of CI-MPR for GGA3 

and GGAl if CI-MPR is phosphorylated (Kato et al., 2002) when they analysed the 

interaction by isothermal titration calorimetry (see also chapter 1.4.8). A comparison of 

the growth on histidine-free medium of GST-VAMP4 wt, S30A, and S30D did not reveal 

any differences, suggesting that the proteins interact with similar affinities. However, the 

differences in affinity might be so subtle that they can not be detected in the two hybrid 

system, although Kato and colleagues could see an impairment of the interaction of 

MPRct and GGAs in the two hybrid system when the phosphorylation site of CI-MPR 

was mutated to alanine (Kato et al., 2002). Surface plasmon resonance or isothermal 

titration calorimetry may be more suitable methods to clarify if the affinity between 

VAMP4 and AP-1 changes upon phosphorylation of VAMP4.
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6.1 Introduction

Chapter 4 and 5 describe the interaction between VAMP4 and AP-1 in vitro. In order to 

address the significance of this interaction in vivo, I generated P C I2 cell lines that 

express mutant forms of VAMP4. Since VAMP4 is removed from maturing secretory 

granules, it seemed likely that this is accomplished by VAMP4’s interaction with AP-1, 

Upon expression of VAMP4 L25,26V, which does not bind to AP-1, one would expect 

that VAMP4 fails to be removed from ISGs and would thus be sorted to MSGs. Syntaxin 

6  is also removed from ISGs, although no interaction with clathrin adaptors was 

observed. Therefore it is possible that syntaxin 6  can be included into clathrin coated 

vesicles that bud off ISGs if it is in a SNARE complex with VAMP4. One would predict 

that missorting of VAMP4 can cause syntaxin 6  to be mis sorted, i.e. it would also fail to 

be removed from ISGs and be found in MSGs.

In order to study the significance of the phosphorylation site for VAMP4 trafficking, I 

also generated a cell line expressing VAMP4 S30A.

6.2 Generation of PC I2 cell lines expressing wildtype and mutant forms 

of VAMP4

In order to generate PC 12 cell lines that express wildtype or mutant VAMP4, a mouse 

EST clone containing a cDNA encoding full-length VAMP4 was obtained from the 

I M A G E, consortium, clone ID 1511637. The correct sequence was confirmed by 

nucleotide sequencing. The VAMP4 cDNA was then cloned into a pCINeo vector 

(Invitrogen) that contained a FLAG-tag, ligated into the EcoRV/Smal site of the multi

cloning site (a gift from Theresa DiColandrea, Kératinocytes laboratory. Cancer Research 

UK). The DNA was amplified by PCR using primers that inserted a EcoRI site and a 

Kozak sequence to the 5 ’ end and removed the stop codon from the 3’ end, while 

inserting an EcoRV restriction site to clone it in frame to the FLAG sequence. This
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VAMP4-FLAG construct was subjected to site-directed mutagenesis to generate the 

S30A and L25,26V mutations. The correct mutation and otherwise correct sequence were 

confirmed by nucleotide sequencing.

P C I2 cells were transfected with the above described DNA-constructs. 24 h post 

transfection, cells were selected in 75 /xg/ml G418 with a medium change every 3-4 days. 

As a control, non transfected cells were treated with G418 the same way; all cells were 

dead after ~ 1 week. Clones were identified with a phase contrast microscope, picked and 

screened by indirect immunofluorescence with a monoclonal antibody against the Flag- 

tag, M2.

6.3 Characterisation of PC12 cell lines expressing VAMP4-FLAG

The established cell lines showed heterogenous expression levels, although it was 

ensured that monoclonal cell lines were obtained by subcloning. After a few passages the 

expression levels dropped dramatically. However, expression could be enhanced if the 

cells were treated over night with lOmM sodium butyrate prior to experiments. On 

average, approximately 20% of the P C I2 cell line expressing VAMP4 wt-FLAG had 

detectable expression levels of VAMP4 wt-FLAG. The VAMP4 S30A displayed -  40% 

expression. Two cell lines expressing VAMP4 L25,26V-FLAG were obtained that 

displayed ~ 50% (clone 9) and 90% (clone 13) expression. Figure 6.1 gives examples of 

immunofluorescence images stained with M2 monoclonal antibody against the FLAG- 

tag.

In all cell lines VAMP4-FLAG showed a perinuclear staining that partially colocalised 

with the Golgi-marker GM130, with syntaxin 6  and AP I (data not shown). No consistent 

difference in the localisation of wt and mutant VAMP4-FLAG was observed.

In order to support the data obtained from PC 12 cells, the localisation of wt and mutant 

VAMP4 was analysed in another neuroendocrine cell line, AtT20 cells. These cells are 

also more suitable for immunofluorescence analysis, because they are larger and spread 

out better on cover slips. AtT20 cells were transiently transfected with VAMP4 wt- 

FLAG, VAMP4 S30A-FLAG, and VAMP4 L25,26V-FLAG. In these cells, no difference 

in the localisation of wt and mutant VAMP4 was observed (Figure 6.2). Again, VAMP4 

showed a perinuclear staining that did not change in the VAMP4 mutants.
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Figure 6.1 PC12 cell lines expressing wt and mutant VAMP4-FLAG. PC12 cell 
lines expressing VAMP4 wt-FLAG, VAMP4 S30A-FLAG, or VAMP4 L25,26V- 
FLAG were fixed and processed for indirect immunofluorescence with mab anti- 
flag M2. Photos show representative examples at 550-fold magnification. Essentially, 
the localisation of wt and m utant VAMP4 display no differences. All cells display a 
perinuclear staining of VAMP4. The cell lines show very heterogenous expression 
levels.
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In order to study the distribution of wt and mutant VAMP4 by another method, a PNS 

from the P C I2 cell lines was subjected to fractionation by velocity and equilibrium 

gradient centrifugation as described in Chapter 3. The distribution of VAMP4 and 

syntaxin 6  was then analysed by Western blotting with TG19 (antiserum against VAMP4, 

provided by T. Galli, Paris, (Mallard et al., 2002)) or ST0132 (antiserum against syntaxin 

6  (Wendler et al., 2001)).

On the 0.3 M - 1.2 M sucrose velocity gradient VAMP4 is found in fractions 1 - 4  and 8  - 

10, indicating that it is localised at the TGN and in post-Golgi vesicles (Figure 6.3, top 

left). When fractions 1 - 4  were pooled and centrifuged on the 0.8 M - 1.6 M sucrose 

equilibrium gradient, VAMP4 was found in fractions 5 - 9  (Figure 6.3, top right). This is 

consistent with VAMP4 being localised to endosomes (Dittié et al., 1996; Steegmaier et 

al., 1999) and ISGs (Wendler et al., 2001). No VAMP4 signal was detected in fractions 

11 and 12, where MSGs are found on these gradients. This result confirms other data 

(Eaton et al., 2000; Steegmaier et al., 1999) which show that VAMP4 is not present in 

mature secretory granules. The cell lines expressing VAMP4 wt-FLAG or mutant 

proteins were separated in the same way (Figure 6.3, as indicated). Both endogenous and 

exogenous VAMP4 were detected with T G I9. VAMP4-FLAG proteins migrated slightly 

slower on gradient SDS-PAGEs than the endogenous proteins. Essentially, no difference 

in the distribution of wt and mutant, or endogenous and exogenous protein was observed. 

When fractions 5 - 7  from the velocity gradients, the pool enriched in MSGs, were 

loaded onto an equilibrium gradient, hardly any VAMP4 could be detected, except for 

very small amounts in fractions 5-7 (data not shown).
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Figure 6.2 Intracellular localisation o f VAMP4-FIAG in AtT20 cells. AtT20 cells 
were transfected with wt and mutant VAMP4-FLAG. 24 h post transfection cells 
were fixed and processed for immunofluorescence staining with antibody mab M2 
against the FLAG-tag. Photos show representative examples at 2000-fold 
magnification. Wildtype and mutant VAMP4 show perinuclear localisation.
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Figure 6.3 Subcellular distribution ofVAMP4 in PC 12 cell lines. A PNS from wt 
PCI2 ceils and PC 12 cell lines expressing wt or mutant VAMP4-FLAG was 
separated by velocity gradient centrifugation. Fractions 1 - 4 were pooled and 
separated by equilibrium gradient centrifugation. Fractions were analysed by 
Western blotting with antiserum TGI9 against VAMP4. VAMP4 localisation is not 
altered upon expression of mutant VAMP4-FLAG.
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The localisation of syntaxin 6  on these gradients was also analysed. On velocity 

gradients, syntaxin 6  is found across the gradient with a slight concentration in the Golgi 

fraction (8-10) and post-Golgi vesicles (1-4) (Figure 6.4). When fractions 1-4 were 

pooled and separated on equilibrium gradients, syntaxin 6  showed a concentration in 

fraction 5-9, consistent with a localisation in endosomes and ISGs. A minor fraction of 

syntaxin 6  positive vesicles migrated with higher equilibrium density into the heavier 

fractions on the gradient. Taken together, these data indicate, that syntaxin 6  and VAMP4 

colocalise to a large degree, but syntaxin 6  is also found in some heavier vesicles. These 

vesicles are unlikely to be MSGs, since F. Wendler demonstrated that MSGs are devoid 

of syntaxin 6  (Wendler et al., 2001). The distribution of syntaxin 6  in the cell lines 

expressing wt or mutant VAMP4-FLAG did not change.

In order to determine if secretory granule biogenesis in the P C I2 cell lines is altered at 

all, the cell lines were analysed by pulse chase labelling with [^^S]sulphate. Cells were 

pulse labelled for 5 min and chased for 15 min as described in chapter 3. A PNS from the 

labelled cells was obtained and separated by velocity and equilibrium gradient 

centrifugation (Figure 6.5). In all cell lines the biogenesis of constitutive and immature 

secretory granules occurred normally. The density of the vesicles was not altered. Taken 

together, this indicates that biogenesis of secretory vesicles is normal in the analysed cell 

lines.
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Figure 6.4 Subcellular distribution o f syntaxin 6 in PC 12 cell lines expressing wt or 
mutant VAMP4-FLAG. PNS from PCI2 cell lines were separated as described in 
Figure 6.3 and analysed by Western blotting with antiserum ST0132 against 
syntaxin 6 . The subcellular distribution of syntaxin 6  does not change upon 
expression of wt or mutant VAMP4.
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Figure 6.5 Biogenesis o f secretory vesicles is not changed upon expression o f wt or 
mutant VAMP4-FLAG. PC12 cell lines were analysed by pulse-chase labelling with a 
5 min [^^SJsulphate pulse and 15 min chase. A PNS was obtained and separated by 
velocity and equilibrium gradient centrifugation. Fractions were analysed by SDS 
PAGE and autoradiography.
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6.4 Does VAMP4 recruit AP-1 to ISGs?

In the PC 12 cell lines described above, both the subcellular distribution of VAMP4 and 

syntaxin 6  is not altered. In addition, biogenesis of secretory vesicles remains unaltered. I 

decided to investigate if AP-1 recruitment in vitro is influenced by VAMP4.

When ISGs were isolated from PC12 cell lines expressing VAMP4 L25,26V-FLAG, the 

Sgll and AP-1 content appeared normal compared to PC 12 ISGs from untransfected cells 

(Figure 6 .6 A). When these ISGs were used for recruitment assays using bovine adrenal 

medulla cytosol and recombinant myrARFl (see section 2.12), neither AP-1 nor ARF 

recruitment was impaired (Figure 6 .6 B).
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Figure 6 . 6  AP-1 recruitment to ISGs isolated from PC12 cell lines expressing
mutant VAMP4 is not altered. A) ISGs from PC12 cells expressing VAMP4 L25,26V- 
FLAG were isolated and compared to ISGs from wt PC12 cells. The Sgll- and AP-1 
content is similar on ISGs from wt PC12 cells and from PC12 cells expressing 
VAMP4 L25,26V-FLAG. B) AP-1 recruitment from BAMC to ISGs from cells 
expressing mutant VAMP4 is not affected. The representative result from a 
duplicate experiment is shown.
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Clostridial neurotoxins have been used extensively to study SNARE function. Tetanus 

neurotoxin (TetX) and botulinum neurotoxin, serotype D (BotD), degrade VAMPs. TetX 

cleaves VAMP2 at residue Q76, and BotD at K59 (Pellizzari et al., 1999). Salem et al. 

demonstrated that budding of AP-3 coated vesicles from endosomes is inhibited if 

VAMP2 is cleaved by BotD (Salem et al., 1998). Clostridial neurotoxins are known to 

cleave SNARE proteins with a very high degree of specificity (Schiavo et al., 2000). 

Alignment of VAMP4 and VAMP2 revealed that the BotD cleavage site is well 

conserved between these two proteins, and the tetanus toxin site is less conserved (see 

chapter 4.2).

I pretreated ISGs with TetX or BotD, respectively, and determined if VAMP4 is cleaved, 

and how AP-1 recruitment is affected by toxin treatment. ISGs were incubated with 20 

nM TetX and BotD at 37°C. Figure 6.7 A shows western blots of ISGs for VAMP2 and 

VAMP4 after toxin treatment. After 30 min treatment, VAMP2 is efficiently cleaved by 

both TetX and BotD, as judged by detection with an antibody against the N-terminus of 

VAMP2 (Synaptic Systems). After 2h of treatment, VAMP2 is essentially no longer 

detectable. VAMP4, detected with anti serum TG19 which has been raised against a 

peptide comprising the N-terminal 19 amino acids of the protein, however is not cleaved 

by either of the toxins.

Next, ISGs were pretreated with TetX and BotD respectively for 30 min as described 

above and were then used for a recruitment assay with bovine adrenal medulla cytosol 

and recombinant myrARFl. Pre-incubation at 37°C in the absence of toxin does not 

influence the GTPyS dependent recruitment of ARF and AP-1 (Figure 6.7 B, compare 

lane 1 and 3). Omission of recombinant ARF reduces AP-1 recruitment only slightly, 

presumably because of the relatively high endogenous levels of ARF in the cytosol (lane 

5). As shown in Figure 6.7 A and B, toxin treatment reduces VAMP2 levels efficiently, 

while VAMP4 is resistant to both BotD and TetX. ARF and AP-1 recruitment are not 

effected by the toxin treatment.
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Figure 6.7 Clostridial neurotoxins do not affect AP-1 recruitment to ISGs. A) 
VAMP4 is resistant to tetanus toxin (TeTx) and botulinum neurotoxin, serotype D 
(BoTD). ISGs were incubated for the indicated times with 20 nM neurotoxin at 
37°C. Samples were then processed for western blotting with antibodies against 
VAMP2 (left panel) and VAMP4 (right panel). While VAMP2 is cleaved efficiently, 
VAMP4 is resistant to treatment with these toxins. B) Pretreatment of ISGs with 
clostridial neurotoxins does not inhibit AP-1 recruitment. ISGs were preincubated 
with 20 nM neurotoxins for 30 min at 37°C (lanes 6 and 7) and then used for 
recruitment assays. Preincubation with (lanes 6 and 7) or without toxins (lanes 3 
and 4) did not alter AP-1 (higher panel) or ARF (2“** panel) recruitment compared 
to untreated ISGs (lanes 1 and 2). After detection of ARF, the blot was reprobed for 
ARF and VAMP2 (3‘̂‘* panel) or ARF and VAMP4 (4“* panel), respectively, to ensure 
that the toxin treatment was efficient. The representative result from a duplicate 
experiment is shown. The experiment was repeated once.
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Finally, recombinant, soluble GST-VAMP4 was added to the recruitment assay in order 

to compete for AP-1 binding sites on ISGs (Figure 6.8). 20/^g of GST-VAMP4 was 

phosphorylated with CK2 as described in chapter 4 and then added to a recruitment assay. 

The addition of GST-VAMP4 did not affect the GTPyS dependent recruitment of AP-1 

from bovine adrenal medulla cytosol, and neither did prior phosphorylation of the fusion 

protein. The addition of GST-MPRct did not affect AP-1 recruitment either. Accordingly, 

GST alone or GST-VAMP4 L25,26VV did not affect AP-1 recruitment.

a  AP-1

-h -t- + - t - - f - h + + - GTPyS

— VAMP4wt VAMP4 MPR Qgy
LL ct

GST-
fusionprotein

— — ■+• — — -h — -f- — — — CK2

Figure 6.8 Addition of GST-VAMP4 does not reduce AP-1 recruitment to ISGs. 
GST fusion proteins were treated with CK2 and GTP as described in chapter 4 and 
added to a recruitment assay. AP-1 binding is not reduced in the presence of 
phosphorylated or non-phosphorylated GST-VAMP4, or by the addition of mutant 
VAMP4, CI-MPR cytoplasmic tail (GST-MPRct), or GST alone. The representative 
result from a duplicate experiment is shown. The experiment was repeated twice.

6.5 Discussion

In order to study the significance of AP-1/VAMP4 interaction in vivo, PC 12 cell lines 

expressing wt and mutant VAMP4 were generated. After a few passages, the expression 

levels dropped dramatically. Although the expression levels could be raised by treatment 

with sodium butyrate, expression between the cell lines was very heterogenous. 

Nevertheless, VAMP4 and syntaxin 6 sorting was normal in all transfected cell lines 

compared to untransfected PC 12 cells.
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My hypothesis was that VAMP4 L25,26V would not be removed from ISGs, because its 

interaction with AP-1 is abolished, and it would thus be retained in MSGs. A study of 

Eaton et al. suggested a pathway like this exists in AtT20 cells, where BFA treatment 

resulted in the missorting of VAMP4 to MSGs (Eaton et al., 2000). However, in my 

hands VAMP4 L25,26V is sorted like the wild type protein. As VAMP4 L25,26V can not 

bind AP-1, it is not clear how it is removed from ISGs. One possibility is that there is a 

“default pathway” that removes proteins from ISGs if they are not destined for MSGs. 

Another possibility is that the kinetics of VAMP4 trafficking are altered, but the overall 

localisation does not change. It is possible that only a small amount of VAMP4 gets 

missorted to MSGs, and that the amounts are below the detection limit. Studies from 

Steegmaier et al. showed that, in pancreatic P-cells only -10%  of VAMP4 is in ISGs at 

steady state. If only a fraction of that gets missorted, it might be impossible to detect. 

However, since VAMP4 cycles between TGN and endosomes as well, one would expect 

that the abolition of adaptor interaction would result in missorting of this pool of VAMP4 

molecules. Nonetheless, 1 did not observe a difference in VAMP4 sorting at all. This is in 

contrast to a study performed by Peden and colleagues, who observed altered trafficking 

of VAMP4 (Peden et al., 2001), if the dileucine motif was mutated to alanine. Since both 

mutation to alanine (Peden et al., 2001) and mutation to valine (this study) abolish 

binding of AP-1, it is unlikely that this affects the sorting of VAMP4 differently.

Finally, it is also possible that SNARE-partners of VAMP4 have sorting signals that 

achieve correct sorting of the SNARE-complex. Although 1 did not find an adaptor 

interaction-motif in syntaxin 6, syntaxin 16 and vtila, other SNARE partners of VAMP4 

(Kreykenbohm et al., 2002; Mallard et al., 2002), have not been tested for adaptor 

interaction yet.

If VAMP4 was missorted, one would predict that maturation of secretory granules might 

be inhibited. 1 did not test if granule maturation is inhibited in cells that express mutant 

VAMP4, and it seems however unlikely, since mutant VAMP4 does not enter MSGs.

Two possible approaches could be used to test if VAMP4 missorting interferes with 

secretory granule maturation. First, one could co-transfect PC12 cells with VAMP4 

mutants and PC2. PC2 is a prohormone convertase that is normally not expressed in 

PC12 cells. Upon its expression, Sgll is processed to p l8  in MSGs. Thus, cells
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expressing VAMP4 mutants and PC2 can be tested for the appearance of p l8  in order to 

assess granule maturation.

An alternative experiment would be to inhibit VAMP4 removal from ISGs by expressing 

VAMP4 lacking its transmembrane domain, or expressing the N-terminal adaptor- 

binding domain of VAMP4 (amino acid 1-60). It is possible that these soluble proteins 

would compete for adaptor binding and thus interfere with the correct trafficking of 

endogenous VAMP4. Another way to assess if VAMP4 plays a role in secretory granule 

biogenesis can be to ablate VAMP4 with siRNA, and test if ISGs mature efficiently. 

Springer and colleagues proposed a model for COPII coat recruitment where vSNAREs 

are the nucléation site for vesicle biogenesis on a donor membrane, i.e. they predicted 

that vSNAREs would recruit coat components (Springer and Schekman, 1998). Such a 

mechanism would ensure that every new vesicle receives a vSNARE in order to be able 

to undergo subsequent fusion with its target membrane. The interaction of VAMP4 with 

AP-1 may be one example for such a mechanism. In order to test this hypothesis, I 

performed several experiments whereby AP-1 recruitment might be inhibited if its 

interaction with VAMP4 is abolished. ISGs prepared from cell lines that express VAMP4 

L25,26V-FLAG recruit AP-1 with comparable efficiency to ISGs from wt PC12 cells. 

This may be not surprising since these ISGs contain normal levels of endogenous 

VAMP4.

In an attempt to remove VAMP4 selectively from ISGs, I treated ISGs with clostridial 

neurotoxins that cleave VAMPs. However, VAMP4 turned out to be resistant to this 

toxin treatment. It is noteworthy that cleavage of VAMP2 does not inhibit AP-1 

recruitment. It has been shown that VAMP2 is necessary for AP-3 recruitment to 

endosomes, and thus it seemed possible that it might be necessary for AP-1 recruitment 

as well. This is however clearly not the case.

The addition of soluble recombinant GST-VAMP4 did not affect AP-1 recruitment to 

ISGs, although very high amounts of protein were added. It is possible that AP-1 binds to 

membrane localised receptors with a higher affinity than to the soluble protein. The GST- 

pulldown assays were performed with comparable amounts of GST-fusion proteins and 

cytosol. In these assays about 10% of AP-1 bound to phosphorylated VAMP4. It is 

possible that a competition effect might be achieved if the cytosol amounts in the
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recruitment assay are reduced in order to shift the equilibrium more efficiently. In 

addition, A. Dittié observed an inhibition of AP-1 recruitment when GST fusion proteins 

of furin cytoplasmic tail fragments were added (Dittié et al., 1997). In these experiments 

she added up to 13 /xM of fusion proteins into the recruitment assay, whereas in the 

experiments presented here, the GST protein concentration was 3/xM, and accordingly 

lower for GST VAMP4.

Taken together, it is not clear what the function of VAMP4 interaction with AP-1, or the 

role of VAMP4 phosphorylation is. The only established cellular function of the 

VAMP4/syntaxin 6/vtila/syntaxin 16 SNARE complex is in retrograde trafficking from 

early endosomes to the TGN (Mallard et al., 2002). The authors found that this transport 

step is inhibited during retrograde trafficking of Shiga toxin by antibodies to VAMP4. 

Importantly, these authors found earlier that retrograde trafficking of Shiga toxin may be 

AP-1 dependent (Mallard et al., 1998). It would be really interesting to analyse Shiga 

toxin transport in cells that express the cytoplasmic or N-terminal domain of VAMP4. 

Another possible way of analysing VAMP4 function would be to investigate its 

trafficking in cells from AP I knockout mice.



7  C o n c l u d i n g  R e m a r k s

This study addresses two aspects of the mechanisms that leads to clathrin coat formation 

on immature secretory granules (ISGs) in neuroendocrine cells: the regulation of ARF 

recruitment to ISGs, and a possible link of cargo recruitment and vesicle biogenesis.

7.1 Regulation of ARF recruitment to iSGs

Recruitment of ARF and AP I can be reconstituted in vitro with purified ISGs, purified 

recombinant myristoylated A RFl, and purified AP-1 in the presence of GTPyS. ARF 

recruitment requires proteins on the membrane surface of ISGs and is sensitive to 

Brefeldin A (BFA), indicating that ISGs contain a BFA-sensitive exchange factor (GEF). 

ARF can not be recruited to MSGs, indicating that ISGs contain a specific subset of 

protein(s) that allow the acquisition of clathrin coats.

During coat recruitment, ARF and the clathrin adaptor complex-1 (AP-1) form a complex 

on ISGs, as demonstrated by co-immunoprecipitation. Carol Austin later demonstrated 

that this interaction is direct (Austin et al., 2000). These data extend the understanding of 

the mechanism of AP I recruitment to membranes. Although the composition of COPI 

and clathrin coated vesicles appear very different with respect to their ARF content 

(Stamnes et al., 1998; Zhu et al., 1998), the notion that both AP-1- and COPI 

-components interact directly with ARF point towards a common mechanism.

In order to provide direct biochemical evidence for exchange factor activity on ISGs, I 

developed a nucleotide binding assay. I planed to use this assay as a read-out for a 

biochemical approach for isolating and identifying the exchange factor. However, no 

exchange factor activity on ISGs was detectable in this assay, although exchange factor 

activity of recombinant cytohesin-2 was readily measured. Thus, I concluded due to the 

lack of a highly sensitive read-out assay, that it was not feasible to isolate the exchange 

factor with biochemical methods.

The availability of powerful tools such as expression constructs and antibodies for BFA- 

sensitive mammalian exchange factors,which were not available during my study, should 

accelerate the characterisation of the exchange factor(s) on ISGs.
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7.2 The interaction of VAMP4 and AP-1 is modulated by phosphorylation

Franz Wendler demonstrated that the SNARE protein syntaxin 6, which is required for 

homotypic fusion of ISGs, is removed from secretory granules during their course of 

maturation (Wendler et ah, 2001). Other labs demonstrated that syntaxin 6 and its 

SNARE partner VAMP4 can be found in clathrin coated membrane areas at the TGN and 

on ISGs (Bock et ah, 1997; Steegmaier et ah, 1999). This prompted me to investigate if 

these proteins interact with clathrin adaptor complexes.

VAMP4 interacts directly with the [i subunit of AP-1. This interaction is dependent on a 

dileucine motif in the N-terminus of VAMP4. The interaction of VAMP4 with AP-1 is 

highly selective, since it does not interact with AP-lb. This will allow us to determine the 

VAMP4 binding site of [ j l I s l  and could provide more insights into the mechanism of cargo 

recognition by adaptor complexes.

The interaction with AP-1 is modulated by CK2-dependent phosphorylation of VAMP4. 

VAMP4 interacts with PACS-1 in vivo, and thus points towards a possible mechansim 

how this kinase-dependent modulation is achieved.

Although the interaction with AP-1 provides a potential explanation how VAMP4 is 

removed from ISGs in neuroendocrine cells, mutation of VAMP4 does not result in its 

missorting. The generation of dominant negative VAMP4 mutants may provide a more 

suitable tool to interfere with VAMP4 sorting, and, potentially, with secretory granule 

maturation. Dominant negative VAMP4 mutants should also allow the question whether 

vSNAREs regulate vesicle biogenesis to be addressed further.
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