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Abstract

This thesis describes the biochemical and molecular genetic characterisation of two 

related ATPases, NSF and p97. Both proteins belong to the AAA family, whose 

members function in a wide range o f cellular processes including transcription, 

replication, cell division, protein folding and degradation. Despite the clear importance 

of many AAA proteins, details for cellular and biochemical functions of many family 

members, including NSF and p97, have remained elusive.

The role of NSF in membrane fusion and trafficking in both the endocytic and exocytic 

pathways is undisputed, however the full extent and timing o f its biochemical function 

is still unclear. A conceptual view of NSF is that it is a machine, which regulates the 

controlled assembly and disassembly of multimeric protein complexes. To relate the 

biochemical and functional aspects o f NSF I introduced a mutation, based on a 

temperature-sensitive mutation of Drosophila NSF-1, termed comatose, into the 

mammalian NSF to study its function in a cell free assay for the fusion o f Golgi 

membranes. By doing so, it was found that the mutation rendered the mammalian NSF 

temperature-sensitive for fusion o f post-mitotic Golgi membranes and that an 

irreversible conformational change o f the protein was responsible for its loss of 

function at the non-permissive temperature. Detailed investigations of the mammalian 

comatose protein using several biochemical assays uncovered the existence of a second 

novel NSF function that was necessary to drive post-mitotic Golgi membrane fusion, 

yet was distinct from N SF’s proposed function as an ATPase-dependent SNARE 

disassembling machine. Furthermore, the two NSF-dependent steps required in 

membrane fusion were defined and characterised in more detail. Characterisation of 

the original Drosophila comatose protein revealed a biochemical and functional 

phenotype that was indistinguishable from the m ammalian homologue, thus 

corroborating the authentic transplantation of the com atose  phenotype into the 

mammalian NSF mutant, and the evolutionary conservation o f the second function of 

NSF.

Similar to NSF, the biochemical mode of action o f the p97 ATPase is not thoroughly 

defined, yet unlike NSF, even the precise cellular context in which p97 functions is 

still unknown. To understand more fully the role played by p97 in mammals, I have



characterised the structure and the expression pattern of the mouse p97 gene. Analysis 

of p97 protein levels in embryonic and adult mice revealed an unexpected degree of 

regulated expression and subcellular localisation in both proliferating and 

differentiated tissues suggesting a highly controlled and intermittent function for p97. 

A conditional gene targeting system was then established in murine ES cells and mice 

by using the Cre/LoxP recombination system to assess p97’s physiological 

significance in vivo.
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Chapter 1______________________________________________________ Introduction

1.1 The secretory pathway

Eukaryotic cells contain numerous membrane-bound compartments. Each compartment 

represents a discrete microenvironment that contains a unique complement of lipids, 

proteins and co-factors to carry out specific biochemical reactions. The specialised 

function of each of these compartments demands a complex pattern o f vesicular traffic 

both to shuttle secretory proteins through organelle microenvironment and to maintain 

the correct set of residential molecules in the organelles.

The aim of this thesis has been to understand the role of two related ATPases, the N- 

ethylmaleimide-sensitive fusion protein (NSF) and p97, that have emerged as 

candidates involved in the final step of the life cycle of a transport vesicle, the 

membrane fusion process. In this study a reverse genetic approach has been adopted to 

gain insights into the cellular and molecular functions of both proteins by investigating 

the phenotypes of defined mutations both in vitro and in vivo.

1.1.1 Organelles o f the secretory pathway

The secretory pathway denotes the intracellular route taken by non-cytosolic proteins 

from their site o f synthesis at the endoplasmic reticulum (ER) to their final destination. 

The pathway was originally defined by Palade for the pancreatic exocrine cell (Palade, 

1975) and comprises a series of functionally distinct organelles that sort, distribute and 

post-translationally modify secretory proteins in transit. Membrane flow between 

these compartments proceeds via transport vesicles which bud from a donor 

compartment, and are targeted to a specific acceptor compartment with which they 

fuse to release their contents (Rothman, 1994). The journey begins in the ER where 

newly synthesised proteins are inserted into the membrane or translocated into the 

lumen, folded and oligomerised correctly. After export from the ER, secretory cargo is 

sorted and concentrated in vesicular-tubular clusters (VTCs) that migrate toward the 

juxtanuclear region of the Golgi apparatus which receives virtually the entire output o f
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Chapter 1______________________________________________________ Introduction

de novo synthesised polypeptides at the cis-Go\gi network (CGN). The Golgi 

functions to modify the arriving proteins and sort them within the trans-Golgi network 

(TGN) before export to their final cellular destinations, which may be endosomes, 

lysosomes, secretory granules or the plasma membrane.

The overall direction of transport of cargo along the secretory pathway is vectorial 

towards the plasma membrane, i.e. it is in an anterograde direction. However, there 

must also be a counterbalancing flow of material in the direction of proximal 

compartments, i.e. in a retrograde direction, in order to maintain the surface area of 

previous compartments (Wieland et al., 1987); to ensure that escaped organelle 

residents return to their proper location (Pelham, 1995); and to maintain reutilization of 

the transport machinery required for anterograde transport (Wooding and Pelham, 

1998).

1.1.2 The Endoplasmic Reticulum (ER)

The ER exists as a complex, three dimensional mesh-like labyrinth of branching tubules 

and cistemae that are in continuity with the nuclear envelope and extend throughout the 

entire cytoplasm (Alberts et al., 1994). It may be subdivided into two functionally 

distinct domains: the rough ER (rER) and smooth ER (sER). Both sub-compartments 

are physically connected as the VSV (Vesicular Stomatis Virus) G-protein diffuses 

freely between them (Bergmann and Fusco, 1990).

In contrast to the sER, the surface of the rER is studded with ribosomes. The rER is 

the site of entry for proteins into the secretory pathway as the vast majority of 

proteins containing an ER-signal sequence are inserted or translocated across the ER 

membrane through an aqueous ER translocon pore complex (Rapoport, 1992). Once in 

the lumen of the ER, the high concentration of molecular chaperones ensures that 

newly synthesised secretory and membrane proteins are folded and oligomerised 

correctly prior to export from the ER (Stevens and Argon, 1999). Misfolded or 

unassembled proteins are retained within the ER. They are eliminated by a process
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Chapter 1______________________________________________________ Introduction

which requires their retrograde translocation through the aqueous ER translocon pore 

complex from the ER lumen to the cytosol, where they are degraded by the ubiquitin- 

proteasome machinery (Plemper and Wolf, 1999). In addition to the folding/assembly 

o f newly synthesised proteins a variety of post-translational modifications, such as N- 

linked glycosylation and attachment of GPI anchors, also take place in the ER.

The sER is mainly involved in lipid metabolism and sequestering Ca^^ from the 

cytosol. It consists of assemblies of blind ending tubules, the transitional elements, 

which occur in direct apposition to the cw-Golgi and represent cargo exit sites (Alberts 

et al., 1994).

1.1.3 The ER-Golgi Intermediate Com partm ent (ERGIC)

Cargo concentrates in COP (Coat protein) Il-coated vesicles in the transitional elements 

of the sER (Saraste and Svensson, 1991), which coalesce to form larger vesiculo-tubular 

clusters (VTCs, also known as the salvage compartment, the intermediate 

compartment, and the ERGIC) (Plutner et al., 1992). VTCs appear as a collection of 

small vesicles and tubules which are enriched in ERGIC-53, a cargo transport receptor 

(Appenzeller et al., 1999). They represent a pre-Golgi compartment proposed to 

concentrate and sort secretory cargo.

COPI-coated vesicles mediate the recycling of components back to the ER, such as the 

membrane components of the vesicle machinery and any escaped ER proteins that are 

appropriately tagged. ER-residents may bind directly to the COPI-coat or indirectly to 

receptors such as the KDEL-receptor (Teasdale and Jackson, 1996). Retrograde 

transport seems to be coupled to the transport of anterograde cargo as COPI sequesters 

retrograde cargo in the anterograde-directed VTCs (Martinez-Menarguez et al., 1999).
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1.1.4 The Golgi apparatus

The Golgi apparatus of mammalian cells is a single copy organelle which exists as a 

compact juxtanuclear reticulum (Ladinsky et ah, 1999). This reticulum consists of a 

series of stacked cistemae, which are linked to each other to form an extensive ribbon 

structure. The Golgi stack is bound on either side by extensive tubulovesicular 

networks of the CGN and TGN (Mellman and Simons, 1992). Brefeldin A (BFA) 

treatment has revealed the distinct nature o f theses sub-compartments. Upon BFA 

treatment most Golgi enzymes redistribute to the ER. In contrast, CGN markers, such 

as syntaxin-5, adopt a VTC-like localisation suggesting that many of the components 

of the CGN may constitutively cycle through the intermediate compartment 

(Lippincott-Schwartz et al., 1989). The TGN collapses onto the centrosome (Reaves 

and Banting, 1992) and even shows increased continuity with the plasma membrane by 

mixing with the endosomal system (Lippincott-Schwartz et al., 1991).

The CGN represents the entry point into the Golgi apparatus for proteins arriving 

from the ER and it may even be that the fusion of incoming VTCs generates the CGN 

(Presley et al., 1997). The CGN is the last major quality control step for misfolded 

proteins and represents the sorting station for escaped soluble ER residents (Mellman 

and Simons, 1992). Misfolded ts-VSVG is retrieved from the CGN by interactions 

with the molecular chaperone BiP (Binding protein), and does not proceed into the 

Golgi stack (Hammond and Helenius, 1994). Fractionation studies defined the CGN as 

the first compartment where a - 1,2-mannosidase I (MannI) functions (Balch et al., 

1986).

The majority o f post-translational modifications, such as 0-glycosylation (Clausen and 

Bennett, 1996), sulphation (Silbert, 1996), trimming of N-glycosylated proteins 

(Komfeld and Kornfeld, 1985) and proteolytic processing of pro-proteins (Schnabel et 

al., 1989), occur in the Golgi stack as proteins move through. Modifying enzymes are 

distributed throughout the stack in the order in which they act on their substrates. This
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may enhance the efficiency of the glycosylation process. Immuno-EM of epitope 

tagged Golgi enzymes revealed that modifying enzymes, such as (3-1,2-N- 

acetylglucosaminyltransferase I (NAGTI); P-1,4-galactosyltransferase (GalT); a-1,3- 

1,6-mannosidase II (Mannll); and a-2,6-Sialyltransferase (SialylT); have an 

overlapping distributing 'within the stack in that they are all found in two or more 

adjacent cistemae rather than in a single one (Nilsson et al., 1993). However, each 

enzyme does have its own unique gradient through the stack, suggesting that each Golgi 

cistema has a unique mixture of enzymes rather than a unique set.

The TGN harbours the last two enzymes of the N-linked glycosylation pathway, GalT 

and SialylT (Rabouille et al., 1995), and the integral type I membrane protein TGN38 

(Luzio et al., 1990), whose function remains obscure. The TGN represents the exit 

point from the Golgi apparatus. Modified molecules are sorted and packaged into 

appropriate clathrin-coated carriers, which shuttle them on to their final destinations, 

such as the plasma membrane and the endosome/lysosome system (Schmid, 1997). 

Secretory granules also form in neuroendocrine cells at the TGN (Tooze, 1998). The 

sorting function of the TGN is perhaps best illustrated in polarised epithelial cells 

where the TGN must direct plasma membrane molecules to either the apical or 

basolateral domains of the plasma membrane. Basolateral targeting is often dependent 

on a signal in the cytoplasmic domain of the protein, and may be facilitated by a novel 

clathrin adaptor complex (Folsch et al., 1999). In contrast, apical targeting is thought to 

require segregation into glycolipid rafts, which are selectively incorporated into apically 

destined transport vehicles (Simons and Ikonen, 1997).
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1.2 Selection o f cargo: protein sorting

Protein sorting involves firstly the separation of cargo proteins from those intended for 

other destinations, and secondly the separation of cargo proteins from resident 

components of the compartments through which they move.

1.2.1 Protein sorting during anterograde transport

The ER, which represents the entry point into the secretory pathway, contains a huge 

number of different proteins, such as cargo proteins and proteins involved in 

translocation, folding and post-translational modifications. Thus, cargo proteins must 

be selectively extracted and shuttled to the Golgi apparatus. For this, two contrasting 

models (bulk flow versus receptor mediated export) have been proposed to explain 

how this may be achieved, but it seems likely that both pathways exist and that the 

luminal concentration of cargo in the ER determines which pathway is used (Warren 

and Mellman, 1999).

The bulk flow model suggests that transport along the secretory pathway occurs in the 

absence of positive transport signals and that signals exist to divert proteins from their 

default destination, the plasma membrane (Pfeffer and Rothman, 1987). This model 

provides a solution to the problem, as the thousands of secretory proteins do not 

require individual export signals, and is also consistent with the efficient secretion of 

small peptides too short to contain a transport signal (Wieland et al., 1987). Using 

quantitative immunocytochemical techniques, the model was supported by the finding 

that secretory cargo, such as amylase and chymotrypsinogen, is not concentrated in 

COPII-vesicles leaving the ER, but rather leaves this compartment at the lumenal 

concentration of the ER (Martinez-Menarguez et al., 1999).

In contrast to the bulk flow model, the receptor mediated model proposes that cargo 

molecules contain signals that mediate their incorporation into nascent COPII-vesicles 

which would most likely increase the rate and efficiency of cargo proteins (Kuehn and
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Schekman, 1997). A prediction arising from this is that cargo will be concentrated at ER 

exit sites, and this has indeed been found for VSVG (Balch et ah, 1994). ER export 

signals that allow selective binding of the cargo protein to components o f the COPII- 

coat have been found for several cargo molecules, such as Sed5p (Peng et al., 1999), 

VSVG (Sevier et al., 2000), Mannll and NAGTI (Dominguez et al., 1998). The v- 

SNAREs required for ER to Golgi transport may also be concentrated into COPII- 

vesicles by interacting with COPII-coat components, and may actually function in 

marking the sites on the ER from which COPII-vesicles will bud (Springer and 

Schekman, 1998). Thus far, a number of cargo receptors, such as proteins of the p24 

family and ERGIC53, have been found, which are believed to specifically concentrate 

cargo proteins in COPII-vesicles (Kuehn and Schekman, 1997). The p24 family 

members contain a double phenylalanine (FF) motif in their cytoplasmic domain which 

is essential for ER export (Fiedler et al., 1996) and binding to the COPII-coat subunit 

Sec23p (Dominguez et al., 1998). Similarly, the mannose specific membrane lectin 

ERGIC53 also contains this COPII-binding motif (Rappeler et al., 1997) and acts as a 

cargo receptor for glycoproteins (Appenzeller et ah, 1999).

1.2.2 Protein sorting during retrograde transport

Retrieval mechanisms ensure that proteins that have escaped are recognised and 

returned to their compartment of residence. Retrieval has been most clearly 

demonstrated for soluble ER-residential proteins, which contain the KDEL-motif 

(HDEL in yeast) at their C-terminus. This motif induces retrieval to the ER as its 

deletion from the soluble ER-residents BiP and PDI induces their gradual secretion 

(Munro and Pelham, 1987). Conversely, grafting a KDEL-motif onto lysozyme, a 

secreted protein, results in its accumulation in the ER (Munro and Pelham, 1987). 

Retrieval of such KDEL-ligands is accomplished by the KDEL-receptor (Semenza et 

ah, 1990), which exists at steady state in the CGN and cz5-Golgi (Griffiths et ah, 1994). 

The binding of KDEL-ligands to its receptor occurs at the low pH of the Golgi (Wilson 

et ah, 1993), which results in the oligomerisation of the receptor and its packaging into 

retrograde moving COPI-vesicles (Majoul et ah, 1998). On reaching the ER, the more
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alkaline pH induces ligand-release and return of monomeric, unoccupied receptor to the 

Golgi (Townsley et al., 1993).

ER-residents with type I membrane topology are retrieved via a C-terminal KKXX- 

motif in their cytoplasmic domain (Jackson et al., 1990). In the case of type II 

proteins, the retrieval signal consists o f two crucial arginine (RR) residues at the N- 

terminus of the protein (Schutze et al., 1994). Grafting these signals onto reporter 

molecules results in an ER localisation, but the molecules obtain Golgi sugar 

modifications which is indicative of retrieval (Jackson et al., 1990; Schutze et al., 1994). 

KKXX-containing molecules interact directly with coatomer, and it has been shown 

that this interaction is essential for ER-retrieval (Dominguez et al., 1998) and can also 

promote COPI-vesicle formation in a purified system (Bremser et al., 1999).

1.2.3 Retention of resident proteins

Retention signals are used to anchor proteins in their correct compartment and this 

maintains the identity of the organelles. For example, two models have been proposed 

to maintain Golgi proteins in their proper location, namely the oligomerisation or ‘kin- 

recognition’ model and the lipid-sorting or ‘bilayer-thickness’ model (Munro, 1998).

The ‘kin-recognition’ model proposes that resident Golgi enzymes are incorporated 

into large pre-existing hetero-oligomers upon ingress to their specific compartment. 

Distinct Golgi enzymes which reside in the same compartment are termed ‘kin’ and 

they are thought to interact via their lumenal stalk domains, as it has been shown for 

Mannll and NAGTI (Nilsson et al., 1996). Consistent with this is the finding that 

retention of NAGTI in the ER also results in the accumulation of Mannll in the ER 

(Nilsson et al., 1994).

The ‘bilayer-thickness’ model proposes that the length o f the transmembrane domain 

(TMD) is responsible for the sorting of Golgi resident proteins. This is based on the 

observation that a cholesterol gradient exists across the Golgi stack, whereby the
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cholesterol concentration increases on moving from cis- to /ra«5-compartments (Orci et 

al., 1981), and as a consequence, the bilayer thickness increases. Coupled to this is the 

observation that endogenous Golgi enzymes have shorter TMDs (~17 amino acids) 

than plasma membrane proteins (-21-22 amino acids). Early Golgi residents are 

therefore excluded from upstream compartments because their TMD is too short to 

allow thermodynamically stable incorporation into thicker bilayers. This model was 

supported by the finding that a type I plasma membrane protein fused to a synthetic 

TMD of 23 leucines localised to the cell surface, but fusion to a TMD of 17 leucines 

resulted in its accumulation in the Golgi apparatus (Munro, 1995).

1.3 Vesicle transport

Vesicle transfer between compartments requires the formation of a vesicle by a donor 

compartment and its fusion with a specific acceptor compartment. This process entails 

a series of discrete and highly regulated reactions that comprise the biogenesis, targeting 

and fusion o f transport vesicles.

A number of classes of vesicle, defined by their coat mediate distinctive transport 

steps. For example, COPII-vesicles export cargo from the ER (Barlowe et al., 1994), 

COPI-vesicles carry material between the ER and the Golgi (Pepperkok et al., 1993; 

Spang and Schekman, 1998), and also through the Golgi apparatus in probably both 

anterograde and retrograde directions (Orci et al., 1997; Sonnichsen et al., 1996), while 

clathrin-coated vesicles mediate transport from the TGN to endosomes/ lysosomes and 

endocytic transport from the plasma membrane (Le Borgne and Hoflack, 1998).
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Figure 1.2 Vesicle transport.
1) Budding, A small Arf/Sar GTPase is recruited to the donor membrane by its cognate GEF 
and incoming coat proteins are bound. Cargo proteins diffuse into the buding site, where 
they are trapped by interactions w ith coat proteins or cargo receptors. The membrane forms 
a coated bud, giving rise to a vesicle. A GAP protein that is part o f the coat stimulates the 
GTPase activity, which leads to vesicle uncoating and release of the GTPase. 2) Transport. 
Vesicles are transported to their acceptor membrane trough associatian with cytoskeletal 
elements and transport motors.3) Docking.Vesicles are targeted to sites of fusion in an event 
that involves a GTP-bound Rab protein and tethering factors. An R-SNARE assembles with 
a Qa-, Qb- and Qc-SNARE to form a four-helix bundle. Interactions o f Seel with the Qa- 
SNARE (syntaxin) are propably critical for SNARE-complex formation. 4) Fusion. The 
trans-SNARE complex brings vesicle and acceptor membrane close together perhaps 
leading to membrane fusion. 5) Recycling. After fusion, GDI induces the release o f Rab- 
GDP from the membrane and the cis-SNARE complex is disassembled by the ATPase NSF 
and a-SNAP for further rounds o f fusion. Adapted from J. B. Bock (2001).
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1.3.1 Vesicle biogenesis in the early secretory pathway

Vesicle formation can be dissected into three stages (Nickel and Wieland, 1997; Wieland 

and Harter, 1999). First, a member of the Ras superfamily o f GTPases, Sarpl for 

COPII or ARFl (ADP-ribosylation factor) for COPI, is recruited to the donor 

membrane from the cytosol by the catalysed exchange of GDP for GTP. Second, is the 

formation of a vesicle bud that occurs concomitant with the GTPase-mediated 

recruitment of hetero-oligomeric coat protein complexes to the donor membrane, and 

thirdly a periplasmic fusion takes place to release a coated vesicle from the donor 

compartment.

The reconstitution of vesicle formation in vitro allowed the identification of the 

niinimal machinery for COPI- and COPII-vesicle formation. The formation of COPII- 

vesicles requires Sarlp, the Secl3p complex and the Sec23p complex (Barlowe et al., 

1994), and formation of COPI-vesicles requires coatomer and ARFl (Ostermann et al.,

1993). Vesicle formation is initiated by the recruitment of Sarlp (COPII-vesicles) or 

ARFl (COPI-vesicles) from the cytosol to the membrane. These GTPases exist in the 

GDP-bound form in the cytosol and exchange their GDP for GTP upon recruitment to 

the membrane. The nucleotide exchange is catalysed by guanine nucleotide exchange 

factors (GEFs) and induces a conformational change in the exposing N-terminal 

myristoyl group which allows its attachment to the membrane (Goldberg, 1998). 

Activation o f the small GTPases is followed by coat protein recruitment.

In the case of COPII, the Sec23p complex binds, followed by the Secl3p complex. A 

complex comprising of Sar 1 p-Sec 16p-Sed4 (Gimeno et al., 1995) serves as a docking 

pad for the Sec23p complex (Espenshade et al., 1995) and thus ensures that the correct 

coat complex is recruited to the correct donor membrane. A direct interaction of the 

Sec23p complex with SNAREs (e.g. B etlp, B oslp, Sed5p), cargo receptors and cargo 

(e.g. p24, ERGIC53, VSVG, Mannll, NAGTI) ensures that the appropriate cargo 

molecules are selectively incorporated into nascent vesicles (Springer et al., 1999).
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Furthermore, essential v-SNAREs (e.g. Sec22p) are selectively incorporated into the 

vesicles by binding to the coat-binding SNAREs, thus ensuring that vesicles are not 

formed unless they contain all the necessary components required for later steps in the 

transport pathway (Springer et al., 1999). Sec24p also serves as a binding site for the 

Secl3p complex. Subsequent polymerisation of multiple Sec23p/Secl3p complexes 

further clusters cargo molecules by crosslinking the Sec23p complexes and this induces 

bud formation.

In case the of COPI-vesicle formation, coatomer (a complex of seven distinct subunits 

or COPs) binds to the membrane en bloc (Orci et al., 1993) which entails a direct 

interaction between ARF-GTP and the p-COP subunit (Zhao et al., 1997). The 

assembly of the COPI-coat induces a deformation of the donor membrane into a coated 

bud which is sufficient to generate COPI-vesicles from acidic liposomes (Spang and 

Schekman, 1998). ARF-GTP also stimulates phospholipase D (PLD), which 

hydrolyses phosphatidylcholine (PC) to phosphatidic acid (PA) and choline (Brown et 

al., 1993). This change in the lipid composition has been shown to enhance coatomer 

binding to the membrane and thus may contribute to the formation of COPI-vesicles 

(Ktistakis et al., 1996). y-COP interacts directly with the KKXX-motif, which is found 

on the cytoplasmic tails of escaped ER residents and the p24 family of proteins 

(Harter and Wieland, 1998). Interestingly, members of the p24 family have a 

propensity to form large hetero-oligomers (Fullekrug et al., 1999), and so may mark 

sites from which COPI-vesicles are destined to bud, thus providing a mechanism to 

ensure that cargo enters COPI-vesicles.

Once a coated bud has formed it must be pinched off the membrane to generate a free 

vesicle. Fission o f COPI-vesicles from Golgi membranes requires palmitoyl-CoA as an 

additional factor (Ostermann et al., 1993), whereas no additional factors are required to 

release COPII-vesicles (Matsuoka et al., 1998). Interestingly, a protein called BARS 

(BFA-induced ADP-ribosylated substrate) was recently identified to cause non

specific fission o f Golgi membranes by transferring a range of fatty acids (including 

palmitate) from CoA to lysophosphatidic acid (LPA) to generate PA, a cone shaped
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lipid, that induces a negative membrane curvature and subsequent membrane fission 

(Weigert et al., 1999). A similar mode of action was proposed for endothilin-I, a 

protein that interacts with the GTP-driven garrotte dynamin (Stowell et al., 1999), to 

drive synaptic-like microvesicle or clathrin-coated vesicle formation (Schmidt et al., 

1999). The reason that clathrin-coated vesicles have a more elaborate fission machinery 

than COPI-vesicles and COPII-vesicles may reflect the biophysical properties of the 

membranes from which they form (Bednarek et al., 1996). The higher cholesterol 

content at the Golgi and plasma membrane compared to the ER may confer greater 

membrane rigidity and make coated vesicle formation a more energy demanding 

process, thus requiring a specialised fission machinery.

GTP-hydrolysis by Sar Ip/ARFl causes their release from the membrane and 

subsequent uncoating of the COPII- or COPI-vesicle (Barlowe et al., 1994; Tanigawa et 

al., 1993). Since both Sarlp and ARFl hydroylse GTP at a slow rate, a GTPase 

activating protein (GAP) is thought to stimulate their GTPase activity. This is a 

component of the COPII-coat in the case of Sarlp (Yoshihisa et al., 1993) and a 

protein that binds to the KDEL-receptor in the case of ARFl (Aoe et al., 1997). 

Vesicle uncoating is probably required to reveal the v-SNARE machinery, an essential 

component for the subsequent docking of the vesicle with its acceptor compartment.

1.3.2 Vesicle targeting

Once a vesicle has formed it must be targeted to its specific acceptor membrane. This 

process involves the delivery of the vesicle to its target which requires molecular 

motors and the actin/microtubule system (Echard et al., 1998). Tethering proteins then 

collect and restrain vesicles at their cognate target membranes. Finally, a core layer of 

proteins interact to bring vesicle membranes in exceedingly close apposition with their 

cognate target membranes, a process called docking.
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1.3.2.1 Tethering

Tethering factors are fibrous proteins or multimeric protein complexes that act to bind 

membranes together before trans-SNAKE  pairing (pairing of SNAREs in different 

membranes) and act in concert with Rab GTPases to generate targeting specificity 

(Waters and Pfeffer, 1999).

p i 15 (U solp in yeast) perhaps represents the best characterised tethering molecule 

which is required for ER-Golgi (Alvarez et al., 1999) and intra-Golgi transport 

(Seemann et al., 2000). p i 15 is a long, flexible coiled-coil protein. It is recruited by 

Rabl to COPII-vesicles during vesicle budding and assembles into a cis-SNARE 

complex that promotes targeting to the Golgi apparatus (Allan et al., 2000). In the case 

o f intra-Golgi transport, p i 15 has been shown to cross-link the acceptor membrane to 

the incoming COPI-vesicle by simultaneously binding to its two Golgi-receptors: 

GM130 (Golgi matrix protein) on the acceptor membrane and giantin on the COPI- 

vesicle (Sonnichsen et al., 1998), and thus may attach the vesicle to its target membrane 

before budding is complete. In yeast, COPII-vesicle tethering requires a protein 

complex of seven highly conserved subunits called the transport protein particle I 

(TRAPP I), which localises to the c/5-Golgi and may capture incoming COPII-vesicles 

(Sacher et al., 2001).

Tethering during endosome fusion requires the early endosome antigen 1 (EEAl), an 

effector of Rab5. EEAl is a large, predominantly coiled-coil molecule. It relies on a 

Rab5-binding site and a FYVE-finger for its specific localisation to endosomal 

membranes, moieties which are enriched in Rab5 and in PtdIns(3)P respectively 

(Simonsen et al., 1998). This may confer directionality to Rab5-dependent endocytic 

transport. EEAl can tether endosomes in the absence of Rab5 function, suggesting 

Rab5 may act upstream of EEAl (Christoforidis et al., 1999). It is also found to 

interact with the SNARE machinery and so may act in the transition from tethering to 

downstream docking and fusion events (McBride et al., 1999).
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A common feature o f tethering reactions is that the proteins involved seem to be co

ordinated by Rab GTPases which may serve to recruit tethering factors (Waters and 

Pfeffer, 1999). Rab proteins have also been shown to interact with SNAREs (Sogaard 

et al., 1994), suggesting that they may be implicated in regulating the transition from 

tethering to docking and fusion. Rab proteins are ubiquitous, small GTPases and seem 

to act as molecular switches in proof-reading steps at multiple stages of vesicle 

transport (Novick and Zerial, 1997).

1.3.2.2 Docking

Once a vesicle is tethered to a membrane the flexibility of the tether may permit the 

vesicle to sample the membrane for the cognate SNARE to facilitate vesicle docking. 

SNAREs are coiled-coil membrane proteins. They belong to a superfamily of highly 

conserved proteins that reside on vesicles (v-SNAREs) and target membranes (t- 

SNAREs). A multitude of v-SNARE and t-SNAREs have been identified in multiple 

steps of the secretory pathway from yeast to mammals (Chen and Scheller, 2001). 

SNAREs participate in membrane fusion events, best characterised during 

neurotransmitter release at the pre-synaptic membrane (Scheller, 1995; Sudhof, 1995). 

In the simplest model, a v-SNARE in a vesicle interacts with its cognate t-SNARE in 

the target membrane (Rothman, 1994; Sollner et al., 1993) forming a parallel, four-helix 

bundle that pins the fusing membranes together (Sutton et al., 1998). Within this 

bundle each SNARE protein is topologically restricted to function either as v-SNARE 

or t-SNARE (Parlati et al., 2000). The formation of cognate v-/t-SNARE pairs has been 

seen as a ‘key and lock’ device for discrete compartments to ensure targeting 

specificity (Jahn and Sudhof, 1999). This model has recently been verified recently by 

using a synthetic liposome fusion system (McNew et al., 2000).

The SNAREs have been grouped in a superfamily on the basis of having either one or 

two homologous coiled-coil domains of -60  amino acids, termed SNARE-motif 

(Weimbs et al., 1997). The SNARE-motif is essential vesicle docking and fusion 

(Parlati et al., 1999).
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The majority of SNAREs contain one SNARE-motif preceded by a variable N-terminal 

domain which may contain other coiled-coil regions important for inter- and intra

molecular interactions, as in the syntaxins (Hanson et al., 1995), and is proceeded by a 

basic domain followed by a C-terminal TMD (Weimbs et al., 1998). The more variable 

N-terminal domain of SNAREs confers trafficking specificity (Jahn and Sudhof, 1999), 

while the SNARE-motif is essential for forming the SNARE core complex (Fiebig et al., 

1999) and the TMD contributes actively to membrane fusion (McNew et al., 2000). 

This organisation is typical of the syntaxin family of t-SNAREs and the VAMP 

(Vesicle associated membrane protein) and B etlp /B oslp  v-SNARE families. 

Alternatively, SNAREs of the SNAP-25/Sec9p family are attached to the membrane by 

lipid modifications. Recently, SNAREs have been re-classified as Q- or R-SNAREs to 

avoid ambiguity in the case of homotypic membrane fusion (Fasshauer et al., 1998). 

This new classification relies on the basis that a central residue in the SNARE-motif is 

either an arginine or a glutamine which forms an ionic layer comprising of one R- 

SNARE and three Q-SNAREs in the SNARE core complex (Sutton et al., 1998).

Vesicle docking must be a highly regulated process. For instance, if cognate v-/t- 

SNAREs were always able to pair, this might lead to all the organelles in the cytoplasm 

becoming docked and clustered together, which could compromise organelle identity 

(Pfeffer, 1999). The Secl/M uncl8 family of proteins also serve to regulate t-SNARE 

accessibility as they can bind to the N-terminus of Q-SNAREs of the syntaxin family. 

Since a t-SNARE cannot bind a Secl/M uncl8 protein and a v-SNARE simultaneously, 

it has been proposed that these complexes form sequentially (Pevsner et al., 1994). The 

Secl/M uncl8 protein may block trans-SNARE pairing by sterically hindering access to 

the SNARE-motif. Alternatively, it may be involved in opening the t-SNARE by 

breaking up an intramolecular interaction between the N-terminal and C-terminal coiled- 

coil domains in the SNARE molecule (Carr and Novick, 2000) and in so doing may 

serve to signal that this SNARE is activated for another round of transport. In this way 

the Secl/M uncl8 proteins would act positively to regulate t-SNARE function 

(Dascher and Balch, 1996). Such t-SNARE activation may also be coupled to the 

vesicle tethering machinery (Rothman and Sollner, 1997).
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In the case of ER-Golgi transport, the yeast Rabl homologue Yptlp has been shown to 

be required for trans-SNARE  pairing between the t-SNARE Sed5p and the v-SNARE 

B oslp by transiently interacting with Sed5p and displacing the Secl/M uncl8 molecule 

Sly Ip from it (Lupashin and Waters, 1997). Y ptlp then rapidly dissociates from 

SedSp and allows Boslp to bind. Furthermore, in the case of the yeast vacuole fusion 

system, a Rab/Ypt effector-complex comprising o f Vam2/6p (Vacuolar morphology 

protein) is transferred from a cis-SNARE complex to the Rab protein YptTp upon 

priming to initiate docking of the vacuoles (Price et al., 2000). GTP-hydrolysis by Rab 

proteins is not required for docking or fusion per se suggesting that GTP-hydrolysis 

may serve as a timer that determines the frequency o f membrane docking events (Rybin 

et al., 1996). Rab proteins may primarily regulate the events of vesicle targeting as they 

are highly compartmentalised in organelle membranes (Zerial and McBride, 2001). 

However, they may also be involved in long range movements of vesicles via the 

cytoskeleton (Echard et al., 1998) and also in ensuring that vesicles contain the correct 

complement of v-SNAREs (Lian et al., 1994). This diverse array of functions may be 

due to a heterogeneous collection of Rab effectors whose point o f action may be 

regulated during the life cycle of the transport vesicle.

38



Viral h a i r p i n s Cellular SNAREplns

Figure 1.3 Membrane fusion.
Schown is a schematic representation of a cellular SNAREpin on the right and 
a viral hairpin on the left. The formation of these helical bundles brings two 
opposing membranes into close proximity,which may induce membrane fusion. 
Adapted from T. Weber (1998).
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1.3.3 Vesicle fusion

Once fra«5-SNARE pairing has docked a vesicle, it must then fuse with its acceptor 

membrane and deliver its cargo. In D. melanogaster, a temperature-sensitive mutation 

in syntaxin that abolishes the formation of SNARE complexes rapidly blocks 

exocytosis o f docked vesicles (Littleton et al., 1998). Furthermore, a study of regulated 

neurotransmitter release in semi-intact PC 12 cells suggests a function of SNARE 

complexes at a late stage during membrane fusion (Chen et al., 1999). In these studies, 

neurotransmitter release was inhibited by addition of Botulinum neurotoxin E, a 

SNARE-cleaving neurotoxin. However, this inhibition could be rescued by addition of a 

C-terminal fragment of SNAP-25 and Ca^^, which correlates with SNARE complex 

formation in vitro. Increasing evidence suggests that the SNARE molecules themselves 

represent the minimal membrane fusion machinery (Bock and Scheller, 1999). For 

example, when cognate v- and t-SNAREs are reconstituted into separate liposome 

populations, these liposomes are able to dock and fuse, resulting in the mixing of both 

membrane and lumenal contents (Nickel et al., 1999; Weber et al., 1998). This minimal 

system has enabled definition of functionally important parts of the neuronal SNARE 

molecules, e.g. the N-terminal domain of syntaxin-1 that reduces the kinetics of 

liposome fusion dramatically (Parlati et al., 1999). This is consistent with the fact that 

the N-terminal domain may reduce the assembly of SNARE complexes by 2,000 fold 

(Nicholson et al., 1998), an effect which may be due to the intramolecular interaction 

between the N-terminal domain and the membrane proximal coiled-coil SNARE-motif 

(Hanson et al., 1995). SNARE complexes may be cross-linked via SNAP-25 which 

contributes two Q-SNARE helices to SNARE complexes in order to form a ring of 

trans-SNARE complexes (Tokumaru et al., 2001). This oligomerisation is catalysed by 

complexin, a cytosolic protein that binds to syntaxin within the SNARE complex and 

was found to be essential for neurotransmitter release in the squid giant synapses.

The crystal structure of the neuronal SNARE core complex shows that one coil of 

syntaxin and VAMP, and two coils of SNAP-25 intertwine to form a parallel four-helix
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bundle (Sutton et al., 1998) and the 3:1 stoichiometry of Q-SNARE- and R-SNARE 

helices contributing to the core complex may be a feature of all cognate SNARE 

complexes (Jahn and Sudhof, 1999). Neuronal SNARE complexes are extremely stable 

as they are resistant to SDS dénaturation (Hayashi et al., 1994), protease digestion 

(Poirier et al., 1998) and are heat stable up to 90°C (Fasshauer et al., 1997). Together, 

these data have led to the proposal that free energy gained from the formation of such a 

stable complex may be transformed, in concert with close membrane apposition, to 

exclude water from the interphase between the membranes and promote spontaneous 

fusion between the dehydrated bilayers (Weber et al., 1998). Interestingly, the 

replacement of the membrane anchors of syntaxin and VAMP with short 

phospholipids that do not span the bilayer prevents lipid mixing in the liposome fusion 

assay, suggesting SNAREs may exert a force through the membrane anchors by forming 

a core complex which generates an inward movement in both membranes (McNew et 

al., 2000). An analogous hairpin-like helical bundle has been isolated from proteolytic 

fragments of viral fusion proteins and may represent a general feature of biological 

membrane fusion machineries (Skehel and Wiley, 1998).

Evidence from other in vitro systems suggest that the SNAREs may function upstream 

of the fusion event. Studies using the sea urchin egg fusion system showed that 

SNARE complexes can be disrupted by addition of Ca^^ and that such treatments do 

not interfere with subsequent Ca^^-triggered fusion of cortical vesicles (Coorssen et al., 

1998; Tahara et al., 1998). Such localised bursts of Ca^^ are known to be important for 

neurotransmitter release, possibly mediated by synaptotagmin (a Ca^^ sensor) 

regulation of the neuronal SNARE complex (Schiavo and Stenbeck, 1998), and possibly 

also for intracellular trafficking reactions (Beckers and Balch, 1989; Colombo et al.,

1997). In the case of vacuole fusion in yeast, trans-SNARE  pairing, which involves 

three v-SNAREs (Nyvlp, V tilp , Ykt6p) and two t-SNAREs (VamSp, Vam7p), is 

crucial for vacuole docking (Ungermann et al., 1999), but can be uncoupled from fusion 

itself (Ungermann et al., 1998). In these studies it was found that /ra«.s-SNARE pairs 

could be unfolded by addition of an excess of NSF without influencing the fusion rate. 

In addition, antibody inhibition studies indicated that SNARE proteins are required
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only up to the docking stage of fusion (Nichols et al., 1997). This suggests that 

SNARE pairing may only serve as a transient signal to downstream effectors and may 

not be directly involved in the fusion process. The trans-SNARE  pair may invoke the 

release of Ca^^ from the vacuole lumen, which in turn recruits calmodulin to the 

membrane to trigger bilayer mixing (Peters and Mayer, 1998). An integral membrane- 

component of the vacuolar H^-ATPase, Vq, was recently identified as a target of 

calmodulin on vacuoles and shown to promote bilayer mixing of reconstituted 

proteolipids directly by forming a fusion pore (Peters et al., 2001). In these studies, Vq 

sectors were shown to form complexes between opposing vacuolar membranes 

downstream of the SNARE-dependent membrane docking and, moreover, to generate 

sealed channels in reconstituted proteolipids that expanded radially to form aqueous 

pores.

The final step during the vacuole fusion process may be regulated by protein 

phosphatase I (PPl) and a G-protein, as this reaction is sensitive to microcystin-LR 

and mastoparan respectively (Conradt et al., 1994; Peters et al., 1999). PPl forms a 

high molecular weight complex, which includes calmodulin and, furthermore, appears to 

be essential for a number of vesicular transport events (Peters et al., 1999), such as ER 

to Golgi transport and endocytic trafficking.

1.3.4 Vesicle priming

After vesicle fusion has occurred, the v- and t-SNAREs are complexed in the same 

membrane, i.e. they are now a c/.y-SNARE pair. To maintain a supply of uncombined 

SNARE proteins this complex must be separated to release free SNAREs for further 

rounds o f transport. This is achieved by the action of the highly conserved ATPase 

NSF (Mayer et al., 1996; Ungermann et al., 1998). NSF binds to a variety of SNARE 

complexes via its co-factor a-SNAP (Soluble NSF attachment protein) to form a 

particle that sediments at 20S, and this formation may be enhanced by y-SNAP (Clary 

et al., 1990). In the presence of Mg-ATP this particle breaks down releasing the 

individual SNAREs, presumably because the energy made available from ATP-
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hydrolysis via NSF is coupled to the disruption o f SNARE complexes (Sollner et a l,

1993). This disruption may be coupled to the priming of the activated SNARE 

molecules to maintain them in a conformational state ready for the next round of fusion. 

In the case of yeast vacuole fusion, SNARE unfolding is coupled to the transfer of 

LMAl (Low molecular weight activity), a heterodimer of thioredoxin and proteinase B 

inhibitor, to the t-SNARE VamSp (Xu et al., 1997; Xu et al., 1998). In the case of 

intra-Golgi transport, NSF transfers GATE-16 (Golgi-associated ATPase enhancer), a 

soluble transport factor (Legesse-Miller et al., 1998), to the v-SNARE GOS-28 (Golgi 

SNARE) (Sagiv et al., 2000).

1.4 Inheritance of the Golgi apparatus

Proliferating cells periodically undergo a strict sequence of events, the cell cycle, which 

culminates in cell division. Specific mechanisms are in place to ensure that the 

replicated chromosomes as well as the cytoplasmic contents are inherited equally by 

both daugther cells.

1.4.1 Inheritance of the Golgi in vivo

To ensure that the Golgi apparatus is accurately partitioned between daughter cells, 

this structure fragments and becomes dispersed throughout the cytoplasm prior to 

cytokinesis. The Golgi ribbon is converted into mini-stacks during early prophase 

which become evenly distributed around the nucleus during prophase (Misteli and 

Warren, 1995). At the onset of metaphase, these mini-stacks fragment into a 

disseminated array of tubulovesicular clusters, termed mitotic Golgi clusters, which 

contain all the Golgi resident enzymes and represent the elements o f Golgi inheritance 

as they persist through anaphase and into telophase (Shima et al., 1997). This dramatic 

morphological change of the Golgi coincides with the peak of Cdc2 kinase activity that
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also triggers the disassembly of the nuclear envelope and the depolymerisation and 

rearrangement o f microtubules to form the mitotic spindle. Accurate partitioning of the 

mitotic Golgi clusters may involve interactions with the mitotic spindle (Shima et al.,

1998). At telophase, the histone kinase activity of the mitotic Cdc2 kinase decreases 

and the mitotic Golgi clusters in each daughter cell are transformed into discrete stacks 

of cistemae (Shima et al., 1998).
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Metaphase Telophase

Figure 1.4 Inheritance of the Golgi apparatus in vivo.
The top pannel shows a schematic representation o f the division of the 
Golgi complex. The Golgi apparatus forms dispersed elements during 
mitosis that reassociate to form two separate Golgi complexes in 
telophase. The bottom pannel shows Golgi division in HeLa cells 
using a Golgi enzyme (NAGTI) tagged with GFP and confocal 
fluorescence microscopy. Bar - 5pm. Adapted from M. Lowe (1998).
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Figure 1.5 Mammalian Golgi apparatus during interphase and mitosis.
A) A typical juxtanuclear collection of interconnected Golgi stacks (arrows) of an interphase 
NRK cell. M, mitochondrion; N, nucleus. B) The morphology o f the Golgi apparatus o f a 
ptKl cell during mitois. Numerous vesicles and tubules constitute the mitotic Golgi cluster 
(arrows) which occur close to the spindle pole (SP) and microtubules (MT). B ar-0 .3pm . 
Courtesy o f E. Jokitalo and D. Shima.
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1.4.2 Inheritance of the Golgi in vitro

To understand the maintenance and establishment o f the unique Golgi architecture a 

morphology-based cell free system has been established that approximates many of the 

phenomena of mitotic Golgi membrane dynamics (Barr et a l, 1997; Misteli and 

Warren, 1994; Misteli and Warren, 1995; Rabouille et al., 1995; Rabouille et al., 1995). 

For this, highly purified rat liver Golgi membranes are incubated in mitotic cytosol to 

generate mitotic Golgi fragments. These fragments reassemble into Golgi stacks upon 

incubation with interphase cytosol or purified cytosolic fusion machinery.

1.4.2.1 Mitotic d isassem bly of the Golgi

From the cell-free system, mitotic disassembly appears to proceed via two 

independent, concurrent pathways: the COPI-dependent and COPI-independent 

pathways (Misteli and Warren, 1994; Misteli and Warren, 1995). The COPI- 

dependent pathway most likely consumes the peripheral rims of cistemae and 

proceeds as COPI-vesicles continue to bud, but are unable to tether and fuse with their 

target membrane due to a Cdc2 kinase mediated event (Lowe et al., 1998; Nakamura et 

al., 1997). The COPI-independent pathway is thought to convert the flattened cisternal 

cores into a heterogeneous array of tubulovesicular structures.

1.4.2.2 Post-mitotic reassem bly of the Golgi

As cells exit M-phase, mitotic phosphorylations are reversed by protein phosphatases, 

facilitating the reversion of mitotic Golgi fragments (MGF) to their original 

morphology. The first phase of reassembly entails the regeneration of single cistemae 

(Rabouille et al., 1995) and the second phase entails the stacking process of the 

cistemae (Barr et al., 1997; Shorter and Warren, 1999; Shorter et al., 1999).
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The generation of single cistemae requires interplay between soluble factors and 

SNAREs via two intersecting pathways controlled by the two AAA proteins NSF and 

p97 (Rabouille et al., 1995). NSF catalyses heterotypic membrane fusion events, i.e. 

the fusion of membranes o f the different compartments, between COPI-vesicles and 

their target membranes. It promotes Golgi reassembly in conjunction with its co-factors 

a-SNAP, y-SNAP and p i 15 and requires the Golgi v-SNARE GOS-28 and t-SNARE 

syntaxin-5.

The mode of action of p97 is thought to be very similar to that of NSF, except that the 

substrate for p97 is possibly a t-/t-SNARE complex instead of a v-/t-SNARE complex. 

Thus, p97 may catalyse homotypic membrane fusion, i.e. the fusion of membranes of 

the same compartment. Golgi reassembly via p97 requires the co-factor p47 (Rondo et 

al., 1997) and involves the t-SNARE syntaxin-5, but not the v-SNARE GOS-28. p47 is 

analogous to a-SNAP relative to NSF in that it enables p97 to bind to syntaxin-5 

(Rabouille et al., 1998).

The competition for syntaxin-5 binding between a-SNAP and p47 may explain why 

the NSF and p97 pathways of Golgi reassembly contribute non-additively to cisternal 

re-growtb (Rabouille et al., 1998). NSF and p97 generate cistemae with different 

morphologies. Whilst NSF generates fenestrated cistemae with dilated rims and closely 

associated vesicles, p97 in contrast, generates blunt ended cistemae with little 

fenestration and few associated vesicles. It has consequently been suggested that p97 

acts to regenerate the cistemal cores from the COPI-independent fragmentation 

products, while NSF regenerates the cistemal rims from COPI-vesicles and cistemae 

(Rabouille et al., 1995). The precise balance between these two pathways may then be 

modulated by the cell to generate a different cistemal architecture according to cellular 

needs.
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Figure 1.6 Disassembly-reassembly of the Golgi complex in vitro. Golgi stacks 
purified from rat liver are incubated with mitotic cytosol from HeLa cells in the presence 
of ATP to disassemble the Golgi complex. Mitotic Golgi fragments were re-isolated and 
treated with NEM to eliminate endogenous NSF activity, Golgi reassembly is carried out 
by incubating MGFs with NSF and its accessory proteins, a -  and y-SNAP, the tethering 
factor p i 15 and stacking factors in the presence of ATP and GTP to re-build Golgi stacks.
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1.5 AAA proteins

Members of the AAA family o f ATPases (ATPases Associated with diverse cellular 

Activities) include metalloproteases, proteins involved in vesicle and organelle 

biogenesis, cell-cycle regulators, transcription factors and components of the 26S 

proteasome (Confalonieri and Duguet, 1995; Patel and Latterich, 1998). They are found 

in eukaryotes, prokaryotes and archeabacteria, revealing their ancient origin and central 

role in all life forms.

AAA proteins are characterised by a consensus sequence, the AAA cassette consisting 

o f -230 amino acids, which contains three highly conserved boxes: the Walker motifs A 

(ATP-binding) and B (ATP-hydrolysis) (Walker et al., 1982) which are part of the 

ATP binding site and the AAA-motif (Patel and Latterich, 1998). AAA proteins 

contain either one (type I) or two (type II) AAA cassettes. The AAA cassettes are 

highly conserved among the family members. The AAA cassette contains strongly 

conserved regions, which discriminates the AAA family members into multiple 

subfamilies (Beyer, 1997). The N-terminal domains are highly variable and they act as 

adaptors for diverse arrays of binding partners.

The AAA proteins are believed to function in a manner analogous to that of the cellular 

chaperones (i.e., the GroEL-GroES complex), that have been implicated in folding 

polypeptide chains into their correct three-dimensional structure. In many cases, such 

as for NSF and p97, the AAA domains assemble into oligomeric rings, which are likely 

to change their structure during the ATPase cycle. This nucleotide-dependent 

conformational switch may generate a force that drives the remodelling, or alters the 

oligomerisation state of effector molecules by using the free energy generated by ATP- 

hydrolysis (Patel and Latterich, 1998). This idea was supported by the finding that the 

trimeric AAA domain o f Ymel (residues 250-525), a mitochondrial protease, binds 

unfolded polypeptides and suppresses their aggregation, indicating that this AAA 

domain indeed has a chaperone-like activity (Leonhard et al., 1999).
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1.5.1 NSF (N-ethylmaleimide-sensitive factor)

NSF (SeclSp in yeast) was the first member of the AAA family to be implicated in the 

process of membrane fusion (Block et a l, 1988). It was purified on the basis of its 

ability to support transport between Golgi cistemae (Malhotra et al., 1988; Wilson et 

al., 1989) and then shown to be involved in many other vesicle-mediated transport 

steps on the exocytic and endocytic pathways in organisms from yeast to man 

(Rothman, 1994).

1.5.1.1 Structure/function relationship of NSF

Limited proteolysis o f NSF demonstrated that each subunit is divided into three 

distinct domains: the N-terminal (N) domain (residues 1-205) and two homologous 

ATP binding domains, the D1 domain in the middle of the protein (206-477) and the 

D2 domain at the C-terminus (478-744) (Tagaya et al., 1993). The N domain is 

required for interactions with SNAP-SNARE complexes but must be contigous with 

the D1 or D2 domain (Nagiec et al., 1995). The D1 domain is involved in remodelling 

these complexes, whereas the D2 domain determines the hexameric state of the protein 

(Nagiec et al., 1995; Whiteheart et al., 1994).

The structure/function relationship of the conserved boxes within the AAA cassette of 

the protein, namely the Walker motifs A and B (Walker et al., 1982) and the AAA- 

motif (Beyer, 1997), were further illuminated using NSF mutants with targeted residues 

in these motifs. Analysis of NSF mutants with mutations in the Walker A motif 

(K266A) and Walker B motif (E329Q) of the D1 domain demonstrated that ATP 

binding by this domain is necessary for interaction with SNAP-SNARE complexes, 

whereas ATP hydrolysis is essential for the dissociation of SNAP-SNARE complexes 

(Matveevaet al., 1997; Nagiec et al., 1995). D l-NSF mutants were unable to promote 

intra-Golgi transport (Whiteheart et al., 1994) and inhibited endosomal fusion 

(Colombo et al., 1996) and intra-Golgi transport (Nagiec et al., 1995; Sumida et al.,
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1994) almost completely. Interestingly, membrane fusion can be rescued by addition of 

wtNSF, however, only when added at early times during the fusion reaction (Colombo 

et al., 1996; Sumida et al., 1994). Together, this demonstrates that NSF function, e.g. 

remodelling SNAP-SNARE complexes, is controlled by the dynamics of its D1 domain.

Analysis of NSF mutants with mutations in the D2 domain revealed that ATP binding, 

but not hydrolysis is necessary for the hexamerisation o f NSF (Whiteheart et al.,

1994). A mutation in the Walker A motif (K549A, K557M/Q) or the Walker B motif 

(D604Q) of this ATP binding site inhibited membrane fusion slightly (Colombo et al., 

1996; Sumida et al., 1994).

A mutation in the AAA-motif o f NSF {secl8-109; T394P) causes abnormal membrane 

trafficking in yeast and revealed that the AAA-motif may be involved in regulating 

ATP hydrolysis of NSF as mutants were defective in hydrolysing ATP (Steel et al., 

2000).

NSF’s two homologous ATP-binding domains, the D1 and D2 domains, differ in their 

nucleotide-binding properties: the D2 domain has a high affinity for ATP whereas the 

ATP-affmity of the D1 domain is 1000-fold lower (Matveeva et al., 1997). NSF is a 

slow, intrinsic, NEM-sensitive ATPase with a specific activity o f ~4pmol/hr/mg at pH  

9.0 (Tagaya et al., 1993). A mutation in the Walker B box m otif of the D1 (E329Q) or 

D2 domain (D604Q) of the protein causes a decreased ATPase activity o f 69% and 

28% respectively, suggesting that the D1 domain accounts for the major portion of 

NSF’s ATPase activity (Whiteheart et al., 1994). SNAP proteins have been shown to 

stimulate the ATPase activity of NSF suggesting that they serve as NSF activators. For 

instance, a/y-SNAPs that are pre-bound to plastic stimulate the ATPase activity of 

NSF by increasing the affinity for ATP (decreasing the Km) of the D1 domain -100- 

fold to a value well below the cellular ATP level (Morgan et al., 1994; Painter et al., 

1989; Steel and Morgan, 1998), which would sensitise the D1 domain of NSF to 

physiological ATP concentrations. A complex consisting of a-SNAP and the synaptic 

t-SNARE syntaxin-1 further stimulates the ATP-hydro lysis rate of NSF (Haynes et
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al., 1998). Intriguingly however, a SNAP-SNARE complex containing v- and t- 

SNAREs was unable to enhance NSF’s activity (Matveeva and Whiteheart, 1998). 

Interestingly, it has been shown that the stimulation of NSF’s ATPase activity, e.g. 

ATP-binding by the D1 domain of NSF, correlates with the dynamics of SNAP- 

SNARE complexes and membrane fusion. This suggests that, transmitted via SNAP 

proteins, the D1 domain o f NSF is responsible for regulating NSF’s activity (Barnard 

et al., 1997; Matveeva et al., 1997; Nagiec et al., 1995).

1.5.1.2 3D-structure of NSF

NSF is a -13.4S barrel-shaped hexamer o f ~475kD with each subunit forming one of 

the staves of the barrel (Fleming et al., 1998). Electron microscopy has shown that the 

barrel consists of a stack of two rings that are formed by the D1 and the D2 domains 

(Hanson et al., 1997). The conformation of the barrel depends on the nucleotide bound 

state of the molecule. In its ADP-bound state NSF appears as a ~10nm long and ~15nm 

wide cylinder with an ~3nm diameter pore along the symmetry axis. The ATP-bound 

morphology however, is slightly narrower with an outer diameter of ~13nm that is 

packed with six globular ‘feet’ which most likely represent the N domain of each 

subunit. Depletion of nucleotide or inactivation of NSF with NEM converts the barrel 

to a ‘splayed’ conformation in which a central ring is surrounded by 6-12 small 

globules (Hanson et al., 1997).

The conformational changes in NSF that are induced by ADP/ATP-binding correlate 

with the ability of NSF to interact with SNAP-SNARE complexes and thus seem to be 

crucial for NSF activity. It was demonstrated that NSF binds to purified synaptic 

SNAP-SNARE complexes in the presence of ATPyS or EDTA/ATP, but not in the 

presence AMP or ADP. This indicates that NSF only has a high affinity for its 

substrate when it is in its ATP-bound state (Hanson et al., 1997; Matveeva et al., 

1997).
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Figure 1.7 Structure of NSF in ADP and ATP7S.
A) Recombinant NSF was prepared in Mg-ADP or Mg-ATPyS and analysed by Quick- 
Freeze/Deep-Etch electron microscopy. B) Cartoon showing the ADP- and ATP-state of 
NSF. Adopted from P. I. Hanson (1997).
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Interestingly, NSF isolated in the presence o f ATP appears like ADP-NSF, implying 

that NSF hydrolyses ATP rapidly and spends most of its cycle time in an ADP-bound 

state suggesting that the exchange reaction of ADP to ATP is the rate-limiting step in 

the hydrolytic cycle of NSF (Hanson et al., 1997).

NSF’s structural design of six identical subunits per cylindrical oligomer is also found 

in p97 (Peters et al., 1992) and other related ATPases including HsplOO (Heat shock 

protein) proteins, such as H spl04 (Parsed et al., 1994). This common feature may 

play a role in the mechanism by which these ATPases interact with and affect the 

conformation o f their target substrates. Interestingly, crystallisation of the hexameric 

structure of the D2 ATP-binding module of NSF (Lenzen et al., 1998; Yu et al., 1998) 

provides clues for such a chaperone function as the module is related to diverse 

ATPases that promote the assembly and unfolding of various protein complexes 

(Neuwald, 1999). Furthermore, crystallisation of the N domain showed that it contains 

two subdomains that are structurally similar to those in EF-Tu suggesting that NSF 

generates similar large domain motions between N and D1 upon nucleotide hydrolysis 

which may unfold SNARE complexes (Yu et al., 1999).

1.5.1.3 Molecular mechanism of NSF's action

NSF is known to exist both in the cytosol and in membranes of organelles, such as the 

Golgi, endosomes and isolated vesicles (Block et al., 1988; Hong et al., 1994; Malhotra 

et al., 1988). However, NSF shows differential association properties with membranes: 

in contrast to Golgi membranes (Tagaya et al., 1996), NSF bound to synaptic vesicles, 

clathrin-coated vesicles, the nuclear membrane and endosomes is not released upon 

treatment with Mg-ATP (Robinson et al., 1997; Steel et al., 1996).

In vitro studies demonstrated that NSF binds to the SNAREs (Sollner et al., 1993) via 

SNAP proteins (Clary et al., 1990) yielding a 20S ‘fusion particle’ (Whiteheart et al., 

1992). The structure of such 20S particles has been analysed recently using electron 

microscopy in combination with FRET (Fluorescence resonance energy transfer) which
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demonstrated that the rod of the SNARE complex is coated with three SNAP proteins 

and one NSF hexamer at the membrane-distal end of the SNAREs (Hohl et al., 1998). 

Once formed, 20S particles are unfolded in a process that is coupled to the ATP- 

hydrolysis via NSF (Nagiec et al., 1995; Wilson et al., 1992). It may be that the 

unwinding of the SNARE helical bundle takes place as a consequence of the 

conformational switch between ATP and ADP states o f the NSF hexamer (Hanson et 

al., 1997). This involves repositioning of the N domain of each subunit and may 

generate a rotational force that is transmitted via a-SNAP to the SNARE bundle 

(Owen and Schiavo, 1999). Following ATP-hydrolysis the unfolded SNAREs can no 

longer interact with NSF indicating that NSF promotes conformational changes in the 

V -  and/or the t-SNARE (Hanson et al., 1995).

Although the importance of NSF is unquestioned, the precise role of this key protein in 

the membrane fusion process has been intensely debated (Morgan and Burgoyne, 1996; 

Woodman, 1997). Suggestions for its function range from a chaperone (Morgan and 

Burgoyne, 1996) that acts either at the fusion stage (Sollner et al., 1993) or at an early 

pre-docking, priming stage to enable subsequent docking/fusion (Mayer et al., 1996), or 

at a post-fusion stage to recycle used SNARE complexes (Littleton et al., 1998; Weber 

et al., 2000), through to a membrane fusogen (Otter-Nisson et al., 1999).

To provide insight into this intensely debated subject I shall outline the various role(s) 

ofNSF.

The discovery o f 20S complexes (Wilson et al., 1992) and the observation that in the 

absence of NSF, e.g. upon NEM-treatment of Golgi membranes, transport vesicles 

accumulate (Malhotra et al., 1988), led to the original hypothesis that NSF catalyses 

membrane fusion directly by unfolding docked SNARE proteins in an ATP-dependent 

manner (Sollner et al., 1993). However, studies in permeabilised neuroendocrine cells 

have shown that the final step of exocytosis is independent of ATP (Baneijee et al., 

1996). Furthermore, the rate of ATP-hydrolysis by NSF is significantly slower than 

the time required for synaptic vesicle fusion to occur (O'Connor et al., 1994).
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Figure 1.8 Model for the assembly of a 20S particle.
Shown is the crystal structure of the SNARE complex (green and gold), Sec 17/oc-SNAP 
(red) and NSF (pink, grey and red for the N domain, D1 domain and the D2 domain 
respectively). The D1 domain of NSF was modelled on the structure of the D2 domain. 
The bottom pannel shows on the right the orthogonal views of the hexameric rings 
formed by the N, D1 and D2 domain o f NSF and on the left the electron micrograph of a 
20S particle isolated from brain detergent extracts. Adapted from D. J. Owen and G. 
Schiavo (1999).
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Recently, evidence from multiple in vitro systems have suggested that NSF, in 

conjunction with its co-factor a-SNAP functions act at a pre-docking stage during 

membrane fusion, rather than in the actual fusion process (Colombo et ah, 1996; Mayer 

et ah, 1996; Nichols et ah, 1997). This early role is most directly shown in the yeast 

vacuole fusion assay, in which NSF appears to function at a step that can occur even 

prior to mixing of the two membrane fusion partners (Mayer and Wickner, 1997; 

Mayer et ah, 1996). Thus, NSF seems to act on the two fusion compartments 

separately by ‘activating’ their SNARE proteins for subsequent interactions that are 

involved in membrane docking and fusion. In this manner, NSF was thought to act as a 

molecular chaperone (Morgan and Burgoyne, 1996), using ATP hydrolysis to modulate 

the structure o f the SNARE proteins on the donor and/or acceptor membranes. 

Interestingly, highly purified synaptic vesicles were shown to contain SNARE 

complexes comprising the v-SNARE VAMP/synaptobrevin and the t-SNARES 

syntaxin and SNAP-25 which are reversibly dissociated by NSF and SNAP proteins 

(Otto et ah, 1997). Such v-t-SNARE complexes also occur on isolated vacuoles 

(Ungermann et ah, 1998) and clathrin-coated vesicles (Steel et ah, 1996). From these 

data, it was proposed that NSF-mediated SNARE unfolding may be needed to 

disengage pre-existing complexes that occur in the same membrane, which may 

represent inactive v-t-SNARE complexes from a previous round of fusion. The 

dissociation of these complexes would reactivate the SNAREs by allowing the t- 

SNARE to interact with newly arriving vesicles and the v-SNARE to become 

retrogradely transported to its donor compartment. This hypothesis was strengthened 

by the demonstration that sec 18-1 mutant cells accumulate cis-SNARE complexes in 

the plasma membrane (Grote et ah, 2000). Furthermore, it was shown that cis-SNARE 

complexes, but not trans-SNARE complexes can be disrupted by NSF in a liposome 

fusion assay (Weber et ah, 2000).

NSF seems to act in a second way on the SNAREs, which is perhaps related to the 

first action, e.g. the unfolding of cis-SNARE complexes, and may be the priming of the 

released t-SNARE and/or v-SNARE. For example in the case of vacuole fusion, NSF 

creates a labile state of the vacuoles, which may involve a conformational change of the
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t-SNARE (Hanson et a l, 1995; Xu et al., 1997). LM A l, a heterodimer of thioredoxin 

and proteinase B, is necessary for vacuole fusion (Xu et al., 1997; Xu and Wickner, 

1996) and has also been implicated in ER to Golgi transport (Barlowe, 1997). It binds 

in a nucleotide-independent manner to vacuole-bound NSF and is then transferred to 

the activated t-SNARE Vam3p to stabilise the activated vacuole (Xu et al., 1998). This 

transfer correlates with the presence of Mg-ATP, however, it is not clear whether 

ATP-hydrolysis is required. This priming reaction may serve to maintain the t-SNARE 

in an activated state. This model has been supported by the finding that vacuoles 

containing only a t-SNARE, but not those containing only a v-SNARE, require NSF- 

dependent priming to undergo fusion (Ungermann et al., 1998). Similarly, in the case of 

intra-Golgi transport, priming involves the stabilising factor GATE-16, a cytosolic 

protein necessary for intra-Golgi transport (Legesse-Miller et al., 1998). GATE-16 

binds to NSF directly and stimulates its ATPase activity ~3-fold. It also interacts with 

the Golgi v-SNARE GOS-28 in a NSF-dependent manner suggesting that GATE-16 is 

transferred from NSF to the activated v-SNARE. This transfer occurs in the absence of 

ATP-hydrolysis, but is ATP dependent, and this may serve to maintain the unfolded 

v-SNARE in an activated form, presumably by preventing its re-association (Sagiv et 

al., 2000).

In contrast to NSF’s function during an early stage of the membrane fusion process, 

e.g. during the recycling/priming step, it has also recently been shown to fuse 

liposomes rapidly in an ATPase-dependent manner (Otter-Nisson et al., 1999). The 

fusion activity o f NSF increased significantly when a-SNAP was present at a half 

molar ratio relative to NSF. At this level the ATPase activity of the complex in 

solution was found to be at its lowest, suggesting that a-SNAP maintains NSF in the 

otherwise unstable ATP-state, which may represent the active state o f NSF. However, 

these findings have been contradicted by others, who reported that NSF-mediated 

membrane fusion was ATP-independent, NEM-insensitive and restricted to a specific 

lipid composition (Brugger et al., 2000). Furthermore, fusion occurred even in the 

presence of proteins unrelated to vesicular transport and in the presence of high levels
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of Mg^^, suggesting that the liposomes were physically unstable and fused in a non

specific manner.

Rab proteins and their effectors have been identified as new binding partners for NSF. 

Rab proteins, such as Rab6, Rab3 and Rab4, can associate with NSF and have the 

capacity to stimulate the ATPase activity of NSF ~2-fold (Han et al., 2000). 

Interestingly and in contrast to other binding partners o f NSF, Rab proteins interact 

with NSF in the presence of Mg-ATP but not in the presence of ATP/EDTA, 

suggesting that NSF may interact with different proteins depending on its ADP/ATP- 

state. One could speculate that Rab proteins may deliver a ‘fusion-signal’ through 

interactions with NSF, however, the physiological relevance of these interactions is still 

unknown. Rab5 effectors have been recently identified as NSF-binding partners 

(McBride et al., 1999). In these studies a 65S complex comprising the Rab5 effectors 

(EEAl and Rabaptin-5/Rabex-5) and NSF was found in certain microdomains on 

endosomes. The endosomal t-SNARE syntaxin-13, which is required for endosome 

fusion, is transiently incorporated into this 65S complex via interactions with EEAl. 

This incorporation is essential for the membrane fusion process, suggesting that a 

complex of NSF and Rab effectors may activate the t-SNARE upon tethering to 

coordinate membrane fusion. Furthermore, it was demonstrated that the oligomeric 

state of this complex was modulated by NSF: the complex was stabilised in the 

presence of ATPyS and unfolded in the presence of high levels of a-SNAP, which 

presumably stimulates the ATPase activity of NSF. This suggests that NSF may 

regulate the oligomeric state of Rab effector complexes on endosomes.

Recently, novel roles have been assigned to NSF that may be completely independent 

of SNARE molecules. For instance using the yeast two-hybrid-system, NSF was 

identified as an interacting partner for the GluR2 subunit of the AMPA glutamate 

receptor (Song et al., 1998) and additionally p-arrestinl (McDonald et al., 1999). 

AMPA receptors reside in the post-synaptic membrane and mediate the majority of 

rapid excitatory synaptic transmission in the central nervous system. Perfusion of the 

NSF-interacting GluR2 peptide into hippocampal neurons resulted in a progressive
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decrement o f AMPA receptor-mediated synaptic transmission suggesting that NSF 

regulates the function of the AMPA receptor (Nishimune et ah, 1998; Song et ah,

1998). This decrement was caused by a removal of AMPA receptors from the synapse 

by enhanced endocytosis of surface AMPA receptors (Luscher et ah, 1999; Noel et ah,

1999). Interestingly, it was shown that the receptor assembles into a complex together 

with NSF and a/p-SNAP. This complex was stable in the presence of ATPyS but 

unstable in the presence of Mg-ATP, suggesting that NSF may act in a chaperone-like 

priming reaction on AMPA receptors similar to the dynamics of SNARE complexes 

(Osten et ah, 1998).

P-arrestinl is a peripheral membrane protein that is involved in the internalisation of 

many G-protein-coupled receptors via clathrin-coated pits. NSF forms a stable 

complex with p-arrestinl in the presence of ATP/EDTA that is dissociated in the 

presence of Mg-ATP (McDonald et ah, 1999). Overexpression of NSF enhances the 

internalisation of the p2-adrenergic receptor, a G-protein-coupled receptor, ~2-fold. 

This suggests that NSF may regulate interactions of P-arrestinl with other components 

of the endocytic pathway, possibly by altering the conformation of P-arrestinl.

In conclusion, NSF is involved in several different aspects of membrane dynamics 

within cells, most likely by promoting the folding/unfolding of protein complexes in 

order to activate the individual proteins and/or to recruit accessory factors.

1.5.2 p97

Mammalian p97 (VCP, for valosin-containing protein) was originally described as a 

precursor protein containing the biologically active peptide valosin (Koller and 

Brownstein, 1987). Subsequently, in X. laevis a homo-oligomeric ATPase was 

identified as the homologue of mammalian VCP (Peters et ah, 1990), and in S. 

cerevisiae, genetic alterations in the p97 homologue (CDC48) were shown to underlie a 

mitotic-arrest phenotype (Frohlich et ah, 1991; Moir et ah, 1982). More recently.
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highly conserved p97 homologues have been identified in a diverse range of organisms, 

including D. melanogaster (TER94) (Pinter et al., 1998), 4̂. thaliana {AtCDCA^) (Feiler 

et al., 1995) and the archaebacterium S. acidocaldarius (SAV) (Confalonieri et al.,

1994), thus demonstrating that p97 is a highly evolutionally conserved protein. Gene 

disruption in S. cerevisiae, D. melanogaster and T. brucei (Frohlich et al., 1991; Lamb 

et al., 2001; Leon and McKearin, 1999) suggest that p97 plays a fundamental role(s) 

within both unicellular and multicellular organisms.

1.5.2.1 Structure/function relationship of p97

Deep-etch EM revealed that p97 forms barrel-shaped hexagonal rings that are 12-17nm 

wide, 9-lOnm long and contain a pore along the symmetry axis of ~1.5nm (Hanson et 

al., 1997; Peters et al., 1990). Each subunit of the p97 hexamer is divided into three 

distinct domains: the N-terminal (N) (residues 1-200) domain and two homologous 

ATP-binding domains, the D1 domain in the middle of the protein (201-469) and the 

D2 domain at the C-terminus (470-806) (Pamnani et al., 1997). The N-terminal region 

contains in some cases a putative nuclear localisation signal (NLS), which is functional 

in the case of Cdc48p (Madeo et al., 1998). The N domain may serve to interact with 

p97-binding partners as this domain forms a peptide-binding groove in VAT (VCP-like 

ATPase), the archaeal homologue of p97 (Coles et al., 1999). The function of the two 

related ATP-binding domains is less clear, although a recent report demonstrated that 

the Walker B motif o f the D2 domain, but not the D1 domain, is essential for the 

viability o f trypanosomes and thus p97 function (Lamb et al., 2001). The C-terminus 

of p97 usually contains an acidic cluster with a highly conserved tyrosine residue 

(Y805) that is phosphorylated in a regulated manner in T- and B-cells (Egerton et al., 

1992; Madeo et al., 1998) and constitutively in v-Src transformed fibroblasts (Schulte 

et al., 1994).

p97 is a Mg^^-dependent, NEM-sensitive ATPase with a specific activity of 

~4pmol/hr/mg at pH 9.0, which can be suppressed by up to 85% by one of its co
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factors, p47 (Meyer et al., 1998). Tyrosine phosphorylation does not affect the 

ATPase activity of p97 (Egerton and Samelson, 1994).

1.5.2.2 Expression pattern of p97

p97 is widely expressed, however, it seems to be subject to complex that as yet, ill- 

understood regulation. In mammalian tissues and cell-lines, p97 is ubiquitously 

expressed according to Northern and Western blot analysis, and is detectable in both 

the nucleoplasm and the cytoplasm (Koller and Brownstein, 1987; Peters et al., 1990). 

In A. thaliana, p97 is expressed ubiquitously and is up-regulated in regions enriched in 

proliferating cells in some differentiated cell-types (Feiler et al., 1995). In this study, 

p97 is primarily localised to the nucleus and, during cytokinesis, it was enriched at the 

phragmoblast. In D. melanogaster, p97 is expressed in the embryo, pupae and imago, 

but is not detectable in larvae. In imago, p97 is predominately found in the nervous 

system and in the reproductive organs (Pinter et al., 1998). In yeast, p97 is mostly 

found on nuclear and ER membranes (Frohlich et al., 1991).

1.5.2.3 Biological role(s) of p97

Data from diverse origins have implicated p97 in a variety of seemingly unrelated 

cellular processes, such as membrane fusion, cell cycle progression and protein 

degradation. Furthermore, a remarkable number of p97-interacting proteins have been 

identified thus far, factors which may act as adapters to direct a basic p97 activity into 

numerous cellular pathways (Meyer et al., 2000). The diverse range of p97-binding 

partners is summarised below and provides clues as to its potential biological 

function(s).

p97 has been proposed to function in organelle biogenesis and membrane trafficking. It 

promotes the reassembly of Golgi cistemae from vesicles and tubules generated by 

treatment with specific drugs (Acharya et al., 1995) or mitotic cytosol (Rabouille et al., 

1995). Membrane fusion depends upon a stoichiometric association of p97 with a

63



Chapter 1______________________________________________________ Introduction

cytosolic protein termed p47 (Kondo et a l, 1997) and requires syntaxin-5 as a t- 

SNARE (Rabouille et a l, 1998). p97 also participates in homotypic fusion of ER- 

membranes, serving a role during cell mating and cell division in yeast (Latterich et al,

1995). This membrane fusion event is mediated by SNAREs, but seems to involve t-t- 

SNARE pairings instead of v-t-SNARE pairings as the t-SNARE U felp, but no know 

v-SNARE was found to be required for this fusion event (Patel et al., 1998). In support 

of this notion, U felp can form homo-multimers. Furthermore, it was shown that 

functional U felp was required on both donor and acceptor membranes to allow fusion 

to occur. p97 is also necessary for the formation of the smooth tubular ER-membrane 

domains during the reconstitution of transitional ER from rat liver low-density 

microsomes (LDM) in vitro (Roy et al., 2000). This process is ATP-dependent and 

requires the t-SNARE syntaxin-5 and p97’s co-factor p47. Furthermore, it was shown 

that a cycle of tyrosine phosphorylation (carried out by JAK-2) and 

dephosphorylation (carried out by PTPHl) regulates the fusogenic activity of p97: 

phosphorylation leads to the release of p97 from ER-membranes and thus inhibits 

membrane fusion, whereas dephosphorylation causes p97 to assemble into a complex 

together with p47 and syntaxin-5, thus promoting membrane fusion (Lavoie et al., 

2000). p97 was additionally shown to play an essential role in the formation of vesicles 

from isolated rat liver tER (Zhang et al., 1994). Protein interaction studies have further 

revealed that p97 binds to clathrin in a stoichiometric complex, suggesting a role in the 

endocytic cycle (Pleasure et al., 1993). In D. melanogaster, p97 was demonstrated to 

be essential for the localisation of osk mRNA within oocytes (Ruden et al., 2000). 

Furthermore, p97 was identified to interact with Bam, a UfdSp homologue that is 

involved in the assembly of the membranous reticulum of the fusome in germ cells of 

D. melanogaster (Leon and McKearin, 1999). However, the biochemical function of 

this interaction has not yet been established.

Genetic analysis demonstrated that a cold-sensitive allele of the yeast CDC48 gene, 

named cdc48-l, is essential for cell cycle progression and identified the protein as a cell 

division cycle (CDC) gene (Moir et al., 1982). Mutant cells arrest in the medial nuclear 

division stage as large budded cells with the nucleus located in the neck between mother
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and daughter cells (Moir et a l, 1982). Long microtubules spread aberrantly from an 

unseparated spindle pole body into the cytoplasm suggesting that the cells arrest 

because of the absence o f an intact mitotic spindle at the critical checkpoint (Frohlich et 

al., 1991). Interestingly, cdc48-l mutant cells contain increased levels of cyclin B (M. 

Latterich, personal communication) suggesting that p97 may be involved in ubiquitin- 

dependent degradation o f cyclins, a crucial event which triggers the exit from mitosis 

(Glotzer et al., 1991).

In yeast, p97 re-distributes from the cytoplasm to the nucleus in a cell cycle-dependent 

manner: at G i/S-transition, shortly before cell budding, p97 concentrates in the nucleus 

and later re-distributes into the cytoplasm after cell budding (Madeo et al., 1998). 

Translocation into the nucleus depends on the functionality o f a nuclear localisation 

signal (NLS) at the N-terminus of the protein and is most likely induced by the 

phosphorylation of a conserved tyrosine residue (Y834) at the C-terminus. A mutation 

of Y834 to phenylalanine abolishes nuclear import and causes an elongated cell cycle 

and concomitant growth retardation, effects not observed when Y834 is mutated to 

glutamate. Similarly in mammalian cells, p97 is phosphorylated during mitosis and 

accumulates at the centrosome (Madeo et al., 1998). p97 was also found to be 

phosphorylated (Y805) in response to T-cell and B-cell activation (Egerton et al., 1992; 

Schulte et al., 1994) and upon stimulation with IL-2 and erythropoietin (Epo) (Yen et 

al., 2000). Interestingly, p97 has also been identified as a major substrate of the 

protein-tyrosine phosphatase PTPHl. For instance, overexpression of PTPHl inN IH  

3T3 cells leads to the specific dephosphorylation of p97, and prevents cell cycle 

progression (Zhang et al., 1999) indicating that, similar to yeast, a cycle of tyrosine 

phosphorylation/dephosphorylation maybe important for p97 function.

A large body of evidence suggest that p97 also plays a role in ubiquitin-dependent 

protein degradation. The conditional p97 mutant, cdc48-l, is impaired in degradation of 

ubiquitinated test-substrates in vitro (Ghislain et al., 1996). p97 associates with 

ubiquitinated IxBa, an inhibitor of the transcription factor NFkB, and moreover, was 

identified as an essential component for the degradation o f Ix B a  in vitro (Dai et al..
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1998). p97 has also been shown to bind to ubiquitinated cytokine receptors, such as 

IL-9R, IL-2R and EpoR, following stimulation with IL-9, IL-2 and Epo 

(erythropoietin) respectively (Yen et al., 2000), and thus may be involved in the 

internalisation of the activated receptor molecules (Hicke, 2001). p97 physically 

associates with the proteasome in co-immunoprecipitation studies (Dai et al., 1998) 

suggesting that it functions in a step involving proteasome-dependent proteolysis of 

ubiquitinated substrates. Clues about its role during this process come from analysis of 

p97 binding partners, many of which are implicated in the ubiquitin fusion degradation 

(UFD) pathway. In yeast, p97 interacts with Ufd2p (Koegl et al., 1999) and Ufd3p 

(Ghislain et al., 1996), which are required for efficient polyubiquitination and regulation 

o f the levels of free ubiquitin, respectively. In mammals, p97 binds to U fdlp as well as 

a complex of U fdlp and Npl4. To date, the exact role of these complexes is still 

unknown (Meyer et al., 2000).

p97 has also been implicated in apoptosis. In a cDNA-substraction screen, p97 was 

identified as a target gene for Pim-1, a protein involved in the gpl30-STAT3 signalling 

pathway leading to cell cycle progression and prevention of apoptosis (Shirogane et al.,

1999). This study demonstrated that p97 was able to compensate partly for Pim-1 

function in proB cells. In contrast, expression of a p97 mutant containing mutations in 

the Walker B motif (K251A/K524A) of the D1 and D2 domains inhibited the gpl30- 

dependent cell proliferation signal and caused the cells to undergo apoptosis, perhaps 

by suppressing induction of the survival protein Bcl-2. Furthermore, a CDC48 

mutation located between the Walker A and B motif o f the D2 domain (cdc48^^^^^) in 

yeast causes the cells to undergo apoptosis (Madeo et al., 1997).

p97 also interacts with proteins involved in DNA repair and DNA replication. Using 

co-immunoprecipitation, p97 was identified in a complex with BRCAl (Zhang et al.,

2000), a breast/ovarian cancer susceptibility gene that has been implicated in cell 

growth regulation and the maintenance of genetic stability (Zheng et al., 2000). p97 

interacts with DUF, a DNA unwinding factor that functions during DNA replication.
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and in Xenopus extracts and, moreover, was incorporated into S-phase nuclei (Yamada 

et a l, 2000 ).

Lastly, p97 co-purifies with Emeg32, a protein involved in the de novo synthesis of 

UDP-N-acetylglucosamine (UDP-GlcNAc) that is required for the generation of N- 

glycosylated proteins, 0-linked oligosaccarides, proteoglycans and GPI-anchors 

(Boehmelt et al., 2000). However, the biochemical outcome of this interaction has not 

yet been established.

The remarkable functional diversity of p97 is most likely due to the deployment of one 

basic activity in a broad range of cellular processes. It has been suggested that this basic 

activity may be the folding and/or unfolding of proteins (Patel and Latterich, 1998). 

Interestingly, it has been recently shown that the archaeal homologue of p97, VAT, is 

able to fold and unfold a test-substrate in an ATP-dependent manner (Golbik et al.,

1999). VAT assumed two states with maximum rates o f ATP-hydrolysis depending on 

the Mg^^ concentration. In the low-activity state, VAT accelerated the refolding of a 

test-substrate, whereas in the high-activity state it accelerated its unfolding (Golbik et 

al., 1999). The N domain of VAT forms a groove that could serve to bind substrate 

peptide (Coles et al., 1999) and was shown to function like an ATP-independent mini

chaperone that was sufficient to refold a test-substrate even in the absence of any 

ATP-hydrolysis (Golbik et al., 1999). These data indicate that VAT has chaperone-like 

activity, which may be evolutionally conserved and thus may represent the basic 

activity of p97 which is required for its different cellular functions.

67



Chapter 2

Materials and Methods

68



Sequencing reactions were separated and visualised by the ICRF Sequencing Service. 

Fluorescence In Situ Hybridisations were performed by the ICRF FISH Service.

In Situ Hybridisations were performed by the ICRF In Situ Hybridisation Service. 

Polyclonal p97 antibodies were generated by H. Meyer and immunostaining was 

performed by C. Ruhrberg and the ICRF Histopathology Service.

Blastocyst injections and breedings were performed by the ICRF Transgenic Unit. 

Synaptic vesicles and brain extract were kindly provided by S. Osborne and G. Schiavo. 

Negative staining was performed by R. Newman.

Golgi reassembly assays were performed by C. Rabouille and J. Shorter.



Chapter 2 Materials and Methods

2.1 l\/1aterials

2.1.1 Chemicals and enzymes
Reagents were obtained from Aldrich, Amersham, Anachem LTD, BDH Chemicals 

Ltd., Beckman, Bio-Rad, Calbiochem, Fluka, Boeringer Mannheim, Merck, New 

England Biolabs, Gibco BRL, Pharmacia, Perkin Elmer, Pierce, Sigma Chemical Co., 

Stratagene and Qiagen. PBS, distilled water, LB medium, SOC medium, BHI medium, 

E4 medium, RPMI 2% medium, trypsin/versene, glutamine, EDTA, SSC and 

penicillin/streptomycin were provided by ICRF central services.

2.1.2 Antibodies

antigen clone supplier

GST monoclonal Sigma

myc monoclonal (9E10) ICRF

penta-His monoclonal Qiagen

RGS-His monoclonal Qiagen

rat syntaxin-1 monoclonal (HPC-1) Sigma

rat VAMP-2 rabbit Wako

rat SNAP-25 monoclonal Wako

rat GOS-15 monoclonal translab

human GOS-27 monoclonal translab

rat GOS-28 monoclonal translab

rat syntaxin-5 rabbit (NHUI) ICRF

rat syntaxin-6 rabbit ICRF

mouse p97 rabbit (N2 and N5) ICRF

dros syntaxin-1 monoclonal (8C3) S. Benzer

actin monoclonal (AC-40) Sigma
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2.1.3 R eagents

Synaptic vesicles were kindly provided by S. Osborne (Osborne et al., 1999). Brain 

extract and Hisg-oc-SNAP were obtained from G. Schiavo (Sollner et al., 1993; 

Whiteheart et al., 1993).

2.1.4 Oligonucleotides

For generating CHO NSF mutants:

NSF. comtlTS 5 ' -GCTCGACAGATTGAAAAGATGCTGAATGCG-3 '

NSF. comtlTA 5 ' -CGCATTCAGCATCTTTTCAATCTGTCGAGC-3 '

For sub-cloning CHO NSF into pTrc-expression vectors:

NSF. 28S(Bam HI) 5 ' -TAGAGGATCCGCGGGCCGGAGTATGCAAGC-3 '

NSF. 2289A(Bam HI)5 ' -TAGAGGATCCTCACAGGTCTTCTTCGCTGATC-3 '

For generating dNSF-1 mutant:

dNSF-1. A17S 5 ' -TGGCTCGCCAAATCGAAACTATGTTAAATGC-3 '

dNSF-1. A17A 5 ' -GCATTTAACATAGTTTCGATTTGGCGAGCCA-3 '

For sub-cloning dNSF-1 wt into pTrc-expression vectors:

dNSF-1. 283S(Kpn I) 5 ' -TAGAGGTACCGCTTATATTTTGAAGGCCACCA-3 '

dNSF-1. 2514A(Kpn I) 5 ' -TAGAGGTACCCTGCCGCGCCACCATGTCGA-3 '

For sub-cloning dSNAP in pGEX-4T-expression vectors:

dSNAP (Eco RI) 5 ' -TAGAGAATTCGGTGACAACGAACAGAAGGCGCTCCA-3 '

dSNAP (Xho I) 5 ' -  TAGACTCGAGTTATCGCAGATCGGGATCCTC -  3 '

For generating p97 probes:

p97. 14S 5 ' -ACGGTCAAGGGGGAGGCTGC-3'

p97. 159A 5 ' -CGCGCGCCTCTCCCGGTCG-3 '

p97. 164S 5 ' -GGCCTCTGGAGCCGATTCAAAAGG-3'

p97. 465A 5 ' -GCTGATGACATCTCCTAGGCG-3 '

p97. 470S 5 ' -GCCATGCCCTGATGTAAAGTAT-3 '
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p97. 586A 

p97.746S 

p97. 782A 

p97. 1033A 

p97.1811S 

p97. 2117S 

p97. 2592S 

p97. 2726A

5 ' -GCTTCCAGGAAGTACGGCTTAAGG-3' 

5 ' -GGAATCCTTGAATGAAGTAGGC-3'

5 ' -CCGACGTCATCATAGCCTACTT-3'

5 ' -TCAAAGGCTTTACGAAGGTTGC-3'

5 ' -GTGGTTTGGGGAATCTGAGGC-3'

5 ' -GGACTTCTCATCAGGAAGTGGG-3'

5 ' -CAGCATGCAGCGAGCTGGCC-3'

5 ' -CCTGTCCAGAGTCTGACTGGG-3'

For promoter studies:

p97. -3110S(Hind III) 5 ' -TAGAAAGCTTAGATTGGATGGAAGAATGAGCC-3 ' 

p97. -1641S(Hind III) 5 ' -TAGAAAGCTTACCACGTCGGCTGAAAGGCC-3 ' 

p97. -661 S(Hind III) 5 ' -TAGAAAGCTTTGGCGAGAAATGAACAATGTGG- 3 ' 

p97. -107A(Hind III) TAGAAAGCTTCAGCAGTGACAAACCCTCTGG-3 '

For primer extension analysis:

p97. 85A 5 ' -CCGGGGCTGGACTCGCTGAAGCGG-3'

p97. 24A  5 ' -CTCTCGCTTCCTCCCAGGGGCACC-3'

For In Situ hybridisation:

p97. 2592S(Eco RI) 5 ' -TAGAGAATTCAGCATGCAGCGAGCTGGCC- 3 ' 

p97. 3072A (B gl II) 5 ' -TAGAAGATCTAAACTGCTTATGATTAGTCTTCC-3 '

For p97-genotyping: 

LoxP-site: 

p97. 85A 

Lox S

2"  ̂LoxP-site: 

p97. intron 1/S 

p97. intron 1/A 

PCR 1/2: 

p97. intron 1/S 

p97. intron 1/A 

PCR 2/3:

5 ' -CCGGGGCTGGACTCGCTGAAGCGG-3' 

5 ' -CTTCGTATAATGTATGCTATACG-3 '

5 ' -GAGGATCACTGCAAGTTCAAGG-3 '

5 ' - CAGTAAGAGACCCTAGCTTGCC- 3 '

5 ' -GAGGATCACTGCAAGTTCAAGG- 3 '

5 ' - CAGTAAGAGACCCTAGCTTGCC- 3 '
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p97. - 8 3 8S 5 ' -AAGATATGGTCTTGTATCCTGG-3 '

p97. intron 1/A 5 ' -CAGTAAGAGACCCTAGCTTGCC- 3  '

2.2 Methods

2.2.1 Tissue culture

2.2.1.1 Maintenance of mammalian Cells

2.2.1.1.1 Routine culture

HeLa cells were cu ltured  in DMEM  supplem ented w ith 10% PCS, 

penicillin/streptom ycin (lOOpg/ml) and 2mM glutamine. 3T3 NIH cells were 

maintained in E4 medium supplemented with 10% donor calf serum. sHeLa cells were 

cultured in RPMI 2% medium supplemented with 12.5 % PCS, 2mM glutamine and Ix 

non-essential amino acids. PC 12 cells were cultured in E4 medium supplemented with 

5% PCS, 10% horse serum and 4mM glutamine.

Cells were usually grown at 37°C in an atmosphere o f 5% C02 /95% air.

2.2.1.1.2 Cryopreservation

Cells were frozen in 70% E4 medium, 20% PCS, 10% DMSO and stored in liquid 

nitrogen using standard procedures.

2.2.1.2 Transfection of mammalian cells

2.2.1.2.1 Construction ofp97 promoter-luciferase fusion vectors

Three p97 promoter fragments containing 147bp o f the 5' untranslated region and 

additionally either 410bp, 1434bp or 3000bp of 5' flanking sequence of the p97 gene 

were obtained by PCR and cloned in both orientations with respect to the predicted 

transcription start site into the Hind  Ill-site o f a promoterless luciferase reporter 

plasmid (pGL2-basic, Promega).

2.2.1.2.2 Transient transfection of HeLa cells

HeLa cells were seeded at 1x10^ cells/well into 6 -well plates one day prior to 

transfection. Transfections were carried out in triplicate with 5pg of test plasmid using 

25pl SuperPect (Qiagen). To control for transfection efficiency, an expression plasmid
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containing a secreted alkaline phosphatase reporter gene was co-transfected (2 pg) with 

test plasmids (Shima et ah, 1996).

2.2.1.2.3 Quantification of reporter expression

Luciferase activity in cell extracts was assayed 48hr post-transfection according to the 

manufacturer's protocol (Promega). The pGL2-control plasmid (Promega) which 

utilises the SV 40 promoter/enhancer to initiate luciferase transcription, was used as a 

positive control.

Alkaline phosphatase activity was determined as described previously (Berger et al., 

1988) and used to normalise luciferase assay values. Briefly, 200pl of medium was 

heated at 65°C for 5min, centrifuged at 14,000g for 2min in a microfuge and lOOpl of 

the supernatant was incubated with lOOpl SEAP buffer (IM  diethanolamine, pH 9.8; 

0.5mM MgClz, lOmM L-homoarginine) at 37°C for lOmin. 20pl o f 120mM p- 

nitrophenylphosphate was added to the mixture and its OD405 was measured in a 

spectrophotometer.

2.2.1.3 immunostaining of mammlian cells

2.2.1.3.1 Using paraformaledhyde

Cells were grown on coverslips, fixed in PFA (4% PFA in PBS) for 20min at room 

temperature and permeablised in Triton buffer (0.1% Triton-X-100 in PBS) for 2min. 

Cells were washed three times in PBS and incubated with a primary antibody in 

blocking buffer (0.2% gelatin in PBS) or super-block (0.2% gelatin, 5% FCS and 5% 

milk in PBS) for 30min. Coverslips were washed three times in PBS and incubated in 

blocking buffer with a secondary antibody that was coupled to fluorescein or 

rhodamine (Tago Immunochemicals, Burlingame) for 30min. Coverslips were washed 

once in PBS, once in water and mounted in glycerol/ PBS (90:10).

2.2.1.3.2 Using methanol

Cells on coverslips were fixed for 6min in methanol (-20°C), washed in PBS and 

immunostained as above.

2.2.2 Bacterial culture
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2.2.2.1 Strains

strain: used for:

XL 1-Blue (Stratagene) general cloning and protein expression

SURE (Stratagene) cloning unstable DNA

JMl 10 (Stratagene) generation o f unmethylated plasmid DNA

BM25.8 (Novagen) Cre-specific recombination

BL21-Gold (DE3) (Stratagene) protein expression

XL 1-Blue MRA (Statagene) host strain for phage library

2.2.2.2 Cryopreservation

Bacterial cultures were stored as 25% glycerol stocks at -80°C.

2 .2 2 3  Preparation of electro-com petent bacteria

800ml of LB medium inoculated with 5ml of an overnight-culture were grown at 37°C 

to an OD 5 9 5  of 0.6, incubated on ice for 30min and centrifuged at 4°C at 5,000rpm for 

20min using a JA 10-rotor. The pellet was washed twice with 500ml ice-cold water and 

once with 40ml ice-cold 10% glycerol. The pellet was resuspended in 1 volume ice- 

cold 10% glycerol and tested for transformation efficiency. Preparations that gave >10* 

colonies/pg supercoiled plasmid DNA in test-transformations were stored at -80°C.

2.2.2.4 Bacterial transformation

80pi o f competent cells were transferred into an electroporation cuvette (1mm, 

Flowgen). 50-500pg DNA were added and mixtures incubated on ice for lOmin. 

Transformations were performed at 200L1, 25pF and 1.8kV. Bacteria were incubated 

with 400pl SOC medium at 37°C for 30min, centrifuged at 3,500rpm for Imin in a 

microfuge, resuspended in lOOpl LB medium and plated on agar plates.

74



Chapter 2________________________________________________ Materials and Methods

2.2.3 DNA techniques

2.2.3.1 G ene isolation and physical mapping of the p 9 7  gen e

A  lambda DASH II genomic library (kindly provided by R. Mortenson, Harvard 

Medical School, Boston, USA) prepared from 129 SVJ mouse spleen was screened 

with a random primed ^^P-labelled probe corresponding to the mouse p97 coding 

region spanning amino acids 2-141. Approximately 9x10^ plaques were screened on 

charged nylon filters (Hybond^-N"^, Amersham) by hybridising the p97 probe 

overnight at 42°C in 1% SDS, 2x SSC, 10% dextran sulphate, 50% deionized 

formamide, 2.5x Denhardt's and 0.1 mg/ml denatured calf thymus DNA. Several 

positive clones were identified and re-screened in two additional rounds. Phage DNA 

was isolated and analysed. A physical map o f the p97 gene was assembled using 

restriction digestion and Southern blot analysis. Genomic p97 fragments of the 

individual lambda clones were subloned into pBSll (Stratagene) for further analyses. 

The exon-intron organisation of the gene was examined by Southern blot analysis 

using cDNA specific probes (see 2.1.4) and nucleotide sequencing. The location of 

exons relative to the restriction map was established by nucleotide sequencing of the 

restriction sites proximal to exons, and restriction digestion analysis of PCR-amplified 

p97 fragments.
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p97 lambda phages

1 kb
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p97 subclones

lambda 2/ 5.5kb 

lambda 2/ 2.2kb 

lambda 2/ 4.2kb 

lambda 2/1.1 kb 

lambda 1/ 4.2kb 

lambda 1 /1 .5kb 

lambda 1/8.6kb 

lambda 1/3.4kb

Figure 2.1 Genomic sub-clones of the mouse p97 gene

Shown is a schematic representation of the localisation of the p97 sub-clones relative 

to the physical map of the p97 gene. Origin, size and 57  3 ’ cloning sites o f the 

fragments are indicated.

Probes usually spanned a restriction site that was unique in the published mouse p97 

cDNA (Egerton et al., 1992). They were generated by PCR using the p97 cDNA as 

template and covered the following base pairs of cDNA (Egerton et al., 1992):

library screen probe bp 164-586

Sma I probe bp 14-159

Nsi I probe bp 164-465

Hind III probe bp 470-782

Xho I probe bp 746-1033

Bgl II probe bp 1811-2117

3’ UTR probe bp 2592-2726
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2.2.3.2 Quantitation of DNA

DNA was placed in a quartz cuvette with path length of 1cm and the absorbance at 

wavelengths 260nm and 280nm was read in a spectrophotometer. An OD260 o f 1 

corresponds to 50pg/ml double stranded DNA, 40 pg/ml RNA and 33 pg/ml single 

stranded DNA.

The ratio OD260/280 provides an estimate of the purity o f DNA/ RNA solutions and 

usually was -1 .7  for DNA preparations and -1 .9  for RNA preparations.

2 2 3 .3  Ethanol precipitation of DNA

DNA solutions were mixed with 0.1 volumes 8M LiCl and 2.5 volumes ice-cold 

ethanol. 20pg glycogen were occasionally added for quantitative precipitation. After 

15min at -20°C, DNA was pelleted by centrifugation at 14,000rpm for 15min in a 

microfuge, washed twice with 75% ethanol, air-dried and resuspended in TE (lOmM 

Tris, pH 8.0; ImM EDTA) or water.

2 .2 3 .4  Phenoi/Choroform extraction

To remove proteins from DNA 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 

extracted with 1 volume chloroform and DNA precipitated with ethanol.

2 .2 3 .5  Small scale preparation of plasm id DNA

A  1.5ml overnight culture was centrifuged at 14,000rpm for 20sec, resuspended in 

300^1 TENS buffer (lOmM Tris, pH 8.0; ImM EDTA, O.IM NaOH, 0.5% [w/v] SDS) 

and vortexed. The lysate was mixed with 150pl of 3M sodium acetate (pH 5.2) and 

centrifuged at 14,000rpm for 5min in a microfuge. The supernatant was transferred 

into a new tube and incubated with 0.9ml ice-cold ethanol for 5min on ice. The DNA 

was pelleted by centrifugation at 14,000rpm for 15min in a microfuge, washed twice 

with 70% ethanol, air-dried and resuspended in 50pi TE buffer.

Alternatively, DNA was purified using Qiagen plasmid kits.
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2.2.3.6 Large scale preparation of plasm id DNA

300ml overnight cultures were centrifuged at 10,000rpm for lOmin using a JA 10-rotor, 

resuspended in 18ml buffer A (20mM Tris, pH 8.0; 2mM EDTA, 0.9% glucose) and 

incubated for lOmin on ice. Then 36ml buffer B (0.2M NaOH, 1% SDS) were added, 

contents gently mixed and incubated for 1 Omin on ice. Lysates were mixed with 18ml 

buffer C (3M potassium acetate, pH 5.5), incubated on ice for 15min and cell debris 

pelleted at 2,000rpm for lOmin in a CR422 centrifuge (Jouan). Supernatants were 

filtered through a medical tissue (Kimberly-Clark Corp.), mixed with 54ml 

isopropanol and incubated on ice for lOmin. DNA was pelleted at 2,000g for 15min in 

a CR422 centrifuge and washed twice with 15ml 70% ethanol. Pellets were 

resuspended in 5ml buffer D (2.5M ammonium acetate). The filtrate was incubated at 

room temperature for Ihr and centrifuged at 2,000rpm for lOmin in a CR422 

centrifuge. Supernatants were extracted with phenol/chloroform and centrifuged at 

2,000rpm for 5min in a CR422 centrifuge. Aqueous solutions were mixed with 2 

volumes ethanol for 15min on ice and centrifuged at 10,000rpm for 15min using a 

JA20-rotor. Pellets were washed twice in 70% ethanol, air dried, resuspended in 0.5ml 

TE containing 5pg/ml RNaseA (Boehringer Mannheim) and incubated at 37°C for Ihr. 

Then 1 volume PEG-solution (13% PEG 8000, 1.3M NaCl) was added and incubations 

continued for 3Omin at room temperature. DNA was pelleted at 13,000rpm for 15min 

in a microfuge, washed 3x with 70% ethanol, air dried and resuspended in 500|il TE. 

Alternatively, DNA was purified using Qiagen plasmid kits.

2.2.3.7 Isolation of genomic DNA

Pulverised tissue (~1.25g) or pellets from tissue culture cells (confluent 150mm-dish) 

were resuspended in 15ml buffer A (50mM Tris, pH 9.0; lOOmM EDTA, 200mM 

NaCl, 1% SDS, lOOpg/ml RNase A, 500pg/ml proteinase K) and incubated overnight 

at 55°C overnight while shaking. Proteins were extracted with 1 volume phenol at 4°C 

for 3hr. Samples were centrifuged at 3,000rpm for lOmin in a CR422 centrifuge 

(Jouan) and aqueous solutions re-centrifuged at 15,000rpm for 20min using a JA20 

rotor. DNA was precipitated with 0.8 volumes isopropanol and pelleted at 15,000rpm 

for 15min. Pellets were washed twice with 70% ethanol and resuspended in 1ml TE 

buffer.
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2 .2 3 .8  DNA agarose gel electrophoresis

Agarose gels were prepared by dissolving 0.5-2.5% agarose in TAB buffer (40mM 

Tris base, pH 8.0; 20mM glacial acetic acid, ImM EDTA). Ethidium bromide was 

added to a final concentration of 0.5|ig/ml. DNA samples were mixed with loading 

buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll [Typ 400]) and 

electrophoresed at 5-20V/cm in TAB buffer.

2 .2 3 .9  Gel purification of DNA fragments

Gel slices containing a desired DNA fragment were purified using electro-elution. For 

this, dialysis membranes (spectropor, MW 10000) were sterilised by boiling them in 

water for 1 Omin. Then membranes were filled with the agarose slice and 200pl TAB 

buffer and electro-elution in an electrophoresis tank at 4-5V/cm for 20-60min. Eluted 

DNA was purified using phenol/chloroform extraction and ethanol precipitation. 

Alternatively, DNA was purified using a gel extraction and nucleotide removal kit 

(Qiagen).

2.2.3 .10 Restriction digestion

DNA (0.2-2pg/pl) was incubated in the appropriate buffer with lU /pg restriction 

endonuclease in 30pl at the appropriate temperature for 1-2 hr.

For digestion of genomic DNA, I usually incubated lOpg DNA, 2.5mM spermidine 

and 40U restriction enzyme in the appropriate buffer in a volume of 125pl at the 

appropriate temperature for >12hr.

2.2.3.11 Cloning

2.2.3.11.1 Cohesive-end ligation

Vector and insert were digested. The vector was dehosphorylated to prevent its re- 

circularisation by incubating the DNA with 0.5U/|Lig alkaline phosphatase (CIP, New 

England Biolabs) at 37°C for Ihr. Vector and insert were gel-extracted and ligations 

were performed using 200-300ng total DNA and 400U T4 DNA ligase (New England 

Biolabs or Gibco BRL) in a total volume of 20pl for >12hr at 16°C. The vector to 

insert molar ratio usually was 1:2, 1:5 and 1:10. Ip l o f the ligation reaction was 

transfomed into E.coli by electroporation as above.
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2.2.3.11.2 Blunt-end ligation

DNA was digested and incubated with 200)iM dNTP (Ultrapure, Pharmacia), 

O.lmg/ml BSA and l-2U /pg T4 DNA polymerase at 12°C for 20min to form blunt 

ends. Reactions were incubated at 75°C for lOmin to heat-inactivate the polymerase. 

DNA was gel-purified and ligations were performed using a vector to insert ratio of 

1:1 and 1:2.

2.2.3.11.3 Ligation of restriction linker

Phosporylated linkers were used to introduce new cloning sites at 5’ and 3’ end of 

DNA inserts. For this, ligations were performed with 25x molar excess o f the linker at 

16°C for >12hr. Reactions were incubated at 72°C for 5min followed by an incubation 

at 37°C for lOmin and ligated DNA was washed twice with 2ml water using 

Centricon-100 filters (Amicon).

2.2.3.12 Polym erase chain reaction

Primers were 20-24 nucleotides in length, usually contained two GC-basepairs at the 

3'-end and annealed at approximately 55°C. The annealing temperature was calculated 

using the following formula: T = 3^G/C-basepairs + 2 ^ A/T-basepairs 

Reactions were carried out in the appropriate buffer containing 50pg-1000pg DNA, 

15pmol of each primer, 200pM dNTP (Ultrapure dNTP, Pharmacia) and 5U Taq DNA 

polymerase (ICRF) in a total volume of lOOpl using a thermal cycler (Gene Amp, 

Perkin Elmer). 10% DMSO was added to some reactions to reduce secondary DNA 

structures.

Standard PCR conditions were as follows:

Segment 1 1 cycle dénaturation at 94°C for Imin

Segment 2 25 cycles dénaturation at 94°C for 40sec

annealing at 55°C for Imin 

extension at 72°C for 1 min/kb 

Segment 3 1 cycle extension at 72°C for 5min

For amplifying genomic DNA, reactions were carried out with 100-200ng DNA and 

15-25pmol primer using the following PCR conditions:

Segment 1 1 cycle dénaturation at 94°C for 4min and “hot start”
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Segment 2 35 cycles dénaturation at 94°C for 40sec

annealing at 55°C for Imin 

extension at 72°C for 1 min/kb 

Segment 3 1 cycle extension at 72°C for 5min

For PCR-cloning, reactions were performed with 1-lOOng DNA, 20pmol primer and 

2.5U Pfu DNA polymerase (Stratagene) using the following PCR conditions:

Segment 1 1 cycle dénaturation at 94°C for Imin

Segment 2 20 cycles dénaturation at 94°C for 40sec

annealing at 55°C for Imin 

extension at 72° C for 1 min/kb 

Segment 3 1 cycle extension at 72°C for 5min

To generate new restriction sites at the very 5’ or 3’ end of PCR products, primers 

were synthesised that carried four random basepairs followed by the desired restriction 

site and 20-24bp o f gene-specific sequence. In some cases a Kozak sequence 

(CCACCATG) was included as well.

2.2.3 .13 Site-directed m utagenesis

Two complementary oligonucleotides containing the desired mutation flanked by 

unmodified nucleotide sequence were synthesised and purified by HPLC and ethanol 

precipitation. Primers were usually 25-40bp in length, had a minimum GC content of 

40% and an annealing temperature of about 78°C. Reactions were carried out in the 

appropriate buffer in 50pl using 125ng of each primer, 5-50ng DNA, 2.5mM dNTP 

and 2.5U Pfu DNA polymerase. The following PCR conditions were used:

Segment 1 1 cycle dénaturation at 95°C for Imin

Segment 2 16 cycles dénaturation at 95°C for 3 Osec

annealing at 55°C for Imin 

extension at 68°C for 2min/kb 

Segment 3 37°C for Imin

Then lOU Dpn I-restriction enzyme were added, reactions incubated at 37°C for Ihr to 

cut the parental DNA template and 1 pi was transformed into E. coli.
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2.2.3.14 Nucleotide sequencing

Fluorescent cycle sequencing was performed using gene-specific primers and the ABI 

dye termination kit (Perkin Elmer). Reactions were carried out in a volume of 20pi 

containing 1-3pi ds DNA (0.2pg/pl), 3.2pmol primer and 8pi reaction mix using a 

thermal cycler. PCR conditions were as follows:

Segment 1 25 cycles dénaturation at 96“C for lOsec

annealing at 50°C for 5sec 

extension at 60°C for 4min

Samples were ethanol precipitated, electrophoresed and visualised. SDS-PAGE and 

visualisation of the samples was performed by the ICRF Sequencing Service.

Sequence alignment was performed by using the GCG analysis suite (version 9.0). 

Alternatively, sequencing reactions were carried out using a DNA sequencing kit 

(Amersham) and 0.33mCi/ml [a^^S]-dATP. Samples were electrophoresed on 8% 

denaturing polyacrylam ide gels (for 100ml o f gel: 7.6g acrylamide, 0.4g 

bisacrylamide, 50g Urea, 10 ml TBE, 1ml 10% APS and 25 pi TEMED) at 50-60 Watt 

and visualised by autoradiography.

2.2.3.15 Southern blotting

2.2.3.15.1 Blotting

Digested DNA (0.5-1 Opg) was electrophoresed, depurinated in 0.25M HCL for lOmin 

and denatured in 0.4M NaOH for 3Omin. Charged nylon membranes (Gene Screen 

Plus, Du Pont) were equilibrated in 0.4M NaOH for 15min and capillary transfer was 

performed in 0.4M NaOH overnight. Membranes were rinsed in 2x SSC buffer (0.3M 

NaCl, 0.03M sodium citrate dihydrate) for 2min and dried.

2.2.3.15.2 Hybridisation

Prehybrisations were performed with lOOpl pre-hyb buffer per cm^ membrane (1% 

SDS, 2x SSC, 10% dextran sulfate, 50% deionized formamide, 2.5x Denhardt's 

reagent) at 42°C for >6hr using a hybridisation oven. 150pg calf thymus DNA (Gibco 

BRL) and [^^P]-labeled probes were boiled for lOmin, placed on ice for lOmin and 

added to the blots. Hybridisations were usually carried out with 1-3x10^ cpm/ml at
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42°C for >12hr. Blots were washed with 2x SSC at 37°C or 0.5x SSC, 1% SDS at 55°C 

and exposed to Kodak X-OMAT films at -80°C.

Alternatively, hybridisations were carried out using Rapid-hyb buffer (Amersham). 

Blots were stripped by incubating them with O.lx SSC buffer, 0.1% SDS at 65°C for 

3 Omin.

2.2.3 .16 Preparation of^^P-labeled probes

Probes were generated by random-priming using the rediprime DNA labelling system 

(Amersham) and SOpCi [^^P]-dCTP (Amersham). Unincorporated nucleotides were 

removed by using Nick™ columns (Sephadex™G-50 DNA Grade, Pharmacia) and 

specific activity of the probes was examined with a scintillation counter. Probes used 

in hybridisations had a specific activity of >10* dpm/pg DNA.

2.2.3.7 7 Primer extension analysis

Total RNA from mouse embryonic fibroblasts was isolated with RNAzol (Biogenesis) 

and divided into poly(A)^ and poly(A)' pools using oligo dT affinity beads (Oligotex, 

Qiagen). Two oligonucleotides were then radiolabelled by incubating lOOng DNA with 

0.1 pM DTT, InM spermidine, lOU T4 polynucleotide kinase and 3mCi/ml [y^^P]-ATP 

in the appropriate buffer in a total volume of lOpl at 37°C for 60min. The labelling 

reaction was stopped by addition of 15mM EDTA, pH8.0 and purified on NAP-5 

columns (Pharmacia). The probe was mixed with approximately lOpg of each RNA 

pool and denatured for 90min at 65°C in 0.15M KCL, ImM EDTA and lOmM Tris Cl, 

pH 8.3. The mixture was cooled to room temperature and primer extension was 

initiated by addition o f lOmM MgCE, 5.5mM DTT, 150pg/ml actinomycin D, 

0.15mM dNTPs and 150U superscript II (Gibco BRL) at 42°C for 60min. Products 

were separated on 8M urea, 8% polyacrylam ide gels and visualised by 

autoradiography. The precise location of the transcription start site was determined by 

com parison to dideoxy sequencing reactions carried out using the same 

oligonucleotides.

2.2.3 .18 Fluorescence In Situ Hybridisation (FISH)

This was performed by the ICRF FISH Service as follows:

Metaphase spreads from mouse diploid cultures and cell lines were prepared using 

standard cytogenetic techniques. Phage DNA was labelled with biotin-dUTP by nick
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translation (Bionick, Gibco BRL). The labelled probe was combined with mouse Cot-1 

DNA and hybridised to metaphase chromosomes in a solution containing 50% 

formamide, 10% dextran sulphate, 2x SSC and 1% Tween-20, pH 7.0. Specific 

hybridisation signals were detected by incubating slides in FITC-conjugated avidin. 

Slides were counterstained with DAPI and analysed with a Zeiss Axioscop 

microscope.

2.2.4 Generation of targeted ES cells and mice

2.2.4.1 Maintenance of ES cells for tissue culture studies

ES cells were cultured on petri dishes that were pre-incubated with 0.1% gelatin in ES 

medium (DMEM [without sodium pyruvate, with 4.5g/l glucose, Gibco BRL], 20% 

PCS [ES cell grade, Gibco BRL], 2mM L-glutamine [Gibco BRL], ImM  (3- 

mercaptoethanol [Gibco BRL], Ix non-essential amino acids [Gibco BRL], lOOU/ml 

penicillin/streptomycin [Gibco BRL], lOOpg/ml gentamycin [Sigma], lO^U/ml LIP 

[Gibco BRL]). Cells were grown at high density to minimise induction o f 

differentiation.

ES cells were selected in 200pg/ml G418 (Gibco BRL) and 2pM ganciclovir (ICRP) in 

some experiments.

For cryopreservation, cells were trypsinised, centifuged at 800g for 5min and 

resuspended in ES medium. Cells were mixed with 1 volume freezing medium (60% 

ES medium, 20% PCS and 20% DMSO) incubated at -70°C overnight and stored in 

liquid nitrogen.

2.2.4.2 Generation of targeting vectors

The targeting vector pTVp97 was constructed using the pND-14 plasmid backbone and 

5' and 3’ flanking p97-specific fragments. The pND-14 backbone contained a floxed 

selection cassette comprising of a gene encoding thymidine kinase (tk) for negative 

selection and neomycin (neo) for positive selection. In addition, it contained a gene 

encoding cytosine deaminase (cda) to eliminate cells that integrated the vector 

randomly into the genome.
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2.2A.2.1 Generation ofpTVp97

The 5’ fragment was a 2.2kb-fragment of the p97 sub-clone ‘lambda 2/ 2.2kb’ and it 

contained p97 sequence upstream of the basal promoter. The 3’ fragment was a 3.4kb- 

fragment o f the sub-clone ‘lambda 1/ 3.4kb’ and contained p97 sequence downstream 

of exon 15.

2.2.4.2.2 Generation of pLoxp97

The 5’ fragment was a 2.2kb-fragment of the p97 sub-clone ‘lambda 2/ 2.2kb’ and it 

contained p97 sequence upstream of the basal promoter. The 3’ fragment was a 4.2kb- 

fragment of sub-clone ‘lambda 2/ 4.2kb’ and contained the basal promoter and exon 1 

of the p97 gene. A LoxP-site originating from pBS246 (Sauer, 1993) was inserted in 

the same orientation as the flanking LoxP-sites o f the selection cassette into the Nsi I 

site of the 3 ’ fragment. Cre-specific recombination of targeted cells would lead to the 

deletion of the basal promoter and exon 1 o f the gene.

2.2.4.3 Transfection of ES cells

Targeting vectors were linearised by digestion with Not I overnight and purified using 

phenol/chloroform extraction and ethanol precipitation.

Transfections were performed by the ICRF Transgenic Unit as follows:

One day prior to transfection, ES cells (80% confluence) were passaged (1:2). The next 

day, 10^ cells were incubated with 25pg DNA at room temperature for 5min and 

electroporations were carried out at 230V, 500pF. Cells were incubated at room 

temperature for 5min, plated at clonal density and selected 24hr post-transfection in 

0.2mg/ml G418 (Gibco BRL). At post-transfection day 10, surviving cell colonies 

were transferred into 96-well dishes.

2.2.4.4 Screening of 96-well plates

2.2.4.4.1 Preparation of genomic DNA

Cells were grown to confluence, washed in PBS and incubated with 50pl TES buffer 

(lOmM Tris, pH 7.4; lOmM EDTA, 155M NaCl, 0.2% SDS, 0.2mg/ml proteinase K) 

at 55°C overnight.
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2.2.4.4.2 Genotyping by Southern blotting

DNA was precipitated by incubation with 50pi isopropanol at room temperature for 

3Omin and plates were centrifuged at l,200g for 3Omin in a CR422 centrifuge (Jouan). 

Supernatants were carefully discarded and plates washed twice in 75% ethanol. DNA 

was dried and resuspended in 25pl of O.lmg/ml BSA, 2.5mM spermidine at 4°C 

overnight. DNA was then incubated with 5 pi digestion mix (Ip l restriction enzyme 

[10-20U/pl], Ip l RNase [500pg/ml], 3pi restriction buffer) at 37°C overnight. DNA 

was electrophoresed on 0.7% agarose gels, blotted and hybridised using a 0.9kb 5’ 

external p97-probe that was generated by digestion of the p97 sub-clone ‘lambda 2/ 

5.5kb’ with Bam \{\l Xho I and gel-extraction. Positive clones were further analysed 

with the Nsi I probe (see Figure 2.1) which was used as 3’ external p97-probe and a 

neo probe.

2.2.4.4.3 Genotyping by PCR analysis

PCR reactions were performed in the appropriate buffer containing 150ng genomic 

DNA, 15pmol of each primer (see 2.1.4), 10% DMSO, 200pM dNTPs, Ip l Taq DNA 

polymerase (ICRF) in a total volume of 50pl using the following conditions:

Segment 1 1 cycle dénaturation at 94°C for 4min

Segment 2 35 cycles dénaturation at 94°C for 40sec

annealing at 54°C for 45sec 

extension at 72°C for 45sec 

Segment 3 1 cycle extension at 72°C for 5min

2.2.4.5 Cre-specific recombination of floxed DNA in vitro

The functionality of the integrated LoxP-sites was examined using recombinant Cre 

recombinase (Novagen) and carried out according to the manufacturer’s protocol. 

Briefly, 0.5pg floxed genomic DNA was incubated with lU  Cre recombinase in the 

appropriate buffer in 30pl at 37°C for 60min. The enzyme was heat-inactivated at 70°C 

for 5min and samples were analysed by PCR analysis.
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2.2.4.6 Generation of genetically modified mice

2.2.4.6.1 Blastocyst injection

Injections were performed by the ICRF Transgenic Unit using standard procedures. 

Briefly, C57BL/6 blastocysts were obtained by superovulation of 3-4 week old females 

and flushing the uterine horns at day 4 of pregnancy. Approximately 10-15 targeted ES 

cells were micro-injected into each blastcyst and 12 injected blastocysts were re

implanted into day 3-pseudopregnant C57BL/6 foster mothers.

2.2.4.6.2 Preparation of genomic DNA from mouse tails

Approximately 5mm of mouse tail was digested with 0.7ml tail buffer (50mM Tris, pH 

8.0, lOOmM EDTA, lOOmM NaCl, 1% SDS, 35pg/ml proteinase K) at 55°C overnight. 

Genomic DNA was phenol/chloroform-extracted for 15min, precipitated with 1 

volume isopropanol, washed twice with 75% ethanol and resuspended in 50pl. 

Genotypes were examined by PCR analysis (see above).

2.2.5 RNA techniques

2.2.5.1 mRNA in situ hybridisation

2.2.5.1.1 Generation of the probe

A  3' untranslated fragment o f the p97 gene covering basepairs 2592-3072 was 

generated by PCR. The fragment showed no significant homology to any other known 

gene sequences (Genbank version 109.0). The fragment was fused in anti sense 

orientation to the SP6 promoter of the pSP73 plasmid using the restriction enzymes 

Bgl II and Eco RI, linearised with Eco RI and gel-purified.

2.2.5.1.2 In situ hybridisation

This was performed by the ICRF In Situ Hybridisation Service as follows:

An antisense riboprobe was synthesised with SP6 RNA polymerase using ^^S-UTP (~ 

800 Ci/mmol; Amersham, UK). Samples were formalin-fixed, paraffin-embedded and 

prepared as for immunostaining (Poulsom et al., 1998; Senior et al., 1988). The pre

treatm ent, hybridisation, washing and dipping o f slides in Ilford K5 for 

autoradiography were carried out as described (Senior et al., 1988). The presence of 

hybridisable mRNA in all compartments of the tissues studied was established in near
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serial sections using an antisense P-actin probe. Sections were examined under 

conventional or reflected light, dark-field conditions (Olympus BH2 with epi- 

illumination) that allowed individual autoradiographic silver grains to be seen as bright 

objects on a dark background.

2.2.6 Protein techniques

2.2.6.1 Protein quantitation

2.2.6.1.1 Quantitation via Bradford

Protein concentrations were determined using the Bio-Rad protein Assay reagent. 

Sample dilutions and BSA standards were made in 0.8ml water, incubated with 0.2ml 

Bio-Rad Protein Assay at room temperature for 5min and the absorption was measured 

at OD 5 9 5  in a spectrophotometer. Standard curves were constructed using serial 

dilutions of BSA. An OD 5 9 5  of 0.06 usually corresponded to 1 mg/ml protein.

2.2.6.1.2 Quantitation via Densitometry

Dried gels were scanned and pixel densities were determined using NIH Image 1.51. 

Standard curves were constructed using serial dilutions of BSA.

2.2.6.2 SDS-Poiyacryiamide Gel Electrophoresis (SDS-PAGE)

Gels were poured at a thickness o f 0.75mm using the Bio-Rad Mini gel assembly kit as 

follows:

The separating gel was made by mixing 3.75ml SDS buffer A (1.5M Tris, pH 8.8; 

0.4% SDS, 50pl 10% APS, lOpl TEMED, 30% acrylamide/ 0.8% bisacrylamide 

solution and water). The amount of acrylamide/bisacrylamide and water was calculated 

accordingly to the desired percentage o f acrylamide:
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stock solution 
[ml]

final acrylamide concentration [%]

6.0 8.0 10 12 15

30 % acrylamide / 
0.8 %bisacrylamlde

water

3.0

8.25

4.0

7.25

5.0

6.25

6.0

5.25

7.5

3.75

The stacking gel was made by mixing 0.65ml acrylamide/bisacrylamide soltution, 

1.25ml SDS buffer B (0.5M Tris, pH 6.8; 0.4% SDS), 3.05ml water, 25pl 10% APS, 

5pl TEMED.

Samples were dissolved in sample buffer (50mM Tris HCl, pH 6.8; 2% SDS, 0.1% 

bromphenol blue, 10% glycerol, 5% P-mercaptoethanol), boiled at 95“C for 5min and 

loaded on the gel. Gels were run in Tris-glycine buffer (25mM Tris, 250mM glycine, 

pH8.3; 0.1% SDS) at 100-200V.

Gels were stained in Coomassie (0.25g Coomassie Brilliant Blue, 45ml methanol, 

45ml water, 10ml glacial acetic acid) destained in 40% methanol, 7% glacial acetic 

acid, sandwich in gel wrap (Merck) and dried.

2.2.6.3 Western blotting

Proteins were transferred onto nitrocellulose membranes (Hybond^^-C-super, 

Amersham) using a semi-dry blotter. For this, gel and membrane were soaked in 

transfer buffer (20mM Tris, 150mM glycine, 20% methanol, 0.05% SDS) and then 

sandwiched between six pieces o f 3MM CHR-paper (Whatman). The blot was placed 

into an electroblotter with the membrane facing the anode and transfer was carried out 

at 120mA for 60min or 200mA for 45min. Blots were stained with Ponceau S (Sigma) 

and incubated in blocking buffer (5% milk protein in PBS) overnight. Blots were 

incubated with blocking buffer containing a primary antibody, washed with PBS 

containing 0.05% Tween-20 for 3Omin, incubated with blocking buffer containing a 

HRP-conjugated secondary antibody (Tago Immunochemicals or Amersham), washed 

with PBS containing 0.05% Tween-20 for 3Omin and immunoreactivity detected using 

enhanced chemiluminescence (ECL, Amersham).
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2 .2 .6A  Protein precipitation with trichloracetic acid

Protein samples were mixed with 2pg trypsin inhibitor (Sigma) as carrier, 0.1 volumes 

100% TCA, incubated at 4°C for 60min and centrifuged at 14,000rpm for lOmin in a 

microfuge. Pellets were washed with 500pl acetone (-20°C), dried and resuspended.

2.2.6.5 Immunostaining of m ouse tissues

2.2.6.5.1 Generation of polyclonal p97 antibodies 

This was performed by H. Meyer as follows:

p97 antibodies N2 and N5 were raised in rabbits which were immunised with two 

bacterially expressed fusion proteins consisting of glutathione-S-transferase (GST) 

fused to fragments of mouse p97 (N2: amino acids 2-186 and N5: amino acids 200- 

461). The antibodies were affinity purified using full-length recombinant His-tagged 

p97 and were shown to uniquely recognise p97 in Western blot analyses of a rat liver 

homogenate (not shown).

2.2.6.5.2 Immunostaining of mouse tissue

This was performed by C. Ruhrberg and the ICRF Histopathology Service as follows: 

Samples were fixed in 3% formaldehyde, embedded in paraffin, sectioned and 

dewaxed. Endogenous peroxidase activity was quenched and sections were incubated 

with purified antibodies (0.5 pg/ml). Binding was detected by subsequent incubation 

with biotinylated secondary antibody and streptavidin coupled peroxidase, followed by 

development with diaminobenzidine. In adult tissues, counterstaining was performed 

with hematoxylin. Immunohistochemical results obtained using N2 or N5 antibodies 

were indistinguishable.

2.2.6.6 Purification of Hise-recombinant proteins

2.2.6.6.1 Construction of NSF-expression vectors

A site-directed mutagenesis approach was used to introduce a G274E mutation into the 

cDNAs encoding CHO NSF and dNSF-1 (Ordway et al., 1994; Whiteheart et al.,

1994). cDNAs o f NSF proteins were validated by nucleotide sequencing and 

subcloned into pTrc-expression vectors (Invitrogen) to introduce a His^-tag at the N- 

terminus.
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2.2.6.6.2 Expression of recombinant NSF proteins

A  single colony of freshly transformed E. coli was inoculated into 3ml LB medium and 

cultured. The saturated culture was inoculated into 1.2L LB/BHI medium (1:1) and 

grown at 25°C to a density o f ODgoo of 0.8. Protein expression was induced with 

0.5mM IPTG and O.SmM PMSF at|25°C for 3hr. Cells were centrifuged at 5,000rpm 

for 20min using a JA 8,1000 rotor.

2.2.6.6.3 Purification of recombinant NSF proteins

Cell pellets were resuspend in 20ml buffer A (lOOmM HEPES, pH 7.4; SOOmM KCl, 

5mM MgClz, 2mM P-mercaptoethanol, ImM ATP, protease inhibitors [complete 

EDTA-free, Boehringer Mannheim]). 50pg lysozyme was added and incubated on ice 

for 15min. Homogenates were prepared by freeze/thaw and sonication. Cell debris was 

removed by centrifugation at 35,000rpm for 60min using a SW40 rotor and resulting 

supernatants incubated with 0.5ml equilibrated Ni-NTA agarose (Qiagen) for 60min at 

4°C. Ni-beads were centrifuged at 800g for 2min and washed three times for 20min 

with 20ml buffer B (20mM HEPES, pH 7.4; 200mM KCl, ImM MgCE, 10% glycerol, 

50mM imidazole, 2mM p-mercaptoethanol, ImM ATP, protease inhibitors). Proteins 

were eluted with NSF buffer (20mM HEPES, pH 7.4; 200mM KCl, ImM MgCL, 10% 

glycerol, 350mM imidazole, 2mM p-mercaptoethanol ImM  ATP and protease 

inhibitors) in 0.25ml steps and filtered (0.22pm Ultrafree-CL GVPP, Millipore).

2.2.6.7 Purification of GST-recombinant proteins

2.2.6.7.1 Construction of dSNAP expression vectors

The cDNA of dSNAP (Ordway et al., 1994) was PCR-subcloned into the pGEX-4T 

expression vector (Amersham Pharmacia Biotech) to introduce a GST-tag at the N- 

terminus and validated by nucleotide sequencing.

2.2.6.1.2 Expression of recombinant bovine and Drosophila a-SNAP

A  single colony of freshly transformed E. coli was inoculated into 10ml LB medium 

and grown overnight. The next day, 5ml of the saturated culture were inoculated into 

400ml LB medium and grown at 37°C to a density of ODôoo of 0.7. Protein expression 

was induced with 0.5mM IPTG at 30°C for 3hr.
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2.2.6.7.3 Purification of recombinant bovine and Drosophila a-SNAP  

Cell pellets were resuspended in 10ml buffer A (PBS supplemented with 0.05% 

Tween-20, 2mM EDTA, pH 8.0; 2mM (3-mercaptoethanol and protease inhibitors). 

50pg lysozyme was added and incubated on ice for lOmin. Homogenates were 

prepared by freeze/thaw and sonication. Cell debris was removed by centrifugation at 

17,500rpm for 3 Omin using a SW40 rotor and resulting supernatants incubated with 

1ml equilibrated glutathione sepharose (Amersham Pharmacia) for 2hr at 4°C. Beads 

were centrifuged at SOOg for 2min and washed three times for lOmin with 20ml PBS. 

Proteins were eluted with SNAP buffer (50mM Tris, pH 8.0; 5% glycerol, 5mM 

glutathione) in 1ml steps and filtered (0.22pm Ultrafree-CL GVPP, Millipore). 

Alternatively, proteins were eluted by incubating the beads with 25U thrombin 

(Sigma) in 1ml thrombin buffer (50mM Tris, pH8.0; 150mM NaCl, 2.5mM CaCE, 

2.5mM p-mercaptoethanol) at 25°C for 40min to cleave the GST-tag off.

2.2.6.8 Limited protease digestion

6pg NSF were incubated with trypsin (0.5-10pg/ml) in trypsin buffer (30mM HEPES, 

pH 7.4; 70mM KCl, 5mM MgCE, 3mM EDTA, ImM ATP) in a volume of 300pl at 

30°C for 15min. Samples were TCA-precipitated and analysed by SDS-PAGE (15% 

gel) and Coomassie staining.

2.2.6.9 ATPase activity a ssa y

2.2.6.9.1 Standard assay

NSF proteins (2-4pg) were incubated in a total volume of 50pl in ATPase buffer 

(20mM Tris HCl, pH9.0; 17mM NaCl, 83mM KCl, lOmM MgCE, 2mM ATP 

containing 5pCi/ml [y^^P]-ATP) at the indicated temperature for varying times. 

Nucleotides were bound to 250pl o f ice-cold, activated charcoal (0.8% activated 

charcoal in 0.2M HCl, ImM NaH2P04 ). Samples were vortexed for Imin and 

centrifuged at 14,000rpm for 2min in a microfuge at 4°C. 200pl o f the resulting 

supernatants containing released [^^P] were filtered (0.22pm, Millipore) and 150pl 

quantitated by liquid scintillation counting.

For studying the dNSF-1 proteins, assays were performed by incubating NSF proteins 

(3.5pg) in 50pl in ATPase buffer 2 (20mM Tris HCl, pH9.0; 17mM NaCl, 83mM KCl,
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lOmM MgCb, 15% glycerol, 2mM ATP containing 5gCi/ml [y^^PJ-AT?) at different 

temperatures for varying times. Samples were extracted and counted as above.

To determine NEM-insensitive activities the NSF proteins were pretreated on ice with 

2.5mM NEM for 15min followed by 5mM DTT for 3Omin.

2 .2 .6 .9.2 a-SNAP stimulation

To stimulate NSF’s ATPase activity, His6-a-SNAP was added to the assay at a molar 

ratio NSF to a-SNAP of 1: 2. Reactions were carried out at 25°C.

Alternatively, polypropylene tubes were pre-treated by incubating them with 0.4mg/ml 

a-SNAP (bovine and Drosophila thrombin-cleaved GST-a-SNAPs) in a total volume 

o f 50|l i1 in SNAP binding buffer (20mM HEPES, pH 7.0, 200mM KCl, 2mM P- 

mercaptoethanol, O.SmM ATP, 10% glycerol) at room temperature for 2hr. SNAP- 

solution was removed and standard assays were carried out using l.Spg NSF at 30°C 

for 60min.

2.2.6 .10 Negative staining

This was performed by R. Newman as follows:

2 .2 .6.10.1 Temperature-dependent NSF structure

NSF proteins (SOpg/ml) were incubated at 25°C or 37°C in EM-buffer (30mM HEPES- 

KOH, pH 7.4; 70mM KCl, 5mM MgCl2 and 3mM EDTA) supplemented with ImM 

ATP for Ihr. The irreversibility of the structure o f the dNSF-1 mutant was tested by 

incubating the protein for Ihr at 37°C and then for Ihr at 25°C. Samples were adsorbed 

onto carbon-coated Formvar grids and negatively stained with 1% uranyl acetate 

before air-drying. Grids were viewed using a Philips CM 10 electron microscope and 

selected images processed (Rabouille et al., 1998).

2.2.6.10.2 Nucleotide- dependent NSF structure

NSF (wt or mutant) was incubated in EM buffer supplemented with 2mM Mg-ATPyS 

or Mg-ADP at 4°C for Ihr, stained and viewed as above.
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2.2.6.10.3 Monitoring Nucleotide-dependent conformational conversions of 

dNSF-1 wt

dNSF-1 wt (0.7mg/ml) was purified in the presence o f Mg-ADP or Mg-ATP, diluted 

1:2 in EM buffer and incubated on ice or at 30°C for 40min. Proteins were adsorbed 

onto grids, stained and viewed as above.

2.2.6.11 Cross-linking of antibodies to protein G -beads

A  monoclonal antibody (2mg) was mixed with 1 volume PBS, centrifuged at 

14,000rpm for 15min, added to 1ml protein G beads (Fastflow sepharose protein G, 

Pharmacia) and incubated at 4°C for 3hr. Beads were washed three times in 15ml PBS 

and two times in 15ml NasBo4 buffer (200mM H3Bo4/NaOH, pH 9.0) at room 

temperature. Cross linking was carried out by incubating the beads with 

dimethylsuberimidate (Sigma) in Na3Bo4 buffer at room temperature for 3Omin. Beads 

were washed twice with 10ml 200mM ethanolamine, pH 8.0 and then incubated with 

this solution at room temperature for 2hr to quench excess dimethylsuberimidate. 

Beads were washed three times with 15ml PBS/0.05% Tween-20 and stored as 50% 

slurry in PBS.

2.2.6.12 Immunoprécipitations in membrane extracts

2.2.6.12.1 Assembly of synaptic 203 complexes at different temperatures 

NSF proteins were preincubated at 25°C or 37°C for 45min in NSF buffer. NSF (7|ig) 

was mixed with His6-a-SNAP (3.5|ig) and rat brain membrane extract (lOOfig) in 

buffer A (20mM HEPES-KOH, pH 7.4; lOOmM KCl, 2mM EDTA, 0.5% Triton X- 

100, 2mM DTT, 0.5mM ATP and protease inhibitors [0.25mM PMSF, 2mM 

benzamidine and lOpg/ml leupeptin]) in the presence o f an ATP-regenerating system 

(lOmM creatine phosphate [Boehringer Mannheim], 20pg/ml creatine phosphate 

kinase [Boehringer Mannheim], O.lmM ATP) in a total volume o f 150|al. Samples 

were incubated at 25°C or 37°C for 3Omin and protein-G sepharose beads (Pharmacia) 

crosslinked to anti-syntaxin-1 A IgGs were added. Incubations were continued at 25°C 

or 37°C for 4hr. Some samples were shifted to 4°C after 2hr of the incubation. Beads 

were centrifuged at 8,000g for 2min in a microcentrifuge and washed three times with 

1ml buffer B (20mM HEPES-KOH, pH 7.4; lOOmM KCl, 2mM EDTA, 0.5% Triton 

X-100). Proteins were eluted with 450|il O.IM glycine, pH 2.7 and precipitated with 

50pl 100% TCA.
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2.2.6.12.2 Forming and unfolding of synaptic 20S complexes

NSF proteins (7pg), rat brain membrane extract or BSA (lOOpg) and/or His6-cx-SNAP 

(3.5}ig) were incubated in a total volume of 150pl in buffer A in the presence of an 

ATP-regenerating system at 4°C for 3Omin. MgCli was present at 8mM where 

indicated to generate Mg-ATP. Anti-syntaxin-1 beads were added and incubations 

continued for 4hr. Immuno-complexes were washed three times in buffer B, eluted and 

T C A-precipitated.

2.2.6.12.3 Forming and unfolding of Golgi SNARE complexes

Rat liver Golgi membranes (20pg) were incubated on ice with 2.5mM NEM for 15min 

in buffer A lacking DTT, quenched with 5mM DTT for 3Omin and centrifuged at 

14,000rpm for 3Omin in a microfuge. Supernatants were mixed with His6-a-SNAP 

(5pg) and NSF (7pg) in buffer A in a total volume of ISOpl for 45min at 4°C in the 

presence or absence of 8mM MgCh. Anti-myc-tag antibodies (9E10) crosslinked to 

protein-G sepharose beads (Pharmacia) were added and incubations continued for 4hr. 

Beads were washed twice with 1ml buffer B, eluted with glycine and precipitated with 

100% TCA.

Alternatively, NEM-treated REG (20pg) was incubated with NSF (3.5pg) and GST-a- 

SNAP (1.75pg) in buffer C (20mM HEPES-KOH, pH 7.4; lOOmM KCl, lOmM 

MgCl], 2mM EDTA, 0.5% Triton X-100, 2mM DTT, protease inhibitors) in a total 

volume of 200pl for 45min at 4°C in the presence o f ImM ATPyS or ATP. Glutathione 

sepharose (Amersham Pharmacia) was added and incubations continued for 4hr. Beads 

were washed twice with 1ml buffer D (20mM HEPES-KOH, pH 7.4; lOOmM KCl, 

lOmM MgCE, 2mM EDTA, 0.5% Triton X-100), mixed with SDS sample buffer and 

analysed by Western blotting.

2.2.6.12.4 Forming and unfolding of immobilised NSF-SNAP complexes 

GST-a-SNAP (0.5mg/ml) was pre-immobilised to the surface o f polypropylene tubes 

in a final volume of 30pi at room temperature for 2hr. Tubes were washed once with 

1ml SWB buffer (25mM Tris, pH 7.4; 50mM KCl, Im M  DTT, 1 mg/ml BSA) and 

incubated with lOpg NSF in NBB buffer (20mM HEPES, pH 7.4; 2mM EDTA, 

lOOmM KCl, 0.5mM ATP, ImM DTT, 1% PEG 4000, 250pg/ml trypsin inhibitor) in 

the presence or absence of lOmM MgCE at room temperature for lOmin in a final
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volume of 20 îl. Tubes were washed once with 1ml NBB buffer (+/- MgCb) and 

immobilised proteins were dissolved in sample buffer,

2.2.6.12.5 NSF-binding to Golgi SNAREs in different nucleotides 

NEM-treated RLG (20pg) were mixed with GST-a-SNAP (2pg) and His6-NSF (5pg) 

in buffer C in a total volume of 150pl for 60min at 4°C in the presence of ImM 

AD PPS, ATPyS or ATP. Ni-NTA beads (Qiagen) were added and incubations 

continued for 2hr. Beads were washed twice with 1ml buffer, mixed with SDS sample 

buffer and analysed by Western blotting.

2.2.6 .13 SDS-resistant SNARE com plexes on intact m em branes

2.2.6.13.1 SDS-resistant SNARE complexes on synaptic vesicles

Synaptic vesicles (lOpg) were incubated with 1 volume of 2x sample buffer (62.5mM 

Tris pH 6.8; 4% SDS, 10% sucrose, 5% P-mercaptoethanol, 0.01% bromphenol blue) 

for lOmin at room temperature or 100°C and analysed on SDS-PAGE. To visualise 

monomers and high molecular weight complexes on the same gel, the resolving gel 

was discontinuous, with the upper two-thirds and the lower one-third being adjusted to 

10% and 12% acrylamide, respectively.

2.2.6.13.2 Unfolding of SNARE complexes on synaptic vesicles via NSF  

Synaptic vesicles (lOpg) were incubated on ice with 2.5mM NEM for 15min followed 

by 5mM DTT for 3Omin. Vesicles were mixed with NSF (3pg) and His6-a-SNAP 

(3pg) in a total volume of 25pl in native buffer (20mM HEPES, pH 7.8; lOOmM KCl, 

2mM EDTA, protease inhibitors, ImM DTT and O.SmM ATP) in the presence of an 

ATP-regenerating system for 40min at 25°C. 8mM M gCb was added to unfolding 

reactions to generate Mg-ATP. Then 1 volume sample buffer was added and 

incubations continued for lOmin at room temperature.

2.2.6.13.3 SDS-resistant SNARE complexes on Golgi membranes

Golgi membranes (35pg) were incubated with 1 volume sample buffer for lOmin at 

room temperature or 100°C and analysed on SDS-PAGE.
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2.2.7 Membrane techniques

2.2.7.1 Purification of Rat Liver Golgi (RLG) membranes

2.2.7.1.1 Purification

RLG were purified as described (Hui et al., 1998) with the following modifications. 

Six female Sprague-Dawley rats were starved for 24hr prior to sacrifice. Livers were 

excised (35-40g) and immersed in 200ml ice cold buffer C (O.IM potassium 

phosphate, pH 6.7; 5mM MgCL, 0.5M sucrose, protease inhibitors). Liver was placed 

into fresh buffer C, minced into small pieces and homogenised by gently forcing the 

tissue through a 150pm-mesh steel sieve (Endecott). Homogenates were pooled, 

adjusted to 48ml with buffer C and centrifuged in a discontinuous sucrose gradient at 

29,000 rpm for Ihr at 4°C using a SW40 rotor. For this, 6.5ml buffer D (O.IM 

potassium phosphate, pH 6.7; 5mM MgCh, 0.86M sucrose, protease inhibitors) were 

overlaid with 4ml homogenate followed by 2.5ml buffer B (O.IM potassium 

phosphate, pH 6.7; 5mM MgCL, 0.25M sucrose, protease inhibitors). Lipid 

infranatants were removed and Golgi membranes at the 0.5M/0.86M sucrose interface 

were collected using a Pasteur pipette. Membranes were pooled and adjusted to 9% 

(w/w) sucrose with buffer A (O.IM potassium phosphate, pH 6.7; 5mM MgCL, 

protease inhibitors) using a refractometer (Delta, Bellingham and Stanley Ltd.). The 

volume was made up to 24ml with buffer B and pelleted onto a sucrose cushion. For 

this, 12ml membranes were underlaid with 500pl buffer E (O.IM potassium phosphate, 

pH 6.7; 5mM MgCh, 1.3M sucrose, protease inhibitors) and centrifuged at 6,000 rpm 

for 20min at 4°C using a SW40 rotor. The supernatant was removed and Golgi 

membranes were collected with a pipette.

2.2.7.1.2 Examination of the GalT activity of purified Golgi membranes

Golgi membranes were routinely assayed for GalT activity (Bretz and Staubli, 1977) to 

ensure biochem ical purity o f the membranes by examining the addition of 

radiolabelled galactose onto the test-substrate ovomucoid. For this, an assay mix was 

prepared: lOOpl ovomucoid (175mg/ml), lOOpl 0.4M sodium cacodylate, pH 6.6; 3pi 

p-mercaptoethanol, 20pl 10% (w/v) Triton-X-100, lOpl 0.2M ATP, 20pl 2M MnCh, 

20pl lOmM UDP-galactose, 5pl lOOmCi/ml [^H]-UDP-galactose and 520pl water. 

80pl o f the mix were incubated with 20pl sample (1:20 dilution o f RLG and
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homogenate) at 37°C for 3 Omin. Reactions were stopped by incubation with 1ml ice 

cold 1% phosphotungstic acid/0.5M HCl (PTA/HCl) on ice for lOmin and centrifuged 

at 14,000rpm for 7sec in a microcentrifuge. The protein pellets were washed three 

times in 1ml PTA/HCl and once in 1ml 95% ethanol. Samples were resuspended in 

0.4M Tris/ 4% SDS, counted in a scintillation counter and the purification factor was 

calculated.

2 .2  7.2 Mitotic and interphase cytosol

2.2.7.2.1 Preparation of interphase and mitotic cells

Mitotic and interphase cytosols were prepared from sHeLa cells. For this, 8-10 ISOcm^ 

flasks o f sHeLa cells were grown to confluence, a single cell suspension was 

transferred to a IL spinner culture flask and adjusted to 2-2.5x10^ cells/ml after 24hr 

growth. For preparation of interphase cytosol, cells were then allowed to grow for a 

further 20-26hr. For preparation of mitotic cytosol, cells were pelleted at 2,000rpm for 

2min at 4°C in a CR 422 centrifuge, resuspended in 5ml 0.02mg/ml nocodazole and 

grown for a further 20-26hr. The mitotic index of the cells was determined by pelleting 

1ml cells at 4,000rpm for Im in in a microcentrifuge and resuspending them in 20|il 

stain solution (3% PFA, 0.2% Triton-X-100, 2mg/ml Hochst 33258) on ice for 2min. 

The percentage of total cells that were mitotic (mitotic index) was determined by 

counting 100-200 cells using a fluorescence microscopy (FT510 filter). Mitotic cells 

were easily distinguishable from interphase cells, since they contained condensed 

chromatin rather than a diffusely stained nucleus (Chaly and Brown, 1988). Only 

populations with a mitotic index greater than 90% were used to prepare mitotic 

cytosol.

2 .2 .7 .2 .2  Generation of interphase and mitotic cytosol

Cells were centrifuged at 2,000rpm for lOmin in a CR 422 centrifuge, incubated in 

50ml ice cold 33.3% BBS (6.67mM EOT A, 26.7mM ^-glycerophosphate, 33mM 

sucrose, 5mM MgCb, pH 7.3; 2mM ATP, ImM glutathione, protease inhibitors) on 

ice for 15min and centrifuged at 2,000rpm for 2min. Cells were washed in 10ml ice 

cold 100% BBS (80mM ^-glycerophosphate, 20mM BGTA, 15mM MgCb, O.IM 

sucrose, pH 7.3; 2mM ATP, ImM glutathione, protease inhibitors) and resuspended in 

0.6 pellet volume of 100% BBS. Cells were vortexed for 3min and homogenised with a 

ball bearing homogeniser (BMBL, Heidelberg, Germany) using a ball bearing leaving
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lO^im clearance in order to rupture the plasma membrane of the cells. Breakage was 

assessed by trypan blue staining and 30-40% of cells would appear blue to yield a 

cytosol with a protein concentration of about lOmg/ml. Homogenates were centrifuged 

at 100,000rpm for 5min using a TL-100.3 rotor and supernatants re-centrifuged at 

100,000rpm for 30min. Cytosol preparations were desalted in MEB buffer (lOmM 

MgCb, 15mM EOT A, 20mM (3-glycerophosphate, 50mM KCl, 50mM Tris-HCl, pH 

7.3; 0.2M sucrose, 2mM ATP, ImM GTP, ImM glutathione, protease inhibitors) using 

HiTrap desalting columns (5ml, Pharmacia) accordingly to the manufacturer’s 

instructions.

2.2.1.3 Generation of Mitotic Golgi Fragments (MGFs)

NEM-treated MGFs were prepared as described (Rabouille et al., 1995). Briefly, RLG 

was diluted to 0.1 mg/ml with mitotic cytosol (6-lOmg/ml) in MEB buffer 

supplemented with an ATP-regeneration system and incubated for 20min at 37°C. At 

the end of the incubation, 250pi aliquots were transferred to new tubes and underlaid 

with 125pi MEB/0.5M sucrose and 2pl o f 2M sucrose cushions and membranes 

centrifuged at 14,000rpm for 25min at 4°C in a microcentrifuge (horizontal rotor).

2.2.7.4 Golgi reassem bly a ssa y

This was performed by C. Rabouille and J. Shorter as follows:

If not indicated otherwise, 0.1 pg of NSF was mixed on ice with a-SNAP (0.5pg), y- 

SNAP (0.5pg), p i 15 (0.15pg) and MGFs (10-20pg) in KHM buffer (25mM HEPES- 

KOH, pH 7.3; 25mM Mg-acetate, 25mM KCl, 2mM ATP, ImM GTP and ImM 

glutathione) in a total volume o f 20pl. Reassembly assays were performed in the 

presence of an ATP-regenerating system at 25°C or at 37°C for 60min. In some 

experiments NSF was preincubated for 20min at the temperature of the assay without 

significantly affecting the results. Samples were fixed and processed for electron 

microscopy and the percentage o f cisternal regrowth quantified (Rabouille et al.,

1995). Control experiments were carried out in the absence of NSF or in the presence 

of NEM-treated NSF at the indicated temperature.
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3.1 Introduction

NSF (N-ethylmaleimide-sensitive factor) is a barrel-shaped hexameric ATPase, with 

each subunit forming one o f the staves o f the barrel (Fleming et al., 1998; Hanson et 

al., 1997). Each subunit has an N-terminal (N domain) domain and two homologous 

ATP-binding domains (D1 domain and D2 domain) (Tagaya et al., 1993).

Biochemical experiments implicate NSF in many vesicle trafficking steps on the 

endocytic and exocytic pathways (Rothman, 1994). Further, analysis o f dNSF-1 

mutant flies, termed comatose, provided the first functional evidence for NSF 

involvement in synaptic transmission in vivo (Pallanck et al., 1995; Siddiqi and 

Benzer, 1976).

NSF binds to a variety of v-t-SNARE complexes via SNAPs and unfolds them using 

the energy provided by ATP-hydrolysis, releasing the individual SNARE molecules 

(Wilson et al., 1992). However, the full extent and timing of its function(s) in 

membrane fusion is still unclear and the conceptual view o f NSF has varied 

considerably since NSF’s original identification. In one model, NSF is seen as a 

SNARE recycling machine that acts at an early stage during the fusion process by 

unfolding v-t SNARE complexes which accumulate in the same membrane as a result 

of fusion (Mayer et al., 1996; Otto et al., 1997; S wanton et al., 1998; Ungermann et al., 

1998).

To better understand the role played by NSF, I introduced a temperature-sensitive 

mutation, based on one o f the comatose alleles (com^^^^) o f dNSF-1, into the 

mammalian NSF with the aim of establishing a model to elucidate functional aspects 

of NSF required for normal cell physiology. The com^^^^ allele contains a single point 

mutation of glycine 274 to glutamate in the D1 domain of dNSF-1 and leads to neuro

paralysis when the temperature is raised from 25°C to 37°C (Pallanck et al., 1995; 

Siddiqi and Benzer, 1976).
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3.2 Results

3.2.1 Generation of the mammalian com atose NSF mutant

Alignment of the amino acid sequences of CHO NSF and dNSF-1 revealed that CHO 

NSF exhibited 63 % identity to dNSF-1. The comatose  mutation o f dNSF-1 was 

located in a highly conserved region suggesting that introducing the comatose mutation 

into mammalian NSF may result in a temperature-sensitive phenotype (Figure 3.1).

For generation o f the mammalian comatose mutant a PCR-based site-directed 

mutagenesis approach was performed using the cDNA of CHO NSF containing a C- 

terminal myc-tag as template (Whiteheart et al., 1994). Wild-type and mutant NSF 

proteins were validated by DNA sequencing and sub-cloned into a bacterial expression 

vector. The recombinant proteins were expressed in E. coli and purified by exploiting 

their N-terminal affinity tag o f 6 consecutive histidine residues. Using this method, 

both proteins were purified to approximately 95% purity as seen by SDS-PAGE and 

Coomassie staining (Figure 3.2).
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dNSF-1 270 ARQIGYMLN 278

dNSF-1 (G274E) 270 ARQIEYMLN 278

Figure 3.1 Localisation and sequence of the comatose allele of dNSF-1.

a) Shown is a schematic representation of the structure of dNSF-1. The domains are 

indicated by different colours (N domain in grey, D1 domain in pink and D2 domain in 

orange) and the ATPase cassettes comprising of the Walker A and B box motives are 

indicated by white boxes. The localisation of the point mutation of the comtlV allele 

(G274E) is indicated, b) Alignment of amino acid sequences from dNSF-1 and CHO 

NSF shows that the mutation is located in a highly conserved region.

103



Chapter 3 Analysis of comatose-like Mutations in CHO NSF

(zr
kDa

—  220

NSF

—  46

—  30

Figure 3.2 Purification of the recombinant NSF wt and mutant proteins.

Recombinant NSF proteins were expressed in E.coli and purified via their N-terminal 

His6-tag using nickel-agarose beads. A Coomassie-stained SDS-PAGE of the purified 

proteins is shown.
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3.2.2 Mitotic Golgi reassem bly in the presence of wt or mutant NSF

Both NSF proteins were tested for their ability to promote membrane fusion using an 

assay that mimics the re-formation of Golgi cisternae from mitotic Golgi fragments 

(MGFs) (Rabouille et al., 1995). For this, Golgi membranes were prepared as 

described (Hui et al., 1998) and MGFs were generated by incubating the Golgi 

membranes with mitotic cytosol in the presence o f Mg-ATP (Misteli and Warren, 

1994). After re-isolation, the fragments were treated with NEM so that cisternal re

growth depended on the addition o f exogenous NSF. Golgi reassembly assays were 

then carried out by incubating MGFs with NSF (wild-type or mutant) and its accessory 

proteins, a -  and y-SNAP, together with the vesicle docking protein, p i 15 (Rabouille et 

al., 1995). To test the mammalian comatose mutant for temperature-sensitivity, assays 

were performed at 25°C and 37°C, the permissive and the non-permissive temperature 

of the flies respectively (Siddiqi and Benzer, 1976). Samples were processed for 

electron microscopy and the percentage of cisternal regrowth was examined (Rabouille 

et al., 1995). Reactions which were carried out in the absence o f NSF served as 

negative controls in these experiments.

As shown in Figure 3.3a, NSF wt catalysed cisternal re-growth at both 25°C and 37°C. 

The higher activity at 25°C may reflect the greater stability of the components at this 

temperature. The mutant NSF catalysed cisternal re-growth at 25°C. However, at 37°C 

the protein was almost completely inactive as no elongated cisternae were observed at 

this temperature. The typical appearance of membranes following the reassembly 

reactions are shown in the electron micrographs in Figure 3.3b.

These data indicate that the temperature-sensitive phenotype of the allele was

transplanted to the mammalian NSF, as measured by the Golgi reassembly assay.
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Figure 3.3 Temperature-dependent fusion of MGFs in the presence of NSF wt 

or mutant, a) NSF proteins were pre-incubated and added to a mixture of NEM- 

treated MGFs, a-SNAP, y-SNAP and p i 15 at 25°C or 37°C for 60min. Membranes 

were processed for electron microscopy and the percentage cisternal regrowth was 

determined, b) Electron micrographs depict the typical appearance of membranes 

following reassembly reactions in the presence of NSF wt and mutant proteins at 25°C 

or 37°C. Arrows denote cisternae; arrowheads denote unfused tubulo-vesicular 

membranes.
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3.2.3 NSF-binding to SNAP-SNARE com plexes

As shown by work on comatose flies, dNSF-1 operates at the level of synaptic SNARE 

complexes (Littleton et al., 1998; Tolar and Pallanck, 1998). At the non-permissive 

temperature, synaptic SNARE complexes accumulate but it is not clear whether this is 

caused by a lack of binding of NSF to SNARE complexes or an inability to unfold 

them. Each of these possibilities was tested in turn using the mammalian NSF mutant. 

For this, brain membrane extract was prepared as described (Sollner et al., 1993) and 

binding of NSF wt and mutant proteins to synaptic SNAREs was examined at different 

temperatures. To do so, the NSF proteins were pre-incubated at 25°C or 37°C for 

45min in the presence of Mg-ATP. Proteins were then mixed with a-SNAP and brain 

membrane extract and incubated at the same temperature in the presence of EDTA to 

prevent ATP-hydrolysis. Anti-syntaxin-1 beads were added to the mixture and 

incubations continued for 4hr at the same temperature. Immuno-complexes were 

isolated and analysed for bound a-SNAP, VAMP/synaptobrevin and NSF. As shown 

in Figure 3.4, NSF wt formed a complex at both 25°C and 37°C. At 25°C, mutant NSF 

bound to the SNAP-SNARE comple, though with slightly less efficiency than wt NSF. 

In marked contrast, binding of the mutant was completely abolished at 37°C.

To test the reversibility o f this effect, the temperature o f one set of samples was 

dropped from 37°C to 4°C for the last two hours of the incubation. Binding activity, 

however, was not recovered (Figure 3.4).

The specificity o f NSF binding to the SNARE complex was verified by using different 

combinations of a-SNAP and membrane extract, as shown in Figure 3.8a.
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NSF wt NSF (G274E)

incubation 25°C 

NSF

a-SN AP 

VAMP

37'C 37'C
-4 'C

25'C 37'C 37'C
-4 'C

Figure 3.4 20S complex formation at different temperatures.

Incubations were carried out at 25'C or 37°C. NSF (wt or mutant) was pre-incubated in 

the presence of Mg-ATP and then added to brain membrane extract and a-SNAP in the 

presence of EDTA. Anti-syntaxin-1 beads were added and incubations continued at the 

same temperature. One set o f the 37'C-sam ples was shifted to 4°C. Immuno- 

complexes were analysed by Western blotting for the presence of NSF, a-SNAP and 

VAMP/synaptobrevin.
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3 .2 .4  Half-life o f the N S F  proteins at different tem peratures

To examine if the lack of binding to SNAP-SNARE complexes at the restrictive 

temperature was due to degradation of the NSF mutant, I analysed the half-life of the 

mutant under SNARE unfolding conditions. For this, the NSF proteins were incubated 

with a-SNAP and membrane extract in the presence of Mg-ATP at 0°C, 25°C or 37°C. 

After 2hr of incubation the proteins were precipitated and total NSF levels were 

analysed by Western blotting. As shown in Figure 3.5, protein levels of the NSF wt 

and mutant were relatively constant at the temperatures examined suggesting that a 

change in conformation may be responsible for the lost binding activity o f the NSF 

mutant.

NSF wt NSF (G274E)

incubation ice 25'C 37'C ice 25'C 37'C

NSF

Figure 3.5 Half-life of NSF proteins at different temperatures.

NSF wt and mutant were incubated with a-SNAP and membrane extract at O'C, 25'C 

or 37'C and protein levels were analysed by Western blotting.
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3.2.5 Proteolytic patterns of the NSF proteins

Next, I analysed the conformation of the NSF proteins in solution by monitoring their 

sensitivity to limited protease digestion. For this, NSF (wt or mutant) was incubated 

with different trypsin concentrations at 30°C for lOmin in the presence of Mg-ATP and 

the proteolytic patterns of both proteins were analysed by SDS-PAGE. As described 

previously (Tagaya et al., 1993) NSF is primarily digested at its interdomain 

boundaries and a 60kD- and a 31kD-fragment accumulate transiently corresponding to 

its D1D2- and D1-domains respectively. As shown in Figure 3.6, wt NSF was 

relatively resistant to trypsin and both transient fragments were detected. In marked 

contrast, mutant NSF was rapidly degraded and a fragment of 60kD was not detected 

by SDS-PAGE and Coomassie staining indicating that additional cleavage sites resided 

within the protein. This suggests that the conformation of the NSF mutant is different 

from that of the NSF wt at 30°C, a temperature which may already cause paralysis of 

comatose flies (Siddiqi and Benzer, 1976).

3.2.6 Structure of the NSF wt and mutant at different temperatures

Next, the structure of the NSF mutant was examined by negative staining. To do so, 

both NSF proteins were incubated at 25°C or 37°C in the presence of Mg-ATP and 

processed for electron microscopy. As seen in Figure 3.7, both NSF proteins appeared 

as hexagonal cylinders as it reported by others (Hanson et al., 1997). In projection wt 

NSF had a similar structure at both temperatures. In marked contrast, the mutant had a 

structure comparable to that o f the NSF wt at 25°C but not at 37°C. At this higher 

temperature the individual subunits of the NSF mutant were splayed out in projection.
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Figure 3.6 Trypsin digestion of NSF proteins.
NSF wt (a) or m utant (b) was incubated with different trypsin concentrations at 

30°C for 10 min in the presence o f M g-ATP. Sam ples were analysed by SDS- 

PAGE and Coomassie staining, the transient accumulation of 60kDa and 31 kDa fragments 

is pointed out.
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Figure3.7 Negative staining of NSF proteins at different tem peratures.
NSF proteins were incubated at 25°C or 37°C in the presence of Mg-ATP for Ihr and 
samples processed for negative staining. For each condition, a set of three end-on views 
are shown on the left, together with an averaged, and 6-fold 'symmetrised' view on the right.
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3.2.7 Unfolding of SNAP-SNARE com plexes in detergent extracts

Since the NSF mutant bound to SNAP-SNARE complexes at the permissive 

temperature I next examined whether it could unfold them. For this, I used a well- 

characterised assay for NSF-dependent unfolding o f SNARE complexes (Sollner et ah, 

1993; Wilson et ah, 1992). Rat brain membrane extract was incubated with a-SNAP 

and NSF in the presence or absence of Mg-ATP at 4°C. Immuno-complexes containing 

syntaxin-1, a neuronal t-SNARE that is essential for neurotransmitter release (Littleton 

et ah, 1998), were isolated and analysed by Western blotting for the presence of 

VAMP/synaptobrevin, a-SN A P and NSF. As shown in Figure 3.8a, wt NSF was 

present in a complex together with a-SN A P and VAMP/synaptobrevin that was 

unfolded in the presence o f Mg-ATP. In contrast, the complex containing the NSF 

mutant was stable even in the presence o f Mg-ATP. The same result was obtained 

when the experiment was performed at 25 °C, the permissive temperature for 

membrane fusion (data not shown).

Next, similar experiments were carried out using Golgi membranes. To do so, rat liver 

Golgi membranes were solubilised and treated with NEM to eliminate endogenous 

NSF activity. The membrane extract was then incubated with a-SNAP and NSF in the 

presence or absence of Mg-ATP at 4°C and anti-myc-tag beads were used to immuno- 

isolate complexes containing the recombinant NSF-myc proteins. In addition to a - 

SNAP, the blots were probed for syntaxin-5 and GOS-28, the two Golgi SNAREs 

implicated in the reassembly process (Rabouille et ah, 1998). As shown in Figure 3.8b, 

unfolding of Golgi SNARE complexes only occurred using wt but not mutant NSF.
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Figure 3.8 Unfolding of 20S complexes in detergent extracts.

a) Combinations of brain membrane extract and a-SNAP were incubated with wt or 

mutant NSF in the presence or absence of Mg-ATP at 4°C, followed by the addition of 

anti-syntaxin-1 beads. Immuno-complexes were analysed for the presence o f the 

indicated proteins by Western blotting, b) NEM-treated Golgi extract, a-SNAP and 

NSF (wt or mutant) were incubated in the presence or absence of Mg-ATP at 4°C, 

followed by the addition of anti-myc-tag beads to isolate NSF complexes. Immuno- 

complexes were analysed for the presence of a-SNAP, syntaxin-5 and GOS-28 by 

Western blotting. Note, that there are two forms of syntaxin-5 with molecular weights 

of 35kDa and 42kDa (Hui et al., 1997).
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3.2.8 Unfolding of SNAP-SNARE com plexes in intact membranes

Next, I examined the ability of the NSF proteins to unfold pre-existing SNARE 

complexes in intact synaptic vesicle membranes (Otto et ah, 1997) by exploiting the 

extreme stability o f neuronal SNARE complexes. Neuronal SNARE complexes 

comprised of syntaxin-1, SNAP-25 and VAMP/synaptobrevin resist SDS dénaturation 

(Hayashi et al., 1994) which allows testing the ability of the NSF mutant to unfold 

SNARE complexes within the context of the lipid bilayer. For this, synaptic vesicles 

were prepared as described (Osborne et al., 1999) and treated with NEM to eliminate 

endogenous NSF activity. To examine SNARE unfolding at the permissive 

temperature of membrane fusion vesicles were incubated with a-SNAP and with or 

without NSF (wt or mutant) at 25°C in the presence or absence of Mg-ATP, Reactions 

were stopped by solubilisation o f the membranes with 2% SDS, conditions under 

which pre-existing SNARE complexes are stable, and the de novo  formation of 

complexes is prevented (Otto et al., 1997). Products were analysed by Western blotting 

for the presence o f high molecular weight SNARE complexes containing syntaxin-1 

(Figure 3.10). As shown in Figure 3.9, several distinct SDS-resistant SNARE 

complexes containing syntaxin-1 were observed at 25°C (lane 1) which were unfolded 

following incubation at 100°C prior to electrophoresis (lane 2); as reported previously 

(Otto et al., 1997). Upon incubation of the vesicles with either NSF protein the pattern 

of SDS-resistant SNARE complexes changed dramatically and was accompanied by 

the appearance of a major complex of -85-100 kDa (Figure 3.9, lanes 3, 5 and 6). In 

the presence of Mg-ATP, NSF wt unfolded these complexes (Figure 3.9, lane 4), in 

contrast to the NSF mutant (Figure 3.9, lane 6), demonstrating that at the permissive 

temperature for membrane fusion, the NSF mutant was defective in unfolding SNARE 

complexes present in intact vesicles.
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Figure 3.9 Unfolding of 20S complexes in intact membranes.

NEM-treated synaptic vesicles were incubated with a-SNAP and with or without NSF 

wt or mutant at 2 5 T  in the presence or absence o f Mg-ATP. Membranes were 

solublised by addition of SDS sample buffer, incubated at room temperature or 100°C 

and analysed for the presence of NSF, a-SNAP and syntaxin-1 by Western blotting.
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3.2.9 ATPase activity of the NSF proteins

The observation that the NSF mutant was unable to unfold 20S complexes containing 

either synaptic or Golgi SNAREs suggested that the mutant might have been defective 

in its ATPase activity. This was tested by measuring the release o f [^^P] from [y-^^P]- 

ATP in the presence of NSF wt or mutant protein. As shown in Figure 3.10, the 

ATPase activity o f the wt NSF was time- and temperature-dependent, with a peak 

activity (~13pmol/mg/h at 37°C) comparable to data by others (Tagaya et al., 1993). In 

contrast, the mutant had virtually no ATPase activity at temperatures ranging from 

20“C to 40°C.

Since a-SNAP stimulates N SF’s ATPase activity (Steel and Morgan, 1998), I next 

determined if the ATPase activity of the NSF mutant could be rescued by adding a -  

SNAP into standard assays. As shown in Figure 3.11,1 found that the ATPase activity 

of the wt NSF was stimulated ~2 fold as described previously (Morgan et al., 1994), 

although no stimulation was observed for the NSF mutant.
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Figure 3.10 ATPase activity of the NSF proteins.

The ATPase activity was measured by the release of [^^P] from [y-^^Pj-ATP. Plotted 

values represent NEM-sensitive activities, a) Time-course of [^^P]-release at 25°C and 

37°C. b) Temperature-dependence of the ATPase activity at 45min of incubation.
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NSFwt
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Figure 3.11 Stimulation of NSF proteins by a-SNAP.

ATPase activity o f the NSF proteins in the presence o f a-SN A P after 45min of 

incubation at 25°C. Data shown are representative of 4 independent assays.
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3 .2 .10  N ucleo tide-dependent conformational ch an ges  in NSF 

proteins

Next, I intended to visualise hydrolysis-induced changes in NSF’s conformation by 

examining the structure o f both NSF proteins in the presence o f Mg-ADP and Mg- 

ATPyS at 4°C by negative staining (Hanson et ah, 1997). For visualising the ATP- 

state, ATPyS was used to prevent ATP-hydrolysis (Wilson et ah, 1992). As shown in 

Figure 3.12, in projection the diameter of the NSF wt barrel increased from ~12nm to 

~15nm and the central hole from -3.5 to ~4.5nm when Mg-ATPyS was used instead of 

Mg-ADP. There was no equivalent change in the NSF mutant even when the protein 

was incubated in the absence of any nucleotide, a condition under which the NSF wt is 

completely unstable (data not shown) (Hanson et ah, 1997). Together, these data 

suggest that the conformation o f the NSF mutant is unaffected by the presence of 

exogenous nucleotides, thus corroborating its lack o f ATPase activity.

3.2.11 Modelling the com atose mutation onto NSF's D2 domain

Based on the crystal structure of the D2 domain of NSF and the sequence homology 

between the D1 and D2 domains, the comatose mutation was modelled onto the D2 

domain (Figure 3.13) (Lenzen et ah, 1998). Within the proteins of the AAA family the 

position where the comatose mutation lies is generally occupied by a small amino acid, 

Ala or Gly, which is part of helix a2  and points into a hydrophobic pocket comprising 

of Phel85, Ile273, Pro282, Ile324, Ile328, Val284 and Ile370. The N-terminal part of 

helix a2  comprises the Walker A box which intimates interaction with ATP (Walker et 

ah, 1982). In the comatose  NSF mutant, Gly274 is substituted with the negatively 

charged Glu residue that presumably could not be packed into the hydrophobic pocket 

and would therefore have profound affects on the packing of helix oc2. This would in 

turn affect the packing of the Walker A and would thus presumably affect its ATP- 

binding capacity. These results together with the structural data suggest that the NSF 

mutant may be locked in a non-substrate bound form. However, further studies are 

needed to test this hypothesis.
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Figure 3.12 Negative staining of wt and mutant NSF in the presence of different 
nucleotides. NSF proteins were incubated in the presence of 2mM Mg-ATPgS or Mg-ADP 
at 4°C for Ihr and samples processed for negative staining. For each condition, a set of 
three end-on views is shown on the left together with an averaged, and 6-fold 'symmetrised' 
view on the right. Note, that Mg-ATPgS increases the diameter of the wt but not mutant 
NSF barrel from ~12nm to ~15nm.
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Figure 3.13 Modelling the comatose mutation (G274E) onto the crystal
structure of the D2 domain of NSF. The sequence of the D1 domain was mapped 
to the D2 domain of NSF based on crystal structure determined by Lenzen et al. 
(1998). In the ribbon diagram, the amino acid corresponding to the comatose 
mutation (red) is part of the helix a2 that points into a hydrophobic pocket (white) 
comprising of Pro282, Val284 and Ile328. The Walker A motif (green), the Walker 
B motif (yellow) and Mg-ATP (red) are shown.
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3.2 .12  Mitotic Golgi reassem bly  in the p resen ce  of other NSF 

mutants

The ability of the NSF mutant to promote cisternal regrowth despite defects in SNARE 

unfolding and ATPase activity led me to examine the activity of two other, well 

characterised NSF mutants.

NSF (E329Q) harbours a mutation in the catalytic site of the D1 ATPase domain 

(Whiteheart et al., 1994), which renders the protein defective in ATPase activity and 

SNARE unfolding (Nagiec et al., 1995), features shared by the comatose NSF mutant 

at the permissive temperature. This mutant does not support intra-Golgi transport and 

endosome fusion and even acts as a dominant negative inhibitor in these membrane 

fusion assays (Colombo et al., 1996; Whiteheart et al., 1994). NSF (D604Q) contains 

the corresponding mutation in the structurally related, but functionally dispensable D2 

ATPase site (Whiteheart et al., 1994). This mutation does not effect SNARE unfolding 

and significant intra-Golgi transport activity is retained (Whiteheart et al., 1994).

Both mutants were tested for their ability to re-form Golgi cistemae in the reassembly 

assay at 25°C with NEM-treated NSF proteins serving as negative control in these 

studies. As shown in Figure 3.14, cisternal re-growth was observed with both the D1 

and D2 ATPase mutants. The D1 ATPase mutant supported membrane fusion to a 

similar level of activity (-75% ) as observed for the comatose NSF mutant (see Figure 

3.3), and the D2 ATPase mutant's activity almost reaching NSF wt levels.
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Figure 3.14 Cisternal regrowth in the presenee of other NSF mutants.

NSF proteins were mixed with NEM-treated MGFs, a-SNAP, y-SNAP and pi 15 and 

incubated at 37°C for 60min. Samples were processed for electron microscopy and the 

percentage cisternal regrowth was determined. In some experiments NSF proteins were 

pretreated with NEM.
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3.3 Discussion

3.3.1 Transplantation of the co m a to se  p h en o typ e  into the 

mammalian NSF

I have introduced the comatose mutation of D. melanogaster into mammalian NSF to 

provide further insights into NSF's role in SNARE-mediated membrane fusion. The 

mutant conferred a temperature-sensitive phenotype on Golgi reassembly in mammals, 

with membrane fusion occurring only at the permissive temperature of the flies. At the 

restrictive temperature o f 37°C the NSF mutant was irreversibly modified. It 

underwent a change in conformation, with the individual subunits splaying out in 

projection as visualised by electron microscopy, and could no longer bind to SNAP- 

SNARE complexes. Thus, the irreversible modification o f the NSF mutant may help to 

explain the temperature-sensitive phenotype seen in comatose flies. At the restrictive 

temperature, flies are paralysed within a minute but take about 30min to recover at the 

permissive temperature (Siddiqi and Benzer, 1976) which may represent the time taken 

for sufficient protein refolding by chaperones, or for new NSF protein to be 

synthesised.

3.3.2 Membrane fusion in the absence of SNARE unfolding

The NSF mutant bound to SNAP-SNARE complexes at the permissive temperature 

but could no longer unfold them in the presence o f Mg-ATP. This was true for 

synaptic SNAREs that operate at the plasma membrane as well as Golgi SNAREs. 

This defect correlated with a complete lack o f time-dependent ATPase activity at 

temperatures ranging from 20°C to 40°C, and could not be rescued by the presence of 

a-SNAP. Furthermore, the NSF mutant had similar structural appearance in the 

presence or absence of different nucleotides as visualised by electron microscopy. 

Projection o f the structurally related D1 domain onto the crystal structure of NSF’s D2 

domain (Lenzen et al., 1998) suggest that the comatose mutation (G274E) may result 

in the addition of a charged residue into a hydrophobic pocket adjacent to the catalytic
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Walker A box m otif of the ATPase cassette. Together, these data suggest that the 

comatose mutation may affect the nucleotide binding properties of the protein and thus 

could help explain its lack o f ATPase activity. The results imply that the normal 

ATPase cycle that is stimulated by SNAP-SNARE complexes and promotes the 

unfolding of SNARE pairs was disrupted, possibly because nucleotide-binding of the 

NSF mutant was affected. Nevertheless, the mutant was able to catalyse Golgi 

reassembly at the permissive temperature of 25“C almost as well as the wt NSF.

Results with the comatose-VikQ mutant were further substantiated by using a distinct 

NSF mutant (E329Q), defective in ATPase activity and SNARE unfolding, which 

equally promoted cisternal regrowth. Since the comatose NSF mutant and NSF 

(E329Q) both lacked the ability to unfold SNARE complexes, NSF-dependent SNARE 

unfolding is clearly uncoupled from membrane fusion of post-mitotic Golgi fragments. 

Based on current models, the unfolding of SNARE complexes via NSF is essential for 

the recycling of SNAREs for further rounds of fusion, thus, my data suggest that 

recycling is not needed for Golgi reassembly, at least in the cell-free assay. This in turn 

leads to the prediction that there is an abundant source of unfolded SNAREs on MGF's 

prior to reassembly. Given the fact that Golgi membranes used for generating MGFs 

contain considerable amounts of NSF (Shorter and Warren, 1999) it is possible that 

SNARE complexes are unfolded during the mitotic disassembly of the Golgi apparatus 

and thus pre-primed for function during mitotic reassembly (Misteli and Warren,

1994). If  true, this could help explain the discrepancy in the requirement for NSF 

ATPase activity of the reassembly assay to other published membrane fusion assays.

3.3.3. Potential role(s) of the ATPase-independent activity of NSF

However, this leaves open the nature of the distinct ATPase-independent role for NSF 

during mitotic Golgi reassembly. Interestingly, the assembly o f synaptic 20S 

complexes was temperature-sensitive which suggests that the presence of NSF in a 

SNARE complex may be critical. Furthermore, I found that the pattern o f SDS- 

resistant SNARE complexes changed dramatically after adding either NSF wt or 

mutant protein to synaptic vesicles in the absence of Mg-ATP, suggesting that NSF (wt 

and mutant) may recruit additional factors to the SNAREs or change their
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conformation/oligomeric state presum ably to further prim e them  for fusion. 

Interestingly, another cytosolic protein that binds to syntaxin, synaphin (McMahon et 

ah, 1995), promotes oligomerisation of SNARE molecules and it has been shown that 

the formation of these higher order structures is essential for membrane fusion as 

m icro-injection o f synaphin-specific peptides into squid presynaptic terminals 

inhibited neurotransmitter release (Tokumaru et al., 2001). Thus, considering these 

data and my findings, one possible role for NSF during the Golgi reassembly fusion 

process may be to prime the SNAREs on MGFs in an ATPase-independent manner in 

preparation for fusion. This may be by the re-folding or pre-assembly of SNARE 

molecules. Evidence for such chaperone-like activities of AAA proteins comes from 

recent data on the archaebacterial homologue of p97, VAT, which displays differential 

chaperone activities depending on its ATP-hydrolysis rate (Golbik et al., 1999). Here it 

was shown that depending on the Mg^^ concentration, VAT assumed two states with 

maximum rates o f ATP-hydrolysis. In the low-activity state, VAT accelerated the 

refolding o f a test-substrate, whereas in the high-activity state it accelerated its 

unfolding (Golbik et al., 1999). Accordingly, the NSF mutant may be functional in 

folding the SNARE molecules but not in unfolding them.

Another possibility is that NSF may assist in recruiting accessory factors to the 

SNARE molecules to maintain them in an active form. Evidence for this comes from 

several different reports. In case of the intra-Golgi transport it was shown that SNARE 

activation involved a NSF-dependent transfer o f a cytosolic protein, GATE-16 

(Legesse-Miller et al., 1998), to the v-SNARE GOS-28 (Sagiv et al., 2000). This 

reaction was ATP-dependent, however, it did not require ATP-hydrolysis, as the 

interaction between GATE-16 and GOS-28 was stimulated even in the presence of 

ATPyS (Sagiv et al., 2000). In the case o f yeast vacuole fusion, priming of the 

SNAREs is coupled to an NSF-dependent transfer o f LM A l, a heterodimer of 

thioredoxin and protease B inhibitor 2 (Xu et al., 1997), to the t-SNARE Vam3p (Xu 

et al., 1998). This process correlates with the presence Mg-ATP (Gao et al., 1998; Xu 

et al., 1998), although it is not clear whether ATP-hydrolysis is needed.

Alternative to the priming model a checkpoint may exist to ensure that NSF is 

recruited to the fusion site in preparation for its later function in unfolding SNARE 

complexes. This would certainly explain why NSF has been found on synaptic and
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clathrin-coated vesicles that still have to dock and fuse (Hong et ah, 1994; Steel et ah, 

1996). Such recruitment would target NSF to the site where its action will be needed.

Lastly, NSF may take part in the actual fusion process itself as was originally proposed 

(Sollner et al., 1993). Therefore, it is interesting that a complex of NSF and a-SNAP 

can fuse liposomes directly in an ATP-dependent manner, suggesting that SNAREs 

would only serve as a specific platform for NSF action (Otter-Nisson et al., 1999). 

Furthermore, this happens most efficiently when the NSF-SNAP complex has its 

lowest ATPase activity (Otter-Nisson et al., 1999) which is the key feature of the 

comatose NSF mutant. However, the specificity o f this fusion event remains 

controversial since proteins that are unrelated to vesicular transport also support 

liposome fusion under the same conditions (Brugger et al., 2000).

In conclusion, my studies on the Drosophila comatose analogue in mammalian NSF 

provide clear evidence for a role in membrane fusion that is divorced from its ability to 

unfold SNARE complexes. The likelihood is that NSF has multiple roles and further 

structure/function studies should provide the means for their dissection.
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4.1 Introduction

NSF is a ubiquitous protein required for multiple vesicular transport events within cells 

(Rothman, 1994). Targeted mutagenesis of the Walker A and B boxes of NSF revealed 

that ATP-hydrolysis is essential for membrane fusion (Colombo et ah, 1996; Sumida et 

ah, 1994; Whiteheart et ah, 1994) and the unfolding o f SNAP-SNARE complexes 

(Nagiec et ah, 1995). In addition, it was reported that SNARE complexes accumulate 

in vivo after compromising the function of NSF in D. melanogaster and S. cerevisiae 

(Sogaard et al., 1994; Tolar and Pallanck, 1998; Ungermann et al., 1998). Together, 

these findings led to a model in which NSF was thought to be the driving force for 

unfolding cis-SNARE complexes which presumably accumulate in membranes as a 

result o f fusion (Mayer et al., 1996; Otto et al., 1997; Ungermann et al., 1998).

By analysing the mammalian comatose NSF mutant (Pallanck et al., 1995; Siddiqi and 

Benzer, 1976), I uncovered the existence of a second NSF function that was necessary 

for Golgi reassembly, yet was distinct from NSF’s proposed function as an ATPase- 

dependent SNARE unfolding machine.

To better understand the nature of the second activity I analysed the biochemical 

requirements for this activity and examined N SF’s function during the entire 

disassembly-reassembly cycle of Golgi membranes.
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4.2 Results

4.2.1 Golgi reassem bly in the presence of different nucleotides

As shown in the previous chapter the comatose NSF mutant and NSF (E329Q) are able 

to catalyse Golgi reassembly although their normal ATPase cyle is disrupted. To 

further understand the nucleotide requirement during this fusion process, Golgi 

reassembly assays were performed with NSF under standard conditions at 37°C in the 

presence of different nucleotides. Reactions that were carried out in the absence of 

NSF served as negative control in these studies. Samples were processed for electron 

microscopy and the percentage of cisternal re-growth was examined (Rabouille et al.,

1995).

As shown in Figure 4.1, Golgi reassembly occurred in the presence of ATP and ATPyS 

and intriguingly the percentage of cisternal re-growth was slightly higher when ATPyS 

was used. Depletion of ATP by addition of hexokinase to generate ADP or apyrase to 

generate AMP inhibited membrane fusion to 97% and 90% respectively.

Together, these data indicate that ATP is required for the fusion process, though, not 

ATP-hydrolysis, thus, corroborating my findings that the unfolding of SNAREs is not 

required for cisternal re-growth.
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buffer alone
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Figure 4.1 Fusion of post-mitotic Golgi membranes in the presenee of various 

nucleotides. NSF was incubated with NEM-treated MGFs, a-SNAP, y-SNAP and 

pi 15 at 37°C for 60min in the presence of 2mM ATP, 2mM ATPyS, hexokinase (e.g., 

in ADP) or apyrase (e.g., in AMP). Samples were processed for electron microscopy 

and the pereentage cisternal re-growth was determined.
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4.2.2 Nucleotide-dependent NSF binding to Golgi SNAREs

Golgi reassembly depended on the presence of ATP, however, it is not clear whether 

this requirement was linked directly to NSF activity. Interestingly, NSF is reported to 

bind in a nucleotide-dependent manner to endosomal membranes (Colombo et ah,

1996) and purified synaptic SNARE complexes (Hanson et ah, 1997). In these studies, 

binding o f NSF was observed only in the presence o f ATP suggesting ATP-NSF may 

be needed for proper membrane association and subsequent function on the SNARE 

fusion machinery. Thus, to test if the nucleotide-bound state o f NSF also influences its 

ability to bind to Golgi membranes Hise-NSF was mixed with NEM-treated rat liver 

Golgi membranes and GST-a-SNAP in the presence of Mg-ADPpS, Mg-ATPyS or 

Mg-ATP at 4°C. Complexes containing NSF were isolated using Ni-NTA beads and 

analysed for bound GOS-28, GOS-15 and synatxin-6. As shown in Figure 4.2, NSF 

only formed a complex in the presence of Mg-ATPyS indicating that NSF had to be in 

its ATP-state to be able to bind to Golgi membranes. These data suggest that the 

necessity o f ATP during Golgi reassembly may correlate with NSF-binding to Golgi 

membranes.

4.2.3 Analysis of SNARE com plexes on Golgi m em branes and  

MGFs

Golgi reassembly can be carried out in the presence of ATPyS, e.g. in the absence of 

SNARE unfolding. Based on the current model this leads to the prediction that there is 

an abundant source of unfolded SNAREs on mitotic Golgi fragments prior to 

reassembly. Thus, to examine whether the levels of pre-existing SNARE complexes 

differ on rat liver Golgi membranes and mitotic Golgi fragments, I compared the levels 

o f SDS-resistant SNARE complexes on these membranes. As shown in Figure 4.3, 

Golgi membranes contained several high molecular weight syntaxin-5 complexes with 

a major complex being observed at about lOOkD. Upon boiling, these complexes were 

lost. In contrast, such complexes were absent on mitotic Golgi fragments. These data 

imply that SNARE complexes present on intact Golgi membranes are unfolded during 

mitotic disassembly of the Golgi. This unfolding reaction is likely to be carried out by
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endogenous NSF which is bound to Golgi membranes (Shorter and Warren, 1999). 

However, further studies will be needed to prove this assumption.

incubation 
condition

NSF

GOS-28

syn-6

GOS-15

Figure 4.2 Binding of NSF to Golgi SNAREs is nucleotide dependent.

NEM-treated Golgi extract, a-SNAP and NSF were incubated in the presence of ImM 

Mg-ADPPS, Mg-ATPyS or Mg-ATP at 4°C, followed by the addition of NiNTA-beads 

to isolate complexes containing NSF. Samples were analysed for the presence of NSF, 

syntaxin-6, GOS-15 and GOS-28 by Western blotting.
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Figure 4.3 Golgi SNARE complexes are unfolded under mitotic conditions.

Golgi membranes or mitotic Golgi fragments were incubated with SDS sample buffer 

at room temperature or 100°C and analysed for the presence o f high molecular weight 

SDS-resistant complexes containing syntaxin-5 by Western blotting.
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4.2.4 Dissection of two NSF activities during the d isassem bly-  

reassem bly cycle of Golgi membranes

The fact that mitotic Golgi fragments contained unfolded SNAREs but still required 

NSF to undergo fusion led to the prediction that NSF may be needed twice during the 

disassembly-reassembly cycle of the Golgi. That is, NSF may be required during the 

disassembly phase to unfold pre-existing SNARE complexes on Golgi membranes 

(Figure 4.3) in order to generate a pool o f unpaired Golgi SNAREs that can then 

participate in membrane fusion. The NSF wt would be able to promote such a SNARE 

unfolding reaction, unlike the comatose NSF mutant which is defective in unfolding 

SNARE complexes and has virtually no ATPase activity. During the reassembly phase, 

NSF is required to drive the fusion of MGFs in an ATPase-independent manner. As 

shown in the previous chapter this reaction can be carried out by wt and mutant NSF, 

and thus must be different from the classical SNARE recycling reaction. Consequently, 

if  SNARE unfolding is essential for the fusion of post-mitotic Golgi fragments, one 

would expect that membrane fusion can only occur after incubating the Golgi 

membranes at least once during the disassembly-reassembly cycle with wt NSF. In 

order to test this hypothesis, different combinations of wt and comatose mutant NSF 

were used during the disassembly and reassembly reactions and cisternal regrowth 

monitored. For this, mitotic Golgi fragments were generated in the presence or absence 

o f NEM to eliminate any endogenous NSF activity and then incubated with or without 

NSF (wt or comatose mutant) at 25°C for lOmin to unfold pre-existing SNARE 

complexes. MGFs were re-isolated and reassembled under standard conditions using 

NSF (wt or comatose mutant) at 25°C. As shown in Figure 4.4, wt NSF catalysed 

cisternal regrowth irrespective of whether the mitotic Golgi fragments were generated 

in the presence or absence of NEM (lanes 1,2,5 and 7). In contrast, mutant NSF only 

promoted fusion of MGFs that were generated in the absence o f NEM, e.g. in the 

presence o f endogenous NSF, or pre-incubation with wt NSF prior to reassembly 

(lanes 2 and 6). Together, these data indicate that MGFs can only undergo fusion if 

incubated at least once with wt NSF. Since mitotic disassembly leads to the 

disappearance of SNARE complexes, it is likely that SNARE unfolding is essential for 

the disassembly-reassembly cycle of the Golgi. Moreover, these data demonstrate that
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two independent NSF activities are needed for this process as cisternal regrowth of 

MGFs pre-incubated with NSF wt still required NSF (wt or mutant) in order to 

undergo fusion.

1. disassemble 
Golgi (+/- NEM) - + 4- + + + -I-

2 . incubation 
-h/- NSF - - -

3. reassemble 
NEM-MGFs with 
NSF
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Figure 4.4 The disassembly-reassembly cycle of Golgi membranes requires 

two NSF functions. Golgi membranes were disassembled with mitotic cytosol in the 

presence or absence of NEM at 37°C for 30min. NEM was quenched with DTT and 

samples were incubated with or without NSF (wt or comatose mutant) for lOmin at 

25°C. Membranes were NEM treated, quenched and incubated with a-SNAP, y-SNAP, 

pi 15 and NSF (wt or comatose mutant) at 25°C for 60min. Samples were processed for 

electron microscopy and the percentage cisternal regrowth was determined.
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4.3 Discussion

The role played by NSF during membrane fusion bas provoked much debate (Mayer et 

al., 1996; Otter-Nisson et al., 1999; Sollner et al., 1993). Nevertheless, it is accepted 

that structural motifs in the protein, such as the Walker A and B boxes v^bicb intimate 

ATP-binding and hydrolysis respectively, are essential for NSF-mediated membrane 

fusion events (Sumida et al., 1994; Whiteheart et al., 1994). Analyses of NSF mutants 

that are defective in their ability to hydrolyse ATP but are able to promote the fusion 

of post-mitotic Golgi fragments indicate that a distinct NSF activity is also necessary 

for membrane fusion. Further characterisation of the Golgi fusion system revealed that 

two independent, yet sequentially linked NSF activities are required for the entire 

disassembly-reassembly cycle of the Golgi stack.

4.3.1 NSF has two activities during the d isassem bly-reassem bly  

cycle of the Golgi

The first NSF step appears to be the classical ATPase-dependent unfolding of SNARE 

complexes. By analysing the oligomeric state o f syntaxin-5, I found that Golgi 

membranes but not MGFs contained considerable amounts o f pre-existing SNARE 

complexes. This suggests that SNARE complexes may be unfolded during the 

generation of the MGFs in the disassembly phase and this presumably requires NSF’s 

classical ATPase-dependent activity. Further support for this notion comes from the 

finding that the fusion of MGFs needed the NSF wt to be present at least once during 

the disassembly-reassembly cycle of the Golgi. However, further experiments are 

necessary to confirm that the unfolding of Golgi SNAREs during the disassembly of 

the Golgi is performed by NSF.

The second NSF-dependent step is carried out during the Golgi stack reassembly 

phase. This step requires ATP, but not ATP-hydrolysis, as NSF mutants that have 

virtually no ATPase activity, such as the comatose NSF mutant and NSF (E329Q), do 

promote membrane fusion. Moreover, Golgi reassembly was promoted even in the
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presence of the non-hydrolysable ATP-analog ATPyS. These findings contradict data 

from other membrane fusion assays, such as intra-Golgi transport (Balch and Rothman, 

1985; Whiteheart et ah, 1994), endosome-endosome fusion (Colombo et ah, 1996) and 

phagosome-endosome fusion (Funato et ah, 1997). However, the observation that 

MGFs contain an abundant source o f unfolded SNAREs provides a plausible 

explanation for this discrepancy.

4.3.2 The second NSF activity requires ATP but not ATP-hydrolysis

Although ATP-hydrolysis was not required for cisternal re-growth, the presence of 

ATP is essential. Fusion occurred in the presence of ATP/ATPyS, but not in the 

presence of ADP or AMP. This suggests that ATP-binding of some crucial factor is 

critical for the fusion reaction. Accordingly, the obvious candidate NSF was found to 

form a stable complex with Golgi SNAREs in the presence of Mg-ATPyS, but not in 

the presence o f Mg-ADP, which may link the observed nucleotide-dependency of the 

fusion reaction to NSF’s ability to bind to Golgi membranes. The finding that the 

percentage of cisternal re-growth was highest in the presence of ATPyS and not ATP 

further substantiates this speculation, since ATP but not ATPyS allows generation of 

ADP-NSF, which in turn cannot bind to Golgi membranes. Together, this suggests that 

ADP-NSF may represent the inactive NSF-form. Interestingly, NSF is reported to exist 

preferentially in the ADP-state (Hanson et al., 1997). One could imagine that 

activation of NSF may involve regulating exchange of bound ADP to ATP, which 

leads to NSF’s recruitment to the membranes. Additional factors may exist that 

regulate this nucleotide exchange of NSF and guide it to active fusion sites.

In conclusion, ATPase-dependent SNARE unfolding is not needed for Golgi 

reassembly as there is an abundant source o f unfolded SNAREs on mitotic Golgi 

fragments prior to membrane fusion. These findings provide an explanation for the 

discrepancy o f NSF requirements in the Golgi reassembly assay and other fusion 

assays. Furthermore, these data provide clear evidence that NSF has two sequential 

roles during the disassembly-reassembly cycle o f the Golgi: firstly, the classical 

ATPase-dependent activity is required to unfold SNARE complexes from previous
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rounds o f fusion and this reaction may be carried out in the disassembly phase. 

Secondly, an ATPase-independent activity is needed to promote the membrane fusion 

in the reassembly phase in an unknown manner.

It is not clear whether this ATPase-independent activity is required during other fusion 

events, and thus fundamental for multiple NSF-mediated membrane fusion events. 

Further characterisation is clearly needed to further understand the role of this activity. 

The Golgi system provides a unique tool to dissect both NSF functions and more 

importantly to study the nature o f the second activity o f NSF in isolation. Some clues 

regarding the second activity may come from other membrane fusion systems. For 

example, in the yeast vacuole fusion system it has been demonstrated that NSF- 

dependent membrane fusion occurs between t-SARE-only (Avam3) and v-SNARE- 

only vacuoles (Anyvl) which presumably do not require SNARE unfolding (Nichols et 

al., 1997). NSF primes these vacuoles by recruiting L M A l, a heterodimer of 

thioredoxin and I®2, to the membranes (Xu et al., 1997) in order to stabilise the t- 

SNARE Vam3p (Xu et al., 1998). This reaction correlates with the presence of Mg- 

ATP, however it has not been elucidated whether ATP-hydrolysis is needed. 

Similarily, in the intra-Golgi transport system, NSF has been shown to recruit GATE- 

16 to the Golgi membranes to stabilise the v-SNARE GOS-28 (Sagiv et al., 2000). 

This process requires ATP, but not ATP-hydrolysis as NSF can mediate the interaction 

between GATE-16 and GOS-28 even in the presence of ATPyS. Thus, it may be 

possible that the recruitment o f stabilising factors also plays a role in the Golgi 

reassembly assay, providing the bases for further experiments to elucidate the function 

of the second activity of NSF.
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5.11ntroduction

The comatose mutations found in dNSF-1 of D. melanogaster provided the first in vivo 

evidence that NSF has an essential role in neurotransmitter release (Pallanck et ah, 

1995; Siddiqi and Benzer, 1976). The com^^^^ allele contains a single point mutation 

(G274E) in close apposition to the Walker A box m otif in the D1 domain of dNSF-1. 

This recessive mutation leads to a rapid, but reversible paralysis o f the flies when the 

temperature is raised from 25°C to 37°C which is caused by a progressive reduction of 

neurotransmitter release at the pre-synaptic membrane (Kawasaki et al., 1998; Siddiqi 

and Benzer, 1976). The flies require a minute to become fully paralysed and the time 

taken for recovery depends on the exposure length at 37°C (Siddiqi and Benzer, 1976). 

Neuroparalysis at 37°C is accompanied by a - 3 -fold accumulation o f docked vesicles 

within synaptic terminals and a ~2 to 4-fold accumulation o f synaptic SNARE 

complexes on the plasma membrane and synaptic vesicles (Littleton et al., 1998; Tolar 

and Pallanck, 1998). Expression of dNSF-1 wt protein in these mutant flies rescued 

the comatose phenotype (Pallanck et al., 1995; Tolar and Pallanck, 1998). In 

conclusion, these data provide evidence that N SF’s role during neurotransmitter 

release is to maintain a readily releasable pool o f synaptic vesicles which has been 

interpreted as a need for the recycling of post-fusion SNARE complexes by unfolding 

them.

By introducing the com^^^^ mutation of D. melanogaster into the mammalian NSF 

cDNA it was found that the mutated protein is temperature-sensitive in promoting 

fusion o f post-mitotic Golgi membranes. At the non-permissive temperature the NSF 

mutant undergoes a conformational change and thus can no longer bind to SNAP- 

SNARE complexes. At the permissive temperature the protein binds to SNAP-SNARE 

complexes, but nevertheless is unable to unfold them. Together, these results 

demonstrated that N SF’s function during the mitotic Golgi reassembly process is 

distinct from SNARE unfolding. A more detailed characterisation o f the Golgi 

reassembly assay provided evidence that NSF was needed twice during the entire 

inheritance cycle of the Golgi: firstly, NSF is required to unfold pre-existing SNARE 

complexes in order to generate a pool o f unengaged SNAREs that can participate in 

membrane fusion events. This recycling reaction occurs most likely during the mitotic
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disassembly of the Golgi. Secondly, NSF is required to drive membrane fusion of 

mitotic Golgi fragments to re-form Golgi stacks. The reassembly process requires 

ATP, but not ATP-hydrolysis as membrane fusion is promoted even in the presence of 

the non-hydrolysable ATP-analog, ATPyS. Furthermore, it was demonstrated that the 

ATP-requirement in the reassembly assay correlates with NSF’s ability to bind to the 

Golgi SNAREs. Together, these data imply that the comatose NSF mutant is locked in 

the ‘active-fusogenic’ state and thus provides a tool to analyse the physiological role of 

this second activity of NSF in membrane fusion. It was additionally found that the 

mammalian comatose NSF mutant confers the expected temperature-sensitive 

phenotype at a biochemical and structural level. However, thus far it has not been 

elucidated whether the mammalian NSF mutant mimics its counterpart in D. 

melanogaster. Clearly, this question becomes a major issue as it would demonstrate 

that the second, fusogenic activity of NSF is evolutionally conserved and fundamental 

for NSF function. Therefore, I characterised the original comatose NSF mutant of D. 

melanogaster.
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5.2 Results

5.2.1 Generation of the com atose dNSF-1 mutant

The dNSF-1 mutant was generated by a site-directed mutagenesis approach using the 

cDNA of dNSF-1 wt as a template (Ordway et ah, 1994). The mutated cDNA was 

validated by nucleotide sequencing and subcloned into a bacterial expression vector 

(pTrc, Qiagen). dNSF-1 (wt and mutant) proteins were expressed in E. coli and 

purified via their N-terminal Hisô-tags on Ni-NTA beads. Both proteins were -8 0  % 

pure as assessed by SDS PAGE and Coomassie staining (Fig. 5.1).

5.2.2 Nucleotide-dependent structures of the dNSF-1 proteins

Next, the structure of the recombinant dNSF-1 proteins was studied in the presence of 

Mg-ADP and Mg-ATP by negative staining and electron microscopy to examine the 

structure o f both proteins. As shown in Figure 5.2, both proteins appeared to be 

hexagonal cylinders with similar dimensions as the mammalian NSF (Fleming et al., 

1998). Moreover, the diameter of the dNSF-1 wt barrel increased from 12nm to 15nm 

in projection when the protein was incubated with Mg-ATPyS instead of Mg-ADP. In 

contrast to dNSF-1 wt, but similar to the mammalian comatose NSF mutant, there was 

no equivalent conformational change observed for the dNSF-1 mutant.
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Figure 5.1 Purification of recombinant dNSF-1 (wt and mutant).

Recombinant proteins were expressed in E.coli and purified via their N-terminal Hise- 

tags on Ni-NTA beads. A representative Coomassie stained SDS-polyacrylamide gel is 

shown.
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Figure 5.2 Structural analysis of the dNSF-1 proteins in the presence of Mg- 
ATPyS or Mg-ADP. Wt and mutant dNSF-1 proteins were incubated in the presence 
of Mg-ATPyS or Mg-ADP for Ihr at 4°C. Samples were processed for negative 
staining and analysed with an transmission electron microscope. For each condition, 
two end-on views are shown on the left together with an averaged, 6-fold symmetrised 
view on the right. Note, that Mg-ATPyS increases the diameter of wt dNSF-1 from 
12nm to 15nm.
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5.2.3 Temperature-sensitivity of dNSF-1 wt and mutant proteins

The mammalian comatose NSF mutant is defective in promoting membrane fusion at 

the non-permissive temperature and it was shown that this defect correlates with a 

conformational change at this temperature, which in turn blocks the NSF mutant from 

binding to SNAP-SNARE complexes. To determine whether a similar conformational 

change of dNSF-1 mutant may contribute to the comatose phenotype of the flies the 

structure of the dNSF-1 mutant was examined at the permissive and non-permissive 

temperature. For this, the purified wt and mutant dNSF-1 proteins were incubated with 

Mg-ATP for Ihr at 25°C or 37°C and the samples were analysed by negative staining 

and electron microscopy. As shown in Figure 5.3, wt and mutant dNSF-1 proteins had 

similar structures at 25°C, but not at 37°C. At the higher temperature the individual 

subunits of the dNSF-1 mutant were splayed out in projection. The conformational 

change of the dNSF-1 mutant was irreversible as incubation at 37°C followed by 25°C 

still resulted in a ‘splayed-ouf structure of the dNSF-1 mutant.
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Figure 5.3 Structural analysis of the dNSF-1 proteins at 25°C and 37°C. Wt and
mutant dNSF-1 proteins were incubated in the presence of Mg-ATP for Ihr at the 
permissive or non-permissive temperature, 25°C or 37°C respectively. Another set of 
proteins was first incubated at 37°C for Ihr and then at 25°Cforlhr. Samples were 
processed for negative staining and analysed with a transmission electron microscope. 
For each condition, two end-on views are schown on the left together with an averaged, 
6-fold symmetrised view on the right.
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5.2.4 Mitotic Golgi reassem bly in the presence of dNSF-1 proteins

Since the mammalian and Drosophila comatose NSF mutants were indistinguishable at 

the structural level, it was next asked whether the dNSF-1 proteins (wt and mutant) 

could promote cisternal re-growth of mammalian MGFs and, moreover, whether the 

dNSF-1 mutant would confer temperature-sensitivity to membrane fusion in vitro. For 

this, wt and mutant dNSF-1 were incubated with NEM-treated MGFs, p i 15 and SNAP 

proteins under standard conditions at 25°C or 37°C and the percentage o f cisternal re

growth was investigated using electron microscopy (Figure 5.4). Reactions that were 

carried out in the presence of the mammalian NSF wt served as positive control and 

reactions in the presence of the NEM-treated NSF proteins as negative control.

dNSF-1 wt promoted cisternal re-growth at 25°C and 37°C with an average fusion 

activity o f 40% when compared to its mammalian counterpart. At the higher 

temperature the activity of the wt dNSF-1 was slightly reduced. The dNSF-1 mutant 

promoted reassembly to a similar extent as wt dNSF-1 at 25°C, however, it was almost 

completely inactive at 37°C.

Together, these results indicate that the comatose dNSF-1 mutant exhibits temperature- 

sensitive membrane fusion, and so mimics its mammalian counterpart. This indicates a 

high degree o f conservation between the D rosophila  and the mammalian fusion 

machinery. Moreover, this suggests that the mammalian NSF mutant and the authentic 

comatose mutant show phenotypes that are, in structural and functional terms, 

phenocopies.
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Figure 5.4 Cisternal re-growth at 25°C and 37°C using the dNSF-1 wt and 

mutant proteins. Golgi reassembly assays were performed under standard conditions 

at the permissive or non-permissive temperature. NEM-treated NSF proteins served as 

a negative control and mammalian NSF wt as a positive control. Samples were 

processed for electron microscopy and the percentage o f cisternal re-growth was 

determined.
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5 .2 .5  Binding of dNSF-1 wt to m am m alian SNAP-SN ARE  

com plexes

To investigate whether the 40% fiisogenic activity observed for dNSF-1 wt was linked 

to its relative binding affinity for mammalian SNAP-SNARE complexes, I next 

analysed its ability to form 20S complexes in Golgi detergent extract. To do so, I 

titrated the mammalian or Drosophila NSF wt into a mixture of NEM-treated Golgi 

membranes and GST-a-SNAP. Complexes containing GST-oc-SNAP were isolated on 

glutathione beads and analysed by SDS-PAGE and Coomassie staining. The 

percentage o f NSF bound to SNAP-SNARE complexes was quantitated by 

densitometry and normalised using GST-a-SNAP.

As shown in Figure 5.5, dNSF-1 wt bound to mammalian SNAP-SNARE complexes 

under these conditions, although less efficiently than its mammalian counterpart. The 

average binding of dNSF-1 wt was -55%  of that observed for the mammalian NSF wt.

Alignment o f the amino acid sequences of several mammalian SNAP-SNARE proteins 

to their Drosophila  homologues (SNAP, GOS28, GOS 27) showed that the fusion 

machines of mammals and Drosophila are -52%  conserved and this may contribute to 

the lower binding observed for dNSF-1 wt.

Together, these data help to explain the results obtained with the reassembly assay and 

are consistent with the idea that the binding of NSF to SNAP-SNARE complexes is 

essential for membrane fusion.
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Figure 5.5 Titration of CHO NSF wt and dNSF-1 wt into Golgi SNAP-SNARE 

complexes. Various amounts of NSF protein were incubated with GST-a-SNAP and 

NEM-treated Golgi extracts. SNAP-SNARE complexes were isolated on glutathione 

beads and analysed by SDS-PAGE and Coomassie staining. The percentage of NSF 

bound to SNAP-SNARE complexes was quantitated by densiometry and normalised 

using GST-a-SNAP.
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5.2.6 Unfolding of mammalian SNAP-SNARE com plexes

Having established that the dNSF-1 proteins bind to mammalian SNAP-SNARE 

complexes I next determined whether they could unfold them in the presence of Mg- 

ATP. For this, NEM-treated Golgi extract was incubated with dNSF-1 (wt or mutant) 

and GST-a-SNAP in the presence of Mg-ATPyS or Mg-ATP in order to assemble or 

unfold the 20S complex, respectively. Proteins bound to GST-a-SNAP were isolated 

using glutathione beads and analysed by W estern blotting. As expected, the 

mammalian NSF wt was present in a complex together with a-SNAP and GOS-28 that 

was unfolded in the presence o f Mg-ATP (Fig. 5.6a). In contrast, complexes 

containing the dNSF-1 (wt and mutant) proteins were stable even in the presence of 

Mg-ATP.

5.2.7 Unfolding of dNSF-1/dSNAP com plexes

The surprising finding that the dNSF-1 wt was unable to unfold mammalian SNAP- 

SNARE complexes led me to ask whether this was caused by species differences of the 

dNSF-1 wt and the mammalian SNAP-SNARE proteins. Mammalian NSF has been 

shown to bind to immobilised a-SNAP (Barnard et al., 1997) and is able to unfold 

NSF-SNAP complexes (unpublished observation), a property which can be used as an 

indicator o f NSF’s unfolding capacity. To test if dNSF-1 wt has the capacity to unfold 

complexes in the presence of Drosophila SNAP (dSNAP) protein I analysed its ability 

to break dNSF-l/dSNAP complexes which had been pre-immobilised to the surface of 

polypropylene tubes. For this, SNAP (mammalian or Drosophila) was bound to the 

surface of polypropylene tubes for 2hr and then incubated with NSF wt (mammalian or 

Drosophila respectively) in the presence or absence of Mg-ATP. Immobilised proteins 

were dissolved in SDS-sample buffer and analysed by Western blotting. As shown in 

Figure 5.6b, the mammalian NSF wt bound to pre-immobilised mammalian a-SNAP 

only in the absence of Mg-ATP. In contrast, a complex formed by dNSF-1 wt and 

dSNAP was stable even under unfolding conditions.
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Figure 5.6 Unfolding of mammalian SNARE complexes and immobilised NSF- 

SNAP complexes, a) Rat NEM-treated Golgi extract was incubated with bovine GST- 

a-SNAP and NSF wt (CHO or Drosophila) in the presence of Mg-ATPyS or Mg-ATP 

at 4°C for 45min followed by the addition of glutathione beads to isolate a-SNAP 

complexes. Samples were analysed for the presence of His6-NSF, a-SNAP and GOS- 

28 by Western blotting, b) GST-SNAP (bovine or Drosophila) was pre-immobilised to 

the surface of polypropylene tubes for 2hr. Tubes were washed and incubated with the 

NSF wt (CHO or Drosophila respectively) in the presence or absence o f Mg-ATP. 

Samples were dissolved in SDS-sample buffer and analysed for the presence of His6- 

NSF and GST-SNAP by Western blotting.
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5.2.8 A TPase activity of dNSF-1 wt

To determine whether the inability of dNSF-1 wt to unfold mammalian SNAP-SNARE 

complexes or immobilised Drosophila NSF-SNAP complexes was due to a lack of its 

ATPase activity, I measured the release o f radiolabeled Pi in the presence of dNSF-1 

wt. The mammalian NSF wt was used as a positive control in these studies.

As expected, the ATPase activity o f the mammalian NSF wt was time- and 

temperature-dependent, with a specific activity of ~13 pmol mg'^hr'^at 30°C (Figure 

5.7). In contrast, dNSF-1 wt had virtually no ATPase activity at temperatures ranging 

from 20°C to 40°C. I then purified the recombinant dNSF-1 wt protein under several 

different conditions (ImM  ADP/ 5mM MgCli, ImM ATP/ 5mM MgClz or lOmM 

ATP/ 50mM MgCli) to investigate if the lack o f activity was due to inappropriate 

nucleotide or salt concentrations in the purification procedure, however, no ATPase 

activity could be detected using these alternate protein preparations (data not shown).

5.2.9 Stimulation of the ATPase activity of dNSF-1 wt

Next, I investigated whether elevated Mg^^ concentrations would influence the ATPase 

activity o f dNSF-1 wt. In the case of VAT, the archaeal p97 ATPase homologue, it has 

been shown that upon elevation of the Mg^^ concentrations the ATPase actvity of VAT 

increased drastically: increasing the Mg^^ concentration from 20mM to 120mM 

stimulated the ATPase activity 10-fold (Golbik et al., 1999). dNSF-1 wt was tested by 

performing standard ATPase assays with increasing concentrations o f MgCE. As 

shown in Figure 5.8a, a 10-fold molar increase o f Mg^^ resulted in a -1.6-fold 

stimulation o f the ATPase activity o f the mammalian NSF wt. However, no 

stimulation was observed when examining dNSF-1 wt.

Lastly, I assayed the ATPase activity of dNSF-1 wt in the presence o f dSNAP as 

SNAP proteins have been shown to stimulate the activity of mammalian and yeast NSF 

~3-fold (Steel et al., 1999). As expected, mammalian a-SNAP stimulated the activity 

of the mammalian NSF wt -2-fold. In contrast, the ATPase activity of dNSF-1 wt 

remained at background levels when dSNAP was present (Figure 5.8b).
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Figure 5.7 ATPase activity of dNSF-1 wt.

The ATPase activity was measured by the release o f [y-^^PJ-ATP. Plotted values 

represent NEM -sensitive activities, a) Time-course o f [^^P] release at 30°C. b) 

Temperature dependence of ATPase activity at 45min of incubation. Experiments 

shown are representative of four independent assays.
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Figure 5.8 Stimulation of the ATPase activity of dNSF-1 wt.

The ATPase activity was measured by the release o f [y-^^P]-ATP. Plotted values 

represent NEM-sensitive activities, a) Standard ATPase assays were performed in the 

presence of various concentrations of MgCE at 30°C for 60min. b) a-SNAP (bovine or 

Drosophila) was immobilised to the surface of polypropylene tubes, removed and used 

to carry out standard ATPase activity assays at 30°C for 60min in the presence of NSF 

(CHO or Drosophila respectively). Experiments shown are representative o f four 

independent assays.
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5 .2 .10  Analysis o f  the n u c leo tide-depen den t conformational 

conversions of dNSF-1 wt

As visualised by electron microscopy, mammalian NSF has two different 

conformations that depend on the nucleotide-bound state o f the protein. In projection, 

the outer diameter of the mammalian NSF wt decreases from 15nm to 12nm when the 

protein is incubated in Mg-ATPyS instead of Mg-ADP and the conversion of ATP- 

NSF into ADP-NSF presumably occurs by ATP hydrolysis (Hanson et ah, 1997).

Thus, to rule out the possibility that dNSF-1 wt possessed ATPase activity that was 

undetectable using the biochemical assay, the structure of the protein was analysed in 

the presence Mg-ATP. For this, recombinant dNSF-1 wt was purified in the presence 

of Mg-ADP or Mg-ATP and incubated on ice or at 30°C for 40min. Samples were 

analysed by electron microscopy and the results are shown in Figure 5.9. As expected, 

ADP-dNSF-1 wt was in the ADP-conformation with an outer diameter of 12nm at both 

temperatures. Furthermore, ATP-dNSF-1 wt was in an ATP-conformation with an 

outer diameter of 15nm irrespective of whether the protein was incubated on ice or at 

30°C, conditions under which the mammalian NSF adopts an ADP-conformation 

(Hanson et al., 1997). In conclusion, these data corroborate the findings that dNSF-1 

wt is unable to hydrolyse ATP, since at elevated temperatures the average population 

of ATP-dNSF-1 wt molecules (n = 300) remained in the ATP-conformation.
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Figure 5.9 Structure of dNSF-1 under conditions permissive for ATP- 
hydrolysis. dNSF-1 was purified in the presence of Mg-ADP or Mg-ATP and 
incubated on ice or at 30°C for 40min. Samples were processed and analysed 
by electron microscopy. For each, condition, two end-on views are schown on 
the left together with an averaged, 6-fold symmetrised view on the right.
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5.3 Discussion

Characterisation of the mammalian comatose NSF mutant revealed that NSF has two 

independent and sequentially linked activities during the disassembly-reassembly cycle 

of the Golgi. The first activity, herein designated as recycling activity, is the classical 

ATPase-dependent SNARE unfolding function and is carried out during the mitotic 

disassembly of the Golgi. The second activity, herein designated as fusogenic activity, 

is ATPase-independent and is required for the fusion of the mitotic Golgi fragments to 

re-form Golgi stacks. Thus far, it has not been clear whether the mammalian comatose 

NSF mutant really mimics the authentic comatose phenotype of D. melanogaster. This 

however, becomes important since an authentic transplantation of the phenotype would 

indicate that the ATPase-independent, fusogenic activity o f NSF is evolutionally 

conserved and thus may be applicable for all NSF-mediated fusion processes.

5.3.1 The A T P -independen t activity o f  NSF is evolutionally 

conserved

The dNSF-1 wt and mutant proteins appear as hexagonal cylinders with dimensions 

similar to mammalian NSF. Testing both proteins in the reassembly assay revealed that 

the dNSF-1 proteins promoted membrane fusion in the mammalian system, albeit less 

efficiently than the mammalian NSF wt. Furthermore, it was found that the dNSF-1 

mutant exhibits temperature-sensitive membrane fusion in that the dNSF-1 mutant 

catalysed cisternal re-growth at 25°C, but not at 37°C. Structural analysis of the dNSF- 

1 mutant revealed that it underwent a conformational change with the individual 

subunits splaying out in projection at 37°C. This feature is in accordance with the 

mammalian comatose NSF mutant and presumably leads to the protein’s loss of 

function at 37°C. The conformational change of the dNSF-1 mutant is irreversible as 

the ‘splayed’ structure was observed even after the temperature was shifted from 37°C 

to 25“C. Together, these data demonstrate that the phenotype o f the original comatose 

dNSF-1 mutant is indistinguishable from its mammalian counterpart and thus 

corroborates the authentic transplantation o f the comatose phenotype into the
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mammalian NSF mutant. Moreover, these data indicate that the ATPase-independent, 

fusogenic activity of NSF is evolutionally conserved and strongly suggest that it is a 

fundamental aspect of NSF’s role in membrane fusion.

5.3.2 The formation of 20S complexes is essential

Thus far, the precise function of NSF’s fusogenic activity is still obscure, however, 

there is evidence to suggest that the binding of NSF to SNAP-SNARE complexes is an 

essential key feature of this activity. Using the Golgi reassembly assay it was found 

that the mammalian comatose NSF mutant is defective in promoting membrane fusion 

at 37°C, a defect that correlated with its inability to bind to SNAP-SNARE complexes. 

Furthermore, it was found that the dNSF-1 wt fused mammalian MGFs, albeit -60%  

less efficiently than its mammalian counterpart, and that this reduced fusogenic 

activity correlated with decreased affinity o f dNSF-1 wt for mammalian SNAP- 

SNARE complexes (-55%  of NSF wt). Together, these findings indicate that an 

interaction between NSF and SNAP-SNARE complexes is necessary for the 

membrane fusion process. However, further studies will be required to relate this 

interaction to a functional mechanism.

5.3.3 dNSF-1 wt has no ATPase activity

A  surprising finding was that that the dNSF-1 wt was unable to unfold immobilised 

Drosophila NSF-SNAP complexes or mammalian SNAP-SNARE complexes. 

Furthermore, it was found that this defect correlated with a complete lack of ATPase 

activity at temperatures ranging from 20°C to 40°C, and even in the presence of high 

Mg^^ concentrations or dSNAP. A structural analysis of the dNSF-1 wt under ATP- 

hydrolysis conditions further corroborated these findings: dNSF-1 wt that was purified 

in the presence o f Mg-ATP adopted an ATP-conformation even when the protein was 

incubated at 30°C for 40min, conditions under which the mammalian NSF wt 

hydrolyses ATP and hence adopts an ADP-conformation (Hanson et al., 1997).
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These data suggest that dNSF-1 wt appears to lack the recycling activity in the 

mammalian system as it was unable to unfold SNAP-SNARE complexes, and had 

virtually no ATPase activity. In contrast, a recent report has shown that SNARE 

complexes accumulate in comatose flies at 38°C, and this was recovered by expression 

of a dNSF-1 wt transgene, suggesting that NSF’s function may be to unfold SNARE 

complexes (Tolar and Pallanck, 1998). However, thus far it has not been clearly shown 

that the observed accumulation of SNAP-SNARE complexes in the flies is directly 

caused by a lack o f NSF function. Nevertheless, taking these published data into 

account, it may be possible that NSF can hydrolyse ATP, though hydrolysis was 

undetectable under the conditions tested here. One possibility may be that the ATPase 

activity of dNSF-1 wt is stimulated only within the context o f Drosophila SNAP- 

SNARE complexes. Alternatively, one could imagine that the ATPase activity of 

dNSF-1 wt is dependent on additional, but as yet unidentified co-factors that may serve 

as activators to ‘switch-on’ the ATPase activity o f dNSF-1 wt. Finally, it is also 

possible that the lack of activity may simply be due to a technical problem associated 

with the protein-expression/purification procedure. However, this seems unlikely as 

dNSF-1 wt still maintains a hexameric structure and is also able to promote membrane 

fusion. Further experiments are clearly needed, e.g. such as monitoring dNSF-1 wt for 

its ability to unfold Drosophila SNAP-SNARE complexes in a nucleotide-dependent 

manner, which may be indicative of NSF’s ATPase activity.

If the biochemical data on dNSF-1 wt are valid, then this would imply that the 

ATPase-independent fusogenic function of dNSF-1 wt, rather than the SNARE 

unfolding function, is essential for membrane fusion. One could imagine that SNARE 

unfolding might be carried out by an alternative mechanism that may involve 

chaperones such as p97, hsp-70 or hsp-90. Accordingly, it would be interesting to test 

whether these chaperones are able to unfold SNAP-SNARE complexes.

Interestingly, it was found that although being inactive in hydrolysing ATP, dNSF-1

wt has two conformations depending on its bound nucleotide. Thus, it may be the

nucleotide-dependent conformational switch o f NSF, rather than its ability to

hydrolyse ATP, that is essential for membrane fusion. It is therefore interesting that the

GTPase cycle o f Rab5, a protein involved in the docking step of endosome fusion

(Pfeffer, 1999), is not required for membrane fusion, but the protein’s ability to bind
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GDP and OTP (Ullrich et al., 1994). In these studies, it has been suggested that the 

GTPase cycle is involved in sustaining a dynamic equilibrium between the inactive 

GDP- and active GTP-bound protein form, thus acting as a ‘tim er’ for membrane 

fusion. Accordingly, one could imagine that the binding of dNSF-1 wt to ADP/ATP 

may be critical for NSF function by regulating its activity, e.g. its capacity to bind to 

SNAP-SNARE complexes.

In conclusion, these studies provide clear evidence that the second, fusogenic activity 

of NSF is evolutionally conserved and further suggest that it is a fundamental aspect of 

NSF’s role in membrane fusion. Drosophila genetics in conjunction with biochemical 

assays may provide a powerful tool to further study the function o f this activity in the 

future.
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6.11ntroduction

p97 belongs to the AAA family and is found in organisms ranging from archaebacteria 

to man (Confalonieri and Duguet, 1995). Gene disruption in yeast showed that p97 

(CDC48) is essential for cell viability, indicating that it performs an important function 

within cells (Frohlich et ah, 1991). So far, it has been implicated in a large number of 

seemingly unrelated cellular processes. For instance, CDC48 in yeast was isolated as a 

cell cycle mutant arresting as a large budded cell with an elongated nucleus that spans 

the mother-daughter junction (Frohlich et ah, 1991; Moir et ah, 1982). p97 has also 

been implicated in membrane fusion events, including the fusion o f the endoplasmic 

reticulum and Golgi cisternae (Acharya et ah, 1995; Latterich et ah, 1995; Rabouille et 

ah, 1995). Additionally, a function in endocytosis has been suggested as it has been 

identified as a component o f clathrin coats (Pleasure et ah, 1993). Furthermore, p97 

has been implicated in protein degradation because the protein co-purifies with the 

proteasome and inactivation o f p97 compromises ubiquitin-dependent proteolysis in 

vivo (Dai et ah, 1998; Ghislain et ah, 1996). Lastly, p97 is implicated to be involved in 

signal transduction pathways, such as STATS- and NFKB-dependent signalling (Dai et 

ah, 1998; Shirogane et ah, 1999).

Although p97 has been ascribed to all these different roles its exact function is still 

obscure. Increasing evidence suggest that members o f the AAA family exhibit 

chaperone-like activities (Leonhard et ah, 1999). For example,VAT, the archaeal 

homologue o f p97, has been shown to catalyse folding and unfolding o f well-studied 

substrates (Golbik et ah, 1999) which in turn provides a common functional link 

between the different cellular roles of p97.

To begin to understand the physiological role o f p97 in mammals, I have analysed 

genomic organisation and transcriptional regulatory sequences o f the mouse p97 gene, 

with the aim o f creating a targeted gene disruption of the mouse p97 gene. 

Furthermore, the expression of p97 mRNA/protein was studied in embryonic and adult 

mice to provide clues about the gene’s regulation and function.
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6.2 Results

6 .2 ,1 1dentification of two different p97 loci in M. mu seul us

To analyse the structure of the mouse p97 gene I isolated genomic clones containing 

p97 sequence from a phage library. For this, an N-terminal probe corresponding to 

basepairs 164-586 of the published cDNA (Egerton et ah, 1992) was generated by PCR 

using a mouse cDNA as template. The probe was tested by Southern blotting on 

genomic mouse DNA and then used to screen a lambda phage library. Three unique 

clones, designated lambda 1-3, were isolated and subloned into pBS II (Stratagene) for 

further analysis.

Southern blot analysis on digested phage DNA using probes spanning different regions 

of the published cDNA (see 2.2.3.1) was performed to further characterise the isolated 

clones. Lambda 1 and lambda 2 extended 20 kb and 15.6 kb respectively and 

overlapped by 3.7 kb. Lambda 2 spanned the 5' end and lambda 1 the 3' end of the p97 

cDNA sequence (Figure 6.1). Lambda 3 extended 14 kb and appeared to encompass 

the whole p97 coding region based on Southern blot analysis, however, further 

analyses revealed that restriction patterns within the p97 coding sequence of lambda 3 

and lambda 1/2 differed (Figure 6.1).

Comparison o f the physical maps of total genomic and lambda clone DNA revealed 

that p97 is not a single copy gene. In Southern blot analysis of genomic DNA, I 

consistently found two restriction fragments. One fragment corresponded to a similarly 

sized fragment in lambda 1/2 , while the second fragment corresponded to a fragment 

in lambda 3. This strongly suggested the presence of two different p97 loci (results for 

lambda 2 versus lambda 3 are shovm in Figure 6.2).

Fluorescence In Situ hybridisation using the isolated lambda clones as probes 

confirmed the presence of two mouse p97 loci. The overlapping clones lambda 1 and 

lambda 2 reside on mouse chromosome 4 at position B2, while clone lambda 3 resides 

on chromosome X at position C-D (Figure 6.3).
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Figure 6.1 Genomic structure of the mouse p97 genes.

Physical map of the mouse p97 genes as established from lambda 1/2 and lambda 3; 

sites are marked for the enzymes Bam HI (B), Eco RI (E), Hind III (//), and Xho 1 (X). 

The open reading frame of p97 is indicated in black shading and the untranslated 

regions in grey shading.
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Figure 6.2 Southern blot analysis of phage and genomie DNA.

DNA (lOpg) was digested with the indicated enzymes and analysed in a Southern blot 

using a mouse cDNA probe covering basepairs 14-159 of the published mouse cDNA.
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Figure 6.3 Chromosomal localisation of the mouse p97 genes.
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performed to karyotype the isolated lambda clones. Lambda 2 resides on mouse 
chromosome 4 at position B2 (a) and lambda 3 on chromosome X at position C-D (b).
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6.2.2 Genomic organisation of the p97  g en es

The genomic structure of both genes was further characterised by nucleotide sequence 

analysis using various gene-specific primers. Analysis of the gene present in lambda 

1/2 revealed that it was interrupted by 16 introns. All donor and acceptor sites o f the 

exon-intron splice junctions adhere to the canonical GT-AG rule (Mount, 1982), 

except for the donor site of intron 14, where a variant form, GC is used instead of GT 

(Figure 6.4).

Exons were on average 160 ± 58 bp in size. The first exon contained the 5’ 

untranslated region of the mRN A as well as the translation start site. Both nucleotide- 

binding cassettes (Walker et al., 1982) were located in single exons, namely exon 7 

and exon 13. Introns were on average 1075 ± 1133 bp in size as estimated by PCR 

analysis using exon-specific primers. Intron 1 comprised about 3850 bp and 

represented the longest intron. The relative location o f exons was established by 

nucleotide sequencing and restriction digestion analysis of PCR-amplified introns.

The nucleotide sequence of lambda 3 was analysed (Figure 6.5) and submitted to the 

GenBank/ EBI Data Bank (accession number: AF122048). Alignment of nucleotide 

sequences of the gene to the published mouse cDNA (Egerton et al., 1992) revealed 

that this gene contained the complete coding region o f p97 without introns. Several 

mutations were identified, including a substitution of V207 to I and a deletion of Q569, 

A 570 , A571 , P572  and C5 7 3 . A polyadenylation signal and a poly (A) stretch were 

found in the genomic region corresponding to the 3' end o f the published cDNA. 

Furthermore, each end o f the gene was flanked by a direct repeat of 8 nucleotides 

representing a potential insertion site o f a reversed transcribed mRNA. Together, the 

structure of the gene present in lambda 3 had all the hallmarks expected of a processed 

pseudogene (designated herein as t|/p97) (Vanin, 1985). This in turn implies that the 

gene does not encode a functional product as it has been reported for many other 

pseudogenes (Moller et al., 2000; Richardson et al., 1998). In support of this notion, 

p97 is a single copy gene in M  spretus and humans (Hoyle et al., 1997). Moreover, 

alignment of database cDNA sequences for p97 gene counterparts in organisms 

ranging from archaebacteria to mouse demonstrated that all cDNA encoded the amino
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acid sequence AP (found at positions 571-572 in the mouse protein), which was 

present in the discontinuous p97 gene (lambda 1/2), but which was deleted in \)/p97 

(Figure 6.6). Together, these data suggest that \|/p97 represents a non-functional 

pseudogene rather than a second, intron-less and active p97 gene.

Exon Intron

(No.) Size (bp) 5 'end 3' end (No.) Slze(bp) 5' donor 3' acceptor

1 271 agtcagagg TGGAGCCGA 1 3850 gtaagtgtc tccttctag
2 111 TTCAAAAGG TTGTCCCAG 2 62 gtaagttgg ctttcttag
3 172 CCCAAGAGT TGTCATCAG 3 2000 gtttgtatg catcgtcag
4 142 CATCCAGCC TCCGTAAAG 4 350 gtgagagaa gtcttatag
5 130 GAGATATTT AAGCGAGAG 5 2350 gtgagttac tatattcag
6 131 GATGAGGAG GGTGTAAAG 6 2000 gtgagtatc tgtcctcag
7 102 CCTCCTCGG TGATCAATG 7 2200 gtaagaaac tctcttcag
8 133 GTCCTGAAA AGAGAGAAA 8 78 gtacgaact tcttcacag
9 135 ACTCATGGG GGCGATTTG 9 680 gtaaatacc gtcctatag
10 112 GTCGCTTTG TTGGAACAG 10 450 gtagagtgg ctcttgcag
11 164 GTAGCCAAT GACTTCCGG 11 104 gtaaggacc cctttttag
12 122 TGGGCTTTG TTGGTTCAG 12 750 gtaggctaa ttcttgtag
13 212 TATCCTGTG TTTGACAAG 13 214 gtgagctag ttcttatag
14 308 GCACGGCAA GTTGCCAAG 14 200 gcaggtgca ttccttcag
15 155 GATGTGGAT TCGGCTATG 15 1750 gtgagtcag actttatag
16 154 GAGGTAGAA CAGCTTCAG 16 159 gtaatcttg tgtatacag
17 ATTCCCTTC

Figure 6.4 Exon-intron organisation of the mouse p97 gene.

Exon and intron sizes were established by nucleotide sequencing and PCR analysis 

using subcloned fragments of lambda 1/2. The nucleotide sequence o f exon-intron 

borders is shown with upper (exonic sequence) and lower cases (untranslated and 

intronic sequence). The consensus splicing signal is shown in bold letters.
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1 atatctctgg ttatattata tccaaaacct tgttgtgtgt ctttagccaa
51 gtctgtctct ctgcaacttt ttcttcttgt gaaacccatg accaggagga

101 gaaagtacct gcctggcagg ttacccaaac tctggtctgg cagtatgttg
151 tggctaggca ctgattggtg tgtaaaagcc atttaaaaga gaagtaatgt
201 taaagacttg gaaattttta aaaacaaaga tataaaaiiaa taat^cagg
251 gcttttctcg gttcagtctc cgtgaagcgt ttgcagccgt cgtttgatta
301 gtcgctgccc ccctcgcgga ttaggagcta gcgtctcccg cccgcccgcc
351 tgccgccccg gtgcccctgg gaggaagcga gagggaggct gccagagggt
401 ttgtcactgc tgttgctcct ccgcctcagc gagtccagcc cgggcctagt
451 cggtcgcctg cctttctcat agccgttacc ctcaggccgc cacagccgcc
501 gaccgggaga ggcgcgcgcc ATGGCCTCTG GAGCCGATTC AAAAGGTGAT
551 GATTTATCAA CAGCCATTCT CAAACAGAAG AACCGACCCA ATCGGTTAAT
601 TGTTGATGAA GCCATCAATG AAGATAACAG CGTGGTGTCC TTGTCCCAGC
651 CCAAGATGGA TGAACTGCAG TTGTTCCGAG GTGACACGGT GTTGCTAAAA
701 GGAAAGAAAA GACGGGAAGC TGTATGCATT GTTCTTTCTG ATGACACGTG
751 TTCTGATGAG AAGATTCGAA TGAATAGAGT TGTTCGGAAT AACCTCCGAG
801 TTCGCCTAGG AGATGTCATC AGCATCCAGC CATGCCCTGA TGTAAAGTAT
851 GGCAAACGTA TCCACGTTCT ACCCATCGAT GACACAGTGG AAGGCATCAC
901 TGGCAATCTC TTTGAGGTAT ACCTTAAGCC GTACTTCCTG GAAGCTTATC
951 GGCCCATCCG TAAAGGAGAT ATTTTTCTTG TCCGGGGTGG GATGCGTGCT

1001 GTGGAGTTCA AAGTTGTAGA GACAGATCCC AGCCCTTACT GTATTGTTGC
1051 TCCAGACACA GTGATCCACT GTGAGGGGGA GCCAATCAAA

V 2O7I

CGAGAGGATG

1101 AGGAGGAATC CTTGAATGAA GTAGGCTATG a t g a cJ t c g g TGGTTGCAGG
1151 AAGCAGCTAG CTCAGATAAA GGAGATGGTG GAGCTGCCAC TGAGACATCC
1201 TGCGCTCTTC AAGGCGATTG GTGTAAAGCC TCCTCGGGGA ATCTTGTTGT
1251 ATGGGCCTCC TGGGACAGGG AAGACCCTGA TTGCTCGAGC TGTGGCAAAT
1301 GAAACTGGAG CCTTCTTCTT TCTGATCAAT GGTCCTGAAA TCATGAGCAA
1351 ATTGGCTGGT GAGTCTGAGA GCAACCTTCG TAAAGCCTTT GAGGAAGCTG
1401 AAAAGAATGC TCCTGCTATC ATCTTCATCG ATGAGCTTGA TGCCATTGCA
1451 CCCAAAAGAG AGAAAACTCA TGGGGAAGTG GAGCGTCGCA TCGTGTCTCA
1501 GTTGTTGACC CTCATGGATG GCCTAAAGCA GAGAGCACAT GTGATAGTTA
1551 TGGCAGCAAC CAATAGACCC AACAGCATTG ACCCAGCCCT ACGGCGATTT
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1701 TGGACTTGGA ACAGGTAGCC AATGAGACTC ATGGTCATGT TGGTGCTGAT
1751 TTGGCAGCCC TATGTTCAGA GGCTGCTCTG CAGGCCATCC GGAAAAAAAT
1801 GGACCTCATT GACCTAGAAG ATGAGACCAT TGATGCTGAG GTCATGAATT
1851 CCCTGGCAGT TACTATGGAT GACTTCCGGT GGGCTTTGAG TCAAAGCAAC
1901 CCATCAGCAC TTCGGGAAAC TGTGGTAGAG GTGCCACAAG TAACCTGGGA
1951 AGATATTGGA GGCCTGGAGG ATGTCAAACG TGAGCTTCAG GAGTTGGTTC
2001 AGTACCCCGT GGAACATCCA GACAAATTCC TCAAATTTGG CATGACTCCC
2051 TCCAAAGGTG TTCTTTTCTA TGGACCTCCT GGCTGTGGGA AAACCTTACT
2101 GGCTAAAGCC ATTGCTAATG AATGCCAGGC CAACTTCATC TCCATCAAGG
2151 GTCCTGAGCT GCTTACCATG TGGTTTGGGG AATCTGAGGC CAATGTCCGG

A (0569 - C573)_
2201 GAAATTTTTG ACAAGGCACp TGTACTCTTC TTTGATGAGT TAGATTCAAT
2251 TGCCAAGGCT CGTGGTGGTA ATATTGGAGA TGGTGGTGGA GCTGCTGACC
2301 GAGTCATCAA TCAGATCTTG ACAGAAATGG ATGGCATGTC TACAAAAAAG
2351 AATGTGTTTA TCATTGGAGC TACCAACAGG CCTGACATCA TTGATCCTGC
2401 TATCCTAAGA CCTGGCCGTC TAGATCAGCT CATTTATATC CCACTTCCTG
2451 ATGAGAAGTC CCGTGTTGCC ATCCTAAAAG CCAATCTGCG AAAGTCCCCA
2501 GTTGCCAAGG ATGTGGATTT GGAGTTCCTG GCTAAGATGA CTAATGGCTT
2551 TTCTGGAGCT GATTTGACAG AAATTTGCCA ACGGGCTTGT AAACTGGCCA
2601 TTCGTGAATC TATTGAGAGT GAGATTAGGC GAGAACGAGA GAGGCAGACA
2651 AATCCATCGG CCATGGAGGT AGAAGAGGAC GATCCAGTGC CTGAGATCCG
2701 CAGAGATCAC TTTGAGGAAG CCATGCGTTT TGCCCGACGT TCTGTCAGCG
2751 ATAATGACAT TCGGAAGTAT GAAATGTTCG CCCAGACACT GCAGCAGAGT
2801 CGAGGTTTTG GCAGCTTCAG ATTCCCTTCA GGGAACCAGG GTGGAGCTGG
2851 TCCCAGCCAG GGCAGTGGAG GTGGCACAGG TGGCAGTGTG TACACAGAAG
2901 ACAATGACGA TGACCTGTAT GGCTAAgtga tgtgccagca tgcagcgagc
2951 tggcctggct ggaccttgtt ccctggggga gggggcgctt gcccaagagg
3001 gcccaggggt gtgcccatgg cctgctccat tcctcagtct gaacagttca
3051 gcccagtcag actctggaca ggggtttcct gttgcaaaaa aaaaaattac
3101 aaaagcgata aaataaaagt gattttcatt tgggaggtga agagtgaatt
3151 accagcaagg aattgggtct tgggcccaca cggtttctgt cgtagtttgg
3201 ggtggtgcag gtaacctgtg tggtgtgaac caagcattgc caccaccatc
3251 accacagtaa agcatctata ctcaatgctg tccaagtcct ctcttaccct
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3351 tagaaagtag gttgattttt attttacatg cttttgagtt actgttggaa
3401 gactaatcat aagcagtttc taaaccaaaa aaagaaaaaa aaaaaaagac
3451 atgttgtaaa aggac#ataa atgttgggtc aaaatggaaa aaaaae[aata|
3501 ataagaacaa ataaaaaagc caagtaaagg agataggata tgtaaataaa
3551 tctacttgga tattttaata ggtaatataa tataagcctt atccacattt
3601 ttgtctt

Figure 6.5 Nucleotide sequence of the p97 pseudogene.

The nucleotide sequence of the continous p97 gene as established from lambda 3; direct 

repeats (violet),mutations (blue), a polyadenylation signal (green) and a poly (A) stretch 

(red) are indicated.
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p97 g en e  (À1/À2): 
cD N A :

p97\|/ (A3):

M. m u scu lu s  
M. m u scu lu s  5 6 8. 
X. laevis 58 5.
D. m elan o g aste r 582.  
C .elegans 573.
T. b rucei 55 6.
S. cerevisiae 597.  
A. tha liana  58 8. 
S. ac idoca ldariu s 597.  
M. m u scu lu s

X-

..RQAAPCVLFFFT.

..RQ AA PC...573

..RQ A A PC...590

..R SA A PC ...587

..RA A A PC...578

..RA A A PC...561

..RA A A PT...602

..R Q SA PC ...593

..RQ A A PT...602

..RVLFFFT...

Figure 6.6 Nucleotide sequence of genomic regions encoding p97.

Alignment of homologous p97 cDNA sequences from different organisms to position 

aa 569-573 of the mouse p97 cDNA. All database cDNA's encode the aminoacids AP 

at position 571-572, which are absent in the potential coding region of i[/p97.
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6.2.3 Mapping of the transcription start site

To identify the transcription start site, primer extension assays were performed.

Based on the 5' end nucleotide sequence of the p97 cDNA, two antisense primers (see 

2.1.4) were designed to map the 5' end of the p97 gene. Total RNA was extracted from 

mouse embryonic fibroblasts and divided into poly (A)+ and poly (A)- pools using 

oligo (dT) beads. The oligonucleotides were radiolabeled and annealed to both RNA 

pools. After reverse transcription and denaturing gel electrophoresis, a single major

product was identified for each primer extension reaction. The poly (A)’ RNA served 

as a negative control in these studies. The precise transcription start site, designated 

+ 1, was determ ined by comparing the m igration o f the products with the 

corresponding sequencing reactions, which were carried out using the same primers 

and run in parallel on the gel. As shown in Figure 6.7, the transcription start site was 

assigned to an adenine 256bp upstream from the translation initiation site. Both 

primers also gave rise to a low abundance extension product which may correspond to 

a minor transcription start at position +33. The sequence around the major 

transcription start site contained an initiator element and consensus mRNA-CAP site, 

thus supporting the mapping data (Smale and Baltimore, 1989).
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Figure 6.7 Primer extension analysis of the p97 transcription start site.

Primer extension was carried out using poly A (+) and poly A (-) RNA from mouse 

embryonic fibroblasts using primer p97.85A. A sequencing ladder of the corresponding 

genomic fragments primed with the same oligonucleotide, was electrophoresed in parallel. 

A single major extension product was identified, indicating the transcription initiation site 

(the complementary nucleotide is designated +1 ); nucleotides encompassing the initiator 

element are shown. A minor start site was identified at position +33.
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6.2.4 Characterisation of the prom oter region of p97

The nucleotide sequence of the promoter region of the p97 gene present in lamhda 2 

was analysed (Figure 6.8) and submitted to the GenBank/ EBI Data Bank (accession 

number: A F122047).

Analysis o f the putative transcription initiation region demonstrated the absence o f a 

consensus TATA sequence for RNA polymerase Il-initiated transcription. Instead, an 

initiator element (Inr) TCTGA^^CT surrounding the predicted transcription start site, a 

CCAAT-box at position -40, and a GC-rich region at position -80 to -150 were 

identified, thus revealing a common core organisation found in TATA-less promoters 

(Figure 6.8) (Azizkhan et al., 1993).

Furthermore, several consensus binding sites for transcription factors were identified 

using the Mac Vector™ database. Some of these factors have been implicated in basal 

gene transcription (CCAAT-binding protein CBF), embryonic development (Ets-1, 

AP-2), stress-induced expression (y-box proteins) and growth factor/cytokine induced 

gene activation (Sp-1, junB) (Castellazzi et al., 1991; Maity and de Crombrugghe, 

1998; Matsumoto and Wolffe, 1998; Muthusamy et al., 1995; Saffer et al., 1991; 

Zhang et al., 1996). Interestingly, Sp-1 has also been viewed as a basal factor for 

TATA-less promoters because it associates with the basal transcription machinery 

(Kaufmann and Smale, 1994).

Further characterisation will be required to find out which o f these predicted 

transcriptional activators are involved in regulating p97 gene expression.
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-1 6 8 9  a c t t a a g g a g  g tg a g g a c a t  g t g g t a c c t g  g c t t t a a t c c  c a g c a c t tg g

-1 6 3 9  a a g g c a g a g g  c a g g c t c ta c  a t a g t a a g t t  c c a g g a c a g c  c a g g g t t a t g

-1 5 8 9  ta g a g a g g c c  c t g t c t t t t t  t t g t t t g t t t  t t c g a g a c a g  g g t t t c t c t g

-1 5 3 9  t g t a g t c c t g  g c t g t c c t g g  a a c t c a c t c t  g ta g a c c a g g  c tg g c c tc g a

-1 4 8 9  a c tc a g a a a t  c t g c c t g c c t  c t g c c t c c t g  a g tg c tg g g a  t t a a a g g c g t

- 1 4 3 9  g c a c c a c c a c  g t c t g g c t g a  g a g g c c c tg t  c t t a a a a a t a  t t a a a a c a a a

- 1 3 8 9  t g g a g t tg g g  g t tg g g g a g a  t g t t t c t c a g  a g t a a c t c c a  t c t g t a c a a a

- 1 3 3 9  c a t c t c t c a g  g t c a g t c t g t  g tg g g ta g g a  g g tg a a g g g t  g a a t t g a g t c

-1 2 8 9  a a c c a g a g c c  a a c c a a c c a t  c t t t t g a c t a  t a a t g a a a g t  c a a t g g a t t g

-1 2 3 9  t c t t t t g g g a  c a c a a g g a c c  t t a a g t c a c a  g c a c t t g g t t  g a t t t t c t t g

-1 1 8 9  c t c t t g g g c a  c g a c t g c a t t  t c t g a g t g t t  c t g c a g t t g t  c c t t g a c t t g

-1 1 3 9  c a t g a a c c t c  a g t g c t c t c c  c tc c c c a g a t  a a t a t t t a t a  c t c t a t g g t a

- 1 0 8 9  a g g a g t g t g t  a c tc c c a a g g  c c tg a g a a a c  t g c a a a a c c t  g c a t g a t t a c

-1 0 3 9  a a g a g a g tg c  a a g g g c a a ta  g g g tg a a g ta  a g a g c tg g g g  t g c t g a t t c a

-9 8 9  g a a c tg g g g t  c c a g a g a a g a  a g a g g g g g tg  g g g ta g g tg g  g g c t a g g t t t

- 9 3 9  t t g t t t t t t g  g t t t g t t t g t  t t g t t t g t t t  g t t t g a c t c g  a g t t t a g t t a

- 8 8 9  t g c a g c a t t a  t c t g g c t t c a  a a c t t t c a a t  c t a c c t t t a g  c c t c t g g a g t

- 8 3 9  a c t g g a t c t a  g g a tg ta c a c  c a c c a ta c c c  a g t a a t t t t a  c c t t t t a a a a

- 7 8 9  a a t t t t a t c t  a a t t a g t t t t  g a g a c g g g g t c t c a c t a t g t  a g c t c t g g c t

- 7 3 9  g g g c tg g c tg  g a a c t c t t t t  t t t t t t t t t t  t t t t t t a a t a  g a tc a g g c tg

- 6 8 9  a c t c a a a a g t  c a c a g g t tg c  t g c c t g c c t c  c g a a g tg c tg  a c a t t a a a a g

- 6 3 9  c a tg g a c ta c  c a c a t t g c t t  t t a a a a t t t a  t t g a a a t a c t  g t t t g g g a c t

- 5 8 9  a g a a t ta a a g  a t a t g g t c t t  g t a t c c t g g g  t t g a t c t c c a  t c t a t t a g t c
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-539 ttcctgcctc tcatcttccc aactactaaa agtacagacc tagtccatca

-489 accacgccct tggttggagc cagtgtttta aaggagcatg aaggatttta

-439 gtatggtgga gtaagaggat ccctaggatt ggcgagaaat gaacaatgtg

-389 ggctattatt acaacccaac taaactaata agggttcagg cctttgtgcg

-339 aggttcttcc agctgcttat aaactaagga gccaatcaat tgaagccaag

-2 89 taggagaggc ctcctccgag ggataaagag gatatggcct attgcctttg

-2 39 tcgattggtc aagactccct atccgtcgag gaagcgtagt gctgcggcca

-189 attgacgtgg cgttactagg cgtgttgcag ccttgaggeg gggccaggcc
Spl

-139 acaaacgaat tttctgattg gttacggtct gcgggttgct ggggagaggc

-89 acggaga^gê gggcacgagt cccaaggccg gcgctgattg gttggggtta
Spl

transcription 
start site

-39 gagcagcttt ccttccgatg attcggcttt tctcggttca gfectccgtga
I N R  e l e m e n t

12 agcgtttgca gccgtcgttt gattagtcgc tgcccccctc gcggattagg

62 agctagcgtc tcccgcccgc ccgcctgccg ccccggtgcc cctgggagga

112 agcgagaggg aggctgccag agggtttgtc actgctgttg ctcctccgcc

162 tcagcgagtc cagccccggc ctagtcggtc gcctgccttt ctgatagccg
translation 

start site

212 ttaccctcag gccgccacag ccgccgaccg ggagaggcgc gcgccATGGC

262 CTCTGGAGCC

Figure 6.8 Nucleotide sequence of the promoter region of the p97 gene.

The nucleotide sequence of the p97 gene as established from lambda2; untranslated 

sequence is written in lower case and translated sequence in upper case. The initiator 

element (INR)/transcription start, the translation start and consensus binding sites for 

several transcription factors (CBF, Sp-1, AP-2, junB, Ets-1 and y-box proteins) are 

indicated.
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6.2.5 Functional analysis of the p97  prom oter

To determine if  the 5' flanking region of the p97 gene can initiate transcription, a series 

of constructs o f different sized p97 promoter fragments were fused in sense or 

antisense orientations to a promoterless luciferase reporter plasmid (pGL-2 basic, 

Promega). Antisense reporter constructs as well as promoterless plasmids served as 

negative control in these experiments. A reporter plasmid which utilised the viral SV 

40 promoter/enhancer to initiate transcription was used as a positive control. The 

constructs were transiently transfected into Hela cells and tested for their ability to 

initiate transcription of the reporter gene (Figure 6.9). To control for transfection 

efficiency the cells were co-transfected with a reporter construct expressing secreted 

alkaline phosphatase.

A promoter fragment containing bp -3000 to +147 was inserted in both orientations 

into a luciferase reporter construct and assayed for activity. Insertion of p97 sequence 

in the appropriate orientation resulted in approximately 75-fold increase of luciferase 

activity when compared to either a promoterless luciferase construct or a construct in 

which p97 sequence was inserted in the opposite transcriptional orientation into the 

reporter plasmid. To determine the minimal sequence for basal transcription of the 

gene, I generated a series of deletion constructs of the promoter fragments. A fragment 

containing bp -1434 to +147 resulted in a 1.6 fold increase in reporter activity, whereas 

a fragment containing bp -410 to +147 resulted in similar activity as the full-length 

fragment. Together, this implies that the minimal sequence necessary for basal 

transcription o f the p97 gene in Hela cells maps to approximately bp ^ 1 0  to -1  with 

respect to the transcription start site.

Comparison o f the activity of the p97 promoter fragments to an assayed construct 

containing the SV 40 promoter/enhancer, revealed that the p97 promoter was a 

relatively powerful transcriptional initiator with p97 promoter-sequences yielding 50- 

75 % of the activity measured for the viral promoter/enhancer.

The promoter fragment (bp -1434 to +147) initiated transcription o f the reporter gene 

more efficiently than the larger fragment (bp -3000 to +147), indicating that potential
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repressor elements may reside further upstream of the basal promoter. However, more 

detailed studies will be required to identify the components involved in regulating 

transcription of the p97 gene.

-3000 -1500 +1

I---------------------1 1 0

-3000

J
-1434

-410

J

r;

J
SV 40

LUC

Relative Luciferase Activity 

5 10 15 20

I I I I I I

Figure 6.9 Functional analysis of the mouse p97 promoter.

A series of constructs of different sized p97 promoter fragments fused to a luciferase 

reporter were tested for their ability to initiate transcription in transiently transfected 

Hela cells. A reporter construct driven by the SV 40 promotor/enhancer was used as a 

positive control. The level o f luciferase activity was expressed relative to a 

promotorless control plasmid.
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6.2.6 Distribution of p97  protein in adult m ouse tissues

To provide clues about the gene’s regulation and the potential function of p97 in vivo, 

the distribution o f p97 protein was investigated in adult mouse tissues by 

immunohistochemical staining using affinity purified polyclonal antisera (see 2.1.2). 

For adult tissue, the immunohistochemical analysis clearly showed that p97 was 

widespread in most investigated tissues (results from the small intestine, liver, testis 

and kidney are shown in Figure 6.10 and summarised in Table 6.1). However, an 

exceptional heterogeneity in staining was observed on the cellular as well as on the 

subcellular level between different cell types within a given tissue. This suggested that 

p97 expression was highly regulated. An example of the differential expression of p97 

could be observed in the intestinal epithelium (Figure 6.10a). Whereas within the villi 

the epithelial cells were largely positive in the cytoplasm and nucleus, the crypts, 

including the stem cell-rich proliferative zone, were mostly negative. As with the small 

intestine, cells within the liver exhibited heterogeneity in the levels of p97 protein. Yet, 

in contrast to the uniform cytoplasmic and nuclear staining observed in the intestinal 

villi, hepatocytes often showed relatively weak cytoplasmic staining, and strongly 

positive nuclei (Figure 6.10b). Interestingly, however, nuclear staining was not seen in 

all hepatocytes {arrowhead in b ’). Kupffer cells were consistently negative {arrow in 

b’), whereas the cells of the bile duct were strongly positive in both cytoplasm and 

nucleus {arrow  in b). In testis (Figure 6.10c), the interstitial cells were uniformly 

stained with a relatively strong cytoplasmic and a weak nuclear signal {arrowhead)’, 

however, in the seminiferous tubules, differential staining was observed between basal 

and suprabasal populations, suggesting heterogeneity in p97 expression during 

different stages of spermatogenesis. Differential levels o f p97 were also observed 

within the kidney (Figure 6.10d).

This type of heterogeneous expression was not observed for a structural protein of the 

Golgi apparatus, giantin, which was analysed in parallel. As expected for a protein 

performing “housekeeping” tasks, giantin displayed a relatively uniform distribution in 

virtually all cells within the tissues examined (D. Shima and C. Ruhrberg, unpublished 

observation).
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Figure 6.10 Immunohistological localisation of p97 in adult mouse tissues.

The brown reaction product produced by DAB immunohistochemistry denotes 

positively stained cells. Sections were counter-stained with hematoxylin, (a) Villi and 

crypts in the small intestine, and (a’) higher magnification o f the border between 

positive and negative (arrow) epithelium, (b) Detail o f liver tissue near bile duct 

(arrow); (b’) shows hepatocytes. Note negative nuclei o f some hepatocytes 

(arrowhead) and Kupffer cells (arrow), (c) Cross-section o f seminiferous tubule with 

interstitial cells in testis, (c’) Staining was uniform in the cytoplasm of interstitial cells 

(filled arrowhead), absent in myoid cells (empty arrowhead) and the majority of 

leptotene spermatocytes (arrow); strong cytoplasmic and nuclear staining was present 

in basal and suprabasal layers, which primarily consist of type A spermatogonia 

(asterisk). Spermatids and spermatozoa nuclei were relatively weakly stained, (d) 

Kidney shows little staining within a glomerulus and strong staining o f various parts 

of the uriniferous tubules of the renal cortex; (d’) a cross-section of a proximal tubule 

in which the majority of cells exhibited a strong cytoplasmic and nuclear staining. 

Occasionally, negative nuclear staining (arrowhead) and negative cells were observed 

(arrow).
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tissue cell type nucleus cytoplasm

sm all and  
large in testine

crypts:
- prolif. zone
- bo ttom + /- + /-
villi +++ +++

testis interstitial cells + +
basal epithelial cells + /- ++
suprabasal epithelial cells +++ ++
sperm atozoa - + /-

liver hepatocytes ++/- +
K upffer cells - -
bile duct cells + +++

kidney tubule  cells + 4-4-+
glom erula cells + /- + / -

spleen lym phocytes - -
m egakaryocytes + ++

dorsal skin fibroblasts + +
endothelial cells - -
ep iderm al cells + +
hair bulb:
- prolif. zone
- ou ter roo t sheath ++ ++

pancreas acinar cells + /- + / -

b ra in neurons + /- + / -

Table 6.1 Summary of the localisation of p97.

Expression levels o f p97 in adult mouse tissues examined by immunohistological 

methods are scored from (-) to (+++), with (+++) indicating the highest expression 

levels. Cell-to-cell heterogeneity of p97-levels is indicated with (+/-).
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6.2.7 Distribution ofp97pro tein  in embryonic m ouse tissues

To provide clues as to the function of p97 during mouse development, various staged 

mouse embryos were analysed for their p97 expression pattern. By doing so, it was 

found that p97 was expressed in a widespread, but non-uniform pattern as in adult 

tissues. Wholemount stainings from 9.5 dpc and 10.5 dpc embryos suggested 

expression of p97 within most regions o f the developing embryo, with specific 

elevations within the emerging limb buds, tail bud, branchial arches and somites 

(Figure 6.1 la  and b). Immunostaining of sectioned embryos and comparison to parallel 

hematoxylin and eosin stained sections revealed that highly elevated levels of p97 

were present within one layer of the somites, most likely the myotome (Figure 6.1 Id 

and e). p97 expression within many embryonic tissues exhibited distinct cell-to-cell 

heterogeneity. Examples o f this heterogeneity are shown for the condensing 

mesenchyme of the kidney anlagen (day 10.5 dpc. Figure 6.1 If) and the Wolffian duct 

epithelium (day 10.5 dpc. Figure 6.1 Ig), and at a later stage o f development within a 

subset of chondrocytes in the hypertrophic zone of developing limb cartilage (day 13.5 

dpc. Figure 6.11h).

In all o f the embryoinc tissues analysed increased expression o f p97 protein was 

associated with an apparent accumulation o f the protein in the nucleus.
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Figure 6.11 Immunohistological localisation of p97 in mouse embryos.

The brown reaction product produced by DAB immunohistochemistry denotes 

positively stained cells, (a-c) Wholemount immunohistochemical analysis o f 9.5 dpc 

(a) and 10.5 dpc (b and c) mouse embryos using affinity-purified p97 antisera (a and 

b), or as a negative control, staining with secondary antibody alone (c). Staining was 

observed throughout the embryo, but was highest in limb buds (a and b; empty 

arrowheads), tail bud (a; large black arrowhead), branchial arches (b; black 

arrowhead) and somites (a; small arrowheads).

(d-h) Immunohistochemical staining of paraffin sections. Low level p97 staining 

{arrows) was observed throughout tissue sections, but staining was elevated in certain 

regions {arrowheads). Within the 10.5 dpc somites (d; asterisk denotes the spinal 

cord), examination at higher magnification (e) revealed high levels of p97 in the 

myotome region. In addition to elevation expression in defined tissues, cell-to-cell 

heterogeneity in p97 staining was observed within the 10.5 dpc kidney anlagen (f; 

asterisk denotes the dorsal aorta) and Wolffian duct (g), as well as the hypertrophic 

zone (h; black arrowhead) and to a lesser extent the peripheral regions (h; empty 

arrowhead) of 13.5 dpc limb cartilage.
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6.2.8 Analysis of p97  mRNA expression in adult tissues

Having established that the level o f p97 protein was highly regulated at the cellular 

and sub-cellular levels in mouse tissues it was next asked whether this differential 

expression pattern correlated with similar alterations in p97 mRNA levels. For this, the 

expression of p97 mRNA was investigated in adult mouse tissues using in situ 

hybridisation analysis.

A fragment o f the 3’-untranslated region of the p97 gene lacking homology to any 

known gene was used to synthesise an antisense probe and hybridised to formalin- 

fixed mouse tissues. An P-actin probe was used as a positive control in these studies. 

Shown in Figure 6.12 is an example of results from a comparison of p97 and p-actin 

mRNA expression in the testes. Unlike expression of the “housekeeping” gene P-actin, 

which was abundant and widespread across most cellular regions of the seminiferous 

tubules (the exception being the mature sperm), p97 mRNA was differentially 

expressed within cells of the tubule (arrow). The observed p97 mRNA expression was 

similar to the protein staining shown in Figure 6.10c, with elevated mRNA levels in 

basal and suprabasal cells (arrowheads) which were located 1-2 cell layers from the 

basement membrane.

A comparison p-actin and p97 in several other adult and embryonic mouse tissues 

consistently yielded distinct distribution patterns.

Together, these data demonstrate a complex tissue-specific regulation, rather than 

constitutive production of p97 mRNA. Moreover, they suggest that regulation at the 

transcriptional level contributes to the observed tissue-specific expression of p97 

protein.
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Figure 6.12 mRNA in situ hybridisation of p97 in adult testis.

Isotopic in situ hybridisation of mouse testis using p97 (a, b, e, f) and B-actin (c, d) 

antisense riboprobes. Conventional light (a, c) and darkfleld (b, d) microscopic 

detection o f riboprobe distribution in a cross-section o f seminiferous tubules 

demonstrates the restricted distribution o f p97 mRNA to the basal and near- basal 

layers of the tubule (arrow), and for comparison, the relatively widespread localization 

o f B-actin transcripts, (e, f) Light and darkfleld views of p97 riboprobe distribution 

from a magnifled region shows suprabasal cells with elevated mRNA levels 

(arrowheads).
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6.3 Discussion

6.3.1 Tissue specific and h eterogen eou s p 9 7  expression  in the 

m ouse

p97 is a highly conserved protein with homologous counterparts found in organisms 

ranging from archaebacteria to man (Feiler et al., 1995). Evidence from several 

different organisms and experimental systems has suggested disparate roles for this 

protein in cellular physiology. Based on the evolutionally conservation and seeming 

abundance o f p97, it had earlier been suggested that it is a ubiquitously expressed 

cellular component (Peters et al., 1990). Several of the currently proposed cellular 

functions for p97 fall into the category of "housekeeping" tasks, implying a 

constitutive role for p97 in all cells (Ghislain et al., 1996; Peters et al., 1990; Pleasure 

et al., 1993; Zhang et al., 1994). However, my current findings support the prospect 

that p97 may perform a more tightly regulated, rather than constitutive function in 

cells.

Mouse p97 protein and mRNA are indeed found widely in both developing embryos 

and the adult, but appear to be regulated in a cell type- and cell differentiation- 

dependent manner within a given tissue. For example, p97 protein was enriched in 

embryos within the myotome region of the somites, was differentially expressed within 

regions of the adult small intestine, and varied among cell types and developmental 

stages in the testis. Likewise, in D. melanogaster, the p97 homologue has been shown 

recently to undergo temporal and tissue specific regulation, being undetectable in 

larvae and found predominantly in the brain and gonads of the imago and adult fly 

(Pinter et al., 1998).

The most surprising finding was that p97 protein levels varied greatly within 

neighbouring cells of both established and developing tissues, such as hepatocytes, 

kidney epithelium, and in embryonic chondrocytes. This pattern was not found in 

control stainings for the Golgi apparatus protein giantin. Thus, these differences in p97 

expression levels suggest a specific cell-to-cell regulation of p97 protein levels, which
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may be due to a cell autonomous response to alterations in subcellular physiology, or a 

single cell's response to local micro-environmental cues. Whether this cell-to-cell 

heterogeneity results from regulation at the mRNA level is still unknown. Moreover, 

the variable degree of p97 nuclear staining found in our studies, as well as independent 

work showing cell cycle regulation of p97/Cdc48p nuclear import (Madeo et al., 1998) 

and inducible tyrosine phosphorylation of p97 (Schulte et al., 1994), together point 

towards a significance for post-translational regulation in p97 function.

6.3.2 p97  gene structure and identification of the prom oter

Molecular analysis of the p97 gene and regulatory sequences should help in our 

understanding of the molecular basis for p97's complex expression pattern and its 

functional relevance. Characterisation o f the genomic structure o f the p97 locus 

demonstrated that the gene encoding the functional mRNA encompasses 20.4kb and is 

interrupted by 16 introns. The two AAA domains o f p97 are encoded within 6 exons 

(N-terminal AAA) and 4 exons (C-terminal AAA). The gene is flanked by a TATA- 

less/GC-rich upstream region and is likely to utilise an initiator element, spanning the 

mRNA start site, in order to direct basal transcription. Reporter assays in HeLa cells 

provide direct evidence that this region is sufficient for a relatively robust level of 

basal transcription. Cis-acting elements necessary for basal transcription activity 

therefore seem to reside within 410 bp of the 5' flanking region o f the gene. 

Furthermore, this upstream segment contains consensus-binding sites for several 

transcriptional activators, which have been implicated in basal gene transcription and 

also growth factor/cytokine, developmental, or stress induced expression. Preliminary 

evidence indeed suggests that p97 expression is activated after stimulating quiescent 

NIH 3T3 cells with serum (data not shown) implying that growth factors/cytokines are 

implicated in regulating p97 activity. In corroboration, it has been shown recently that 

p97 expression is activated in different mammalian cell-lines following stimulation 

with several cytokines, such as G-CSF, IL-6, IL-3, and 11-2 (Shirogane et al., 1999).

Analysis of the phage clone encoding a second p97 gene, termed \j/p97, revealed that 

this region features all the hallmarks of a processed pseudogene; pseudogenes being 

thought to evolve by random insertion o f a reverse transcript o f the mRNA into the
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genome (Vanin, 1985). Since most processed pseudogenes derive from integration of 

reverse transcribed mRNA generated by RNA polymerase II, the sequence homology 

between pseudogenes and their functional counterparts ceases at the points 

corresponding to the beginning and the end of the transcript. However, \|/p97 contained 

an additional 15 bp of 5' flanking genomic sequence that was identical to sequences 

found in the corresponding untranscribed region o f the functional p97 gene 

counterpart. Other cases have been reported in which the homology between processed 

pseudogenes and their counterparts extends beyond the RNA pol Il-transcription start 

site, and it has been suggested that these pseudogenes may result from transcription via 

RNA polymerase III (Vanin, 1985).

In contrast to M. musculus, p97 is thought to be encoded by a single, intron-containing 

gene in humans and M. spretus (Hoyle et al., 1997). Together with the lack of evidence 

of a function for pseudogenes, and the apparent absence o f a cDNA corresponding to 

the \|/p97 sequence, it therefore seems unlikely that \|/p97 is functionally significant. 

However, since the pseudogene has an intact open reading frame, and thus the 

potential to encode for a p97-like protein, further studies are required to confirm that 

\|/p97 is functionally inactive.

6.3.3 Functional clues from p97  expression in vivo

The tissue-specific and heterogeneous expression of p97 in vivo provides evidence for 

a regulated or intermittent role for p97. Based on previous investigations, it could be 

suggested that the protein’s regulated role is in proliferating cells, particularly during 

mitosis. Yeast cdc48-I is a mutant arresting in mitosis with undivided nuclei (Frohlich 

et al., 1991), and the CDC48 protein is a nuclear and peripheral ER/nuclear envelope 

protein which has been speculated to regulate the membrane fusion step required for 

the completion of mitosis (Latterich et al., 1995). In mammalian systems, p97 has also 

been implicated in the fusion step required for reassembling mitotic Golgi fragments 

into stacks at telophase (Rabouille et al., 1995). Also, the results obtained from my 

analysis o f p97 in embryonic mouse tissues and in work on developing Arabidopsis 

(Feiler et al., 1995) are consistent with a role for p97 in expanding/proliferating
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tissues. The heterogeneous p97 levels observed in the embryo could potentially reflect 

an increase in p97 protein in actively cycling cells.

However, my data and recent data from other investigators do not support a sole 

function for p97 in dividing cells. p97 levels appeared to be abundant in the majority 

o f highly differentiated, non-proliferating cells throughout the adult. In fact, p97 was 

significantly less abundant within proliferative zones, including the crypts of the small 

intestine, the hair bulb, and the epidermis. Similarly, the Drosophila homologue of p97 

is abundant in non-proliferating cells, being predominantly expressed in the nervous 

system and in the reproductive organs (Pinter et al., 1998). Moreover, recent 

biochemical and genetic data point to a role for p97 in intracellular signalling (Egerton 

et al., 1992; Shirogane et al., 1999) and targeted proteolysis (Dai et al., 1998), which 

are obviously prevalent in both proliferating and differentiated tissues.

In conclusion, p97 protein levels are tightly controlled at the cellular and sub-cellular 

levels in the mouse. Recent studies suggest that this complex regulation is likely to be 

carried out at both the transcriptional and post-translational levels. For instance, p97 

transcription is induced in different mammalian cell lines upon stimulation with 

various cytokines (Shirogane et al., 1999). Furthermore in yeast, p97 is post- 

translationally phosphorylated (Y834) in a cell cycle-dependent manner, which causes 

its import into the nucleus (Madeo et al., 1998). Similary in WISH cells, it is 

phosphorylated during mitosis and accumulates at the centrosome (Madeo et al.,

1998). p97 is also phosphorylated (Y805) in response to T-cell and B-cell activation 

(Egerton et al., 1992; Schulte et al., 1994), however, the functional consequence of this 

phoshorylation is still unclear. In the case o f membrane fusion, tyrosine 

phosphorylation is used to regulate the p97-mediated formation of the smooth, tubular 

ER-membrane domains in vitro (Lavoie et al., 2000; Roy et al., 2000). It was shown 

that only the dephosphorylated form of p97 was able to promote membrane fusion as 

only then was p97 able to form a stable complex with the sER-fusion machinery.

p97 is an essential gene in various organisms suggesting that it carries out a 

fundamental function (Frohlich et al., 1991; Lamb et al., 2001; Leon and McKearin,

1999). A 4-fold reduction or 2-fold increase o f p97 protein levels impairs yeast 

viability, indeed suggesting that careful regulation of p97 levels is essential (M.
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Latterich, personal communication). To understand more precisely the role played by 

p97 in mammals in vivo, I initiated a structure/ function analysis of p97 by generating 

null mutants in murine cells and mice.
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7.1 1ntroduction

p97 is a highly conserved ATPase that is essential in multiple organisms (Frohlich et 

ah, 1991; Leon and McKearin, 1999). It has been implicated in a remarkable number 

of seemingly unrelated cellular processes, such as cell cycle progression, organelle 

biogenesis and protein degradation (Dai et ah, 1998; Moir et ah, 1982; Rabouille et ah, 

1995). Several of its proposed roles fall into ‘housekeeping’ tasks suggesting that p97 

has a constitutive function within cells. However, as described in the previous chapter, 

although being widely expressed in mouse embryonic and adult tissues, protein levels 

were tightly controlled in a cell type- and cell differentiation-dependent manner. A 

remarkable heterogeneity in p97 protein levels was found at the cellular level within a 

given tissue and furthermore, at the sub-cellular level with p97 immunostaining 

detectable in the cytoplasm and the nucleoplasm. Thus, these data suggest that p97 has 

a highly regulated and intermittent function, rather than a constitutive role within cells. 

In corroboration, it has been found that p97 is regulated at the transcriptional level by 

cytokines (Shirogane et al., 1999; Yen et al., 2000) and furthermore at the post- 

translational level by tyrosine phosphorylation (Egerton et al., 1992; Madeo et al., 

1998). However, the precise function o f p97 is still unclear. To assess p97’s 

physiological role in mammals 1 have developed a conditional gene targeting system in 

murine ES cells and mice.
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7.1.1 G ene targeting using the conventional m ethod

Gene targeting is achieved in totipotent murine embryonic stem (ES) cells (Travis, 

1992). They can be isolated and grown in culture and are amenable to genetic 

m anipulations, such as modifying endogenous genes through homologous 

recombination (Figure 7.1) (Smithies et al., 1985; Thomas et al., 1986). Thus, to 

indroduce targeted mutations into the mouse genome a genomic clone of the gene of 

interest must be available and the coding exons defined. A targeting vector can then be 

constructed which carries a selectable marker gene that is flanked by genomic 

sequence o f the target gene (Hogan et al., 1994). Following transfection o f the 

targeting vector into isolated ES cells, the selection marker inserts into the gene of 

interest, which causes disruption o f the target gene (Figure 7.1). The manipulated ES 

cells are then returned to a host embryo by microinjection, whereupon the cells resume 

their normal developmental program, participate in embryonic development and 

contribute extensively to all o f the tissues o f the mouse, including the germ line 

(Bradley et al., 1984; Thomas et al., 1986; Thompson et al., 1989). A schematic of the 

procedure is outline in Figure 7.2.
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targeting vector

homologous
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targeted gene
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targeted locus
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Figure 7.1 Gene targeting via homologous recombination.

A targeting vector undergoes homologous recombination with the wild-type locus of 

the target gene (grey boxes) resulting in the disruption of the target gene. The vector 

contains a selection marker (blue box) flanked by a 5’ and a 3’ genomic fragment 

(white boxes).
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Figure 7.2 Generation of mutant mice from targeted ES cells.

ES cells are isolated from the inner cell mass o f a 129/Sv blastocyst. They are 

transfected with a targeting vector that contains genomic sequence o f the target gene 

flanking a selection cassette. The cells are examined for homologous recombination 

events by Southern blotting. Targeted ES cells are injected into C57BL/6 blastocysts 

and then re-introduced into foster mothers to generate chimeric mice. Abbreviations 

are as follows: HR homologous recombination, NR non-homologous recombination.

7.7.2 Gene targeting using the Cre/LoxP recombination system

The interpretation o f null-mutant phenotypes is limited by various factors. The 

presence of a selectable marker may influence the phenotype of the mutant mouse 

(Artelt et al., 1991; Fiering et al., 1993). In addition, the inactivation of a gene may 

cause lethality in utero, thus precluding analysis of the gene’s function at later stages 

of embryonal development as well as postnatally (Orban PC, 1992). To overcome 

these problems a conditional gene targeting technique was established, which permits 

gene-inactivation at any stage of embryonic and postnatal life and in any tissue (Sauer, 

1998). This powerful technique is based on the Cre/LoxP recombination system of the 

bacteriophage PI (Sternberg et al., 1986). Cre recombinase catalyses site-specific 

recombination between two 34bp motifs, termed LoxP-sites, which gives rise to 

different DNA structures depending on the orientation of these two sites (Figure 7.3).

In order to use this technique in eukaryotic systems, a targeting vector must be 

engineered which contains three LoxP-sites flanking the segment o f interest and the 

selection cassette. Targeted ES cells are then transiently transfected with the gene 

encoding Cre recombinase resulting in three types o f deletion mutants (Gu et al., 

1994):

Type I - Both the selectable marker and the gene segment are removed

following recombination.
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Type II - The selectable marker is deleted leaving the gene sequence flanked 

by two LoxP-sites.

Type III -  Deletion of the gene segment leaving the selectable cassette.

Only those ES cells exhibiting type II, termed floxed ES cells, can be used for 

generating a floxed mouse line. Floxed ES cells and mice have a functional target 

gene, however they contain two LoxP-sites as silent mutations within their genome 

that allow disruption of the target gene in a conditional manner. The desired targeted 

genomic structure can be achieved by transfecting floxed ES cells with Cre 

recombinase or mating the floxed mice to Cre-expressing mice, which allows analysis 

of p97 null-phenotypes at the cellular level and in the mouse, respectively.
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b)

inverted repeat spacer inverted repeat

5 ' -ATAACTTCGTATA GCATACAT TATACGAAGTTAT-3 
3 ' -TATTGAAGCATAT CGTATGTA ATATGCTTCAATA-5

■D>----------- >

+ Cre + Cre

-p-

deletion inversion

Figure 7.3 The Cre/LoxP recombination system.
a) Schematic representation of a LoxP-site comprising of two inverted repeats and a 
spacer. The spacer region determines the orientation of the LoxP-site. b) Cre-mediated 
recombination can give rise to different DNA structures depending on the orientation 
of the two LoxP-sites.
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1.2 Results

7.2.1 p97 gene targeting using the conventional method

7.2.1.1 Generation of the targeting construct, pTVpQT

A  targeting vector, termed pTVp97, was designed in order to replace the basal 

promoter and exons 1-15 of the p97 gene with a selection marker following 

homologous recombination in ES cells. The vector is based on the pND14 backbone, 

which contains a floxed selection cassette comprising a neomycin (neo) gene for 

positive selection and a thymidine kinase (tk) gene for negative selection. The two 

LoxP-sites allow removal o f the selection cassette following gene targeting to avoid 

phenotypes that may arise from this cassette. pTVp97 contains two genomic DNA 

fragments flanking the selection cassette that are homologous to large fragments of the 

5’ and 3’ end of the mouse p97 gene: the 5’ fragment of 2.2kb contained sequence of 

the promoter region and the 3’ fragment of 3.4kb contained exons 16 and 17 (Figure 

7.4).

7.2.1.2 Generation of targeted ES cells

After linearisation, the vector was introduced into 129/Sv ES cells via electroporation 

and the cells were cultured in G 418-containing medium to select for cells that 

integrated the neo gene into their genome. Insertion o f a selection cassette via 

homologous recombination usually alters the restriction pattern at the targeted locus, 

which allows discrimination o f homologous and non-homologous recombination 

events. To find cells that underwent homologous recombination, G418-resistant ES 

cell colonies were picked and analysed. Genotyping was performed by Southern 

blotting using a probe covering genomic sequence outside of the targeted region in the 

5’ region of the p97 gene. In the case of homologous recombination, an Eco RI 

fragment would increase from 5.5kb (wt allele) to 6.2kb (targeted allele). By this, 

approximately 1000 clones were screened, however, no targeted clone was obtained, 

suggesting either that ablation of one p97 allele is lethal or that the targeted regions of 

the gene exhibit higher order structures which prevent homologous recombination. The
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former suggestion has precedence as data from yeast indicate that slight reductions of 

p97 protein levels cause lethality (M. Latterich, personal communication).
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Figure 7.4 Gene targeting of the p97 gene using the conventional method.

Shown is a schematic representation o f the targeting vector (pTVp97) and the 

configuration o f the mouse p97 gene surrounding the targeted regions before and after 

homologous recombination. Gene targeting results in an altered restriction pattern of 

the p97 locus. An Eco Rl-fragment at the 5’ end o f the gene increases from 5.5kb to 

6.2kb and can be detected by Southern blotting using a 5’ external probe.

Exons are shown in black shading and the untranslated regions in grey shading. 

Restriction sites used for cloning or Southern blotting are indicated. LoxP-sites are 

indicated by triangles. Selectable genes of the vector (cda, tk, neo) are shown and the 

type of selection is indicated (‘+’ for positive selection; for negative selection).

7.2.2 p97 gene targeting using the Cre/LoxP recombination 
system

To overcome the problems accompanied with the conventional gene targeting method 

and to overcome possible heterozygous lethality, a conditional targeting approach was 

undertaken. A conditional targeting vector, termed pLoxp97, was engineered which 

would introduce two LoxP-sites as silent mutations into the endogenous p97 gene to 

target the gene for Cre-specific disruption. The strategy is outlined in Figure 7.5 

(Sauer, 1998).
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Figure 7.5 Strategy for Conditional Gene Targeting.
A floxed selection cassette and an isolated LoxP-site are introduced into the p97 gene via 
homologous recombination. The selection cassette is removed by expressing Cre recombinase 
in these cells. This generates a floxed p97 locus, which is still intact but can be disrupted 
by a second Cre-specific recombination step. Exons are shown in boxes. LoxP-sites are 
indicated by red triangles and the targeted region (including the basal promoter, the 
transcription start site and exon 1) is indicated in blue.
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Figure 7.6 Gene targeting of the p97 gene using the Cre/LoxP recombination 

system. Shown is a schematic representation of the targeting vector (pLoxp97) and the 

configuration o f the p97 gene surrounding the targeted regions before and after 

homologous recombination. Gene targeting alters the restriction pattern o f the locus. 

An Eco RI-fragment at the 5’ end of the gene increases from 5.5kb to 6.2kb and can be 

detected by Southern blotting using a 5’ external probe. Furthermore, a Hinc II 

fragment at the 3’ targeted region decreases from 9.0kb to 7.5kb and can be detected 

using a 3’ external probe. The integrated selection cassette can be detected as a 4.0kb 

fragment when a neo-specific probe is used.

Exons are shown in black shading and the untranslated regions in grey shading. LoxP- 

sites are indicated by triangles. Restriction sites used for cloning or Southern blotting 

are indicated. Selectable markers (cda, tk, neo) are shown and the type of selection is 

indicated (‘+ ’ for positive selection; for negative selection).

7.2.2.7 Generation of the targeting vector, pLoxp97

In order to engineer the conditional targeting vector pLoxp97 two adjacent fragments 

of the p97 gene were cloned on either side o f the floxed selection cassette in the 

pND14 backbone. The 5’ fragment was 2.2kb in size and contained sequence o f the 

promoter region. The 3’ fragment of 4.7kb contained the basal promoter (Figure 6.9), 

the transcription start site, exon 1 and parts of intron 1. Additionally, a third LoxP-site 

was inserted in the same orientation as the other two LoxP-sites into the 3’ fragment 

(intron 1) to allow removal of the 5’ region of the p97 gene following Cre-specific 

recombination (Figure 7.6). Removal of the genomic region between the LoxP-sites 

would result in the deletion of the basal promoter, the transcription start site and the 

translation start site of the p97 gene, which would most likely create a null mutant.

Thus, to determine if the floxed allele of the targeting vector was able to undergo Cre- 

mediated recombination, the construct was transformed into the Cre-expressing E. coll 

strain BM25.8 (Palazzolo et al., 1990) and analysed for the deletion of the floxed DNA 

sequence. As shown in Figure 7.7 the restriction pattern o f the vector was altered in the 

expected way indicating that the LoxP-sites o f the targeting vector can be recognised 

by Cre recombinase.
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Figure 7.7 Cre-specific recombination of the targeting vector.
The targeting vector was analysed by restriction digestion before (-) and after (+) transformation 
into the E.coli strain BM25.8 which expresses Cre recombinase. a) Schematic representation 
of the targeting vector pLoxp97 before and after Cre-specific recombination. The restriction 
sites are indicated as follows: B; Bam HI and H; Hind III. The LoxP-sites are indicated by 
red triangles, the targeted region (including the basal promoter, the transcription start site 
and exon 1 ) is indicated in blue and the selection marker in green. B) Restriction digest of 
pLoxp97 before and after transformation into BM25.8.
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7.2.2.2 Generation of targeted ES cells

Targeted mammalian mutations are introduced into totipotent ES cells (Travis, 1992), 

which can be derived directly from the inner cell mass of mouse blastocysts (Evans 

and Kaufman, 1981; Martin, 1981). ES cells can proliferate indefinitely in an 

undifferentiated state in vitro and contribute efficiently to both somatic and germ line 

tissues after réintroduction into a blastocyst and return to a foster mother (Bradley et 

ah, 1984). However, to maintain them in an uncommitted state the cells have to be 

cultured in the presence of a differentiation inhibitor, which can be provided by either 

mitotically arrested feeder cells (Williams et ah, 1988) or by the addition o f leukaemia 

inhibitory factor (LIE) to the culture medium (Hilton, 1992).

The validated targeting vector was transfected into ES cells that were originally 

isolated from embryos of the mouse inbred strain 129/Sv. For this, male ES cells were 

used to produce a higher proportion of male chimeras and in turn more offspring later. 

The transfected cells were selected for G418-resistance and single colonies were 

picked. Gene replacement was examined by Southern blotting using a 5’ external 

probe (see Figure 7.6). As shown in Figure 7.8a, an Eco Rl-fragment of 5.5kb 

increased to 6.2kb in clone G2, indicating that the selection cassette was correctly 

introduced into one allele of these clones (see Figure 7.6). Homologous recombination 

occurred with an efficiency of ~ 6% in these experiments.

The positive clones were further characterised by Southern blot analysis using a 3’ 

external and an internal neo-specific probe to examine the 3’ region o f the targeted 

locus and verify the presence of the selection cassette, respectively. As shown in 

Figure 7.8b, the size of a Hinc Il-fragment decreased in the expected way (see Figure 

7.6) and the neomycin gene was detected in heterozygous targeted clones.

Importantly, the location of the intronic LoxP-site needs to be verified, since it is 

distant from the selection cassette and may have not been included in the homologous 

recombination event. For this, a PCR analysis was performed using a primer pair 

covering the insertion site of this LoxP-site (PCR 1/2, see Figure 7.10). As shown in 

Figure 7.9, ES cells that had integrated the site gave rise to two PCR products: one of 

~480bp (wt) and one of ~530bp (targeted). Only ~1% of the targeted cells had 

integrated both the intronic LoxP-site and the selection cassette into the p97 gene.
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Figure 7.8 Genotyping of p97 targeted ES cell clones by Southern blotting.

a) Genomic DNA of the ES cell clones was digested with Eco RI and analysed by 

Southern blotting using a 5’ external p97-specific probe. Targeted clones, such as 02, 

give two bands o f 5.5kb and 6.2kb, respectively. A representative panel of ES cell 

clones is shown, b) Positive clones were further characterised by using a 3’ external 

p97-specific probe to detect a decreased Hinc II-fragment of 7.5kb. c) The integrated 

neo gene was detected as an Eco Rl-fragment of 4.0kb when a neo-specific probe was 

used (also see Figure 7.6).
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ES cell clone
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Figure 7.9 Genotyping of p97 targeted ES cell clones by PCR analysis.

The integration o f the intronic LoxP-site was examined by PCR analysis using a 

primer pair which covered the insertion site (PCR 1/2, see Figure 7.10). Positive 

clones, such as clone G2 and G6, gave rise to two PCR products: one of ~480bp (wt) 

and one of ~530bp (targeted).
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Figure 7.10 In vitro disruption of the targeted p97 gene.
To test if all LoxP-sites of the targeted clones are recognised by Cre recombinase, genomic 
DNA of the clones was incubated with or without Cre-recombinase and samples were analysed, 
a) Shown is a schematic representation of both alleles of a representative heterozygous targeted 
clone before and after Cre-specific recombination. p97-specific oligonucleotides are indicated 
by arrows (see 2.1.4). b) PCR analysis of a representative heterozygous targeted clone indicates 
the deletion of the floxed DNA following Cre-specific recombination.
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7.2.2.3 Validation of genomic LoxP-sites

To test if  all the LoxP-sites of the targeted ES cell clones are functional, i.e. recognised 

by Cre recombinase, genomic DNA of the positive clones was incubated with purified 

Cre recombinase and recombination o f the floxed DNA was monitored by PCR 

analysis using different p97-speciflc primer pairs (see 2.1.4). As shown in Figure 7.10, 

Cre recombinase deleted the floxed DNA sequence in the expected way.

7.2.2A  Rem oval of the floxed selection casse tte

Integration of a selection cassette into the genome may influence the function of a 

targeted region as demonstrated by others (Fiering et al., 1993). In the case o f the neo 

gene, it was found that the expression of proximal genes was decreased, suggesting 

that neo had a cis-acting, negative silencing effect on proximal promoters (Artelt et al., 

1991). Thus, in order to remove the floxed selection cassette, I took advantage of the 

thymidine kinase gene, which can be used for negative selection. It facilitates the 

incorporation of dead-end base analogs, such as the antiviral drug ganciclovir, into 

DNA during replication (Borrelli et al., 1988). To do this, targeted ES cells were 

transiently transfected with Cre recombinase and selected in ganciclovir to eliminate 

cells containing the floxed selection cassette. Surviving clones were picked and 

screened for type II recombination events (see Figure 7.3) using Southern blotting and 

PCR analysis (Figure 7.11).

Positive clones were further analysed by nucleotide sequencing. For this, a DNA 

fragment was amplified by PCR using the genomic DNA of the positive clones as 

template (see 2.1.4; p97-genotyping - LoxP-site) and then sequenced to confirm the 

presence of the first LoxP-site (Figure 7.12).

218



Chapter 7 Conditional Gene Targeting of the p97 Gene

a)
kb

6.2
5.5

y

targeted

b)
kb 

0.5 -
1 St LoxP-site

c )

kb y  y  y
2nd LoxP-site 
wild-type

Figure 7.11 Removal of the floxed selection cassette.

Targeted ES cells were transiently transfected with Cre recombinase and screened for 

clones with a type II genotype (Figure 7.3). Shown is the analysis o f a wild-type, a 

targeted and a floxed ES cell clone, a) Genomic DNA of the clones was digested with 

Eco RI and analysed by Southern blotting using a 5’ external p97-specific probe. The 

6.2kb-fragment of the targeted allele (+/- targeted) decreased to 5.5kb (+/- floxed) 

following recombination, b) The presence of the recombined LoxP-site (herein 

designated as 1st LoxP-site) was verified by PCR analysis (see 2.1.4). c) PCR analysis 

was used to examine the presence of the intronic LoxP-site (herein designated as 2nd 

LoxP-site) using a p97-specific primer pair that covered the insertion site of the LoxP- 

site (see 2.1.4).
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1st LoxP-site
-467

-438 aa gcttggggat

taatgtatg

ccctaggatt

c

ggcgagaaat gaacaatgtg

-389 ggctattatt acaacccaac taaactaata agggttcagg cctttgtgcg

-339 aggttcttcc agctgcttat aaactaagga gccaatcaat tgaagccaag

-289 taggagaggc ctcctccgag ggataaagag gatatggcct attgcctttg

-239 tcgattggtc aagactccct atccgtcgag gaagcgtagt gctgcggcca

-189 attgacgtgg cgttactagg cgtgttgcag ccttgaggcg gggccaggcc

-139 acaaacgaat tttctgattg gttacggtct gcgggttgct ggggagaggc

-89 acggagaggc gggcacgagt cccaaggccg gcgctgattg gttggggtta

-39 gagcagcttt ccttccgatg attcggcttt

transcription 
start site

tctcggttca gtctccgtga

12 agcgtttgca gccgtcgttt gattagtcgc tgcccccctc gcggattagg

62 agctagcgtc tcccgcccgc ccgcctgccg ccccggtgcc cctgggagga

112 agcgagaggg aggctgccag agggtttgtc actgctgttg ctcctccgcc

162 tcagcgagtc cagccccggc ctagtcggtc gcctgccttt ctgatagccg

212 ttaccctcag gccgccacag ccgccgaccg ggagaggcgc

translation 
start site

gcgccATGGC

262 CTCTGGAGCC GA .c
2nd LoxP-site

Figure 7.12 Validation of the first LoxP-site.

Shown is the nucleotide sequence surrounding the first LoxP-site. A DNA fragment 

was amplified by PCR using the genomic DNA of the positive clones as template (see 

2.1.4; p97-genotyping - LoxP-site) and sequenced to confirm the presence of the 

first LoxP-site. pLoxp97 sequence is shown in yellow (restriction sites are shown in 

blue [Bam HI, Hind 111]) and intronic sequence is shown in pink. The LoxP-sites, the 

transcription start site and the translation start site are indicated. Coding sequence is 

shown in upper case.
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7.2.2.5 Generation of chimeric mice

Floxed mice were generated by injecting the floxed ES cells into blastocysts and then 

returning them into foster mothers to generate chimeric mice. Chimerism can be 

detected by combining mouse strains that differ in an apparent genetic marker, such as 

the coat colour (‘white’ 129/Sv and ‘black’ C57BL/6; Figure 7.2), as this allows a 

simple visual assessment o f the degree o f tissue contribution o f each strain in terms of 

the proportion of the coat that expresses the ES cell allele. In general, the degree of 

coat colour chimerism correlates with the degree of germ line contribution.

Thus, to generate floxed p97 mice, five independent floxed 129/Sv ES cell clones (B6, 

D8, F I, F8 and G7) which originated from two independent targeted clones (B6, D8, 

FI and F8 originated from G6; G7 originated from G2) were injected into C57BL/6 

blastocysts and then reintroduced into foster mothers. In these experiments a total 

number of 156 blastocysts were injected, from which 42 mice were born. About 29% 

of these born mice were male chimeras and the average ES cell contribution to coat 

colour in all born chimeras was -56% . A detailed analysis o f the born chimeras is 

shown in Table 7.1.
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129/Sv ES cell clone 86 D8 FI F8 G7

Total Number Injected 36 36 36 24 24

Total Number Born 14 16 3 7 2

Number of Chimeras 6 7 1 3 1

MaleiFemale 5:1 5:2 0:1 1:2 1:0

Average % 129/Sv 
Coat Colour Contribution

58% 60% 55% 77% 30%

Highest % 129/Sv 
Coat Colour Contribution 75% 90% 55% 90% 30%

Table 7.1 Summary of records of the ES cell injections.

Shown is the injection record of five independent, male floxed 129/Sv ES cell clones 

into C57BL/6 blastocysts.
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7 .2 2 6  Generation of heterozygous floxed mice

The chimeric males were then back-crossed to C57BL/6 females to generate germ line 

transmittants. From this, only one chimera originating from ES cell clone F8 

transmitted the floxed p97 gene through the germ line.

As shown in Table 7.2, birth o f heterozygous floxed mice versus wt mice occurred 

with the expected Mendelian inheritance ratio of approximately 1:1 (n=91).

7 .2 2 .7  Generation of hom ozygous floxed mice

[(bet flox) X (bet flox)] breeding was set up to generate homozygous floxed mice, 

however, from 6 individual pairs no homozygous floxed mice were obtained (n=43). 

This suggests that homozygous floxed p97 mice are not viable. To determine at which 

stage during development the homozygous floxed p97 mice die, several [(bet flox) x 

(bet flox)] timed matings were set up and the genotypes of embryos were analysed at 

8.5dpc (n=4), 9.5dpc (n=17), 10.5dpc (n=21), 13.5dpc (n=4) and 16.5dpc (n=9). From 

those harvests, no homozygous floxed p97 embryos were obtained, suggesting early 

embryonic lethality of the homozygous floxed mice.

Tabulation o f the genotypes from the [(bet flox) x (bet flox)] born offspring and 

embryos revealed that inheritance occurred with a distribution o f (hom flox):(bet 

flox):(wt) of 0:2.5:1, instead of 1:2:1, as predicted (Table 7.2).

Together, these observations suggest that homozygous floxed p97 mice are not viable, 

possibly because the LoxP-sites have been inserted into an important regulatory 

element of the p97 promoter, thus interfering with p97 gene expression.
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a)
Genotype of [(wt) x (het flox)] offspring

heterozygous
boxed wild-type

Number of 
born mice 47 44

Ratio 1 1

b)
Genotype of [(het flox) x (het flox)] offspring

homozygous
boxed

heterozygous
boxed wild-type

Number of 
born mice 0 70 28

Ratio 0 2.5 1

Table 7.2 Distribution of offspring.

Shown is the number and distribution o f bom mice resulting from a) [(het flox) x (wt)] 

and b) [(het flox) x (het flox)] breeding.
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7.22.8 p97 protein levels in heterozygous floxed mice

To find out whether the expression of the p97 gene was altered as a consequence of the 

insertion of the LoxP-sites I analysed the p97 protein levels in the heterozygous floxed 

mice. For this, I extracted protein from different organs at 16.5dpc. The samples were 

analysed by Western blotting for the presence o f p97 and actin, and p97 protein levels 

were quantitated by densitometry and normalised to actin expression.

As shown in Figure 7.13, p97 protein levels were not altered in those tissues derived 

from the heterozygous floxed mice when compared to wt mice.

in
" c

2.0

F3 1.5

Wt

(+/- floxed) p97

heart 
+ lung

brain liver gut

Figure 7.13 p97 protein levels in heterozyous floxed miee.

Protein was extracted from different tissues at 16.5dpc and analysed by Western 

blotting with antibodies directed against p97 and actin. p97 protein levels were 

quantitated by densitometry and normalised to actin.
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7.3 Discussion

p97 is an evolutionally conserved protein that is essential for viability in single and 

multicellular organisms (Frohlich et ah, 1991; Leon and McKearin, 1999). To assess 

p97’s physiological role in mammals I have developed a conditional gene targeting 

system in ES cells and mice using the Cre/LoxP recombination system, which permits 

controlled gene-inactivation throughout embryonic and postnatal life, and in specific 

tissues (Sauer, 1998).

To establish a basis for generating null mutants, I studied the organisation and the 

expression pattern of the mouse p97 gene as described in chapter 6. A conditional 

targeting vector (pLoxp97) was then generated which would result in the Cre- 

dependent deletion o f p97’s basal transcriptional sequences and the initiator ATG in 

targeted cells. A heterozygous targeted ES cell line was established and the floxed 

allele was tested for its ability to undergo Cre-speciflc reeombination in vitro. The 

selectable marker inserted during the targeting event was removed from the targeted 

ES cells to avoid any non-specific phenotypes (Artelt et al., 1991; Tiering et al., 1993) 

and the cells were used to generate a heterozygous floxed p97 mouse line.

Preliminary data from Cre-transfection experiments suggest that ablation of one p97 

allele causes cell death of targeted ES eells. Using Southern blot analysis it was found 

that targeted ES cells containing three LoxP-sites adopted a type II genotype (n=171), 

but not a type I or type III genotype (see 7.1.2) following Cre-mediated recombination 

(data not shown). Furthermore, it was found that Cre-expression in ES cells caused cell 

death o f floxed ES cells, but not wt ES eells (data not shown) suggesting that ES cells 

with a heterozygous type I genotype are not viable. These findings are consistent with 

experiments using the yeast homologue of p97, Cde48p, in which slight reductions in 

protein levels (-25% ) lead to lethality. However, further experiments specifically 

aimed at characterising the cell survival and the cellular phenotypes are necessary.

Mating of heterozygous floxed mice revealed no homozygous floxed mice, even when 

embryos were analysed at 8.5dpc, suggesting that insertion o f the LoxP-sites may
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interfere with p97 gene expression. Possibly, one o f the two LoxP-sites was inserted 

into a region containing essential elements involved in regulating p97 expression. 

Alternatively, the insertion of the LoxP-sites may have caused an alteration o f the 

overall chromatin structure of the targeted region, which may affect p97 transcription. 

Initial Western blot analysis o f floxed mice revealed that p97 protein levels were not 

altered in a number of different tissues at 16.5dpc. This suggests that p97 gene 

expression may be altered even earlier during embryogenesis.

The first LoxP-site was inserted upstream of the basal promoter of the p97 gene and 

thus may potentially affect gene expression. Sequence analysis o f the insertion site 

revealed that several transcription factors could possibly map to this region 

(http://transfac.gbf.de /TRANSFAC). Transcription factors surrounding the LoxP-site 

include Olf-1 and Oct-1. Olf-1 (olfactory-neuronal transcription factor) is expressed 

exclusively in the olfactory receptor neurons and may direct cellular differentiation in 

a variety o f neuronal tissues (Wang and Reed, 1993). Oct-1 belongs to the POU 

domain family. Members of this family are expressed early in embryogenesis and 

interestingly have been found to play a fundamental role in organ development, cell 

type specification and cell growth and cell differentiation (Ryan and Rosenfeld, 1997). 

However, further studies will be needed to find out if  these transcription factors are 

involved in regulating p97 gene expression.

In conclusion, a conditional gene targeting system has been established that should 

allow an analysis of p97’s physiological role in mammals. p97-mutant phenotypes will 

be studied at the cellular level using cell-lines derived from heterozygous floxed mice, 

homozygous floxed embryos and/or blastocysts. Mouse analysis includes crossing to 

Cre-expressing mice that allow deletion in oocytes during oogenesis (Zp3-cre 

(Lewandoski et al., 1997)) or in endothelial cells during mid gestational blood vessel 

development (Tie 1-ere (Gustafsson et al., 2001)).
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