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Abstract

Abstract

Phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P,) regulates many cellular
processes, as an intact molecule and as a precursor for InsP;, diacylglycerol and
PtdIns(3,4,5)P3;. One example where PtdIns(4,5)P; itself is required is the calcium-
dependent exocytosis of secretory granules, although the site of PtdIns(4,5)P; synthesis
and the identity of PtdIns(4,5)P, effector(s) have yet to be determined. The synaptic
vesicle protein synaptotagmin I (Syt I) is a strong candidate for calcium sensor in
neurotransmitter release. Syt I contains two tandem C2 domains. In the presence of
calcium, the first C2 domain (C2A) binds acidic phospholipids, while the second (C2B)
binds PtdIns(4,5)P,. The C2B also mediates the calcium-dependent homo-
oligomerisation of Syt I. Syt II is highly homologous to Syt I and is also found on
synaptic vesicles. We have shown that Syt I and II can be present in the same synaptic
vesicle. In addition, both native and recombinant cytoplasmic Syt I and II hetero-
oligomerise in the presence of calcium, suggesting different Syt isoforms can combine

to create synaptic calcium sensors with novel calcium-dependent binding properties.

To investigate PtdIns(4,5)P, distribution at the synapse, we produced monoclonal
antibodies against PtdIns(4,5)P,. Immunofluorescence in the absence of detergent
reveals a punctate staining in the neurite tips of NGF-differentiated PC12 cells. In the
presence of detergent, there is an intense nuclear staining in PC12 cells and other cell-
types from different species. The characterisation of this detergent-resistant nuclear
PtdIns(4,5)P; is described. Nuclear PtdIns(4,5)P; co-localises with the splicing factor
SC3S5 in interphase. Its distribution changes during mitosis. In late telophase, detergent-
resistant PtdIns(4,5)P, concentrates in discrete SC35-containing structures that are
excluded from the reforming daughter nuclei. Nuclear PtdIns(4,5)P; is associated with
both snRNAs and proteins, including splicing factors and RNA Polymerase II.
Immunodepletion and add-back experiments demonstrate that PtdIns(4,5)P, and
interacting factors are necessary, but not sufficient, for pre-mRNA splicing in vitro,

suggesting PtdIns(4,5)P, may be involved in pre-mRNA processing in vivo.
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Chapter 1 Introduction

1.1 Phosphoinositides, a diverse family of intracellular signalling molecules

Cellular lipids have traditionally been regarded as passive elements acting as a barrier
between different cellular compartments and the extracellular milieu. More recently, it
has become apparent that membrane lipids play important regulatory functions in
addition to this structural role. One class of lipids in particular, the phosphorylated
derivatives of phosphatidylinositol (PtdIns), have become the focus of attention for their
ability to regulate an impressive number of essential cellular processes despite
constituting only a minor fraction of total cellular phospholipids (Martin, 1998). The six
carbon inositol ring of PtdIns is unique in that it can be reversibly phosphorylated at the
D-3, D-4 and D-5 positions to generate a diverse family of signalling molecules, the
phosphatidylinositol monophosphates, bisphosphates and phosphatidylinositol (3,4,5)
trisphosphate (PtdIns(3,4,5)P3). All of the seven possible phosphorylated species have
been identified in cells (Figure 1.1) and are collectively referred to as phosphoinositides

(PIs).

Historically, PtdIns(4,5)P, has been the most studied PI for its role as the precursor of
the second messengers, InsP3 and DAG. More recently, PtdIns(4,5)P, has become the
focus of attention as a precursor of PtdIns(3,4,5)Ps, itself an important signalling
molecule, and for its ability to regulate a variety of target molecules. PtdIns(4,5)P,-
binding domains have been identified in a number of proteins. By regulating the
localisation and/or activity of these, PtdIns(4,5)P, influences such diverse processes as
actin cytoskeletal dynamics (Sechi and Wehland, 2000), membrane trafficking
(Odorizzi et al., 2000; Cremona and De Camilli, 2001) and ion channel activity
(Kobrinsky et al., 2000)(Figure 1.2). Furthermore, the regulatory role of PIs is not
restricted to membranes, as there is evidence for their stabilisation in proteolipid

complexes in the cytoplasm and the nucleus (Divecha ef al., 1993; Fukami et al., 1994;
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Chapter 1 Introduction

Hinchliffe et al., 1996). While the presence of nuclear PIs remains controversial, strong
evidence is accumulating in favour of the existence of nuclear PI signalling pathways
that can be regulated independently of the cytoplasmic pathways (Divecha et al., 1993;

Maraldi et al., 2000; Irvine, 2000).

I will begin by briefly introducing the main enzymes involved in PtdIns(4,5)P,
metabolism and will then expand on the cellular roles of PtdIns(4,5)P,, focussing in
particular on its involvement in membrane dynamics and its possible functions within

the nucleus.

1.2 PtdIns(4,5)P; is generated at multiple intracellular locations by the action of
specific kinases

While PtdIns itself is synthesised on the cytosolic face of the smooth endoplasmic
reticulum, the subsequent phosphorylations to generate PIs occurs at multiple sites
throughout the cell. Consistent with this, PI-kinases have been localised to multiple
intracellular sites including the plasma membrane, Golgi apparatus, ER, secretory

vesicles, endosomes and the nucleus (Fruman et al., 1998).

1.2.1 PtdIns 4-kinases

The major route of PtdIns(4,5)P, synthesis occurs via the sequential phosphorylation of
PtdIns on the D-4 and D-5 positions by a PtdIns 4-kinase (PtdIns4K) and a PtdIns(4)P
5-kinase (PtdIns(4)P5K) respectively. PtdIns 4-kinases are ubiquitously expressed
enzymes that associate with a variety of intracellular membranes (Fruman et al., 1998).
There are two classes of mammalian PtdIns4K, type II and III. The type II p55
PtdIns4K has recently been cloned and encodes a large conserved family (Barylko et

al., 2001). Two isoforms of type III kinases have been identified, PtdIns4Ko and
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PtdIns4Kf. These differ in their intracellular localisations, suggesting they are able to
independently regulate distinct cellular processes (Wong et al., 1997). Yeast possess
two type III PtdIns4K homologues, Stt4 and Pikl, equivalent to the mammalian
PtdIns4Ko and B respectively. Both enzymes are essential but appear to function
independently as genetic analysis has revealed roles for Stt4 in cytoskeletal dynamics
and for Pik1 in membrane trafficking (Walch-Solimena and Novick, 1999; Hama et al.,

1999; Audhya et al., 2000).

1.2.2 PtdIns(4)P 5-kinases

Two types of PtdIns(4)P 5-kinases, PIPKI and PIPKII, differing in both their size and
enzymatic properties, were identified initially (Bazenet et al., 1990). However, a more
detailed analysis of the substrate preferences revealed that the Type II PtdIns(4)P 5-
kinase is actually a PtdIns(5)P 4-kinase (Rameh er al., 1997b). In addition to their being
able to generate PtdIns(4,5)P,, both PtdIns(5)P 4-kinases and PtdIns(4)P 5-kinases can
catalyse the synthesis of multiple PIs in vitro, albeit to a lesser extent (Rameh et al.,
1997b; Zhang et al., 1997; Tolias et al., 1998; Figure 1.1). It is not clear however,
whether any of these minor activities occur in vivo. Three isoforms, , 8 and vy, of both
kinases have been identified in mammalian cells (Loijens and Anderson, 1996; Ishihara

et al., 1996; Ishihara et al., 1998).

Despite the absence of primary sequence homology with protein kinases, the crystal
structure of PIPKIIB reveals a striking similarity between the two catalytic sites, with
both possessing similar ATP binding and catalytic motifs (Rao et al., 1998). The two
catalytic sites of the dimeric enzyme are positioned at a flattened membrane interface

suggesting how PIPKII could phosphorylate its substrates within the membrane bilayer.
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Yeast also possess two enzymes with homology to PtdIns(4)P 5-kinases, Mss4p and
Fablp. However, Mss4p is the only true PtdIns(4)P S-kinase as Fablp is actually a
PtdIns(3)P 5-kinase (Cooke et al., 1998). Mss4p mutants, like Stt4p mutants, have
defects in the organisation of the actin cytoskeleton (Desrivieres et al., 1998; Homma et
al., 1998) suggesting Mss4p only phosphorylates PtdIns(4)P produced by Stt4p, further

highlighting the compartmentalisation of PI signalling pathways.

1.2.3 Phosphatidylinositol Transfer Proteins (PITPs)

Phosphatidylinositol transfer proteins (PITPs) were initially identified as cytosolic
proteins able to transfer PtdIns monomers between lipid bilayers in an energy-
independent manner in vitro (Cockcroft, 2001). Three mammalian cytosolic PITPs, a,
3, and RdgBB have been identified. All are ubiquitously expressed but differ in their
sub-cellular distributions, with PITPa being found mainly in the cytoplasm and nucleus
and PITPB being preferentially localised to the Golgi apparatus (De Vries et al., 1995;
De Vries et al., 1996). The yeast PITP orthologue, Sec14p, lacks sequence homology
with mammalian PITPs. However, despite this the two are functionally interchangeable
(Hay and Martin, 1993). In addition, two highly related atyptical PITPs have been
identified (RdgBal and RdgBall). These proteins are 160 kDa integral membrane

proteins containing a functional N-terminal PITP domain (Lev ef al., 1999).

PITP has also been shown to be involved in intracellular signalling pathways by
promoting the hydrolysis of PtdIns(4,5)P, by phospholipase C (Thomas et al., 1993;
Cunningham et al., 1995) and PI 3-kinase-mediated PtdIns(3,4,5)P; production (Kular
et al., 1997). In addition, PITP is an essential cofactor in a number of membrane
trafficking steps including regulated exocytosis (Hay and Martin, 1993), intra-Golgi

transport (Paul et al., 1998) and the biogenesis of secretory granules and vesicles
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(Ohashi et al., 1995; Jones et al., 1998). Although the exact mechanism of action in vivo
remains to be determined it is becoming increasingly apparent that PITPs function in the
coupling of PtdIns delivery to PI synthesis at spatially-restricted membrane

microdomains (Cockcroft, 2001).

1.3 PtdIns(4,5)P; as a target for lipid kinases and phospholipases

1.3.1 Phospholipase C

In the ‘classical’ PI signalling pathway, PtdIns(4,5)P, acts as a substrate for
phospholipase C isoforms. Mammalian phospholipases C (PLCs) are divided into three
groups, B, ¥ and d, based on their structure (Katan and Williams, 1997). All three groups
require calcium for their catalytic function with PLC9, the only isoform with a yeast
homologue, being the most sensitive to calcium. PLC catalyses the generation of the
second messengers Ins(1,4,5)P; and diacylglycerol (DAG). InsP3; can mobilise calcium
from internal stores upon binding to its receptor and is also a target for inositol
polyphosphate kinases which synthesise inositol polyphosphates (IPPs; Berridge, 1993;
Zhang and Majerus, 1998). DAG is an important regulator of PKC activity. DAG-
activated PKC isoforms include the conventional PKCs (o, B;, By, y) and the novel
PKCs (9, €, m, 0 and pu/PKD) which differ in their sensitivities to activation by calcium

(Mellor and Parker, 1998).

1.3.2 PI 3-kinases

PtdIns(4,5)P; is also a substrate for cellular PI 3-kinases that phosphorylate the inositol
ring on the D-3 position, generating PtdIns(3,4,5)P; in response to a wide range of
extracellular stimuli. PtdIns(3,4,5)P; is an important signalling molecule and affects

cell-survival, proliferation, migration and the budding of intracellular vesicles (Rameh
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and Cantley, 1999). PI 3-kinases are classified into three groups based on their structure

and substrate specificities (Domin and Waterfield, 1997).

Type I enzymes are heterodimers of a 110 kDa catalytic subunit and a regulatory
subunit (50 and 100 kDa), responsible for the targeting and/or activation of the enzyme
(Fruman et al., 1998). In vitro, they are able to utilise PtdIns, PtdIns(4)P, PtdIns(5)P and
PtdIns(4,5)P, as substrates. However, in vivo, their major activity appears to be
restricted to the generation of PtdIns(3,4,5)P; from PtdIns(4,5)P, (Stephens ef al., 1991,
Hara et al., 1994). Type I enzymes can be activated in response to either tyrosine kinase
or heterotrimeric G-proteins (Fruman et al., 1998).

Type II PI 3-kinases phosphorylate predominantly PtdIns, PtdIns(4)P and also
PtdIns(4,5)P; (but only when phosphatidylserine (PtdSer) is used as a carrier) in vitro
(Domin et al., 1997). Recent studies have demonstrated that activated type II kinases
can also generate PtdIns(3,4,5)P3 in vivo suggesting that multiple pathways for
producing PtdIns(3,4,5)P; exist (Gaidarov et al., 2001).

The final group, type III PI 3-kinases are unique in that they can only use PtdIns as a
substrate. Like Type I PI 3-kinases, the membrane association and activity of the
enzyme is controlled by regulatory subunits (Fruman et al., 1998). Mammalian type III
PI 3-kinases and the yeast homologue, Vps34, are both implicated in constitutive
intracellular membrane trafficking events through the generation of PtdIns(3)P (Corvera
and Czech, 1998). The regulatory effects of PIs on both signal transduction and
membrane trafficking is thought to be a consequence of their recruiting and/or
activation of specific effector proteins. In the case of PtdIns(3)P, these effector proteins
share a common PtdIns(3)P binding domain, the FYVE domain, named after the first

four proteins it was identified in: Fablp, YOTB, Vaclp, EEA1 (Stenmark et al., 1996).
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1.4 PtdIns(4,5)P; as a regulator of protein localisation and activity

PtdIns(4,5)P,-binding sites can be separated into two broad categories, the first and best
characterised is comprised of pleckstrin homology (PH) domains and the related
phosphotyrosine binding (PTB) domains and the second of short sequences enriched in
basic and hydrophobic residues (Martin, 1998). PH domains are modules of ~120 amino
acids that have relatively low sequence homology, yet share a highly conserved tertiary
structure (Lemmon and Ferguson, 2000). PH domains have been identified in a number
of protein families involved in cytoskeletal regulation (e.g. B-spectrin), signal
transduction (e.g. Bruton’s tyrosine kinase), membrane trafficking (e.g. dynamin),
GTPase effector proteins and adaptor proteins (Lemmon and Ferguson, 2000). Different
PH domains vary in their specificities and affinities of PI binding (Rameh et al., 1997a;
Frech et al., 1997, Kavran et al., 1998; Dowler et al., 2000). The PH domains of PLCd,
CAPS (Calcium-Activated Protein for Secretion) and dynamin are particularly
noteworthy as they show a high specificity for PtdIns(4,5)P, (Lemmon et al., 1995;
Salim et al., 1996; Loyet et al., 1998). Fusion proteins containing PH domains have
been used as a probe to determine the cellular localisation and follow the dynamics of
PIs in vivo. This will be discussed in more detail in the introduction to Chapter 5. PTB
domains are also able to bind Pls, for example the PTB domain of Mints bind

PtdIns(4,5)P, with high affinity (Okamoto and Sudhof, 1997)(See Chopter 1.8.20)

The second class of PtdIns(4,5)P,-binding modules contain 10-20 amino acid sequences
rich in basic and hydrophobic residues but lacking primary sequence homology. Such
regions are found in cytoskeletal proteins such as o-actinin (Fukami et al., 1996) and in
certain C2 domain-containing proteins. C2 domains were initially identified as a
calcium-dependent phospholipid binding domain in PKC. However, different C2

domains differ in their binding properties and in whether or not they are regulated by
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calcium (Nalefski and Falke, 1996). Synaptotagmin, the putative calcium-sensor for
neurotransmitter release, contains two C2 domains, one of which binds PtdIns(4,5)P,
and inositol polyphosphates (Fukuda et al., 1994; Schiavo ef al., 1996) via a lysine rich
sequence. Synaptotagmin is a potential PtdIns(4,5)P,-effector in intracellular membrane

fusion in higher eukaryotes, which will be discussed in depth in section 1.8.4.

1.5 PtdIns(4,5)P; and membrane trafficking

The sequential budding and fusion of membrane-bound vesicles underlies the targeted
delivery of both membrane bound and soluble components to their appropriate
destinations within the cell. These steps are fundamental for cell growth, division,
sexual reproduction, the uptake and delivery of nutrients and neuronal communication.
PIs play important roles in a number of different membrane trafficking steps (Martin,
1997a; Corvera et al., 1999). PtdIns(4,5)P; itself has been implicated in homotypic
vacuole fusion in yeast (Mayer et al., 2000), regulated exocytosis (Hay et al., 1995),
endocytosis (Jost ef al., 1998), phagocytosis (Botelho et al., 2000) and Golgi dynamics
(Godi et al., 1999). Of these, the involvement of PtdIns(4,5)P;, in regulated exocytosis
was the first to be identified and remains the best characterised. I will begin by
introducing regulated exocytosis, using neurotransmitter release as a well-studied
example, before presenting the evidence supporting an involvement of PtdIns(4,5)P; in
regulated exocytosis. Then, in section 1.8, I will introduce potential protein effectors of

PtdIns(4,5)P; identified at the synapse.

1.6 Regulated exocytosis

1.6.1 Neurotransmitter release

Neurotransmitter release involves the calcium-dependent fusion of neurotransmitter-

containing small synaptic vesicles (SSV) with the pre-synaptic plasma membrane
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(Matthews, 1996). As a result, neurotransmitter is released into the synaptic cleft, across
which it diffuses before binding to specific receptors on the post-synaptic cell. Fast
neurotransmitter release differs from other membrane fusion steps in its requirement for
high (uM) concentrations of calcium, its speed and its plasticity (Llinas et al., 1992;
Heidelberger et al., 1994; Zucker, 1999). Consistent with its high degree of
specialisation, neurotransmitter release has been shown to be a multi-step process
requiring the coordinated action of a large number of gene products (Martin, 1997b).
However, despite its highly specialised nature, it remains a paradigm for the study of
membrane fusion events in general, as many of the proteins involved in
neurotransmitter release belong to large families of proteins, conserved from yeast to
man (Rothman, 1994). These include NSF (N-ethylmaleimide sensitive factor), SNAPs
(soluble NSF attachment proteins), SNARE (soluble NSF attachment protein receptors)
proteins and the Rab family of small G proteins (Schiavo et al., 1999). Additional
synapse-specific proteins and interactions are thought to confer the properties of speed,

calcium-dependence and plasticity upon this conserved machinery.

In addition to SSVs, neurons also possess peptide neuropeptide-containing large dense-
core vesicles (LDCV). Although the calcium-sensitivity and speeds of exocytosis differ
for SSV and LDCV exocytosis, many of the essential mechanisms are similar (Martin,
1997b). LDCVs are the major secretory vesicle in neuroendocrine cells and a great deal
of information on calcium-dependent secretion has been accumulated through the study

of their exocytosis in neuroendocrine cells.

1.6.2 The synaptic vesicle cycle

Based on studies of SSV and LDCV exocytosis, neurosecretion has been separated into

a number of steps, broadly defined as vesicle translocation and docking, priming and
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fusion (Martin, 1997b; Figure 1.3). Two pools of synaptic vesicles can be differentiated
by electron microscopy, the reserve pool and the morphologically docked vesicles. The
reserve pool is comprised of SSVs more than about 200 nm from the active zone, that
are thought to be held in place by an interaction between the SSV-associated protein
synapsin and actin filaments (Ceccaldi et al., 1995). Phosphorylation of synapsin is
believed to disassemble the complex leading to mobilisation of the SSV which is
important for maintaining the supply of SSV during prolonged stimulation (Llinas ef al.,

1991).

The docking of SSV at the pre-synaptic plasma membrane occurs via an as yet
unidentified machinery that brings the membranes close enough to allow SNARE
proteins on opposing membranes to interact (Bajjalieh, 1999). A combination of
morphological and electrophysiological studies have demonstrated that not all docked
vesicles are fusion competent. The acquisition of fusion competence during priming is
achieved via a number of sequential protein-protein and protein-lipid interactions
occurring after docking and prior to the fusion event itself (Figure 1.4). Priming is an
ATP-dependent process and there is evidence that at least some of the ATP is required
for the synthesis of PtdIns(4,5)P, (Eberhard et al., 1990; Hay et al., 1995). This will be

discussed in detail in the next section.

A substantial amount of evidence indicates that the final membrane fusion event
requires the formation of a complex between SNARE proteins on the SSV and pre-
synaptic membrane. The three synaptic SNAREs are the SSV protein VAMP (vesicle
associated membrane protein or synaptobrevin) and the plasma membrane proteins
syntaxin and SNAP-25 (synaptosomal associated protein of 25 kDa; Sollner et al.,

1993). SNARE proteins interact to form an extremely stable SDS and heat-resistant
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ternary complex. The crystal structure of the protease-resistant core of the complex
revealed a coiled-coil structure made up of 4 parallel o-helices, with 2 helices
contributed by SNAP-25 and one each from syntaxin and VAMP (Sutton ef al., 1998;
Figure 1.4). The three membrane anchors localise to the same end of the complex and as
a result, it has been proposed that the zippering up of the SNARE proteins from the
amino to the carboxy terminus brings the vesicle and target membrane into close
enough proximity (within 4 nm) to allow fusion to occur (Hanson et al., 1997; Lin and
Scheller, 1997; Sutton et al., 1998). In fact, SNARE complex formation is sufficient to
mediate lipid bilayer fusion in vitro suggesting that SNAREs are indeed the minimal

fusion machinery (Weber et al., 1998; McNew et al., 2000).

Although SNARE complex formation is thought to be sufficient to drive membrane
fusion in regulated exocytosis (Littleton et al., 1998; Chen et al., 1999), in some
systems, notably homotypic vacuole fusion in yeast and homotypic fusion of sea-urchin
cortical vesicles, SNARE complex formation, although being necessary for fusion, is
not sufficient (Ungermann et al., 1998; Tahara et al., 1998). In the case of vacuole
fusion, although the formation of trans SNARE complexes is required for fusion
(Nichols et al., 1997), these complexes can be dissociated without affecting the rate or
extent of fusion (Ungermann et al., 1998). Instead, the formation of the fusion pore
requires the free V subunit of the vacuolar proton pump and occurs downstream of
SNARE complex formation (Peters ef al., 2001). Whether such downstream effectors of
SNARE complexes are also involved in other membrane fusion steps remains to be

determined.

Following membrane fusion, lipid and protein components of the SSV are recovered

through rapid endocytosis and recycling within the nerve terminal. PtdIns(4,5)P, also
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plays an important role in the endocytic pathway (Cremona and De Camilli, 2001;

Figure 1.3).

1.7 PtdIns(4,5)P; synthesis is required for ATP-dependent priming

The first demonstration that PtdIns(4,5)P, was involved in regulated secretion,
independent of its acting as a substrate for phospholipase C, came from studies of
catecholamine release in permeabilised adrenal chromaffin cells where the observed
requirement of ATP for secretion could be partially explained by the need to generate
PtdIns(4,5)P, (Eberhard et al., 1990). Subsequently, two of the three cytosolic factors
required for the ATP-dependent priming secretory granule exocytosis from ‘cracked’
PC12 cells were identified as PITP and a type I PtdIns(4)P 5-kinase (Hay and Martin,
1993; Hay et al., 1995). More recently, a secretory granule associated PtdIns 4-kinase
was also shown to be required for calcium-dependent exocytosis in adrenal chromaffin
cells (Wiedemann et al., 1996). Priming, like inositol phosphorylation, is fully
reversible (Hay and Martin, 1992). The accelerated reversal of priming that occurs in
the presence of cytosol and Mg®* is mimicked by the addition of a recombinant type II
inositol phosphate 5-phosphatase suggesting that PtdIns(4,5)P; is also important for the

maintenance of the primed state (Jefferson and Majerus, 1995).

The site of the PtdIns(4,5)P, synthesis required for exocytosis remains controversial.
While PtdIns 4-kinase activity associates with secretory granules, PtdIns(4)P 5-kinase
activity is predominantly associated with chromaffin cell plasma membranes
(Wiedemann et al., 1996). It is possible that docking brings the secretory vesicle
membrane close enough for the PtdIns(4)P to be phosphorylated by the plasma
membrane kinase. Alternatively, a separate, and as yet unidentified, PtdIns 4-kinase

could associate with the plasma membrane and contribute to the synthesis of a plasma
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membrane pool of PtdIns(4,5)P,. The synthesis of PtdIns(4,5)P, on secretory granules
during ATP-dependent priming has been reported in PC12 cells (Martin, 1997a). On the
other hand, a recent report demonstrated that a PtdIns(4,5)P, specific GFP-PH domain
that is able to inhibit secretion in chromaffin cells localises predominantly to the plasma

membrane (Holz et al., 2000).

More limited evidence is available for the requirement for PI synthesis in the calcium-
dependent exocytosis of synaptic vesicles. A PtdIns 4-kinase activity has been identified
on purified synaptic vesicles (Wiedemann et al., 1998). No PtdIns(4)P-5 kinase activity
was detected on purified SSV (Gross ef al., 1995; Wiedemann et al., 1998) consistent
with the lack of PtdIns(4)P-5 kinase activity on LDCV membranes (Wiedemann ef al.,
1996). There are however conflicting results regarding the involvement of PI synthesis
in SSV exocytosis. In one study, the inhibition of PtdIns 4-kinase activity was reported
to inhibit the calcium-dependent release of glutamate from synaptosomes (Wiedemann
et al., 1998). A second independent study using a similar strategy reported the inhibition
of calcium-dependent release from rat brain synaptosomal LDCVs, while glutamate

release was unaffected (Khvotchev and Sudhof, 1998).

Indirect evidence for a requirement for PI synthesis in neurotransmitter release has
come from the study of frequenin, a calcium-binding myristoylated protein related to
recoverin (Burgoyne and Weiss, 2001). Frequenin homologues are found in the nervous
system of Drosophila, Xenopus and mouse where they are known to modulate synaptic
function (Pongs et al., 1993; Olafsson et al., 1995; Olafsson et al., 1997). Recently the
Sacchromyces cerevisiae frequenin homologue (Frql) was shown to be a calcium-
independent regulator of PtdIns 4-kinase activity (Hendricks et al., 1999). Vertebrate

frequenin is able to substitute Frql in this system suggesting that frequenin also
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functions as a regulator of PtdIns 4-kinase activity in higher organisms. In support of
this, rat frequenin co-immunoprecipitates with the mammalian Pikl homologue,

PtdIns4Kf when over-expressed in MDCK cells (Weisz et al., 2000).

PtdIns(4,5)P; synthesis appears to be important for other regulated membrane fusion
steps, including antigen-stimulated exocytosis in mast cells (Way et al., 2000). The
requirement for Pls is conserved through evolution. In yeast, secretion requires the
activity of the PtdIns 4-kinase, Pik1 (Hama et al., 1999; Walch-Solimena and Novick,
1999; Audhya et al., 2000). It seems unlikely however that the PtdIns(4)P generated is
converted to PtdIns(4,5)P, as Mss4p mutants have cytoskeletal but not secretory defects
(Desrivieres et al., 1998; Homma et al., 1998). PtdIns(4,5)P; is however required in
yeast for homotypic vacuolar fusion (Mayer et al., 2000). No putative PtdIns(4,5)P,-
binding proteins have been found in vacuole fusion in contrast to neurosecretion where
a number of potential PtdIns(4,5)P,-effectors have been identified that play important

roles at different stages in the release process.

1.8 PtdIns(4,5)P;-effectors in neuroexocytosis

A number of proteins implicated in different stages of calcium-dependent exocytosis in
neuroendocrine cells have been identified as PI-binding proteins. These include
synaptotagmin (Schiavo et al., 1996), CAPS (Loyet et al., 1998), Mints (Munc-18
interacting proteins; Okamoto and Sudhof, 1997), and the Rab3 interacting protein

rabphilin (Chung et al., 1998).

1.8.1 Rabphilin

Rabphilin, a putative Rab3 effector at the synapse, contains an N-terminal Rab3

interacting domain, a central phosphorylation domain and two C-terminal C2 domains
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(Fykse et al., 1995). Rabphilin binds PtdIns(4)P and PtdIns(4,5)P, in a calcium-
dependent manner (Chung et al., 1998) and peptides corresponding to the PI binding
domain of the rabphilin C2B inhibit LDCV exocytosis in permeabilised chromaffin
cells (Chung et al., 1998). Rabphilin knockout mice do not however display any
obvious abnormalities in synaptic transmission indicating that this protein is either
redundant or does not play an essential role in calcium-evoked neurotransmitter release
(Schluter et al., 1999). In chromaffin cells, the observed inhibition of exocytosis caused
by the PI-binding peptide could therefore be a consequence of interfering with the

binding of PIs to other proteins.

1.8.2 Mints

Mints are synaptic proteins suggested to act in the organisation of pre-synaptic active
zones and the coupling of certain voltage-gated calcium channels to the exocytic
machinery through their interactions with Munc-18 (a syntaxin binding protein), other
PDZ domain containing adaptor proteins such as CASK and Veli (Butz et al., 1998),
neurexins (Biederer and Sudhof, 2000) and splice variants of neuronal calcium channels
(Maximov et al., 1999). Mints bind PtdIns(4)P and PtdIns(4,5)P, at low calcium
concentrations via their PTB domains (Okamoto and Sudhof, 1997). The relevance of
this to the functioning of Mints in neuroexocytosis is yet to be elucidated. One possible
role could be to promote the binding of plasma membrane Mints to vesicular
PtdIns(4,5)P, produced during the ATP-dependent priming step, suggested to be a
means of positioning the vesicle in close proximity with the pre-synaptic plasma

membrane (Okamoto and Sudhof, 1997).
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1.8.3 CAPS

CAPS, the mammalian homologue of Unc-31, is a 145 kDa neuroendocrine specific
calcium-binding protein essential for calcium-dependent exocytosis of LDCV in PC12
and adrenal chromaffin cells (Ann et al., 1997; Elhamdani et al., 1999). In the absence
of calcium, CAPS binds PtdIns(4,5)P,, triggering a conformational change in the
protein. Both PtdIns(4,5)P; binding and the conformational change are reversed by
calcium concentrations between 10 and 100 uM (Loyet et al., 1998). Studies in semi-
intact synaptosomes demonstrated that a substantial fraction of CAPS is associated with
LDCYV and the synaptic plasma membranes but not with SSV membranes (Berwin et
al., 1998). Accordingly, anti-CAPS antibodies selectively inhibit noradrenaline but not
glutamate release from semi-intact synaptosomes (Berwin ef al., 1998; Tandon et al.,

1998).

1.8.4 Synaptotagmin [ and II

Synaptotagmins (Syts) are a large family of proteins of which Syt I and the highly
homologous Syt II remain the best characterised isoforms. Syt I and II are
PtdIns(4,5)P,-binding proteins present in both SSV and LDCV membranes. Genetic
evidence from Syt mutants in Drosophila, C. elegans and mouse have demonstrated that
Syt I is essential for calcium-dependent neurotransmitter release (Nonet et al., 1993;
Littleton et al., 1993; DiAntonio and Schwarz, 1994; Geppert et al., 1994). Evoked
release is dramatically decreased in mutants but not completely abolished suggesting
that Syt I is not the sole calcium sensor for exocytosis. Other Syt isoforms could
account for this residual release. To date, fourteen Syt isoforms have been identified in
mammals and seven Syt isoforms in the Drosophila genome (Desai et al., 2000). Syt 11,
for example, has 75% sequence identity to Syt I, similar calcium-sensing properties and

an overlapping pattern of expression (Geppert et al., 1991).
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Syt I is comprised of an intravesicular amino terminal domain that is glycosylated in Syt
I and II, a single transmembrane region, a flexible linker sequence separating the
transmembrane region from two consecutive C2 domains, the C2A and C2B and a
conserved carboxy terminal domain (Perin et al., 1991; Geppert et al., 1991; Figure 1.5
A). The crystal structure of the C2A domain of Syt I and the C2A and C2B of Syt III
have recently been solved (Sutton et al., 1995; Sutton e al., 1999; Figure 1.5 B). The
C2A of Syt I is an eight-stranded B-sandwich connected by flexible loops that form the
binding sites for three calcium ions. Both the C2A and C2B are structurally similar with
the exception of a seven amino acid alpha helix in the C2B that is also found in the C2B
of rabphilin (Ubach et al., 1999). They also differ slightly in the shape of the calcium
binding pocket, the electrostatic potential and the number of bound divalent cations
(Sutton et al., 1999). These structural differences could underlie the distinct binding

properties of the two C2 domains.

The C2A domain of Syt I, like the C2 domain of PKC, binds acidic phospholipids in a
calcium-dependent manner (Perin et al., 1990; Davletov and Siidhof, 1993; Figure 1.5
C) and also triggers the penetration of Syt into lipid bilayers (Bai et al., 2000). The
importance of the calcium-dependent phospholipid binding in excitation-secretion
coupling in vivo was recently demonstrated using reverse genetics to introduce a point
mutation into Syt I, close to one of the calcium-binding sites in the C2A. This resulted
in a two-fold decrease in the affinity of the C2A for calcium in a calcium-dependent
phospholipid binding assay (Fernandez-Chacon et al., 2001). Furthermore, mice
engineered with this mutation were viable and fertile but showed a decrease in the
calcium-responsiveness of neurotransmitter release measurable as a two-fold decrease

in the release probability (Fernandez-Chacon et al., 2001).
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The C2B also binds phospholipids in a calcium-dependent manner, but in this case
binding is specific for PtdIns(4,5)P,, PtdIns(3,4)P, and PtdIns(3,4,5)P3 (Schiavo et al.,
1996). Syt I preferentially binds PtdIns(3,4,5)P3 at low levels of calcium, similar to
those found in resting nerve terminals and PtdIns(4,5)P; at high calcium concentrations,
equivalent to those required for neurotransmitter release at mammalian synapses
(Schiavo et al., 1996; Figure 1.5 C). Syt also binds inositol polyphosphates (IPPs) in a
calcium-dependent manner via a region overlapping with, or equivalent to, that involved
in PI-binding (Fukuda et al., 1994). IPPs block neurotransmitter release at the squid
giant synapse (Llinas et al., 1994), in mammalian cholinergic synapses (Mochida et al.,
1997) and regulated exocytosis in adrenal chromaffin cells (Ohara-Imaizumi et al.,
1997). Significantly, this block can be prevented in each case by the co-injection of an
antibody that blocks InsP, binding to the C2B of Syt (Llinas ef al., 1994; Mochida et
al., 1997; Ohara-Imaizumi et al., 1997). Interestingly, different Syt C2B domains differ
in their ability to bind IPPs and PIs. Syt III, like Syt I, binds PtdIns(4,5)P; in the
presence of calcium but does not bind PtdIns(3,4,5)P; in the presence or absence of
calcium (Schiavo et al., 1999). PIs and IPPs could therefore differentially modulate the

function(s) of different Syt isoforms.

The two C2 domains of Syt also interact, in calcium-dependent and independent ways,
with a number of proteins with central roles in neurotransmission (Figure 1.5 D). Syt
binds syntaxin and SNAP-25 via its C2 domains both individually (Chapman et al.,
1995; Schiavo et al., 1997) and when incorporated in SNARE complexes, when Syt is
able to simultaneously bind SNARE complexes and phospholipid containing liposomes
(Davis et al., 1999). The interaction with SNARE complexes most likely occurs through
the C-terminal, membrane attachment end of the SNARE complex (Kee and Scheller,

1996; Gerona et al., 2000). Based on these and other structural observations, it has been
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suggested that Syt could act as a clamp to prevent complete zippering of the SNARE
complex, prior to calcium influx. Following the calcium trigger, Syt would dissociate
from the SNARE complex, allowing complete complex formation and membrane
fusion. Through interactions with other binding partners, for example phospholipids,
Syt could also function to actively promote fusion (Siidhof and Rizo, 1996; Sutton et

al., 1999).

The short latency between calcium influx and neurotransmitter release requires an
intimate association between calcium channels and the release machinery (Robitaille et
al., 1990; Stanley, 1997). One way this could be provided is by the association of
SNARE proteins and synaptotagmin with voltage-gated calcium channels in a multi-
protein complex at the synapse (Leveque ef al., 1994; el Far et al., 1995; Martin-Moutot
et al., 1996). The region of the C2B implicated in PI and IPP binding also interacts with
calcium-channels via a region named the ‘synprint’ (synaptic protein interaction site)
located on the cytoplasmic loop between domains II and III of the o pore-forming
subunit of the calcium channel (Fukuda et al., 1995a; Rettig et al., 1996, Chapman et
al., 1998). This region of the C2B is also required for the calcium-dependent
oligomerisation of Syt (Chapman et al., 1996; Sugita et al., 1996) and the calcium-
independent binding to AP-2 (Zhang et al., 1994), an interaction important for the
endocytosis of synaptic vesicles and described in more detail in section 1.9.1. Which
interaction occurs at any one time will be dictated by the availability of the substrates

and the relative binding affinities.

1.8.5 Other synaptotagmin family members

Fourteen mammalian Syt isoforms have been identified to date (Table 1.1). These all

share a common domain structure, with the exception of B/K which lacks the
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lsoform  Distribution SRS RAANt R ang PP binding o eation
Syt Neuroendocrine ECs50=3-6 pM ECso> 200 uM Strong ECso=3-10 uM
Syt Neuroendocrine ECso = 3-6 UM ECso > 200 uM Strong ECs9=2-10 uM
Syt il Neuroendocrine ECsq = 3-6 pM ECs59 <10 uM None ECsq =150 uM
SytIv Ubiquitous None None Strong Yes
SytV Neuroendocrine EC5o=3-6 uM ECgo> 200 uM None Yes
Syt Vi Ubiquitous None None Weak Yes
Syt Vil Ubiquitous ECs5q=3-6 M ECso < 10 uM Strong vIx
Syt Vil Ubiquitous None None Strong None
Syt IX Ubiquitous None N.D. Strong Yes
Syt X Nervous system N.D. N.D. None Ca?+Independent
Syt Xi Ubiquitous None None Strong Ca?*-independent
Srg | Nervous system N.D. N.D. N.D. N.D.
B/K Brain/Kidney N.D. N.D. N.D. N.D.
Syt Xl Ubliquitous None N.D. N.D. None

Table 1.1 The synaptotagmin family. Different Syt isoforms have distinct expression

patterns and Ca2+-dependent and independent binding features. Different C2A domains
interact with acidic phospholipids and syntaxin to varying extents. C2B domains can be
grouped according to their ability to bind inositol polyphosphates (IPPs) or their ability
to oligomerise in the presence of Ca2+. In some instances there are discrepancies in the

literature, most notably for the Ca2+-dependent oligomerisation of Syt VII (Fukuda and
Mikoshiba, 2000b; Desai et al., 2000). The binding characteristics have not been deter-
mined for all isoforms (N.D.).
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transmembrane domain (Kwon et al., 1996), but can be sub-divided according to their
different distributions, either being restricted to the nervous system or neuroendocrine
tissues (Syt I, I, III, V, X and Srgl) or being expressed ubiquitously (Syt IV, VI-IX, XI
and XIII). They can also be classified according to the calcium-dependence of their
interactions with syntaxin (Li ef al., 1995), their ability to oligomerise in the presence of
calcium (Chapman et al., 1996; Chapman et al., 1998; Osborne et al., 1999; Fukuda and
Mikoshiba, 2000a) and their ability to bind inositol polyphosphates and
phosphoinositides (Ibata et al., 1998; Schiavo et al., 1999)(1" able 1.1). In addition to Syt
I and II, other PI-binding Syt isoforms expressed in the nervous system are candidate
PtdIns(4,5)P; effectors in neurotransmitter release. In addition, ubiquitously expressed
Syt isoforms may be involved in the regulation of other membrane trafficking steps,
possibly involving interactions with PIs. Syt VII, for example, has been implicated in
the calcium-dependent exocytosis of lysosomes in NRK cells (rat kidney fibroblasts;

Martinez et al., 2000) and Syt IV in secretory granule maturation (Eaton et al., 2000).

Syt IV, like Syt I and II, is expressed in the nervous system. Syt IV differs from Syt I
and II in that one of the five Ca**-binding aspartates in the C2A-domain is substituted
for a serine. As a consequence, the C2A-domain of Syt IV does not show any Ca*'-
dependent phospholipid or syntaxin-binding activity (von Poser et al., 1997; Thomas et
al., 1999b). Syt IV C2B is however able to bind IPPs suggesting that it too may
function as a PtdIns(4,5)P; effector (Fukuda et al., 1995a). Syt IV is of particular
interest as it is expressed at high levels transiently during development and its
expression is up-regulated in an activity-dependent manner in PC12 cells and the
hippocampus (Vician et al., 1995; Berton et al., 1997). Thus, Syt IV expression

correlates with periods of synaptic plasticity and remodelling, suggesting a specialised
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role for Syt IV in the modulation of synaptic function. There is some evidence for this,
as upregulating Syt IV expression in Drosophila decreases evoked neurotransmitter
release and Syt IV knock out mice show specific defects in hippocampal-dependent

learning (Littleton et al., 1999; Ferguson et al., 2000).

Genetic evidence from Drosophila, based on the complementation of mutant alleles, is
consistent with Syt functioning as a multimeric complex in neurotransmitter release
(Littleton et al., 1994) and the formation of Syt oligomers appears to be essential for its
function in neurotransmitter release in vivo (Littleton et al., 1999; Littleton et al., 2001).
All Syt isoforms tested have the potential to homo- and hetero-oligomerise to a greater
or lesser extent in vitro (Chapman et al., 1998; Osborne et al., 1999; Littleton et al.,
1999; Fukuda and Mikoshiba, 2000b). The distinct but overlapping distributions of
different Syt isoforms, suggests that Syt isoforms with different calcium-binding
features could combine to create a variety of calcium sensors characterised by distinct
calcium sensitivities (Osborne et al., 1999). As a result, the calcium-dependence of
membrane fusion steps, such as that underlying neurotransmitter release could be

precisely and sensitively regulated.

1.9 PtdIns(4,5)P; is involved in multiple steps of SSV endocytosis

SSV exocytosis is followed by the rapid recycling of protein and lipid membrane
constituents. A major pathway involves the clathrin-dependent endocytosis of synaptic
vesicles (Brodin et al., 2000). Other clathrin-independent pathways may exist (Fesce et
al., 1994) but their significance remains unclear. Clathrin-dependent endocytosis
predominantly occurs in actin-rich endocytic zones surrounding the active zone
(Dunaevsky and Connor, 2000). Two sets of proteins are required, those comprising the

clathrin coat and a number of ‘accessory’ proteins that act to coordinate coat
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recruitment, vesicle formation and scission from the membrane and vesicle uncoating
(Brodin et al., 2000). PtdIns(4,5)P; plays an important role in all these steps, mainly via
the recruitment, and in some cases the activation, of coat and accessory proteins.
PtdIns(4,5)P,, by virtue of its ability to induce negative curvature in the membrane, may

also contribute to the membrane deformation required for coated vesicle formation.

1.9.1 Coat recruitment

The recruitment of a clathrin coat to the membrane requires the clathrin adaptor proteins
AP-2, a heterotetramer of ¢, B, u and ¢ sub-units, and AP-180. Both AP-2 and AP-180
interact with membranes via interactions with PIs. The N-terminal region of the AP-2
subunit o-adaptin binds PtdIns(4,5)P, and PtdIns(3,4,5)P; (Gaidarov et al., 1996;
Gaidarov and Keen, 1999) and this PI-binding region is required for the membrane
targeting of AP-2. The PtdIns(4,5)P;-binding site in AP-180 was recently identified as a
cluster of positive residues in the ENTH (Epsin N-Terminal Homology) domain (Ford
et al., 2001). AP-180 is able to simultaneously bind PtdIns(4,5)P, and clathrin and
moreover, clathrin lattices form on PtdIns(4,5)P,-containing monolayers in the presence
of AP-180 (Ford et al., 2001). Furthermore, altering PI levels in a cellular context,
either by sequestering PIs or increasing synthesis, inhibits or enhances coat formation
respectively (Jost et al., 1998; Arneson et al., 1999). Epsin itself is essential for
endocytosis in yeast and mammalian cells. Epsin also binds PtdIns(4,5)P,, and to a
lesser extent PtdIns(3,4,5)Ps, via its ENTH domain although the PtdIns(4,5)P, binding

site differs from that of AP180 (Itoh et al., 2001).

The C2B of Syt binds AP-2 via a calcium-independent and high affinity, dual
interaction with the p2 and o-adaptin sub-units (Zhang et al., 1994; Haucke et al.,

2000). The importance of the C2B in endocytosis, presumably as a consequence of its
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interaction with AP-2, is highlighted by the decreased numbers of SSV, indicative of a
recycling defect, in Drosophila and C. elegans mutants lacking the C2B domain
(DiAntonio et al., 1993; Littleton et al., 1993; Jorgensen et al., 1995). The Syt-AP-2
interaction is stimulated by tyrosine containing motifs (Yxx¢), such as those found in
the SSV protein SV2 and the Drosophila pre-synaptic proteins stoned A and B, all of
which interact with Syt (Schivell et al., 1996; Phillips et al., 2000; Fergestad and
Broadie, 2001). In fact, stoned A and B have recently been demonstrated to facilitate the
internalisation of synaptic vesicle components from the plasma membrane (Stimson et
al., 2001). Interestingly, the interaction between AP-2 and Syt is disrupted by InsPs
(Mizutani ef al., 1997) and promoted by PLD activity (Haucke et al., 2000), which is
known to increase synthesis of PtdIns(4,5)P, by PIPKI, via the generation of PA
(Jenkins et al., 1994). Thus an interaction between Syt and PtdIns(4,5)P, might also be

important in endocytosis.

Non-neuronal Syt isoforms may also be involved in the formation of clathrin coated
vesicles (CCV) at the cell-surface. Deletion of the C2B of Syt I and VII inhibits
receptor-mediated endocytosis in HeLa cells (von Poser ef al., 2000) and AP-2 binding
to an unidentified Syt-like protein was also promoted by tyrosine based motifs in non-
neuronal cells (Haucke et al., 2000). Syt isoforms may also be involved in intracellular
CCV formation, for example the clathrin-dependent budding of transport vesicles from
the frans-Golgi network (TGN). Altogether these results suggest a pivotal role of the
Syt-AP-2 interaction in clathrin recruitment and point to a modulatory role of PIs in this

process.
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1.9.2 Formation of endocytic vesicles and clathrin coat removal

PtdIns(4,5)P; is also involved in processes downstream of coat recruitment which lead
to the formation of endocytic CCV. PtdIns(4,5)P,-binding proteins not only inhibit
coated pit formation, but also CCV formation (Jost et al., 1998). Dynamin is a GTPase
required, together with amphiphysin, endophilin and other accessory proteins, for the
pinching off of CCV from the plasma membrane (Marks ef al., 2001). Dynamin binds
PtdIns(4,5)P, via its PH domain (Salim et al., 1996), which displays high affinity
PtdIns(4,5)P; binding when oligomerised (Klein ef al., 1998). PtdIns(4,5)P, binding to
the dynamin PH domain increases the GTPase activity in vitro (Zheng et al., 1996; Lin
et al., 1997) and moreover is required for endocytosis (Vallis et al., 1999; Lee et al.,

1999; Achiriloaie ef al., 1999).

As the formation of the clathrin coat requires PtdIns(4,5)P2, so the uncoating of
endocytosed CCV requires its removal. Synaptojanin is a type III inositol phosphatase
able to dephosphorylate InsP3, InsP4, PtdIns(4,5)P; and PtdIns(3,4,5)P; (McPherson et
al., 1996; Woscholski et al., 1997). Synaptojanin interacts with SH3 containing proteins
involved in endocytosis including amphiphysin and endophilins (McPherson et al.,
1996; de Heuvel et al., 1997, Ringstad et al., 1997) which could mediate its recruitment
to the endocytic vesicle. Insight into the involvement of synaptojanin in endocytosis
came with the generation and analysis of synaptojanin knockout mice. These animals
have neurological defects and die shortly after birth (Cremona et al., 1999). Neurons of
mutant animals have higher levels of PtdIns(4,5)P, and accumulate coated vesicles in
the terminals. In vitro, decreased synaptojanin phosphatase activity is associated with
increased association of clathrin coats with PtdIns(4,5)P,-containing liposomes
(Cremona et al., 1999), suggesting that synaptojanin is required for the uncoating of

CCV via the dephosphorylation of PtdIns(4,5)P,. C. elegans synaptojanin mutants also
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display defects in vesicle uncoating and additionally in vesicle budding, recovery of
vesicles from endosomes and their tethering to the cytoskeleton (Harris et al., 2000).
Finally, disruption of synaptojanin recruitment and/or function by antibodies and
peptides at lamprey giant synapses also causes clathrin-coated vesicles aad=pite to
accumulate (Gad et al., 2000). However, recent studies have also implicated
PtdIns(3,4,5)P; and other D-3 PIs in SSV endocytosis. The up-regulation of enzymes
synthesising PtdIns(3,4,5)P; results in the accumulation of coated vesicles (Gaidarov et
al., 2001) suggesting that increased levels of PtdIns(3,4,5)P; in addition to PtdIns(4,5)P,

could contribute to the synaptojanin mutant phenotype.

Actin cytoskeletal rearrangements are involved in multiple endocytic steps. Genetic
evidence in yeast has implicated actin in endocytosis (Kubler and Riezman, 1993).
Moreover, dynamic rearrangements of the actin cytoskeleton, probably coordinated by
sequential PtdIns(4,5)P, synthesis and breakdown, are important for phagocytosis in
macrophages (Botelho et al., 2000). At the nerve terminal, most pre-synaptic actin is
found in a region adjacent to the active zone where the majority of clathrin-dependent
endocytosis occurs (Dunaevsky and Connor, 2000) and it is well-established that there
is cross-talk between the synaptic endocytic apparatus and the actin cytoskeleton (Witke
et al., 1998; Qualmann et al., 2000; Harris et al., 2000). PtdIns(4,5)P; is intimately
involved in the regulation of actin cytoskeleton dynamics, as discussed below, and may
therefore be important for coordinating the membrane and cytoskeletal rearrangements

required for endocytosis at the nerve terminal.

1.10 PtdIns(4,5)P; and regulation of the actin cytoskeleton
PtdIns(4,5)P; interacts with a number of actin-regulatory proteins, for example o.-

actinin and vinculin (Fukami et al., 1994), and as a consequence influences their

47



Chapter 1 Introduction

localisation and/or their activity (Sechi and Wehland, 2000). The effects of
PtdIns(4,5)P> on the cytoskeleton are not restricted to sites of contact with the plasma
membrane, as the formation of proteolipid complexes between PtdIns(4,5)P, and such
proteins is able to stabilise PtdIns(4,5)P; in the absence of a lipid bilayer (Hinchliffe ef
al., 1996). In yeast, mutations of the PtdIns 4-kinase Stt4p or the PtdIns(4)P 5-kinase
Mssdp result in defects in regulation of the actin cytoskeleton (Desrivieres et al., 1998;
Homma et al., 1998; Audhya et al., 2000). Similarly, altering PtdIns(4,5)P, levels in
mammalian cells can cause changes in the actin cytoskeleton. For example, increasing
PtdIns(4,5)P, promotes stress fibre formation and the strength of actin cytoskeleton-
plasma membrane interactions, while decreasing PtdIns(4,5)P, has the opposite effect
(Shibasaki et al., 1997, Sakisaka et al., 1997, Raucher et al., 2000; Yamamotoa ef al.,
2001). Similarly, studies using GFP-PH domains to localise PtdIns(4,5)P, have
demonstrated that PtdIns(4,5)P, concentrates in dynamic, F-actin rich regions of the
plasma membrane (Tall ef al., 2000). PtdIns(4,5)P,-dependent changes in the actin
cytoskeleton are not restricted to the plasma membrane, as the over-expression of a type
I PtdIns(4)P 5-kinase promotes the formation of vesicle associated actin tails,
presumably through an increase in local PtdIns(4,5)P, synthesis (Rozelle et al., 2000).
These results indicate that the overall effect of PtdIns(4,5)P, is to promote actin

polymerisation.

Rho family GTPases play important roles in the regulation of the actin cytoskeleton and
there is evidence that their effects might be mediated in part by influencing PI
metabolism (Hinchliffe, 2000). Activation of Racl causes membrane ruffling and
lamellipodia formation by stimulating actin uncapping and this effect requires an
interaction between Racl-GTP and PIPKIa (Tolias ef al., 2000). Small G-proteins of

the ARF family also appear to be linked to PI-signalling pathways. These proteins are
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involved in cytoskeletal rearrangements underlying membrane ruffling and the initiation
of coat recruitment in membrane budding reactions. ARF6 and possibly other members
of the ARF family interact functionally with PIPKI (Fensome ef al., 1996; Honda et al.,
1999) and are able to stimulate the recruitment of PtdIns 4-kinases and PtdIns(4)P 5-
kinases to Golgi and plasma membranes (Godi et al., 1999; Honda et al., 1999; Jones et
al., 2000). ARF6 appears to act downstream of Rac in PIPKI activation (Zhang et al.,
1999). ARF6 has also been implicated in clathrin mediated endocytosis (D'Souza-
Schorey et al., 1995). However, no ARF protein has been demonstrated to be involved
in clathrin-dependent endocytosis at the nerve terminal, although an ARF GTPase

exchange factor has been localised to the synapse (Ashery ef al., 1999).

1.11 Phosphoinositides in the nucleus

Evidence has been accumulating that inositol based signalling pathways are also present
within the nucleus of eukaryotic cells where they affect fundamental cellular processes
including growth, survival and differentiation (Divecha et al., 1993; Irvine, 2000;
Maraldi et al., 2000). Multiple nuclear PIs have been identified and [*2P]-labelling
studies have demonstrated that the extent of incorporation into PIs depends on the stage
in the cell-cycle and the differentiation state of the cells. Moreover, these changes can
occur independently of variations in whole-cell incorporation suggesting that the
nuclear PI cycle is distinct from the cytoplasmic cycle (Divecha ef al., 1991; York and

Majerus, 1994; Imoto et al., 1994, Maraldi et al., 1999).

Isoforms of many of the enzymes involved in peripheral PI signalling have also been
localised to the nucleus. Their nuclear localisation can be constitutive or regulated by
extracellular stimuli. It is becoming increasingly apparent that PtdIns(4,5)P, plays a

central role in nuclear inositol signalling as it does in the periphery. However, little is
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known of the nuclear targets of PtdIns(4,5)P, and how PtdIns(4,5)P, modulates nuclear

physiology.

1.11.1 Synthesising PtdIns(4.5)P> in the nucleus

[**P]-labelling studies in purified nuclei indicate that the major route of synthesis of
PtdIns(4,5)P; is through the phosphorylation of PtdIns(4)P (Vann et al., 1997) and
consistent with this, both PtdIns 4-kinase and PtdIns(4)P 5-kinase activities have been
found in the nucleus (Payrastre et al., 1992). The nuclear isoform of PtdIns 4-kinase
responsible for such activity in mammalian cells has not yet been identified, although in
yeast, Pik1, the homologue of PtdIns4K8, is found within the nucleus (Garcia-Bustos et
al., 1994). PIPKIa has been localised by immunofluorescence to the nuclei of
mammalian cells (Boronenkov ef al., 1998). PIPKII isoforms have also been found in
the nucleus, although it is not clear whether only the 3 or both the o and B isoforms are
present (Boronenkov et al., 1998; Ciruela et al., 2000). The presence of PIPKII in the
nucleus could suggest the existence of alternative pathways for the synthesis of
PtdIns(4,5)P, within the nucleus, conceivably with functions different to those of
PIPKI-derived PtdIns(4,5)P, (Irvine, 2000).

PITPa has also been localised in the nucleus (De Vries et al., 1995; De Vries et al.,
1996) and interestingly, intra-nuclear levels of PITPa have been shown to be regulated
by the differentiation state of Friend erythroleukemia cells (Rubbini et al., 1997). PITP
within the nucleus might function in the transport of PI to sites of intra-nuclear PI
metabolising enzymes and/or in the presentation of the substrate to those enzymes as

has been proposed for cytoplasmic PITP (Cockeroft, 2001).
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1.11.2 Nuclear phospholipase C and the breakdown of nuclear PtdIns(4.5)P»

Components of the ‘classical’ PtdIns(4,5)P; signalling pathway, involving the PLC-
dependent breakdown of PtdIns(4,5)P,, are found within the nucleus. While the main
nuclear isoform of PLC is PLCB1, in particular the splice variant PLCB1b, two isoforms
of PLCA (PLCA1 and PLC04) may also be localised, at least transiently, within the
nucleus (Liu et al., 1996; Yamaga et al., 1999). Interestingly, nuclear levels of PLCB1
change according to the cell state, increasing during growth and decreasing upon
differentiation (Maraldi et al., 1995). Moreover, PLC1 has been shown to be essential
for the onset of DNA synthesis in response to IGF-1 and for cell cycle progression

(Faenza et al., 2000).

Targets of PLC-generated DAG include the conventional and novel PKCs (Mellor and
Parker, 1998). Most PKC isoforms have been found in the nuclei of cells (Martelli et
al., 1999). Like PLC, the nuclear localisation can be constitutive or due to stimulus-
dependent translocation. Nuclear PKC has been implicated in cell proliferation,
differentiation and apoptosis via phosphorylation of various target proteins including
DNA polymerases, topoisomerases, histones and lamins (Martelli ez al., 1999). In the
cytoplasm, PLC-generated InsP; is known to mobilise calcium from intracellular stores
via activation of the InsP; receptor (Berridge, 1993). Although there is evidence for the
presence of InsP3 receptors in the inner nuclear membrane, it is not clear whether intra-
nuclear InsP3 functions to regulate nuclear calcium levels independently of changes in

cytoplasmic calcium levels (Irvine, 2000).

InsP; is also the target of inositol polyphosphate kinases which sequentially
phosphorylate InsP; at different positions on the inositol ring generating the soluble

IPPs, InsPy4, InsPs and InsPs (Zhang and Majerus, 1998). IPPs are produced within the
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nucleus and recent data has begun to give an insight into their roles there. Nuclear InsPg
was recently demonstrated to be an essential co-factor for the repair of DNA double-
strand breaks by non-homologous end joining, by binding directly to DNA-PK
(Hanakahi et al., 2000). Additionally, genetic studies in yeast have provided indirect
evidence for the involvement of nuclear inositol polyphosphates in controlling the
transcription of genes involved in arginine metabolism via the ArgR-Mcml
transcription complex and in mRNA export (York et al., 1999; Odom et al., 2000,
Saiardi et al., 2000). Similarly, mammalian cells over-expressing a nuclear targeted
inositol polyphosphate-4 phosphatase also have defects in mRNA export (Feng et al.,
2001). mRNA export is a multi-step process, requiring the efficient synthesis,
processing and targeting of RNA to the nuclear pore complex (NPC), as well as the
actual transport through the NPC. It is not clear from the above studies which aspect(s)

are inhibited by decreasing the levels of IPPs.

1.11.3 Involvement of D-3 phosphoinositides in nuclear function

As mentioned previously, PtdIns(4,5)P, can be phosphorylated by PtdIns 3-kinases.
These enzymes are also found within the nucleus (Zini et al., 1996; Neri et al., 1994; Lu
et al., 1998). The presence of Type I PI 3-kinases within the nucleus can be regulated by
extracellular signals (Neri et al., 1994; Maraldi et al., 1997; Marchisio et al., 1998;
Metjian et al., 1999). In certain cases, the nuclear translocation of this enzyme has been
shown to cause a concomitant increase in the nuclear levels of D-3 PIs (Neri ef al,,
1994; Tanaka et al., 1999). Several targets of peripheral PtdIns(3,4,5)P; have been
localised to the nucleus including Akt/PKB, PDK1, PKCe and PKCC (Borgatti et al.,
1996; Meier et al., 1997, Mohamed et al., 2000) and there is also evidence that a
PtdIns(3,4,5)P; binding protein can function in the nucleus (Tanaka et al., 1999).

Furthermore, recent work has demonstrated that nerve growth factor (NGF) induces the
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production of nuclear PtdIns(3,4,5)P; and that this is required for the nuclear

translocation of PKC( in PC12 cells (Neri e al., 1999).

Nuclear PI 3-kinase activity can also be regulated in situ. PIKE (PI 3-kinase enhancer)
is a nuclear GTPase that stimulates the activity of nuclear PI 3-kinase in a GTP-
dependent manner (Ye et al., 2000). The PIKE-dependent activation of PI 3-kinase is
required for the NGF-induced G1 arrest of PC12 cells (Ye et al., 2000). The importance
of nuclear PtdIns(3,4,5)P; signalling during neurotrophin-induced differentiation is
underscored by the finding that PTEN, a 3’-phosphatase whose major target is
PtdIns(3,4,5)Ps, is also found in the nucleus of NGF-treated PC12 cells and is required

for cell-survival (Lachyankar et al., 2000).

Other D-3 phosphoinositides may also function within the nucleus. A PtdIns(3,4)P,-
specific antibody has been used to demonstrate the presence of PtdIns(3,4)P, at the
nuclear surface following stimulation with H,O; or in cells over-expressing an activated
PI 3-kinase (Yokogawa et al., 2000) and PtdIns(3)P has been visualised in the nucleolus
of mammalian cells using a recombinant FYYE domain (Gillooly et al., 2000).
Interestingly, the plant Vps34p orthologue that synthesises PtdIns(3)P from PtdIns, is
also found in the nucleus and predominantly the nucleolus where it co-localises with
sites of active transcription (Bunney et al., 2000), suggesting a conserved role for

nucleolar PtdIns(3)P through evolution.

1.12 Organisation of nuclear PtdIns(4,5)P,
A number of the nuclear PI metabolising enzymes, including PLCB1, PIPKI and
PIPKII, as well as PtdIns(4,5)P; itself, have been localised to splicing factor-containing

domains within the nucleoplasm (Zini et al., 1993; Mazzotti et al., 1995; Boronenkov et
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al., 1998; Osborne et al., 2001). In addition, PtdIns(4,5)P, has been localised by
electron microscopy to heterochromatin, the heterochromatin/interchromatin borders

and fibrillar centres of the nucleoli (Mazzotti et al., 1995; Osborne et al., 2001).

The fact that PIs and PI metabolising enzymes can be found in non-membranous
structures within the nucleus poses the problem of how the lipid can be delivered to
these sites and stabilised in the absence of a membrane bilayer. Synthesis of PtdIns
occurs on the cytosolic side of the sER. The outer nuclear membrane is directly
continuous with the ER and is biochemically and functionally similar, so one reasonable
hypothesis is that PtdIns could enter the inner nuclear membrane via a yet to be
identified mechanism, and from there could enter the nucleus. Deep invaginations of the
nuclear membrane have been shown to penetrate into the interior of nuclei (Fricker et
al., 1997) suggesting that the lipids can reach their nuclear targets without having to
travel large distances. As mentioned before, PITPa has been identified in the nucleus
(De Vries et al., 1995; De Vries et al., 1996) and these lipid transporters could shuttle
PIs from the nuclear membrane to intra-nuclear sites. Alternatively, PIs could enter the
nucleus through NPCs by ‘piggy-backing’ in on binding proteins. The differential
localisation of PtdIns 4-kinase and PtdIns(4)P 5-kinase activities to the inner and outer
‘nuclear matrix’ respectively (Payrastre et al., 1992) suggests that PtdIns is

phosphorylated en route to the nuclear interior.

In the cytoplasm, PtdIns(4,5)P, can exist outside the membrane bilayer via stable
associations with cytoskeletal proteins. Actin and numerous actin binding and
regulatory proteins are also found within the nucleus (Rando et al., 2000), although a
nuclear matrix analogous to the cytoskeleton in appearance and function has not been

demonstrated in vivo (Pederson, 2000). Nuclear PtdIns(4,5)P; could thus be stabilised in
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proteolipid complexes comprising cytoskeletal proteins and/or other unidentified

PtdIns(4,5)P,-binding proteins.

1.13 PtdIns(4,5)P; and the regulation of nuclear processes

Despite the large number of studies devoted to the study of the intra-nuclear localisation
of PtdIns(4,5)P; and PI metabolising enzymes, little is known of the involvement of
PtdIns(4,5)P; in specific nuclear processes. Levels of nuclear PtdIns(4,5)P, fluctuate
during cell-cycle progression and differentiation suggesting PtdIns(4,5)P, could be
involved in these processes (York and Majerus, 1994; Imoto et al., 1994). More direct
evidence points to an involvement of PtdIns(4,5)P, in the control of transcription.
PtdIns(4,5)P; binds to Histone H1 in a phosphorylation-dependent manner and this
interaction has been shown to relieve the Histone Hl mediated repression of basal
transcription by RNA Pol II in vitro. PtdIns(4,5)P; is also implicated in the control of
chromatin remodelling via the SWI/SNF-like BAF chromatin remodelling complex
(Zhao et al., 1998). This complex contains actin and actin-related proteins (Arps) which
are required for activity of the complex. In an in vitro run-down assay, PtdIns(4,5)P;
was sufficient to reproduce the rapid association of the complex with chromatin and the
nuclear matrix that is observed in lymphocytes in vivo following antigen stimulation
(Zhao et al., 1998). B-actin and the two Arps within the complex are the most likely
targets of PtdIns(4,5)P,, as PtdIns(4,5)P, has no effect on other chromatin remodelling
complexes lacking actin and Arps. In yeast, both the SWI/SNF and RSC chromatin
remodelling complexes contain Arps and mutations in these gene products reveal that
they are also essential for the functioning of both complexes (Cairns ef al., 1998). Thus
PtdIns(4,5)P, may be involved in the regulation of more than one class of chromatin

remodelling complex, both in yeast and mammalian cells. However, a direct interaction
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between PtdIns(4,5)P, and chromatin remodelling complexes has yet to be

demonstrated.

Actin and Arps are not the only cytoskeletal proteins present within the nucleus, other
examples include Protein 4.1 and NuMa (Zeng et al., 1994b; De Carcer ef al., 1995).
NuMa is a protein with similarities to myosins and intermediate filaments involved in
the organisation of the spindle pole during mitosis (Compton and Cleveland, 1994),
while Protein 4.1 is known to promote the interaction of spectrin-actin at the plasma
membrane (Hoover and Bryant, 2000). Protein 4.1 is of particular interest as it contains
an ERM domain (named after ezrin, radixin and moesin) that has the potential to bind
PtdIns(4,5)P, (Niggli et al., 1995). Like actin and Arps, these two proteins are also
associated with a multi-subunit nuclear complex, in this case the spliceosome (Zeng et
al., 1994a; Lallena et al., 1998). Interestingly, actin has recently been demonstrated to
associate with specific mRNAs in vivo. Actin is recruited co-transcriptionally and
remains associated with the mRNA containing ribonucleoprotein particles within the
nucleoplasm and in the cytoplasm of Chironomus tetans salivary gland cells (Percipalle

etal,2001).

Despite the presence of PIP kinases, PLC, PtdIns(4,5)P, and potential PtdIns(4,5)P,
binding proteins in splicing factor containing structures, there is no evidence for an
involvement of PtdIns(4,5)P; in pre-mRNA splicing. The link between nuclear
PtdIns(4,5)P; and pre-mRNA splicing is the focus of the final part of my thesis and as
such I shall devote the remainder of the introduction to the regulation and organisation

of pre-mRNA splicing in the nucleus.
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1.14 The coordination of splicing and transcription within the nucleus

The synthesis of mRNA in the nucleus is a multi-step process requiring transcription by
RNA Polymerase II (RNA Pol II), 5’ capping, pre-mRNA splicing and
cleavage/polyadenylation. Mature mRNAs are subsequently exported from the nucleus
to the cytoplasm where protein synthesis occurs on ribosomes (Nakielny and Dreyfuss,
1999). Although each of these processes can be reconstituted individually in vitro there
is accumulating evidence that they are coupled in vivo and for the most part occur co-

transcriptionally (Bentley, 1999; Proudfoot, 2000; Hirose and Manley, 2000).

RNA Pol II is an approximately 600 kDa complex composed of 12 different subunits
that are conserved from yeast to humans (Myer and Young, 1998). The crystal structure
of a 10 subunit complex of yeast RNA Pol II has been solved and has provided valuable
insights into the mechanism of elongation (Cramer et al., 2000). The largest subunit of
RNA Pol II contains a highly conserved domain at the carboxy-terminus (the CTD)
consisting of multiple repeats (from 26 in budding yeast to 52 in mammalian cells) of
the consensus amino acid sequence YSPTSPS. The CTD plays an important role not
only in elongation (Conaway et al., 2000), but also in pre-mRNA processing.
Truncation of the CTD inhibits capping, splicing, 3’ end processing and termination of
transcription downstream of the poly(A) site in vivo (McCracken et al., 1997a;
McCracken et al., 1997b). Furthermore, overexpressing peptides with multiple CTD
repeats disrupts splicing in vivo, the extent of disruption being proportional to the
number of repeats (Du and Warren, 1997). Although the CTD is disordered within RNA
Pol II crystals, it appears to be located in the vicinity of the exit site of nascent RNA
from the complex (Cramer et al., 2000), consistent with its proposed role in coupling
transcription to pre-mRNA processing (Bentley, 1999; Proudfoot, 2000; Hirose and

Manley, 2000).
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The CTD can be phosphorylated at a number of points, the major phosphorylation sites
important for the physiological functions of RNA Pol II being Ser-2 and Ser-5 of the
YSPTSPS repeat (Bentley, 1999). Unphosphorylated RNA Pol II is referred to as RNA
Pol IIa, the hyperphosphorylated forms as RNA Pol IIo. RNA Pol Ila is the major form
of RNA Pol II at the promoter. 20-25 nucleotides after clearing the promoter, the CTD
becomes phosphorylated, coincident with the capping of the nascent RNA, and remains
phosphorylated during elongation. In yeast, the CTD is primarily phosphorylated on
Ser-5 at these early stages while Ser-2 phosphorylation is only detected in coding
regions (Komarnitsky et al., 2000). Dynamic changes in the pattern of CTD
phosphorylation also occur in heat-shock when there is an increase in levels of Ser-2 but
not Ser-5 phosphorylation (Patturajan ef al., 1998a). The CTD is proposed to act as a
platform for the assembly of transcription/processing complexes, so-called
transcriptosomes. The complement of proteins associated with the CTD is dynamically
controlled by the pattern of CTD phosphorylation (Komarnitsky ez al., 2000) and with a

possible 104 phosphorylation sites, the combinatorial potential is vast.

1.14.1 RNA Pol II and capping

Capping is carried out by sequential RNA triphosphatase, guanylyltransferase and
methyltransferase activities (Shuman, 1995). Genes transcribed by RNA Pol II with a
truncated CTD are not efficiently capped (McCracken et al., 1997a). Mammalian and
yeast guanylyltransferases directly bind RNA Pol Ilo, but not RNA Pol Ila, in vitro and
in vivo and this is required for targeting the enzymes to the 5’ ends of transcribed genes
(McCracken et al., 1997a; Cho et al., 1998; Schroeder et al., 2000). However, RNA Pol

[Io does not just serve as a platform to localise the enzymes, as RNA Pol Ilo

58



Chapter 1 Introduction

phosphorylated on Ser-5 can also activate mammalian guanylyltransferase in vitro (Ho

and Shuman, 1999).

1.14.2 RNA Pol II and 3’ end processing

Cleavage of the mRNA precursor and addition of the poly(A) tail occur when RNA Pol
II nears the 3’ end of a gene. Truncation of the CTD inhibits efficient polyadenylation
of RNA in transiently transfected cells (McCracken et al., 1997b). Two important
protein factors for 3’ end processing, the cleavage/polyadenylation specificity factor
(CPSF) and the cleavage stimulation factor (CstF), both interact with RNA Pol II via the
CTD (McCracken et al., 1997b). However, unlike the interaction with capping
enzymes, this was found to be independent of the phosphorylation state of the CTD.
Polyadenylation/3’ cleavage can be reconstituted in vitro and this system has been used
to demonstrate a role for the CTD of RNA Pol Il in 3’ processing (Hirose and Manley,
1998). Immunodepletion of RNA Pol II inhibits 3’ cleavage and this can be rescued by
adding back the purified enzyme. Moreover, exogenous CTD stimulates the cleavage
reaction. In this case, although both RNA Pol IIo and RNA Pol Ila have stimulatory

effects, that of RNA Pol Ilo is greater (Hirose and Manley, 1998).

1.14.3 RNA Pol II and splicing

The splicing of intron-containing pre-mRNAs occurs in spliceosomes. The spliceosome
is a dynamic multi-subunit structure assembling through intermediate complexes E, A,
B and C via the step-wise addition of small nuclear ribonucleoprotein particles
(snRNPQ(_Figure 1.6 A; Misteli, 1999). There are five main snRNPs, Ul, U2, U4, U5
and U6, each of which contains a small nuclear RNA (snRNA) after which it is named,
as well as the seven common snRNP proteins (Sm proteins: B/B’, D1, D2, D3, E, F, G)

and additional snRNP specific proteins. snRNAs have important catalytic and structural
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functions within the spliceosome (Newman, 1998). The spliceosome also contains a
number of non-snRNP splicing factors, such as the SR proteins, which all contain RS
domains (regions rich in arginine/serine dipeptides) and RNA-binding domains. SR
proteins are essential for constitutive splicing and are important for the regulation of
alternative splice site selection (Misteli, 2000b). In higher eukaryotes there is also a low
abundance spliceosome comprised of Ull, Ul2, U4-like and U6-like and the
conventional U5 snRNAs that splices a sub-set of pre-mRNAs (Yu et al., 1996). ATP-
hydrolysis is required at several points during the formation and operation of the
spliceosome (Misteli, 1999). However, the splicing reaction itself occurs via two
successive frans-esterification reactions that are ATP-independent (Figure 1.6 B;

Newman, 1998).

The majority of splicing in vivo is thought to occur co-transcriptionally and, as for
capping and 3’ end processing, the CTD of RNA Pol II has been linked to RNA splicing
both in vitro and in vivo. The CTD is required for efficient splicing and the targeting of
splicing factors to sites of active transcription in vivo (McCracken et al., 1997b; Du and
Warren, 1997; Misteli and Spector, 1999). Similarly, antibodies against the CTD and
CTD peptides inhibit splicing, while exogenous RNA Pol Ilo stimulates splicing in vitro
(Yuryev et al., 1996; Hirose et al., 1999). RNA Pol Ilo catalyses one of the earlier steps
in spliceosome formation (Hirose et al., 1999) suggesting RNA Pol II may play a

regulatory role in splicing in addition to its organisational role.

Ser-2 phosphorylated RNA Pol Ilo but not Pol IIa interacts with splicing factors in an
RNA-independent manner (Kim et al., 1997) and is a component of active spliceosomes
(Mortillaro et al., 1996; Vincent et al., 1996), consistent with the studies in yeast where

Ser-2 Pol Ilo is the major form during elongation (Komarnitsky ez al., 2000). A number
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of RS domain containing proteins, related to the SR family of splicing factors, have
been shown to interact with the CTD and although it has not been demonstrated, are
strong candidates for linking transcription and splicing (Yuryev et al., 1996; Tanner et
al., 1997; Bourquin et al., 1997; Patturajan et al., 1998b). Consistent with these
biochemical interactions with splicing factors and splicing factor-related proteins, Ser-2
phosphorylated RNA Pol Ilo co-localises with splicing factors within splicing factor

compartments (Bregman et al., 1994; Mortillaro et al., 1996).

1.15 The splicing factor compartment (SFC)

The interchromatin space of mammalian cells is occupied by several nuclear domains
and bodies, mostly involved in the synthesis, processing and modification of RNA.
These include the nucleolus, Cajal bodies (previously coiled bodies (Gall et al., 1999)),
PML bodies and speckles or splicing factor compartments (SFCs; Lamond and
Earnshaw, 1998; Sleeman and Lamond, 1999; Matera, 1999). The nucleolus aside, there
are no widely used methods available for sub-nuclear fractionation, although recently,
the purification of morphologically well-defined IGCs was described (Mintz ef al.,
1999). As a result, most information on the constituents and functions of nuclear

structures has come from light and electron microscopic techniques.

SFCs are defined at the level of light microscopy as areas containing high
concentrations of splicing factors and occupy a substantial amount (up to 20%) of the
total nuclear volume (Spector, 1990; Spector et al., 1991). By immuno-electron
microscopy, SFCs correspond to clusters of ~20 nm granules, the IGCs, which are
surrounded by Perichromatin Fibrils (PFs), thought to contain nascent transcripts
(Fakan, 1994). Non-snRNP splicing factors, such as the SR protein SC35, localise

predominantly to SFCs, while Sm proteins have a wider distribution in the nucleoplasm
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and Cajal bodies in addition to SFCs (Spector ef al., 1991; Figure 1.7). A number of
other nuclear antigens have been localised to SFCs including snRNAs, RNA Pol Ilo,
poly(A) RNA, 3’ processing factors, cytoskeletal elements, PIPKI, PIPKII and
ribosomal proteins (Huang and Spector, 1992; Huang ef al., 1994; Bregman et al., 1994;
Boronenkov et al., 1998; Lallena and Correas, 1997; Mintz et al., 1999; Calado and

Carmo-Fonseca, 2000).

The function of SFCs in relation to splicing is not well understood. A number of
observations point to SFCs as sites of storage and/or assembly of spliceosomes. Active
transcription occurs in PFs but not in IGCs (Fakan, 1994). Splicing factors redistribute
from SFCs to sites of active transcription in a phosphorylation-dependent manner
(Jimenez-Garcia and Spector, 1993; Gama-Carvalho et al., 1997; Misteli et al., 1997,
Misteli et al., 1998) consistent with the transfer of splicing factors from sites of storage
to sites of active processing, while the opposite occurs in conditions where splicing is
inhibited. Treatment of cells with transcription inhibitors, for example the fungal
alkaloid o-amanitin, that prevent the production of splicing substrates, or treatment with
antisense oligonucleotides or antibodies that block splicing, causes SFCs to become
more rounded, to decrease in number and increase in size whilst the diffuse

nucleoplasmic staining decreases (Carmo-Fonseca et al., 1992; O'Keefe et al., 1994).

A storage function for SFCs has also been inferred from work carried out on nuclei of
Xenopus oocytes. These nuclei contain 1-2 pm diameter splicing factor and RNA Pol
ITo containing structures termed B-snurposomes, thought to be the Xenopus equivalent
of IGCs based on their size, appearance and composition (Gall et al., 1999). Both B-
snurposome and IGCs are composed of a cluster of 20-30 nm granules. Gall and

coworkers have proposed that every granule corresponds to a RNA Pol II
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transcriptosome that is first assembled in Cajal bodies and stored in B-snurposomes
prior to being recruited to sites of active transcription (Gall et al., 1999).

Although most splicing is thought to occur co-transcriptionally, there is evidence that in
some cases splicing can occur within SFCs. Pre-mRNAs from certain genes are found
associated with SFCs and intron-containing viral RNAs can be recruited to SFCs from
their sites of transcription (Snaar et al., 1999; Melcak et al., 2000; Melcak et al., 2001).
The assembly of (pre)spliceosomal complexes onto pre-mRNA is thought to result in
the observed speckled organisation (Melcak et al., 2001). In addition, a stable
population of poly(A)-RNA associates with SFCs even in the absence of transcription
although the function of this is not known (Huang et al., 1994). Thus although SFCs
may be storage sites under normal conditions they may also be able to support splicing

of select genes under certain conditions.

1.16 Objectives

PtdIns(4,5)P, synthesis is an essential component of the ATP-dependent priming step
preceding calcium-dependent neuroexocytosis (Hay et al., 1995; Wiedemann et al.,
1996). The secretory vesicle protéin Syt I is the best candidate for calcium sensor in
neurotransmitter release, in part due to its ability to interact with phosphoinositides in a
calcium-dependent manner (Schiavo et al., 1996). Syt I oligomerises in the presence of
calcium (Chapman et al., 1996; Sugita et al.,, 1996) and genetic evidence form
Drosophila suggests Syt acts as a multimeric complex in vivo (Littleton et al., 1994).
Syt oligomerisation could therefore be important for its calcium-dependent interactions
with effector molecules, including PtdIns(4,5)P,. Other Syt isoforms are expressed in
the nervous system, in some cases in a synaptic-activity dependent manner (Vician et
al., 1995; Babity et al., 1997). Different Syts have characteristic distributions and

binding properties (Schiavo et al., 1998). If Syt dimers/oligomers are the functional
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calcium-detecting unit, different Syt isoforms could combine to form a variety of
calcium sensors for exocytosis with distinct calcium-sensitivities. Chapter 3 describes
work investigating at the calcium-dependent oligomerisation of different Syt isoforms

in vitro and in living cells.

Importantly, it is not known whether the PtdIns(4,5)P, required for neurotransmitter
release is synthesised on the synaptic vesicle membrane, the pre-synaptic plasma
membrane or both. Moreover, it remains to be determined whether the Syt-
PtdIns(4,5)P, interaction is important for Syt functioning in vivo. This information is
vital for developing models of how Syt functions in neurotransmitter release. In
addition, a detailed knowledge of the localisation of PtdIns(4,5)P, provides valuable
insights into its functions and is crucial for understanding how PtdIns(4,5)P; can
selectively influence such a diverse range of processes. The number of specific probes
that can be used to monitor PtdIns(4,5)P; distribution within cells are limited, therefore
we have raised monoclonal antibodies that specifically recognises PtdIns(4,5)P, within
and outside the context of a lipid bilayer (Thomas et al., 1999a). During the
characterisation of our anti-PtdIns(4,5)P, antibodies, we noticed a distinctive nuclear
staining in multiple cell-lines (Thomas ef al., 1999a). While nuclear PtdIns(4,5)P; has
been observed in the past (Divecha et al., 1993; Mazzotti et al., 1995; Boronenkov et
al., 1998), few intra-nuclear targets have been identified and little is known of how
PtdIns(4,5)P; influences nuclear processes. In Chapters 5 and 6 I will be describing the
characterisation of this nuclear pool of PtdIns(4,5)P; and its involvement in pre-mRNA

splicing.
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2.1.4 Cell-lines
All cell-lines were obtaine from Imperial Cancer Research Fund cell services with the

exception of PC12 cells which are described in Herreros et al., 2000.
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Chapter 2 Materials and Methods

2.1.3 Constructs and recombinant proteins

Recombinant Inp52p 5-phosphatase catalytic domain (amino acids 530-927, Inp52p-
CD) was provided by R. Norman, Imperial Cancer Research Fund (ICRF) and
recombinant Mss4p by F. Cooke, ICRF. The d-crystallin construct was kindly provided
by G.Dreyfuss, Howard Hughes Medical Institute, PA, U.S.A. RNA markers were a gift
of F. Nicolas, ICRF and were prepared by in vitro transcription using a pBR322 DNA
Msp I digest as a template (New England Biolabs). NRK cells stably transfected with
TGN38-GFP and 2xFYVE-GFP were supplied by G. Banting, University of Bristol,

UK.

2.2 Methods

2.2.1 Electrophoresis and Western blotting

One dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) enables the separation of proteins based on their relative molecular mass and
differential mobility through the acrylamide gel matrix. Separating gels were usually a
single percentage but where specified, linear gradient gels were prepared. Proteins were
visualised by Coomassie Blue staining, Silver staining or Western blotting.

2.2.1.1 Coomassie Blue staining

Gels were fixed and proteins stained using a solution of 0.2% Coomassie Blue in 45%
methanol, 10% acetic acid for 30 min. Destaining was carried out as long as was
necessary using 10% methanol, 7% acetic acid.

2.2.1.2 Silver staining

Gels were fixed by incubation for 30 min with 50% MeOH, 10% acetic acid, followed
by 30 min with 5% MeOH, 7% acetic acid and 30 min with 10% gluteraldehyde. Gels
were washed for 2 h with distilled water. Proteins were reduced with 5 pg/ml DTT for

30 min, stained with 0.1% silver nitrate and developed with 3% sodium carbonate,
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0.0185% formaldehyde. The reaction was stopped with 2.3 M citric acid when the
desired intensity of staining was reached.

2.2.1.3 Western blotting

For Western blotting, proteins were transferred onto nitrocellulose membrane
(Schleicher and Schuell) at 100 V for 1 h in 200 mM glycine, 25 mM Tris base, 10%
MeOH. Transferred proteins were visualised by staining with 0.2% Ponceau S, 3%
trichloroacetic acid. Membranes were blocked by incubation for 1 h at room
temperature with 5% powdered milk (Marvel) or 5% blocking reagent (Amersham
Pharmacia Biotech) in TBST (135 mM NacCl, 100 mM Tris-HCI, pH 7.6, 0.05% Tween-
20). Primary and secondary horse radish peroxidase (HRP)-conjugated antibodies were
applied in fresh blocking solution. Washes were performed with TBST and antibodies
were visualised using Enhanced Chemi-Luminescence detection (ECL, Amersham

Pharmacia Biotech).

2.2.2 Protein sequencing

To avoid contamination of protein samples for sequencing with keratin, all solutions
were freshly prepared and filtered through 0.22 pm Millipore filters. Gel plates, combs
and spacers were washed with 1 M nitric acid prior to use. Proteins were visualised by
staining with Coomassie Blue and the appropriate bands were excised. Protein
sequencing was carried out in the ICRF protein sequencing facility by peptide mass
fingerprinting in collaboration with T. Naven and N. Totty. Briefly, proteins were
digested in-gel with trypsin and the resulting peptides were extracted and their masses
analysed using a MALDI-TOF mass spectrometer. Measured masses from protein
samples were compared against a theoretical digest of database proteins. In the case
where there is no match, peptides were separated by reverse phase liquid

chromatography and the sequences obtained from the fragmentation spectra were used
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to identify the proteins present using a BLAST (Basic Local Alignment Search Tool)

search (http://www.ncbi.nlm.nih.gov/BLASTY/).

2.2.3 Antibody production and purification

Peptides MVSASHPEALAAPVTTVATC (corresponding to residues 1-19 of rat Syt I
with an additional cysteine at the C-terminus), CMRNIFKRNQEPIVAPAT (residues 1-
17 of rat Syt II) and CMAPITTSRVEFDEIPT (residues 1-16 of rat Syt IV; both
peptides with an additional cysteine at the N-terminus) were conjugated to maleimide-
activated keyhole limpet hemocyanin (Pierce) following the manufacturers
specifications. Polyclonal isoform-specific antibodies were raised in New Zealand
White rabbits by intramuscular injection of 1 mg of the corresponding peptide together
with incomplete Freund’s adjuvant. The antibodies were affinity purified by using
Sulfolink resin (3 ml, Pierce) previously coupled with 3 mg of the specific peptide and
eluted with 100 mM glycine-HCI, pH 2.5, 0.1% bovine serum albumin (Harlow and
Lane, 1988). This method yielded a satisfactory purification of anti-Syt I and -Syt II
antibodies, but not of anti-Syt IV, that either proved sensititive to both acidic and basic
elution protocols or did not elute from the peptide column. Anti-Syt IV antibodies were
partially purified by ammonium sulphate precipitation and protein-A sepharose affinity
chromatography (Harlow and Lane, 1988). The specificity of the purified antibodies
was evaluated by pre-incubating the antibodies with 5 mg/ml of the generating peptides

and by comparison with the pre-immune serum.

2.2.4 Synaptic vesicles purification

Small synaptic vesicles (SSV) from rat brain cortex were prepared following the method
(for scheme Sce Figwre 3.3)
of Huttner and coworkers (Huttner et al., 1983) with minor variationsf Adult rat brain

cortices were isolated and the white matter and meninges removed prior to
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homogenisation in ice-cold isotonic buffer containing 1mM dithiothreitol (DTT) and
protease inhibitors (100 uM phenylmethylsulfonyl fluoride (PMSF) and 2 pg/ml
pepstatin A) using a Dounce homogeniser. Nuclei and unbroken tissue debris were
removed by low speed centrifugation. Crude synaptosomes were spun down from the
supernatant, resuspended in isotonic buffer then lysed by hypotonic shock by diluting
ten-fold with glass distilled water followed by homogenisation using a Dounce
homogeniser. Heavy membranes were removed by centrifugation and crude synaptic
vesicles were spun down from the supernatant by ultracentrifugation. The resulting
membrane-enriched fraction (LP2) was re-suspended in 40 mM sucrose containing
protease inhibitors as before and loaded into a linear, continuous (50-800 mM) sucrose
gradient. Following centrifugation, the fraction corresponding to a sucrose
concentration range between 200 and 400 mM and visible as a translucent band (FI) was
collected and loaded into a glycerol-coated controlled-pore glass beads column
(25x1000 mm; CPG, Lincoln Park) equilibrated in glycine buffer (4 mM HEPES-NaOH
pH 7.4, 300 mM glycine, 0.04%. NaN3). The column was eluted at 0.7 ml/min with the
same buffer and 8 ml fractions were collected. For the data presented in Figure 3.4,
proteins corresponding to each fraction (400 pl) were recovered by precipitation with
6.5% trichloroacetic acid (TCA) using 0.05% sodium deoxycholate as a carrier and
analysed by SDS-PAGE and Western blotting. For immunoprecipitation and
immunoisolation experiments, fractions corresponding to the second peak of absorbance
at 280 nm were pooled and centrifuged at 198,000 g,y in a 50.2 Ti rotor for 2 h. The
SSV pellet was re-suspended in 1 ml of glycine buffer containing 1mM DTT and
protease inhibitors and the suspension was homogenised by forcing it eight times
through a 25G (0.625 mm) needle. Protein concentration was determined using

Bradford protein assay reagent (Biorad) according to the instructions of the
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manufacturer using a standard curve of 0-10 pg purified immunoglobulins as a

reference.

2.2.5 Preparation of samples for Electron Microscopy
50 pg of FIII and CPGy were fixed with 112 mM glutaraldehyde for 30 min on ice and

spun down for 30 min at 109,000 g,, in a TLA 45 rotor (Beckman), 4 °C. The pellet was
washed once in cold PBS prior to processing for routine electron microscopy in
collaboration with R. Watson, ICRF. Briefly, samples were washed several times in
Sorenson buffer then incubated for 30 min in buffer containing 1% osmium tetroxide.
Samples were washed again and dehydrated in ascending ethanols prior to embedding

in araldite. Sections were post-stained using methanolic uranyl acetate and lead citrate

and examined and photographed using a JEOL 1010 TEM.

2.2.6 SSV immunoisolation

M48 monoclonal antibodies against Syt I (Matthew et al., 1981) were purified using
DEAE blue resin (Bruck et al., 1982) and dialysed extensively against distilled water.
The purified IgG fraction (0.4 mg) was coupled to Eupergit C1Z methacrylate
microbeads (1 pm diameter; R6hm Pharma; Osborne et al., 1999). In selected
experiments, protein G sepharose fast flow beads (Amersham Pharmacia Biotech)
previously conjugated with M48 monoclonal antibodies, were used. M48-conjugated
and control beads were pre-incubated with 1 mg asolectin (Sigma) to block non-specific
lipid binding sites. Beads were incubated with 10 pg of purified SSV in the presence of
0.2 mg/ml ovalbumin and 5% glycerol in glycine buffer, again to decrease non-specific
association of SSV with the beads. The reaction was stopped by centrifugation, beads
were washed 3 times in glycine buffer and re-suspended in SDS-containing sample

buffer. Supernatant proteins were TCA precipitated as above. Proteins were analysed by
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SDS-PAGE and Western blotting using anti-Syt II, anti-Syt IV and anti-VAMP 2

antibodies.

2.2.7 Immunoprecipitation

2.2.7.1 Native synaptotagmins

Column purified cortical SSVs (CPGy) and an impure vesicular fraction (LP2) from rat
cerebellum, were solubilised in 25 mM HEPES-KOH pH 7.6, 100 mM KCl, 1%
glycerol containing 100 pM PMSF, 2 pg/ml pepstatin and 4% octyl-8-D-
glucosopyranoside (OG) for 30 min at 4°C. Detergent-free buffer was added to give a
final OG concentration of 1.2% and the solutions were centrifuged to remove insoluble
material. Solubilised proteins were incubated with protein G agarose beads (Boehringer
Mannheim) previously conjugated with either M48 monoclonal antibodies (Matthew et
al., 1981), anti-Syt I or anti-Syt II N-terminal antibodies, or with the protein G beads
alone. The reactions were stopped by centrifugation. The proteins in the supernatant
were TCA precipitated and re-suspended in SDS sample buffer. Beads were washed
three times in incubation buffer containing 0.8% OG and solubilised in SDS sample
buffer. Proteins were analysed by SDS-PAGE and Western blotting, using either anti-

Syt I, anti-Syt II or anti-Syt IV antibodies.

For the experiments investigating the calcium dependency of synaptotagmin
oligomerisation, similar procedures were used, except that Ca’*/EGTA (final
concentration 2 mM EGTA) buffers were added to the incubation buffer to yield the
free calcium concentrations indicated, calculated using the PC program calcium.exe
version 2.1 which allows you to calculate the free and total concentrations of divalent
metal ions in aqueous solutions containing multiple ligands and metals. 1 mM MgCl,

was also added, and the immunoprecipitation step was carried out in 2% OG.
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Immunoblots were either detected with ECL and quantified with the NIH image
(version 1.61) software, comparing the signal present in the immunoprecipitate with that
obtained from an antigen standard curve prepared by loading increasing amounts of
either Syt II or Syt IV (0.25, 0.5, 0.75 and 1 times the starting material; Schiavo and
Bisson, 1989) or using iodinated anti-rabbit secondary antibodies (17.6 nuCi/pg, 1
pCi/ml, Amersham Pharmacia Biotech) and analysed using a Molecular Dynamics
PhosphorImager. Syt recovery in the immunoprecipitate was calculated as the
percentage of total Syt II present in the sample. Both the sum of the immunoreactivity
present in the supernatant (S) and in the pellet (P) and the total input of the sample (T)
were used as denominators to calculate the percentage of Syt recovery and the two
values were compared. In all cases, the maximal standard deviation between the
measurements obtained with the two methods was less than 10, with an average value of
6. Both values were used to determine the ECsy of the calcium-dependence of Syt I/Syt
IT co-immunoprecipitation and the variability between the two methods is taken into

account in the error bars in Figure 3.7.

2.2.7.2 Recombinant synaptotagmins

Immunoprecipitations were carried out in HEPES-KOH 25 mM pH 7.5, KCI 100 mM,
glycerol 1%, DTT 0.1 mM, OG 0.8% with the appropriate Ca**/EGTA buffers added to
yield the free calcium concentrations indicated. In selected samples, MgCl, was added
to reach a free Mg®" concentration of 0.5 mM. Samples were incubated for 1 h at 4°C
and then immunoprecipitated by adding an excess of monoclonal anti-HA antibody
12CA5 (Niman et al., 1983) prebound to protein G-Sepharose Fast Flow beads
(Amersham Pharmacia Biotech). Beads were washed with incubation buffer containing
the appropriate free calcium concentration and 0.5 mM MgCl, where indicated. Proteins

bound to beads were analysed by SDS-PAGE and visualised by Coomassie Blue
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Chapter 2 Materials and Methods

staining or Western blotting. In both cases, Syt I recovery was quantified with the NIH
image software by comparing the signal present in the immunoprecipitate with that
obtained from a standard curve prepared by loading increasing amounts of recombinant
Syt I (50, 100, 150, 200 and 250 ng in the case of Western blotting and 0.2, 0.4, 0.6, 0.8
and 1 pg for Coomassie staining; Schiavo and Bisson, 1989). Data were expressed as a
percentage of the maximal Syt I present in the Syt II immunoprecipitate. Similar results
were obtained in experiments performed at 25°C and without detergent in the

incubation buffer (not shown).

2.2.8 Peptide mapping using the Cleveland method

In-gel digestion and peptide analysis was carried out based on the method of Cleveland
and co-workers (Cleveland et al., 1977). Syt and the high molecular mass band were
purified by immunoprecipitation with M48 from bovine brain extract. Proteins were
stained by Coomassie Blue and the major 65 kDa and 200 kDa bands corresponding to
the Syt immunoreactivity were excised. Gel pieces were soaked for 10 min in 125 mM
Tris-HCl, pH 6.8, 0.1% SDS before loading in a 8-12% acrylamide gradient gel.
Samples were overlaid with 20 pl 125 mM Tris-HCI, pH 6.8, 0.1% SDS, 20% glycerol,
bromophenol blue, followed by 10 pl 24 pg/ml V8 protease (Staphylococcus aureus) in
125 mM Tris-HCI, pH 6.8, 0.1% SDS, 10% glycerol. The gel was stopped for 30 min
when samples reached the stacking-resolving interface to allow enzymatic digestion of
the proteins, after which time, gels were run as normal. Gels were silver stained to

visualise the pattern of peptides generated.

2.2.9 Generation of recombinant synaptotagmins

A schematic of the recombinant proteins used in this study and described below is

depicted in Figure 2.1.

76



Restriction sites are underlined and the Syt II stop codon is boxed.



Chapter 2 Materials and Methods

2.2.9.1 Syt I/l cytoplasmic domains

Recombinant Glutathione S-transferase (GST)-synaptotagmin II fusion protein was

prepared by inserting the DNA corresponding to residues 103-422 of rat Syt II

(GenBank Accession Number M64488), obtained by Polymerase Chain Reaction (PCR)

from a rat brain cDNA library (Stratagene) using the following primers:

SytII 5> GAATTCCCAAAGGCATGAAGAACGCCATG

Syt 113’ CCATGGCTACTITGTTCTTGCCCAGAAGAG

into the EcoRI/Ncol sites of the expression vector pPGEX-KG (Guan and Dixon, 1991).

Sequences were checked by microsequencing. The equivalent portion of rat Syt I 95-

421 was already available in the laboratory and was kindly provided by C. Thomas. The

proteins correspond to the published sequences (Perin et al., 1990; Geppert et al., 1991),

except for the substitution of Glu 188 for Asp (Sutton et al., 1995), Gly 374 for Asp and

Ile 393 for Met in rat Syt I, generated by single base changes. Independent sequencing

has confirmed that both Gly and Asp can be found at position 374 of rat Syt I, but failed

to detect the Ile 393 for Met substitution (Desai et al., 2000). However, we are confident
that this is not an artifact as this substitution was present in a full length Syt I

obtained by PCR using different primers (see below).

For immunoprecipitation purposes, a tagged version of the rat Syt II-GST fusion protein
was prepared by inserting the sequence YPYDVPDYA (corresponding to the influenza
virus hemagglutinin epitope, HA) immediately after the thrombin cleavage site. GST-
fusion proteins were purified on glutathione-agarose beads (Sigma) and the cytoplasmic
domains of Syt I and Syt II were released by thrombin cleavage (Guan and Dixon,
1991). Proteins were purified by ion-exchange chromatography on a Mono-Q matrix

(Amersham Pharmacia Biotech), dialysed against HEPES-KOH 20 mM pH 7.6, KCl
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150 mM, glycerol 10%, DTT 0.1 mM and, after freezing in liquid nitrogen, stored at -

80°C.

2.2.9.2 ECFP/EYFP-Syt I/l cytoplamic domain fusion proteins

ECFP- and EYFP-cytoplasmic synaptotagmin fusion constructs were prepared by
inserting ECFP/EYFP DNA obtained by PCR of the EYFP vector (Clontech) and ECFP
vector (Miyawaki et al., 1997) into BamH1/EcoR1 restriction sites in GST-Syt Iy, and
Syt ¢yt vectors to geherat_e N-terminally tagged fusion proteins. Expression of the two
proteins was however very poor and the majority of the fusion protein that was
produced was insoluble. In an attempt to increase the expression and solubility, a spacer
in the form of an HA-tag was introduced in between the GST and the ExFP-Sytcy,
fusion proteins. The ECFP and EYFP were introduced into the GST-HA-Syt Il¢y0
vector via the BamH1/EcoR1 sites. GST-HA-ExFP-Syt I was generated by substituting

Syt Ieyto for Syt Ieyso using EcoR1/Ncol sites.

2.2.9.10 Full-length Synaptotagmin I and I1

Full-length Syt I and II were cloned by PCR from a rat brain cDNA library (Clontech)
using the following primers: |

Syt15’ CTCGAGGAATTCAAATGSTGAGTGCCAGTCATCC,

SytI3’ AAGCTTTT@TCTTGACAGCCAGCATGGCATCAAC,

SytIl 5’ QTCGAGGAATTCAA@AGAAACATCTTCAAGAGGAACC,

SytII 3> AAGCT !CT@TGTTCTTGCCCAGAAGAGCATCCACTTC.

Sequences were verified by microsequencing and were as published (Perin et al., 1990;
Geppert et al., 1991) except for the the substitution of Glu 188 for Asp, Gly 374 for Asp
and Ile 393 for Met in Syt I. These substitutions were also present when the cytoplasmic

domain of Syt I was cloned making it very unlikely that the amino acid substitutions are
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artifacts from the PCR or from the sequencing reactions. The DNA was cloned into the
Xhol/HindIII restriction sites of the pECFP-C1 and pEYFP-C1 vectors (Promega) to
generate N-terminally tagged fusion constructs. DNA was prepared using a Qiagen

maxiprep kit and re-suspended in distilled H,0 to give a final concentration of 1 mg/ml.

2.2.10 Fluorescence Resonance Energy Transfer

Protein-protein interactions can be detected in vitro and in vivo taking advantage of the
phenomenon of Fluorescence Resonance Energy Transfer (FRET; Bastiaens and Jovin,
1998; Selvin, 2000). FRET can occur between two fluorophores, a donor and an
acceptor, that have overlapping emission and excitation spectra respectively (Figure 2.2
A). The donor fluorophore is excited at a wavelength that does not excite the acceptor
directly. In the absence of an acceptor, all the excitation energy is emitted as light. In
the presence of acceptor and if the two fluorophores are physically close enough (in the
nanometre range), energy may be transferred directly from the donor to the acceptor
fluorophore (Figure 2.2 B). This transferred energy can be measured as a decrease in the
fluorescence of the donor fluorophore (quenching) and an increase in the fluorescence

of the acceptor (sensitised emission; Figure 2.2 B).

The efficiency of energy transfer is steeply dependent on distance (Figure 2.2 C) and
can only be detected if the distance between the two fluorophores is less than 1.5Ry,
where Ry is the Forster radius, the distance at which 50% energy transfer occurs.
Typical values of Ry are in the range of 2-7 nm. This means that if the two fluorophores
are on separate proteins energy transfer only occurs if the two proteins are interacting

and with the correct orientation.
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FRET can be measured in vitro using spectrophotometry, where decreases in donor
fluorescence are used as an indicator of FRET. Protein-protein interactions can be
detected in living cells using Fluorescence Lifetime Imaging Microscopy to measure
FRET (Bastiaens and Squire, 1999). The fluorescence lifetime of a fluorophore is a
measure of how long electrons remain in the excited state. Lifetimes are generally in the
order of picoseconds to nanoseconds. Lifetimes are sensitive to excited state reactions
such as FRET. Energy transfer from the donor to the acceptor fluorophore decreases the
amount of time the donor spends in the excited state, causing a measurable decrease in
the lifetime of the donor. The advantage of measuring changes in donor fluorescent
lifetimes over changes in the donor emission is that fluorescent lifetimes are
independent of chromophore concentration and light-path length, parameters that are

difficult to control inside cells.

2.2.10.1 Measuring FRET in vitro

The cytoplasmic domains of Syt I and II were dialysed extensively against 20 mM
bicine-NaOH pH 8.5, 100 mM KCl prior to labelling with N-succinimidyl-Cy3 (donor)
and N-succinimidyl-Cy5 (acceptor, Amersham Pharmacia Biotech) for 30 min at room
temperature using a protein/dye ratio of 1:17 (Bastiaens and Jovin, 1998). The reaction
was blocked by the addition of 100 mM glycine and incubation for 5 min at 4°C. Excess
dye was removed on a PD10 gel filtration column (Pharmacia) pre-equilibrated in 20
mM HEPES-NaOH pH 7.6, 100 mM KCI and the yield of labelling was determined
spectrophotometrically using extinction coefficients of 31,270 M lem™ for Syt Ieyto and
28,830 M lcm™! for Syt Il¢y1 both at 280 nm, and extinction coefficients of 150,000 Mm!

cm’ at 554 nm for Cy3 and 250,000 M cm™ at 650 nm for CyS5.
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Spectrophotometric experiments were performed by adding increasing amounts of
calcium to a 50 pl cuvette (Hellma, Jena) containing 0.1 pM Cy3-Syt Ilcys in 20 mM
HEPES-NaOH pH 7.6, 100 mM KCI, 2 mM EGTA and either 0.5 uM Cy5-Syt Ly, or
unlabelled Syt Ioy,. In selected samples, 0.5 mM free Mg2+ was also added to monitor
the effect of divalent cations other than Ca®* on the equilibrium. Fluorescence emission
spectra were recorded in a 710 PTI spectrofluorimeter (Photon Technology
International, South Brunswick, N.J.) with an excitation wavelength of 540 nm.
Excitation and emission slit-widths were set to 4 nm. The average Cy3 fluorescence in
the range 560-590 nm was then normalised for the maximum fluorescence emission
intensity at 570 nm. This correction allowed the comparison of different experiments
despite variations in the initial Cy3-Syt Il.y, concentration. Data were expressed as
FRET efficiency (Ef) where Er = 1-Rp, and Rp> corresponds to the Cy3 fluorescence in

the presence or in the absence of FRET acceptor (Rp = F,CY3Syﬂ/CY5SyﬂI/F ,CYBSytI/SytII)~

2.2.10.2 Measuring FRET in vivo: Fluorescence Lifetime Imaging Microscopy (FLIM)

PC12 cells growing on poly-L-lysine coated coverslip dishes (Matek) were transfected
with either ECFP-Syt II and EYFP-Syt I or with ECFP-Syt II alone using the Transfast
transfection reagent (Promega) according to the manufacturers instructions.
Transfection conditions were optimised and a 2:1 Transfast:DNA ratio and 0.5 ug DNA
per dish was used in all experiments. Following transfection, cells were left for 48 h
prior to use in the presence of 75 ng/ul NGF to allow expression of the fusion proteins
and differentiation. Alternatively, NGF-differentiated PC12 cells were microinjected in
the nucleus with a mixture of 60 ng/ul EYFP-Syt I and 40 ng/ul ECFP-Syt II and left

for 4-5 h prior to imaging to allow expression of the fusion proteins.
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The set-up of the FLIM microscope is described in detail by Squire and collaborators
(Squire and Bastiaens, 1999). FLIM measurements were taken with the assistance of P.
Bastiaens. The microscope stage was pre-heated to 37 °C. Cells were placed in a high
Na'/low K* buffer (145 mM NaCl, 5 mM KCl, 1 mM MgClL, 2 mM CaCl,, 5 mM
HEPES-NaOH pH 7.2, 11 mM glucose) for initial measurements. An excitation
wavelength of 457 nm was used that selectively excites ECFP. Cells with suitably high
levels of ECFP fluorescence were chosen, stage co-ordinates were stored and lifetime
series were taken. Two to three cells per coverslip were imaged. The medium was then
substituted for a low Na*/low K* stimulation buffer (90 mM NaCl, 60 mM KCl, 1 mM
MgCl,, 2 mM CaC I, 5 mM HEPES-NaOH pH 7.2, 11 mM glucose) pre-warmed to
37°C. A second series of images were acquired for each cell post-stimulation. Tp and T

were calculated for each pixel and averaged to produce the lifetime maps (Squire and

Bastiaens, 1999).

2.2.11 Liposome-binding and dot-blot binding assays

The following experiments were carried out in collaboration with Claire Thomas.

Liposomes containing either 99% (mole/mole) PC and 1% PtdIns or 98% PC, 1%
PtdIns and 1% PtdIns(4,5)P; together with 30 nCi ["*C]-PC (Amersham Pharmacia
Biotech) were prepared by resuspending the dry lipid mixtures in 20 mM HEPES-KOH,
pH 7.5, 250 mM KClI, 0.1 mM DTT, followed by sonication. The liposomes were spun
to eliminate aggregates and incubated for 1 h at room temperature with 2-5 pg of 2C11
antibody immobilised on Protein G Sepharose beads. 2C11 is an IgM (Thomas e? al.,
1999a) and as a result binds poorly to Protein G beads. To overcome this, beads were
first coated with rabbit anti-mouse IgM antibodies as a bridging antibody and then
incubated with 2C11. Beads were then incubated with 0.5 mg/ml ovalbumin to block

non-specific binding sites prior to use. After incubation with liposomes, beads were

84



Chapter 2 Materials and Methods

washed three times in 20 mM HEPES-KOH, pH 7.5, 0.1 mM DTT and the radioactivity

quantified by scintillation counting.

For the dot-blot assay, salmon sperm DNA or total cellular RNA were spotted on a
nylon Hybond N plus membrane (Amersham Pharmacia Biotech) and PtdIns(4,5)P, on
nitrocellulose (Schleicher and Schuell). Nucleic acids were cross-linked to the
membrane by heating for 2 h at 80°C. Filters were blocked for 1 h at room temperature
with 1% ovalbumin, 1% polyvinylpyrrolidone in PBS and then incubated with 2C11
(1:500) in the same buffer. HRP-conjugated anti-mouse secondary antibodies (1:2000,
Dako) were applied in 3% polyvinylpyrrolidone in PBS. Blots were developed using

ECL Plus (Amersham Pharmacia Biotech).

2.2.12 Immunofluorescence

The following experiments were carried out in collaboration with Claire Thomas,

Cells were grown on glass coverslips (pre-treated with poly-L-lysine for PC12 cells)
overnight in normal growth medium prior to paraformaldehyde (PFA) fixation for 12-15
min (3.7% PFA in PBS, or 4% PFA, 2% sucrose for PC12 cells). Where specified HeLa
cells were treated with the transcription inhibitors a-amanitin (50 pg/ml in normal
growth medium) and 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB, 100 uM
in normal growth medium) for 5 h:-37°C prior to paraformaldehyde fixation. In certain
cases, DRB treated cells were washed and incubated for a further 1 h, 37°C in normal
growth medium prior to fixation. For experiments using mitotic cells, HeLa and NIH-
3T3 cells were synchronised by treatment with nocodazole (100 ng/ml) overnight,

tapped off and after washing, plated on poly-L-lysine coated coverslips and left to

recover for the appropriate times.
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10% fetal calf serum was added to the blocking solution for immunofluorescence

experiments on PC12 cells.

In competition experiments, 2C11 was pre-incubated with liposomes prepared as in
Chapter 2.2.11 and containing 95% (mol/mol) PC and 5% (mol/mol) of different
phosphoinosidites (Echelon) in PBS or with 0.2 mg/ml GroPIns, GroPIns(4,5)P, or
Ins(1,4,5)P; (Sigma) in PBS for 1 h at room temperature. Where indicated, neomycin (1
mM) was added to the blocking solution. RNase A (1 mg/ml) and DNase I (100 pg/ml)
treatments were carried out post-fixation and prior to the blocking step in PBS
containing 5 mM MgCl,, 4% Tween 20 for 15 min or 2 h respectively. Where indicated,
coverslips were incubated with 100 ng/ml Hoechst 33342 in PBS for 3 mins following

incubation with the secondary antibody and prior to mounting.
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After paraformaldehyde fixation, coverslips were incubated with 50 mM NH,Cl for 15
min and then blocked using PBS containing 2% bovine serum albumin (BSA), 0.25%
gelatin, 0.2% glycine and 0.2% Triton X-100 for 1 h. The primary antibody was
appropriately diluted (2C11 1:200; anti-Sm 1:2000; anti-SC35 1:2000; HS 1:1000; anti-
p80/coilin, 1:500; 9H10, 1:2000) in PBS containing 1% BSA, 0.25% gelatin and 0.2%
Triton X-100 and incubated for 1 h. Cells were washed with 0.2% gelatin in PBS and
the fluorescent secondary antibody (1:200, Molecular Probes) applied for 20 min in the

same buffer as the primary antibody.

2C11-Cy3 was prepared by incubating 2C11 with N-hydroxysuccinimidyl-Cy3 ester
(Amersham Pharmacia Biotech) in 100 mM HEPES-NaOH, pH 8.0. The optimum
dye:antibody ratio was worked out experimentally and the labelling was checked each
time by immunofluorescence on fixed and Triton X-100 permeabilised cells. As a
control, a monoclonal antibody against the vesicular stomatitis virus glycoprotein
(VSV-G, antibody P5D4) was Cy3-labelled using the same conditions. This antibody
gives a diffuse background fluorescence on fixed and Triton X-100 permeabilised cells.
For co-localisation experiments using two monoclonal antibodies, an additional
blocking step with a 30-fold excess of unlabelled primary antibody was performed
following incubation with the Alexa-488 conjugated anti-mouse secondary antibody and

prior to application of 2C11-Cy3/P5D4-Cy3.

For microinjection, labelled antibodies were concentrated to between 1 and 1.8 mg/ml
in PBS prior to use. Cells were grown for 18 h on glass coverslips prior to cytoplasmic
microinjection. Cells were fixed with paraformaldehyde after a 2 h recovery period.

Samples were imaged with an upright Laser Scanning Microscope (Zeiss 510). The

confocal system and the microscope were controlled through the manufacturer-supplied
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software (LSM 510 version 1.49.44) running on Windows NT 4.0 operating system
(Microsoft). The 488 and 543 nm lines of an Argon- and a Helium-Neon-ion laser,
respectively, were used for dual excitation. Images were collected using an oil-
immersion objective (plan-Apochromat, 63x/1.4 NA, phase 3). Z-sections were taken
with a thickness of 0.4 pm. Emission fluorescence from dual stained preparations were
separated with a combination of an FITC-type narrow band-pass filter block (505-530
nm) and a long-pass rhodamine-type block (= 560 nm). Images were processed batch-
wise in Adobe Photoshop v5.0 and the same adjustments were applied to all images
(gamma levels adjustments for presentation purposes). Where specified, images were
acquired using a cooled charge-coupled device (CCD) camera mounted on a Zeiss
Axiovert 135 microscope. Images were collected using a Zeiss oil-immersion

Plan/apochromat 63x 1.4 NA objective.

2.2.13 Electron microscopy analysis

These experiments were carried out in collaboration with Claire Thomas and Steve
Gschmeissner.

Cryosections of HeLa cells and extruded liposomes (Duzgunes and Wilschut, 1993)
containing 90% PC plus 10% PtdIns or 94% PC, 2% PtdIns(4,5)P, and 4% PtdIns in 20
mM HEPES-KOH, pH 7.4, 0.1 mM DTT were labelled as previously described (Slot
and Geuze, 1985). 2C11 antibody was used at 1:10 dilution and followed by 10 nm
gold-conjugated rabbit anti-mouse IgM (1:100, British Biocell). Sections were

examined and photographed with a JEOL 1010 TEM.

2.2.14 [**P]- and [**S]-metabolic labelling of cells

Cells were seeded in 150 mm dishes and grown overnight to 80% confluency. HeLa

cells for [° 2P]-labelling were incubated for 3 h with phosphate-free Krebs/Ringer (117.5
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mM NaCl, 1.2 mM CaCl,, 3.6 mM KCI, 0.8 mM MgSOy4, 5 mM NaHCO;, 20 mM
HEPES-NaOH, pH 7.4, 10 mM glucose, 0.1% BSA) to deplete the intracellular
phosphate pool . Growth medium was exchanged for the labelling buffers, phosphate-
free Krebs/Ringer containing Phenol red, 1% Fetal Calf Serum, 100 uM NaP; 1 mCi [y-
32P)-orthophosphate (10 mCi/ml) or methionine/cysteine free Dulbecco’s modified
Eagle’s medium containing 10% normal growth medium and 1.4 mCi [*°S]
cysteine/[>°S] methionine (1.43 mCi/ml) Promix cell labelling mix. Cells were

incubated overnight at 37°C, 10% CO, (Spector ef al., 1998).

2.2.15 Extraction of [**P]-labelled phosphoinositides

Intact nuclei with the nuclear membrane removed were prepared in the presence of the
non-ionic detergent Nonidet P-40 (NP40) based on the method of Popov and
collaborators (Popov et al., 1998). Briefly, cells were scraped on ice in PBS and were
spun down for 3 min, 500 g,,. Nuclei were obtained by the addition of 0.5 ml 0.25%
NP40 buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.2 mM EDTA,
0.25% NP40, 10 mM NaF, 1 mM DTT, 0.1 mM PMSF, 2 pg/ml pepstatin A, 1:100
phosphatase inhibitor cocktail (Sigma)), a treatment that also removes the nuclear
envelope. Following an incubation of 2 min on ice, nuclei were pelleted by
centrifugation for 5 min, 500 g,y, re-suspended in 0.5 ml 0.25% NP40 buffer and
immediately spun down. Intact cells or nuclei were re-suspended in 200 ul PBS and 840
pl CHCIl;. Phosphoinositides were extracted by the addition of 1200 pl CHCl;:MeOH
1:2, followed by 840 pul 2.4 N HCI. The mixture was stirred for 30 sec in between each
addition. Aqueous and organic phases were then separated by centrifugation for 1min,
500 gav. The organic phases were sampled, the aqueous phase re-extracted with 400 pl
CHCl; and the two organic phases were pooled and washed three times with

MeOH:HCI (1 N) 1:1. Lipids were loaded on thin layer chromatography (TLC) plates
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pre-run in 1.2% potassium oxalate in MeOH:H,0 2:3 (v/v) and washed in
CHCl3:MeOH, 1:1. PIs were separated using CHCl3:MeOH:H,0:NH4OH, 90:90:20:7.
Labelled species were detected by autoradiography and compared to unlabelled PI
standards (10 pg) which were visualised by spraying TLC plates with phospholipid
detection reagent (Goswani and Frey, 1970) and heating at 110°C until the

characteristic blue dot appeared.

2.2.16 Immunoprecipitation

Nuclear extracts from [*’P] and [*’S]-labelled cells were initially prepared in the
presence of detergent (0.25% NP40). Nuclei were isolated as above were re-suspended
in 1 ml NP40 buffer, passed 10 times through a 25g needle and incubated for 5 min at
25°C prior to centrifugation for 5 min at 13,000 g,y to remove insoluble material.
Nuclear extracts were immunoprecipitated sequentially with IgM and 2C11-conjugated
Protein G beads. Immunoprecipitates were washed 3 times in 0.25% NP40 buffer and
twice with NP40 buffer containing 0.5% NP40. [*2P]-labelled phosphoinositides were
extracted with CHCl:MeOH and analysed on oxalate treated TLC plates as above. [*°S]-
labelled proteins immunoprecipitated were solubilised in Laemmli sample buffer and

analysed by SDS-PAGE and autoradiography.

Immunoprecipitations for Western blotting and Coomassie Blue staining were carried
out on HeLa nuclear extracts prepared by C. Thomas from 10 litres of suspension HeLa
cells (HeLa S3, American Tissue Culture Catalogue) according to the method of
Dignam and coworkers (Dignam et al., 1983). Briefly, HeLa cells were harvested by
centrifugation and washed in PBS, 4°C. Cells were lysed using a Dounce homogeniser
in 2 cell volumes of 10 mM HEPES-KOH pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 0.5

mM DTT, nuclei were collected by centrifugation and resuspended in 3 mls of 20 mM
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HEPES-NaOH pH 7.9, 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM PMSF, 0.5 mM DTT per 10° cells. Nuclei were broken using a Dounce
homogeniser and insoluble material removed by centrifugation. The supernatant was
dialysed extensively in 20 mM HEPES-KOH pH 7.9, 20% (v/v) glycerol, 0.1 M KClI,
0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT then cleared by high speed centrifugation

and stored at -80°C.

Extracts were incubated with 20 pl of either anti-IgM conjugated or 2C11-conjugated
protein GSepharose beads for 2 h at 4°C and beads were collected by centrifugation for
1 min at 1,200g at 4°C. For competition experiments, 2C11 beads were pre-incubated
with 250 pM GroPIns or GroPIns(4,5)P; in PBS for 30 min at room temperature.
Immunoprecipitates were washed four times in 20 mM HEPES-KOH pH 7.9, 100 mM
KCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.25% NP40 and then prepared for SDS-PAGE.
Proteins were either stained with Coomassie Blue or transferred to nitrocellulose and

analysed by Western blotting.

[**P]-labelled RNAs associated with the control and 2C11 immunoprecipitates from
nuclear extracts prepared from [*P]-labelled HeLa cells using the Dignam method with
modifications (Abmayr et al., 1988), were phenol/chloroform extracted following
proteinase K treatment (50 pg/ml in 0.5 % SDS, 10 mM Tris-HCI, pH 7.6, 5 mM EDTA
for 20 min, 37°C). Alternatively, immunoprecipitates from nuclear extracts prepared
from unlabelled HeLa cells using the NP40 method were treated with Proteinase K,
associated RNAs were phenol/chloroform extracted and 3’ end-labelled with [5'-
32P]pCp (3000 Ci/mmole, Amersham Pharmacia Biotech) and T4-RNA ligase (New
England Biolabs) for 45 min at 37 °C (England and Uhlenbeck, 1978). Labelled RNAs

were separated on a 6% acrylamide/7 M urea denaturing gel. snRNAs were identified
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and intron of B-globin (Krainer et al., 1984) and exons 14, 15 and the separating intron
of 9-crystallin (spl4-15; Pellizzoni et al., 1998), using [0-*P]-CTP (Amersham
Pharmacia Biotech), Sp6 RNA polymerases and the Riboprobe in vitro transcription
system (Promega). RNAs were gel purified and the specific activity calculated based on
the percentage of [**P] incorporated into the RNA and assuming that all nucleotides are
incorporated to the same extent. The average specific activity of the RNA probes in all
the experiments was 5x10* cpm/ng. Splicing assays were carried out in a final volume
of 20 pl, containing 30% HeLa nuclear extract, 0.8 U/ml RNasin, 0.4 mM ATP, 20 mM
creatine phosphate, 3 mM MgCl,, 0.6% polyvinyl alcohol and 3-4 ng RNA probe. After
incubation for 3 h (B-globin) or 1 h (d-crystallin) at 30°C, RNA was isolated by
phenol/chloroform extraction and ethanol precipitation and analysed by gel

electrophoresis on a 6% acrylamide, 7 M urea denaturing gel.

2.2.19 Immunodepletion of nuclear extracts

For immunodepletion experiments, the splicing reaction mix was incubated for 1 h at
4°C with protein G§epharose beads alone or conjugated with anti-IgM, 2C11 or Y12
prior to the addition of the RNA probe. Beads were removed by centrifugation, washed
and associated proteins were analysed by SDS-PAGE and Western blotting using an
antibody raised against the hyperphosphorylated form of the large subunit of RNA
Polymerase II (H5) as a marker. Supernatants were used in the splicing reaction. RNAs
were analysed by electrophoresis as before. Quantitation of splicing was performed
using a Phoshorimager (Molecular Dynamics). The amount of splicing was calculated
as (free intron + spliced product + splicing intermediates)/(start + free intron + spliced
product + splicing intermediates) and was expressed as a percentage of splicing in the

IgM depleted control (100%) to enable different experiments to be compared.
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of Inp52p-CD). 100 pl dH,0 was added followed by 500 pl CHCIl;:MeOH:dH,0
(50:50:0.6). 100 pl ImM CaCl, was added prior to centrifugation for 5 min at 2000 gav.
Radioactivity associated with the aqueous phase was determined by direct counting in a

Beckman scintillation counter after evaporation of the MeOH.

2.2.22 Phosphatase treatment of nuclear extracts

6 pul HeLa nuclear extract was incubated with 1 pg Inp52p-CD in the presence of 3 mM
MgCl; for 20 min at 30°C. Phosphatase treated nuclear extracts were then used in

splicing reactions using d-crystallin mRNA as substrate.

2.2.23 Immunoprecipitation of splicing complexes

Splicing reactions were carried out as described in section 2.2.18 and reactions were
stopped by placing the samples on ice. 15 pl of 50% antibody conjugated Protein G
beads (2C11, anti-IgM or Y12 (Lerner et al., 1981)) were added and the samples were
incubated for 1 h at 4°C. Immunoprecipitates were washed three times in 50 mM Tris-
HCl pH 7.5, 150 mM NaCl, 0.5% NP40, 1.5 mM MgCl,, 0.5 mM DTT prior to
Proteinase K treatment. RNAs were phenol/chloroform extracted, ethanol precipitated
in the presence of 10 pg glycogen as a carrier and analysed by 6% acrylamide, 7 M

urea, denaturing gel electrophoresis and autoradiography.
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3.1 Introduction

Syt I and the highly homologous Syt II are synaptic vesicle proteins specifically
expressed in the nervous system. Genetic, electrophysiological and biochemical studies
have provided compelling evidence Syt I and by virtue of its similarity, Syt II function
as calcium sensors in the fast phase of neurotransmitter release. Syt IV is also expressed
in the nervous system. Syt IV differs from Syt I and II as it lacks a critical calcium
binding residue in the C2A that abolishes calcium-dependent phospholipid binding (von
Poser et al., 1997) and as such, may have a different function at the synapse. Moreover,
Syt IV is also expressed in non-neuronal tissues, suggesting a more general role for this

isoform.

Syt I, I and IV mRNAs have been shown to have individual but overlapping patterns of
expression within the mammalian brain (Geppert et al., 1991; Berton et al., 1997).
Biochemical and genetic evidence suggest that Syt I is able to oligomerise (Perin et al.,
1991), probably to form dimers (Chapman et al., 1996; Damer and Creutz, 1996), and is
likely to function as a multimeric complex in neurotransmitter release (Littleton et al.,
1994). Syt I dimerisation is calcium-dependent (ECso of 3-10 pM calcium) and is
mediated by the C2B domain (Chapman et al., 1996; Sugita et al., 1996). The formation
of Syt dimers could be important for its interaction with effector molecules such as the
SNARE complex, PtdSer and phosphoinositides. The similarity between the calcium-
dependent binding properties of Syt I and II and the fact that Syt IV C2B, unlike the
C2A, has the amino acids required for the coordination of calcium suggest that
oligomerisation could occur between different isoforms on the surface of SSV. To
investigate this we have raised isoform-specific polyclonal antibodies against Syt I, II
and IV. These antibodies have been used, together with a population of highly purified

rat brain cortical SSV, to demonstrate for the first time that Syt IV is present on SSV
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and that different Syt isoforms can be present on the same SSV where they have the

potential to interact in a calcium-dependent manner.

3.2 Results

3.2.1 Generation and characterisation of Syt isoform-specific antibodies

Polyclonal antibodies were raised against peptides from the N-terminal, intra-vesicular
domain of Syt I, II and IV. Sequence alignment and comparison of the fourteen Syt
isoforms identified (Figure 3.1), demonstrates that the regions of highest homology are
the two C2 domains, the major effector domains of Syt. In contrast, the N-terminal,
intra-vesicular region is highly variable between isoforms (Figure 3.1 B) and as such is
an ideal region against which to raise isoform specific antibodies (Schiavo et al., 1998).
Previous studies have shown that antibodies against the N-terminal portion of Syt I can
bind to the protein in stimulated hippocampal neurons without perturbing its function
(Matteoli et al., 1992), suggesting that antibodies directed against this portion of other

isoforms will be equally inert.

Anti-sera generated were tested by Western blotting after affinity purification on the
corresponding immobilised-peptide column for anti-Syt I and II and following partial
purification of anti-Syt IV by ammonium sulphate precipitation and protein-A sepharose
affinity chromatography. As shown in Figure 3.2, each antibody recognised a single major
band in both cortical synaptic vesicles and a synaptic membrane fraction from cerebellum.
In the case of anti-Syt I and II antibodies, this reactivity was abolished by pre-incubation
with an excess of the respective generating peptide, while anti-Syt IV immunoreactivity was
reduced significantly, but not completely abolished. To confirm the specificity, pre-immune

and immune anti-Syt IV sera were therefore tested against the same cortical and cerebellar
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